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Abstract

In order to further our fundamental understanding of the nature and extent of covalency in
uranium-ligand bonding, and the benefits that this may have for the design of new ligands for
nuclear waste separations, there is burgeoning interest in the nature of uranium complexes with
soft- and multiple-bond-donor ligands. Despite this, there are no structurally authenticated
examples of molecular uranium-arsenic bonds under ambient conditions. Here, we report
structurally authenticated molecular uranium(IV)-arsenic bonds including formal single, double,
and triple U-As bonding interactions. Compound formulations are supported by a range of
characterization techniques, and theoretical calculations suggest the presence of polarized-
covalent one-, two-, and three-fold bonding interactions between uranium and arsenic in parent
arsenide [U-AsH,], terminal arsinidene [U=AsH], and arsenido [U=AsK,] complexes, respectively.
These studies inform our understanding of the bonding of actinides with soft donor ligands and may

be of use in future ligand design in this area.



Introduction

Driven in part by a need for new extractants to separate, recycle, and reduce the volume of
lanthanide and actinide spent-fission waste products in nuclear fuel cycles (/,2), there is burgeoning
interest in probing the extent and nature of covalency in actinide-ligand chemical bonding (3-7).
The most promising ligands for effecting such separations contain soft donor atom centers, e.g.
nitrogen and sulfur, which has been attributed to the increased levels of covalency in actinide-
compared to lanthanide-ligand bonds (8-12). If the performance of soft donor ligands is to be
improved, and new classes are to be realized, then it is necessary to gain a better understanding of

the nature and electronic structure of actinide-ligand bonding utilizing soft donors.

Uranium is one actinide that is amenable to routine study, and uranium-ligand multiple bond
complexes have attracted attention because they would be expected to contain some covalency (/3-
15). Recently, in addition to numerous uranium-oxo derivatives, e.g. uranyl (/6), there have been
advances in the synthesis, characterization, and understanding of covalent, terminal uranium-
carbene (/7-22), -imido (23-37), -nitride (38-40), -phosphinidene (4/-43), and heavier-chalcogenide
(44,45) multiple bonds. Nevertheless, carbon, nitrogen, and oxygen donor ligands dominate, and
post-first row donor ligands remain relatively rare, and sharply decrease in number as the periodic
table is descended. For example, where pnictide donor ligands are concerned many uranium amido
and imido complexes are known (/6), but only two terminal uranium phosphinidene complexes
(42,43) and four uranium and thorium polyphosphides are known (46-49). Indeed, given that
uranium comes into contact with a wide range of elements in nuclear fuel cycles, it is surprising that
there are no structurally authenticated molecular uranium-arsenic bonds of any type under ambient
conditions (50,51). A thorium polyarsenide cluster is known (52), but otherwise uranium-arsenic
complexes are limited to computational investigations (53) or low-temperature matrix isolation

experiments (54,55).



Spurred on by prior matrix isolation experiments (54,55) and the recent isolation of terminal
uranium(V) and (VI)-nitrides (38,39), we reported that by utilizing uranium(IV) precursors
exemplified by [U(Tren'">)(THF)][BPhs] [1, Tren' "> = N(CH,CH:,NSiPr)s], parent uranium(IV)
pnictide complexes [U(Tren'" °)(EH,)] [E = N, 2a; E = P, 2b] can be accessed and converted to the
corresponding  uranium(IV) terminal parent imido and phosphinidene complexes
[U(Tren"")(EH)][K(L)] [E = N, L = 15-crown-5 ether (15C5), 3a; E = P, L = benzo-15-crown-5
ether (B15C5), 3b] (37,43). From a main group perspective, these species represent fundamental,
metal-stabilized parent p-block fragments that are predominantly found as transient intermediates in
the gas-phase or low-temperature matrices. The paucity of terminal parent EH (E = N, P) moieties
can be traced back to the difficulty in kinetically stabilizing such naked fragments. Metal-ligand
M=ER multiple bonds usually employ a sterically demanding R-group to help kinetically stabilize
them. Thus, the isolation of EH or bare E is challenging where large metals, like uranium, are
concerned. This is exemplified by 3a, where the absence of a stabilizing R-group is apparent when
3a is oxidized; disproportionation of the resulting uranium(V) imido derivative to tetravalent
[U(Tren""®)(NH,)] and hexavalent [U(Tren'">)(N)] occurs (37), but the bulkier uranium(V) imido

complexes [U(Tren'"*)(NR)] (R = adamantyl, SiMe;) do not disproportionate (39).

