Volume 10 | Number 26 | 14 July 2019 | Pages 6395-6574

Chemical
Science

rsc.li/chemical-science

ISSN 2041-6539

ROYAL SOCIETY | Celebrating
OF CHEMISTRY 2019 EDGE ARTICLE

Jochen Autschbach, Trevor W. Hayton et al.
Use of N NMR spectroscopy to probe covalency
in a thorium nitride




Open Access Article. Published on 04 June 2019. Downloaded on 4/26/2026 9:42:58 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

ROYAL SOCIETY
OF CHEMISTRY

Chemical
Science

View Article Online

EDGE ARTICLE

View Journal | View Issue

Use of >N NMR spectroscopy to probe covalency in

i") Check for updates‘
a thorium nitrideT

Cite this: Chem. Sci., 2019, 10, 6431

Selena L. Staun,? Dumitru-Claudiu Sergentu, ©° Guang Wu,?
Jochen Autschbach @ *® and Trevor W. Hayton (2 *2

8 All publication charges for this article

have been paid for by the Royal Society

of Chemistry
Reaction of the thorium metallacycle, [Th{N(R)(SiMe,)CH,}(NR),] (R = SiMe3) with 1 equiv. of NaNH, in THF,
in the presence of 18-crown-6, results in formation of the bridged thorium nitride complex, [Na(18-crown-
6)(Et,O)[(RoN)sTh(u-N)(Th(NR5)=] ([Na][1]), which can be isolated in 66% yield after work-up. Complex [Na]
[1] is the first isolable molecular thorium nitride complex. Mechanistic studies suggest that the first step of
the reaction is deprotonation of [Th{N(R)(SiMe,)CH,}(NR>),] by NaNH,, which results in formation of the
thorium bis(metallacycle) complex, [Na(THF),I[Th{N(R)(SiMe,CH)}>(NR,)], and NHsz. NHz then reacts with
unreacted [Th{N(R)(SiMe2)CH3}(NRy),], forming [Th(NR2)3(NH,) (2), which protonates [Na(THF),I[Th
{N(R)(SiMe,CH,)}2(NRy)] to give [Na][l]l. Consistent with hypothesis, addition of excess NHz to a THF
solution of [Th{N(R)(SiMe,)CH,}NRy),] results in formation of [Th(NR,)z(NH))] (2), which can be isolated
in 51% yield after work-up. Furthermore, reaction of [K(DME)I[Th{N(R)(SiMe,CH,)}>(NR,)] with 2, in THF-

dg, results in clean formation of [K][1], according to *H NMR spectroscopy. The electronic structures of
Received 19th April 2019 [1]" and 2 investigated by 15N NMR spect d DFT calculations. This analysi ls that
Accepted 2nd June 2019 an were investigated by spectroscopy an calculations. This analysis reveals tha
the Th—Npitige bond in [1]” features more covalency and a greater degree of bond multiplicity than the

DOI-10.1039/c95c01960j Th—NH, bond in 2. Similarly, our analysis indicates a greater degree of covalency in [1]” vs. comparable

rsc.li/chemical-science thorium imido and oxo complexes.

Introduction

The past decade has seen a remarkable expansion of the
chemistry of actinide-ligand multiple bonds.’® This is exem-
plified especially well by the chemistry of molecular uranium
nitrides.® Since the synthesis of the first molecular uranium
nitride in 2002,” many bridging and terminal uranium nitride
complexes have been reported.>®*> The study of these
complexes has allowed actinide chemists to reveal fundamen-
tally important insights into 5f covalency, as well as uncover
novel modes of reactivity.'>'582>24

In contrast, no isolable molecular thorium nitride complexes
are known.” A handful of thorium nitrides have been identified
in matrix isolation studies, such as ThN, NThN, and NThO, but
these are only stable at cryogenic temperatures.’**® Recently,
Liddle and co-workers reported the isolation of the bridged Th(wv)
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parent imido complex, [{Th(Tren®™®%)},(u-NH)] (Tren®™®s =
{N(CH,CH,NSiMe,Bu);}* "), which was thought to form via an
unobserved Th nitride intermediate, [{Th(Tren®™®%)},(u-N)] % 1t
was postulated that the nitride ligand in this intermediate was
exceptionally basic on account of its highly polarized Th-Ny;iride
bonds. As a result, it spontaneously deprotonated the solvent,
forming the bridged parent imido. These results prompted the
authors of ref. 25 to suggest that the Th=N=Th unit may be
intrinsically more reactive than the more covalent U=N=U unit.
Significantly, further work in this area would allow us to evaluate
this hypothesis in more detail, as well as permit a better evalua-
tion of the bonding within this functional group.