With 2a/b and 3a/b in-hand, we turned our attention to whether the arsenic congeners could be
isolated. Because the parent (AsH,) arsenide is sterically unhindered there are few examples of
terminal M-AsH, linkages (56,57). The (AsH)*~ arsinidene has been observed in the gas phase since
the 1960s (58), but examples in the condensed phase are limited to p,- or ps-bridging modes to d-
block metals to stabilize the charge accumulation at arsenic (59,60). Reports of a terminal M=AsH
unit in the p-block are restricted to one example in an silylidenearsane/arsasilene with a HSi=AsH
subunit (61). The (As)’~ arsenido is rare in a molecular context, and only four terminal arsenidos
with group 5 and 6 d-block metals are known (62-64). AsH, fragments are key intermediates in

MOCVD materials processes so studying metal derivatives is germane to understanding their



properties. Although the covalent radius of arsenic is ca 0.1 A larger than that of phosphorus, and
the use of parent arsenic fragments would be envisaged to produce sterically unprotected, fragile

linkages at uranium, we reasoned that 1 might still provide an effective entry to this chemistry.

Herein, we report structurally authenticated examples of molecular uranium(IV)-arsenic bonds
including one-, two- and three-fold U-As bonding interactions; since the U-As bonds reported here
are polarized and cannot be considered to be traditional, fully formed covalent single, double, and
triple bonds, we adopt the nomenclature of one-, two-, and three-fold bonding interactions to
indicate only that the arsenic centers donate one, two, or three electron pairs, respectively, to

uranium.

Results

Synthesis and characterization. Addition of tetrahydrofuran to a cold (=78 °C) 1:1 mixture of 1
and [KAsH,] (65) affords, after work-up, the parent uranium(IV) arsenide complex
[U(Tren""®)(AsH,)] (2¢) in 54% yield as orange-brown blocks, Figure 1. The "H NMR spectrum of
2¢ exhibits an AsH; resonance at —131.4 ppm, and the rest of the spectrum spans the range +11 to
—39 ppm, which is consistent with the uranium(I'V) formulation. The FTIR spectrum of 2¢ exhibits
As-H stretches at 2052 and 2031 cm ', respectively, which compares well to computed asymmetric
and symmetric As-H stretches of 2080 and 2058 cm ', respectively, for the geometry optimized

structure of 2¢ (see below).

Since deprotonation of 2a/2b gives 3a/3b, and a similar method yielded a terminal molybdenum
carbide (66), we examined the deprotonation of 2¢. Treatment of 2¢ with one equivalent of benzyl
potassium in cold (=78 °C) toluene affords, after work-up, a dark brown sticky solid putatively
formulated as [U(Tren'">) {AsH(K)}]; this has resisted all attempts at isolation, but addition of

hexane to a cold (=78 °C) mixture of it and two equivalents of B15C5 affords, after work-up, black



crystals of the uranium(I'V) arsinidene complex [U(Tren""®)(AsH)][K(B15C5),] (3¢) in 24% yield,
Figure 1. The "H NMR spectrum of 3¢ spans the range +7 to —27 ppm, which is a similar range to
the majority of resonances for 2¢ consistent with the presence of uranium(IV). The AsH hydrogen
atom could not be observed in the 'H NMR spectrum, analogously to 3b where the PH hydrogen
atom resonance was not observed (43). This is attributed to line-broadening arising from the close
proximity of the AsH hydrogen atom to the paramagnetic uranium(IV) ion. The FTIR spectrum of
3c exhibits a weak As-H stretch at 1857 cm ™', which compares well to a computed As-H stretch of

1831 cm ' for the geometry optimized structure of 3¢ (see below).

Since mono-deprotonation of 2¢ to give 3¢ had been effected, we were interested to determine
whether the remaining arsinidene hydrogen atom could be removed to yield an arsenido complex.
Treatment of 2¢ with two equivalents of benzyl potassium in cold (=78 °C) toluene affords an
intense dark yellow solution; concentration of the solution affords dark brown crystals of the
uranium(I'V) arsenido complex [{U(TrenTIPS)(Aus)}4] (4) in 50% yield, Figure 1. Reflecting its
tetrameric formulation (see below), the "H NMR spectrum of 4 exhibits a single broad resonance
(fwhm = ~1500 Hz). The FTIR spectrum is consistent with removal of all arsenic-bound hydrogen

atoms since it is devoid of absorptions in the As-H stretch region.