Herein, we report the synthesis of the first isolable molecular
thorium nitride complex, [Na(18-crown-6)(Et,O)][(R,N);Th(p-N)
Th(NR,);] (R = SiMej3). In addition, we report its characteriza-
tion by >N NMR spectroscopy and DFT calculations, which has
allowed us to evaluate the degree of 5f covalency within the
Th=N=Th unit. To provide context, we have synthesized the
parent amide complex, [Th(NR,);(NH,)]. This material was also
characterized by "N NMR spectroscopy and density functional
theory (DFT) calculations.

Synthesis and characterization

Addition of 1 equiv. of NaNH, to a cold (—25 °C) solution of the
thorium metallacycle, [Th{N(R)(SiMe,)CH,}(NR,),] (R =
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SiMejy), in tetrahydrofuran (THF), followed by addition of 1
equiv. of 18-crown-6, afforded the bridged nitride complex,
[Na(18-crown-6)(Et,O)][(R,N);Th(pu-N)(Th(NR,);] ([Na][1]), after
stirring for 24 h. This material could be isolated as colorless
plates in 66% yield after work-up (eqn (1)). The reaction of [Th
{N(R)(SiMe,)CH,}(NR,),] with 0.5 equiv. of both NaNH,, and 18-
crown-6 also generates [Na][1], but with reduced yields (30%).
The isolation of [Na][1] contrasts with the recent results of
Liddle and co-workers, who attempted to isolate a bridged
thorium nitride complex by reduction of a Th azide precursor,

but isolated the bridged parent imido complex,
[{Th(Tren”™®)},(u-NH)], instead.?
RoN, NR,
RoN ™
HaC—SiMe; 2N TV
NaNH, I
ThV=N ——————> 0.5 [Na(18-crown-6)(Et ,0)] N
RZN\\\“" 18-crown-6 ” (1)
/ SiMe THF ThY oy
RN R = siMe, RNTTN| NR2
NR;
INal[1]

The connectivity of complex [Na][1] was verified by X-ray
crystallography (Fig. 1; see ESIt for complete structural
details). Complex [Na][1] crystallizes in the monoclinic space
group P2,/c. In the solid-state, each Th center features a pseudo-
tetrahedral coordination geometry. In addition, the Th-Nyj¢ride—
Th linkage is linear (179(1)°), while its Th-Ny;¢riqe bond lengths
(Th1-N1 = 2.14(2), Th2-N1 = 2.11(2) A) are much shorter than
the Th-Niijyiamido bond lengths (av. 2.41 A), suggesting multiple-
bond character in the former. A [Na(18-crown-6)(Et,0)]" coun-
terion is also present in the unit cell. The potassium analog,
[K(18-crown-6)(THF),][(R,N);Th(1-N)Th(NR,);] ([K][1]), has also

Fig. 1 Solid-state molecular structure of [Na][ll, shown with 50%
probability ellipsoids. Hydrogen atoms and [Na(18-crown-6)(Et,O)l*
counterion removed for clarity. Selected bond lengths (A) and angles
(°): Th1-N1 = 2.14(2), Th2-N1 = 2.11(2), Th1-N1-Th2 = 179(1), av.
Th1-Namido = 2.41, av. Th2—Namido = 2.41, av. Namido—Th1-Namido =
108.3, av. Namido—Th2—Namigo = 108.7.
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been structurally characterized. It features nearly identical
metrical parameters to those of [Na][1] (See ESIT for full details).

Complex [Na][1] is the first nitrido complex reported for
thorium. However, several thorium imido complexes have been
structurally characterized.***® Generally, these complexes
feature shorter Th-N bonds than those of [Na][1]. For example,
[Cp.*Th(N-2,6-Me,CcH;3)(THF)] features a Th-N distance of
2.045(8) A,** and [K(18-crown-6)][Th(=NDipp)(NR,),] (Dipp =
2,6-Pr,CeH;) features a Th-N distance of 2.072(3) A.** For
further comparison, the bridged U(w) nitride, [Na][(n-N)(U(N[¢-
Bu]Ar);),] (Ar = 3,5-Me,C¢Hy), also features a linear U=N=U
linkage (175.1(2)°), but shorter An-N bond distances (2.080(4) A
and 2.077(4) A),"* consistent with the smaller ionic radius of
uranium. Similar metric parameters are observed in [Cs]
[{U(0Si(0'Bu););},(1-N)] (U-N-U = 170.2(3)°; U1-N1 = 2.058(5)
A; U2-N1 = 2.079(5) A).”2

The 'H NMR spectrum of [Na][1] in THF-d; features a sharp
singlet at 0.36 ppm, assignable to the SiMe; groups, along with
a broad resonance at 3.62 ppm, assignable to the 18-crown-6
moiety. Complex [Na][1] is insoluble in pentane and
benzene, but is quite soluble in Et,O and THF. It is stable as
a THF-dg solution at room temperature for at least 24 h,
showing minimal signs of decomposition over this time.
Finally, the IR spectrum of [Na][1] features a mode at
742 cm™', which corresponds to the principal Th-N-Th
asymmetric stretch (Fig. S151). For comparison, this mode was
calculated to occur at 758 cm ™" (Fig. S30, see ESIf for calcu-
lation details).

To better understand the mechanism of formation of [Na]
[1] we monitored the reaction of [Th{N(R)(SiMe,)CH,}(NR,),]
with NaNH, and 18-crown-6, in THF-dg, by '"H NMR spec-
troscopy (Fig. S121). A 'H NMR spectrum of this mixture after
7 h revealed an intense new resonance at 0.36 ppm, which is
assignable to [Na][1]. Interestingly, this spectrum also
features minor resonances at 0.30 and 0.18 ppm, which are
assignable to the terminal parent amide complex,
[Th(NR,)3(NH,)] (2), and the bis(metallacycle) complex,
[Na(THF),][Th{N(R)(SiMe,CH,)},(NR,)],** respectively. The
assignment for the latter species was made by comparison
with the "H NMR spectrum of the known bis(metallacycle)
complex, [K(DME)][Th{N(R)(SiMe,CH,)}»(NR,)].>* After 32 h,
the resonance assignable to [Na][1] has grown in intensity,
while the resonances assignable to [Th{N(R)(SiMe,)
CH,}(NR;),] and 2 have completely disappeared, and only
trace amounts of [Na(THF),][Th{N(R)(SiMe,CH,)},(NR;)] are
still present in solution. To explain these observations, we
suggest that the first step of the reaction is deprotonation of
[Th{N(R)(SiMe,)CH,}(NR;),] by NaNH,, forming [Na(THF),]
[Th{N(R)(SiMe,CH,)},(NR;)] and NH; (Scheme 1). NH; then
reacts with unreacted [Th{N(R)(SiMe,)CH,}(NR;),], forming
2, which then protonates [Na(THF),|[Th{N(R)(SiMe,CH,)},(-
NR,)] to give [Na][1].

To test this hypothesis we explored the reaction of [Th
{N(R)(SiMe,)CH,}(NR;),] with NH;. Thus, addition of 3 equiv.
of NH3, as a 0.4 M solution in THF, to a THF solution of [Th
{N(R)(SiMe,)CH,}(NR),] results in rapid formation of 2, which
can be isolated in 51% yield after work-up (eqn (2)).

This journal is © The Royal Society of Chemistry 2019
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)
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Scheme 1 Proposed mechanism of formation of [Nal[1].