With 4 in hand we attempted to abstract the potassium ions. Addition of 12-crown-4, 15C5, or
B15C5 (8 or 16 equivalents per tetramer), or 18-crown-6 or dibenzo-18-crown-6 (4 or 8 equivalents
per tetramer) ethers to abstract one or both potassium ions per arsenic center resulted in intractable
mixtures. However, treatment of 4 with 4 molar equivalents of 2,2,2-cryptand resulted in isolation
of the uranium(IV) arsinidiide complex [U(Tren""*)(AsH)K(2,2,2-cryptand)] (5). In an attempt to
combine uranium oxidation and potassium abstraction into one step, 4 was treated with AgBPhy,
but this resulted in the formation of intractable mixtures. When oxidation was attempted with Pbl,,

only the uranium(IV) cyclometallate [U{N(CHQCHZNSiPri:;)Z(CHQCHZNSiPriZCHMeCHQ)}] (6)



could be isolated (67). We note that if the synthesis of 3¢ is not limited to two hours and is stirred
for two days the diuranium(IV) triarsenide complex [{U(Tren""®)},(un’-n’-As3)][K(B15C5)2] (7)
is the only isolable product. Both 5 and 7 could only be isolated in very low yields (2 and <1%,

respectively) and so are only partially characterized (See the Supplementary Information, Methods).

Solid state structures. In order to confirm the formulations of 2¢, 3¢, and 4 we determined their
solid state structures by X-ray crystallography, Figure 2 (the structures of 5 and 7 can be found in
the Supplementary Information Figures S1 and S2). Complex 2¢ exhibits a terminal AsH, unit
residing trans to the Tren-amine center [N3-Ul-Asl £ = 177.3(10°]. The U1-Asl bond length of
3.004(4) A is slightly longer than the sum of the single bond covalent radii for uranium and arsenic
(2.91 A) (68); there are no other U-As bond lengths for comparison, but it can be compared to the
uranium(IV)-phosphorus distance of 2.883(2) A in 2b (43), where the difference can almost entirely
be ascribed to the larger covalent radius of arsenic compared to phosphorus. The uranium(IV)-
amide distances [average 2.20(4) A] and uranium(IV)-amine distance of 2.67(3) A are typical of
uranium(IV)-Tren complexes. The Ul-Asl-H bond angles average 94.75°, reflecting the high

degree of p-character in post-first row main group element-element covalent bonds.

The structure of 3¢ confirms the separated ion pair formulation and that the arsinidene is terminal
and trans to the Tren'"> amine center [N4-Ul-As] £ = 177.70(16)°]. The Ul-Asl bond length of
2.7159(13) A is ca 0.29 A (9.6%) shorter than the uranium(IV)-arsenic bond in 2¢, but ca 0.24 A
longer than the sum of the double bond covalent radii for uranium and arsenic (2.48 A) (69). This
can be attributed to the anionic, electron-rich formulation of the [U(Tren"">)(AsH)]” fragment and

the sterically demanding nature of Tren'" >

combined with a large arsenic center. The anionic nature
of the uranium(IV)-containing portion of 3¢ is also reflected in the U-Namige and U-Namine distances
of 2.310(7) (av.) and 2.690(7) A, respectively, which are long for uranium(IV)-Tren U-N distances.

The Ul-As1-H1 bond angle is 90(6)°.



In the solid state tetrameric 4 is composed of an AssKs adamantane-type core which contains an
interstitial potassium ion. The last potassium ion is grafted onto one face of the core to give an