H,C——SiMe; NH,
| excess NH3
_—
AV v,
RzN“"m Th'V—N THF RoN _~Th \'”NR2 (2)
SiMe NR,
RoN R = siMe, 2

The 'H NMR spectrum of 2 in C¢Dg features a sharp reso-
nance at 0.37 ppm (54H), assigned to the SiMe; groups. In
addition, a 1:1: 1 triplet (2H, Jyu = 45.8 Hz) at 3.67 ppm is
assigned to the -NH, resonance (Fig. S5t). For comparison, the
Jnu  values for the isostructural group(IV) complexes,
[M(NR,);(NH,)] (M = Zr, Hf), were found to be 45.6 Hz (Zr) and
46.0 Hz (Hf).*” Interestingly, the only other known thorium NH,
complex, [K(DME),][(DME)Th(NH,)(diphenolate),], featured
a broad singlet at 2.0 ppm in its '"H NMR spectrum, which was
assignable to the -NH, group.*®

The connectivity of complex 2 was verified by X-ray crystal-
lography (Fig. 2, see ESIf for complete structural details).

Fig. 2 Solid-state molecular structure of 2, shown with 50% proba-
bility ellipsoids. Hydrogen atoms removed for clarity. Selected bond
lengths (A) and angles (°): Th1-N1 = 2.24(6), Th1-N2 = 2.36(2), N1-
Th1-N2 = 100.7(3), N2-Th1-N2* = 116.7(2).

This journal is © The Royal Society of Chemistry 2019
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Complex 2 crystallizes in the trigonal space group R3c. In the
solid-state, complex 2 is disordered over two positions in
a 50:50 ratio, which somewhat lowers the precision of the
resulting metrical parameters. It features a pseudo-tetrahedral
geometry about the thorium center. Due to the large ESDs,
the Th-NH, distance (2.24(6) A) in 2 is statistically identical to
its Th-Ngjiylamido distances (2.36(2) A).“'” The other Th-NH,
complex has a similar Th-NH, bond length (2.2431(6) A).*® For
further comparison, the uranium(v) terminal amide complexes,
[U(NH,)(Tren™®)] (Tren™"® = {N(CH,CH,NSi'Pr;);}* ") and [{n°-
1,2,4-CsH, Bus ), U(NH,),], feature U-NH, bond lengths of
2.228(4) and 2.19 A (av.), respectively.*®*

Complex 2 is highly soluble in pentane, benzene, Et,O and
THF. Furthermore, 2 is stable as a C¢Dg solution for over 36 h
with minimal signs of decomposition. In addition, the IR
spectrum of 2 features a prominent N-H stretching mode at
3321 ecm ' (Fig. S21, ESIT), providing further support for our
formulation. For comparison, this mode is observed at
3342 cm ™" (Zr) and 3364 cm ™" (Hf) for [M(NR,);(NH,)] (M = Zr,
HfJ'37

To further test our proposed mechanistic hypothesis, we
monitored the reaction of [K(DME)|[Th{N(R)(SiMe,CH,)},(-
NR,)[*° with 2 in THF-dg, in the presence of 1 equiv. of 18-crown-
6, by "H NMR spectroscopy (eqn (3)). A "H NMR spectrum of this
solution, after standing at room temperature for 4 h, reveals
a new resonance at 0.36 ppm, which is assignable to [K][1]
(Fig. S137). After 3d, the peak assignable to the nitride has
increased in intensity, while resonances assignable to complex
2 and [K(DME)|[Th{N(R)(SiMe,CH,)},(NR,)] have decreased in
intensity. These three complexes are present in a ratio of
1:3:6.7 in the 3d spectrum. Overall, this result supports the
proposed mechanism (Scheme 1), but it is important to note
that formation of [1]” under these conditions is much slower
than its rate of formation under the conditions described in eqn
(1), suggesting that this experiment does not perfectly duplicate
the original reaction conditions.

[K(18-crown-6)(THF) 5]

RoN,, NR,

Me,Si RoNal v
SiMe3 ”
18-crown-6
[KOME)] N—ThVerinn 2 — N (3)

MesSi THF-dg "

RN SiMe, RZN/ThQHNRZ

NR,

K111

To facilitate our covalency analysis we endeavoured to
synthesize [1-'°N]”. Given the proposed intermediacy of
[Na(THF),][Th{N(R)(SiMe,CH,)}»(NR,)] in the formation of [Na]
[1], we rationalized that reaction of NH,CI with 2 equiv. of [Th
{N(R)(SiMe,CH,)}»(NR,)]” would generate the nitride complex.
Thus, addition of 1 equiv. of finely ground >NH,CI to a pale
yellow THF solution containing 2 equiv. of [K(DME)]Th
{N(R)(SiMe,CH,)},»(NR,)],* followed by addition of 1 equiv. of
18-crown-6, results in formation of [K(18-crown-6)(THF),][(R,-
N);Th(u-">N)(Th(NR,);] ([K][1-'°N]), which can be isolated as
a white powder in 13% yield after work-up (eqn (4)).