TPS)]* fragment to give the

{As4Kg}" polyhedron. Each arsenic center then coordinates to a [U(Tren
neutral cluster. The U-As bond lengths average 2.7511(19) A [range: 2.730(2)-2.775(2) A], which
is longer than would be expected from the sum of the covalent triple bond radii of uranium and
arsenic (2.24 A) (70) but still 8.4% contracted compared to the U-As bond distance in 2¢. Thus,
although the remaining arsenic-bound hydrogen atom has been removed, in principle allowing a
three-fold U-As bonding interaction, this bond is attenuated by coordination to multiple potassium
ions; as a result the U-As bond lengths in 4 are ca 0.03 A longer than the formal U=As double
bonding interaction in 3c. However, some steric buttressing may also be operating because it is
germane to note that like anionic 3¢ the average U-Nymide and U-Nymine bond distances in neutral 4
are long at 2.313(19) (av.) and 2.758(13) A, respectively; it is also notable that the normally planar
Tren-amides are pyramidalized to varying extents, to give pseudo-Cs; symmetric propeller-shaped
Tren ligands rather than the usual pseudo-Ci;, symmetric conformer, which suggests steric
saturation. The As-K distances are long [range: 3.107(15)-3.847(12) A] compared to the sum of the
covalent single bond radii of arsenic and potassium (3.17 A) (68), which implies electrostatic
bonding. Three of the arsenic centers adopt distorted octahedral geometries, whereas the fourth
arsenic center is a distorted trigonal bipyramid; in each case the distortions arise from the equatorial

TP5)] component towards the {As4Ks}*™ core.

potassium ions being displaced away from the [U(Tren
Magnetic and electronic absorption studies. The variable temperature magnetic moment behaviors
for 2¢, 3¢ and 4 in the solid-state are similar (Figure 3; see Supplementary Figures S3-S5 for
magnetic susceptibility plots). The room temperature values of 2¢, 3¢ and 4 are 2.79, 2.67 and 5.63
ug (the latter value corresponds to 2.82 pg per uranium ion), respectively, and agree well with

Evans method solution values of 2.93, 2.75 and 2.75 pg (per uranium ion). On cooling, the



magnetic moments decrease steadily in each case, reaching 1.00, 0.87 and 2.65 pg (1.33 pg per U
ion), respectively, at 1.8 K and tending towards zero in each case. These data are consistent with the
uranium(IV) formulations, since the lowest energy component of the *H, ground term is a magnetic
singlet (77). To further confirm the tetravalent formulations of 2¢, 3¢ and 4 we examined their
electronic absorption spectra in the range 5,000-25,000 cm ' (See the Supplementary Information

Figures S6 and S7), and the data are consistent with the uranium(I'V) formulations.

Computational studies. In order to probe the nature of the uranium(I'V)-arsenic linkages in 2¢ and
3¢ we conducted density functional theory (DFT) calculations on the full structure of 2¢ and the
anion component of 3c. The calculated bond lengths and angles are within 0.05 A and 2° of the
experimentally determined structures. The size of 4 rendered geometry optimization intractable;
however, we were able to conduct a single point energy calculation on a simplified model of 4 (4')
using crystal structure coordinates where the iso-propyl groups were replaced by hydrides. In all
cases the calculations can be considered to present qualitative descriptions of the electronic

structures of 2¢, 3¢, and 4, Table 1.

The calculated uranium MDC-q charges (2.42-2.74) are typical of Tren-uranium(IV) complexes
(37,43). The calculated arsenic MDC-q charges reflect the changes from formally mono-anionic
arsenide (—0.51) to dianionic arsinidene (—0.89) to trianionic arsenido (av. —1.77) in 2c¢, 3¢, and 4",
respectively. The calculated uranium MDC-m spin densities span the range 2.25-2.52 and, together
with the calculated charges support the notion of increased donation of electron density from the
arsenic ligands to uranium in the order 4' > 3¢ > 2¢ as would be expected. The calculated U-As
Mayer bond orders of 0.69 and 1.62 in 2¢ and 3¢, respectively, are consistent with polarized-
covalent U-As single and U=As double bonding interactions in terminal arsenide and arsinidene
complexes. For comparison, the U-Nymige and -Namine Mayer bond orders average 0.67 and 0.30,

respectively. The situation for 4' is more complex. Specifically, the five-coordinate arsenido center



exhibits the shortest U-As distance and the highest Mayer bond order (1.75). The other three six-
coordinate arsenido centers exhibit progressively longer U-As distances with correspondingly
decreasing Mayer bond orders (1.48-1.38). Notably, as the U-As bond lengthens the uranium(IV)
centers become less electron-rich as evidenced by the calculated MDC-q and -m charges and spin
densities, respectively. The calculated U-As Mayer bond orders in 4' reflect the presence of
coordinated potassium ions. For comparison, the As-K Mayer bond orders are calculated to be ca

0.1 (av.), as expected for electrostatic interactions.