Chem. Sci, 2019, 10, 6431-6436 | 6433
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[K(18-crown-6)(THF) 5]

RN, NR,
15, RoNal”
Moyl _ [SNHgC Y
SiMes 18-crown-6 15“
2 [KOME)] N—ThV .y = > ﬁ (4)
wisisi? THF

3Si . Th'YinNR
RoN SiMe, =KEl RN

NR;

[K1[1-15N]

The low yield of [K][1-'°N] under these conditions can be
partly ascribed to unselective protonation of [K(DME)]Th
{N(R)(SiMe,CH,)},(NR,)] by 'NH,CI, which results in the
formation of copious amounts of HNR, (observed in the in situ
'H NMR spectrum), and results in the presence of unreacted
[K(DME)][Th{N(R)(SiMe,CH,)}»(NR;)] in the final reaction
mixture. The unreacted [K(DME)]Th{N(R)(SiMe,CH,)}»(NR,)]
can be conveniently removed from the nitride product by
rinsing with toluene. The "H NMR spectrum of [K][1-"*N] in
THF-dg matches those recorded for both [Na][1] and [K][1] (see
ESIt for full details), where a singlet at 0.36 ppm can be
assigned to the SiMe; groups and a resonance at 3.63 ppm can
be assigned to 18-crown-6. Furthermore, the “N{'H} NMR
spectrum of [K][1-°N] (referenced to CH3NO,) reveals a sharp
singlet at 298.8 ppm. No other resonances are observed in this
spectrum. This is the first observation of an >N chemical shift
for an actinide nitride. For comparison, the group 4 nitride
complexes [{(n>-CsH,-1,2,4-Me;),Hf},(1-N)(NCO)(DMAP)] and
[{Cp*TiCL,}(u-N){Cp*TiCl(NH;)}] feature '°N resonances at
567.19 ppm and 431.6 ppm, respectively, for their bridging
nitride ligands.*** Finally, the IR spectrum of [K][1-'°N]
features a stretch at 735 cm™ ', which corresponds to the prin-
cipal Th-N-Th asymmetric stretch (Fig. S171), and is redshifted
by 7 cm ™" from that observed for [Na][1].

Finally, access to 2-'°N was achieved by reaction of [Th
{N(R)(SiMe,)CH,}(NR,),] with 1 equiv. of ">NH; gas in THF.
Synthesized in this manner, colorless crystals of 2-'*N could be
isolated in 85% yield after work-up. Similar to 2, the '"H NMR
spectrum in benzene-ds shows a singlet at 0.36 ppm (54H),
assignable to the SiMe; groups. In addition, a 1 : 1 doublet (2H,
Jnu = 62.3 Hz) at 3.67 ppm is assignable to the -NH, resonance
(Fig. S9, ESIt). The >N NMR spectrum of 2-'°N (referenced to
CH;3NO,) reveals a sharp resonance at —198.4 ppm. For
comparison, the previously reported thorium amide >N NMR
spectrum featured a sharp triplet centered at 155.01 ppm (J =
57.2 Hz).** It is not readily apparent why this chemical shift is so
different from that recorded for complex 2-">N. Finally, the IR
spectrum of 2-'°N features an N-H stretch at 3317 cm™*, and
a Th-NH, stretch at 482 cm ™" (Fig. S22, ESI}). The identity of
the latter stretch was confirmed by comparison with the
calculated IR spectrum (Fig. S31t), where it is predicted to occur

at 508 cm ™.