Inspection of the Kohn Sham frontier orbitals of 2¢, 3¢, and 4' (See Supplementary Information
Figures S8-S11) reveal that the uranium(IV)-arsenic interactions are dominated by arsenic 4p-
orbitals and uranium 5f-orbitals. Consistent with their uranium(IV) formulations, the HOMO and
HOMO-1 (for 2¢ and 3¢) and HOMO to HOMO-7 (for 4') are singularly-occupied a-spin orbitals
of essentially pure S5Sf-character. The latter grouping spans a narrow range of 0.16 eV,
commensurate with their essentially non-bonding nature. The following uranium-arsenic molecular
orbitals have a- and B-spin counterparts that are occupied. Within the a-spin manifold, the
HOMO-2 of 2¢ represents the principal uranium(I'V)-arsenide interaction and is predominantly a 4p
orbital that constitutes the U-As 6-bond and a pseudo lone pair. In 3¢, the HOMO—-2 and —3 orbitals
represent the principal components of the uranium(IV)-arsinidene double bond, with the former
being of m-symmetry, lying ~0.12 eV higher in energy than the latter which is the c-bonding
interaction. For 4', the four uranium(I'V)-arsenido o- and eight n-bonding interactions are combined
into a densely packed manifold (0.65 eV range) spanning HOMOs —8 to —19. Because of the
narrow energy range and mixing of the twelve U-As bonding combinations the o/n energy ordering
remains uncertain, which is debatable since in terminal uranium(V) and (VI)-nitrides the U=N o-

interactions are calculated to lie higher in energy than the n-interactions (38,39).

Consistent with the DFT calculations, natural bond orbital (NBO) analyses of 2¢, 3¢, and 4' return



one o°, one 6", and four o’n* U-As interactions, respectively, and confirms that all the arsenic
interactions with uranium are mediated via arsenic orbitals of essentially pure 4p-character, Figures
4 and 5 and Table 1. For 2¢, the o-bond is composed of 13.3 and 86.7% uranium and arsenic
character, respectively and the uranium component exhibits a 5f:6d split of 48:47% (7s + 7p = 5%).
For 3¢, the 5-bond is composed of 11.2% uranium and 88.8% arsenic character, whereas the n-bond
is 12.7 and 87.3% uranium and arsenic character, respectively; with the establishment of a U=As
double bonding interaction, the calculations suggest that 5f-character now dominates the uranium
bonding component. For the 6-bond the uranium 5f:6d contribution is composed 61:37 and the n-
bond comprises 66:33% character with the remainder of each made up of modest 7s or 7p
contributions (<2%). The bonding interactions in 4' vary due to the different arsenic coordination
modes, but it is notable that the five-coordinate arsenido-uranium(IV) bond exhibits the largest
uranium contributions. Specifically, the o-bond is composed of 17.1% uranium and 82.9% arsenic
character, whereas the two m-bonds are composed of 19.2/16.2% and 80.8/83.8% uranium and
arsenic character, respectively. The 5f:6d ratio in the uranium components vary considerably, being
57:40 for the o-bond, and 69:30/55:44 for the two m-bonds, with the remainder being 7s or 7p
character (<3%). For the three six-coordinate arsenido-uranium(IV) linkages, the uranium
contributions for the 6- and n-bonds vary from 13.1 to 15.7% and 12.1 to 14.2%, respectively. Here,
the 5f contributions dominate over 6d more consistently, ranging from 54:45% to 73:24% with

modest contributions from 7s and 7p (<4%).

We examined the topologies of the U-As linkages in 2¢, 3¢, and 4' using the Atoms in Molecules
approach to analyse the topological electron density [p(r)], the Laplacian of the electron density
[V?p(r)], and the bond ellipticity parameters [e(r)]. For each U-As interaction a 3,-1 bond critical
point (BCP) was identified. The [p(r)] values for 2¢, 3¢, and 4' are in the range ~0.04-0.07, which
suggests electrostatic bonding with modest covalent contributions; covalent bonds tend to exhibit

calculated [p(r)] values >0.2, though whether this convention, formulated for lighter elements, is

10



applicable for uranium is debateable. The [V?p(r)] terms span the range ~0.02-0.05 for 2¢, 3¢, and
4', and are all positive as tends to be the case with bonds involving post-first row elements since the
positive A3 curvature term outweighs the negative A; and A, values beyond first row elements. In
agreement with the DFT and NBO analyses, the [¢(r)] values of 0.09, 0.39, and 0.02 (av.) confirm
the presence of polarized single, double, and triple U-As bonding interactions in 2¢, 3¢, and 4'; for a
cylindrical o-bond the ellipticity is 0, a bond with only one m-contribution has an ellipticity > 0,

whereas a bond with two m-components returns to an ellipticity of 0 (72).

Discussion

The synthesis of complex 2¢ can be accomplished when 1 is used, whereas use of [U(Tren"">)(X)]
(X = Cl or I) fails, which can be rationalized on hard-soft acid-base grounds since arsenic is a soft
base and uranium(IV) is a hard acid. Fine-grinding of the [KAsH,] and a short reaction time of
thirty minutes are essential for obtaining good yields of 2¢. When the [KAsH:] is not well-ground
the reaction is sluggish and yields decrease dramatically on extended reaction times. It is unusual
for the sterically unencumbered AsH; to bind in a terminal bonding mode (56,57), which reflects

the sterically demanding nature of Tren' ">,

The facile deprotonation of 2¢ to give 3¢ is noteworthy, since although this is established chemistry
for 2a and 2b, for 2c¢ the arsenide hydrogens may exhibit hydridic character, yet are
straightforwardly removed, formally, as protons. Additionally, the U-As bond would be predicted to
be weak and vulnerable to facile dissociation; indeed, the reaction time must be kept to around two
hours since longer reaction times result in decomposition and only 7 can be recovered. Complex 3c,
as a metal-stabilized terminal parent arsinidene complex, has no precedent; examples in the
condensed phase are rare and usually involve po- or ps-AsH bridging modes to d-block metals

(59,60) because of its sterically unencumbered nature and to stabilize the formal charge

11



accumulation at arsenic. Reports of a terminal M=AsH unit are restricted to one example in the p-

block in an arsasilene complex with a HSi=AsH subunit (67).

More surprising than the mono-deprotonation of 2¢ is that double deprotonation can be effected to
access the arsenido complex 4, adding to a class of metal-ligand multiple bond previously limited to
the d-block (62-64). Uranium(IV) generally forms more polarized multiple bonds with ligands than
uranium(V) or (VI), so any uranium(IV)-ligand multiple bond would be expected to be reactive and
weak. The potassium ions in tetrameric 4 clearly play an important role in stabilizing charge
localization at the arsenido centers because when they are removed the arsenido centers abstract
protons from solvent to form the arsinidiide complex 5. The vulnerability of the uranium-arsenic
bonds in 4 is also underscored by the isolation of 6. Although the intention of simultaneous
potassium abstraction and uranium(IV) oxidation, by treating 4 with AgBPhy or Pbl,, was to
provide a more stabilized U=As three-fold bonding interaction, by way of a higher oxidation state
of uranium to offset the removal of stabilizing potassium cations, it is clearly not a sufficient
stabilization, as evidenced by formation of the cyclometallate complex 6 or intractable product
mixtures. Although isolated from the decomposition of 3¢ in low yield, 7 permits a glimpse into the
complex chemistry, including catenation, that is clearly operating, and it is notable for being an
isolobal analogue of a bridging cyclopropylidene diuranium(IV) complex, which is yet to be
reported. These results show that the U-As linkage is fragile and a supporting ligand larger than

TIP
Tren' S

may be required to isolate a terminal U=As bond under ambient conditions.

Regarding the magnetic data for 2¢, 3¢, and 4, the rate of decrease of the magnetic moment for 4
(per uranium ion) on cooling is notably slower below ~50 K than for 2¢ or 3¢, which implies that
the lowest paramagnetic excited states are lower lying in 4. Therefore, these states in 4 are
thermally accessible even at low temperature, but in turn the higher lying states are well isolated so

the magnetic moment rises slowly >50 K. This is also consistent with the fact that the lowest