Electronic structure analysis

We analyzed the electronic structures of [1]” and 2 with DFT.
Using the B3LYP functional, we observe excellent agreement
between the calculated and experimentally determined

6434 | Chem. Sci,, 2019, 10, 6431-6436
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structural parameters for both complexes. For example, the
calculated Th-Ny;¢rige and Th-Nijjyiamiqe bond lengths for [1]™
are within 0.02 A of the distances found in the solid state.
Similarly, the calculated Th-Ngmige and Th-Ngjyjamiqe bond
lengths in 2 are within 0.02 A of those found in its crystal
structure.

An NBO/NLMO analysis of [1] reveals that the Th-N-Th
interaction consists of two orthogonal 3c-2e 7 bonds and two
predominantly 2c-2e ¢ bonds that feature some three-center
character (Fig. 3), suggestive of overall Th=N double bond
character. The covalency in the Th-Np;yige bonds in [1]” is
greater than that observed for the related Th imido,
[Th(NAr)(NR,);]~ (Ar = 2,6-'Pr,Ce¢H;),® and Th oxo,
[Th(O)(NR,)5]~,* with a greater magnitude of 5f orbital
involvement. For example, the Th-N 7 interaction in [1]”
features 16% Th character (58% 6d, 42% 5f) (Table 1), whereas
[Th(NAr)(NR,);]” and [Th(O)(NR,);]” feature 0% and 12% Th
character (65% 6d, 35% 5f), respectively, in their Th-E 7 bonds.
For further comparison, the degree of covalency in [1]  is
comparable to that observed for the thorium sulfide,
[Th(S)(NR,);] ", which features 17% Th character (61% 6d, 38%
5f) in its Th-S 7 interaction.* The Wiberg bond index of the Th-
Niitride bond is 0.94, which is greater than that calculated for
[Th(NAr)(NR,);]~ (0.88).*° Overall, these combined computa-
tional metrics indicate a greater degree of covalency in [1]™ vs.
the comparable imido and oxo complexes. Similar observations
have been made for uranium(v) nitride and oxo complexes.?***>

For complex 2, an NBO/NLMO analysis reveals that the Th-N
interaction consists of 2c-2e ™ bond and a 2c-2e ¢ bond
(Fig. S287). Not surprisingly, the degree of covalency within the
Th-Namige bond in 2 is less than that observed for the Th=N=
Th bonds of [1]". Specifically, the ¢ bond in 2 features 7% Th
character (63% 6d, 21% 5f, 5% 7p, 11% 7s) and the m bond
features 10% Th character (59% 6d, 41% 5f). Accordingly, the

Fig. 3 Th-N (26 + 2m) bonding NLMOs in [(NR2)sTh(u-N)Th(NRy)3]~
(isosurface plots £0.03 au; hydrogen atoms are omitted for clarity).
Color code for atoms: Th, light blue; N, blue; Si, beige; C, gray.

This journal is © The Royal Society of Chemistry 2019
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Table1 % compositions of the Th—N bonding NLMOs in [(NR2)sTh(u-
N)Th(NR2)s]™
% N % Th
Orbital Total N  2s 2p Total Th 7s 7p 6d  5f
g 87 51 49 10 3 6 67 24
3¢ 2 10 30 58
™ 84 0 100 16 0 0 58 42

“ The o-bonding orbitals have some three-center character, each with 10
vs. 3% weight from the two Th centers.

Wiberg bond index of the Th-N,iqe bond (0.65) is substantially
less than that observed for the Th-Nyjige bonds in [1] .

Chemical shift analysis

To assess the accuracy of our computational approach, we
calculated the "N chemical shift of the nitride ligand in the
known  group(IV) nitride complex, [{Cp*TiCL}(1-N)
{Cp*TiCI(NH,)}].*> The >N chemical shift of the nitride ligand
for the B3LYP-optimized structure was calculated to be 406.8/
421.8 ppm using the PBEO/B3LYP functionals and the scalar
relativistic (SR) all-electron ZORA Hamiltonian. For compar-
ison, the experimentally determined chemical shift is
431.6 ppm.** Even better agreement was achieved by performing
the calculation with two-component ZORA, i.e., including the
spin-orbit (SO) coupling variationally. At this level, the calcu-
lated chemical shift (414.5/430.5 ppm) is in very good agree-
ment with experiment.

With these results in hand, the >N NMR chemical shifts for
the nitride and NH, ligands in [1]” and 2 were calculated using
the PBEO functional. We, and others, have found that this func-
tional typically works better than B3LYP for NMR shift calcula-
tions in actinide-containing molecules.* For [1], the calculated
"N chemical shift without spin orbit coupling (ZORA-SR) is
226 ppm - substantially upfield from the experimental result
(298.8 ppm). Considerably better agreement is obtained when SO
coupling is taken into account, with a calculated "N shift of
305 ppm. The 79 ppm downfield shift induced by SO coupling is
evidence of 5f (and 6d) character in the Th-Ny;¢ige bonds. For 2,
the calculated >N chemical shift without SO coupling is
—254 ppm. Upon inclusion of SO coupling, the shift changes to
—210 ppm, which is much closer to the measured value (—198.4
ppm). The smaller downfield shift induced by SO coupling in 2
(A6 = 44 ppm) is consistent with the reduced covalency, and
reduced bond multiplicity, of the Th-N,i¢e bond. Perhaps most
importantly, the good agreement between the experimental and
calculated shifts for both [1]” and 2 gives credence to the NBO
analysis presented above.

Conclusions

We have synthesized and characterized the first isolable
molecular thorium nitride complex, [(NR,);Th(u-N)Th(NR,);5] ™.
This complex is thermally stable, in contrast to the bridged
thorium nitride recently proposed by Liddle and co-workers.*

This journal is © The Royal Society of Chemistry 2019
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The origin of this stability difference is not known, but it may be
related to the lack of a trans donor ligand in [(NR,);Th(pu-N)
Th(NR,);]~ vs. [{Th(Tren®™"%)},(1-N)]". Alternatively, it could
relate to the different method of synthesis. >N NMR spectro-
scopic characterization of [(NR,);Th(pu-N)Th(NR,);] ™, in combi-
nation with a DFT analysis, reveals the presence of 5f orbital
participation within the Th=N=Th unit. In line with the
reduced electronegativity of nitrogen vs. oxygen, our data
suggests greater levels of covalency in [(NR,);Th(u-N)Th(NR,);] ™
than in the closely related oxo, [Th(O)(NR,);]". However, we find
comparable covalency in [(NR,);Th(p-N)Th(NR,);]™ to that
found in the thorium sulfide, [Th(S)(NR,);], likely on account
of the greater “energy-driven” overlap in the latter.*” To better
contextualize our results, we also synthesized and characterized
the thorium parent amide complex, [Th(NR,);(NH,)]. According
to "’N NMR spectroscopy and DFT calculations, this complex
features a lesser degree of 5f covalency in its Th-NH, bond than
that found for the bridging nitride complex, which is not
surprising given its reduced bond order.

This work further solidifies the use of NMR spectroscopy as
an important tool for probing the electronic structure of the
actinides. Previously, **C, 7’Se, and '**Te NMR spectroscopies
had been used to evaluate covalency in An-E bonds.?****>" In
the case of An-C bonding, large downfield '*C shifts have been
consistently observed for the **C nuclei bonded directly to an
actinide center. More significantly, the degree of deshielding
was found to correlate with the amount of 5f covalency within
the An-C bond. For example, the *C NMR shift of acetylide
carbon in the U(v) acetylide complexes, UY(O)(C=CC¢H,p-
R)(NR,); (R = NMe,, OMe, Me, Ph, H, Cl), correlated well with
two measures of covalency, the QTAIM delocalization index and
the Wiberg bond order of the U-C bond.*® Highly deshielded *C
resonances are also observed for the carbene resonance in
[Th(CHPPh;)(NR,);] and the methylene resonances in [UO,(-
CH,SiMe;),J”~ and [U(CH,SiMe;)s] .*** Our results demon-
strate that >N NMR spectroscopy can also be used to evaluate
covalency in actinide-ligand bonding, and like *C NMR spec-
troscopy, the magnitude of the downfield shift correlates with
the degree of 5f character in the An-N bond. Going forward, we
propose to characterize other actinide nitrides by >N NMR
spectroscopy. Of particular interest is the measurement of the
>N chemical shift of a U(vi) nitride complex, which, on account
of the high anticipated covalency, should exhibit an extreme
downfield shift of its nitride resonance.
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