12



temperature magnetic moment of 4 (per uranium ion) is greater than 2¢ or 3c. Similar behaviour has
been observed for uranium-fluorides compared to other halides, which is rationalized on the basis of
a strong point charge giving a strong crystal field (73). Thus, the data suggest that 4 has the
strongest point charge and crystal field, compared to 2¢ and 3¢, which is consistent with its formally
(As)’” nature. The magnetic moments for the U=EH 3a-c series at the lowest measured temperature
(2 K) are ordered N > P > As (1.50, 1.04, and 0.87 pp) (37,43), which shows that the imido enforces
the strongest ligand field at uranium(IV) and the arsinidene the least. When comparing the U-EH,
2a-c and U=EH 3a-c series, 3a/b (E = N, P) exhibit higher low temperature magnetic moments than
for their 2a/b analogues, respectively, which is consistent with the stronger donating power of the
pnictide centers and thus stronger crystal fields/point charges in 3a/b compared to 2a/b; however,
3c is very similar to 2¢, perhaps reflecting the polarized nature of the U-As bonds and weak donor

strength of arsenic.

Computational analyses of the uranium(IV)-arsenic bonds in 2¢, 3¢, and 4', consistently suggest 7,
o’n’, and o’ bonding interactions, respectively. Uranium(IV) utilizes variable levels of 5f and 6d
orbital mixing in bonding to arsenic, ranging from ~50:50 to ~75:25, normalized after removal of 7s
and 7p contributions (~4% total); however it is clear that 5f-orbitals dominate the uranium(IV)
bonding overall. The uranium(I'V)-arsenic bonds in 2¢, 3¢, and 4' are clearly polarized, and thus
even though one-, two-, and three-fold electron-pair bonding interactions, respectively, can be
clearly identified, this results in Mayer bond orders that deviate below the hypothetical bond orders
of 1, 2, and 3, respectively. This is also evidenced in 3a where a three-fold bonding interaction in
the U=NH bond has a Mayer bond order of only 1.75 (37). The bond topology analysis suggests
that the U-As bonds are polarized, and in agreement with DFT and NBO analyses confirms the
presence of 6%, 6°n’, and o’n* U-As bonding interactions in 2¢, 3¢, and 4'. Although it should be
recognised that dipolar U"'-As" resonance forms will contribute to the electronic structure of these

U-As linkages, the ellipticity values for 6* 2¢ and o’n* 4' are similar to that of ethane (0.0) and

13



acetylene (0.0), whereas that of 3¢ lies between those of benzene (0.23) and ethylene (0.45) and

exceeds the calculated value for the parent £-diarsene HAs=AsH (0.33) (63,74).

Summary and Conclusions
In summary, we report structurally authenticated molecular uranium-arsenic bonds including one-,
two-, and three-fold bonding interactions. These studies show that the U-As bond is fragile, but

with a suitable sterically demanding supporting ligand like Tren'">

these bond linkages can be
stabilized. Computational analyses suggest that 6>, 6’7, and o’n* U-As bonding interactions are
present in 2¢, 3¢, and 4, respectively, but also suggest that these linkages are polarized. Magnetic
studies provide qualitative bracketing of the relative crystal field strengths of arsenide, arsinidene,
and arsenido ligands, and support the notion that the arsenido ligand in 4 exhibits the strongest point
charge and crystal field at uranium(IV) compared to 2¢ and 3¢, which are similar to each other,
perhaps reflecting the polar nature of these U-As bonds. As in related nitride complexes (38,39)
calculations suggest that uranium tends to deploy 5f orbitals more than 6d orbitals in the U-As
bonds (74). The complexes reported herein add to our understanding of actinide-ligand multiple

bonds and soft uranium-ligand combinations more broadly and may in the future inform the design

of new soft-donor ligands for the actinides.

Methods

General. Experiments were carried out under a dry, oxygen-free dinitrogen atmosphere using
Schlenk-line and glove-box techniques. All solvents and reagents were rigorously dried and
deoxygenated before use. Compounds were variously characterized by elemental analyses, NMR,
FTIR, and UV/Vis/NIR electronic absorption spectroscopies, Evans and SQUID magnetometric
methods, single crystal X-ray diffraction studies, and DFT, NBO, and bond topology theoretical
calculations. Further details are available in the Supplementary Information. The arsenic-bound

hydrogen atoms in 2¢ and 3¢ were initially located in the Fourier transform difference maps and

14



refined with geometric restraints based on literature data and metrical data computed from the DFT
geometry optimizations. The crystal structures of 2¢ and 4 suffered from weak diffraction and
consequently the data are poor, but the chemical connectivities of all the compounds reported here

are beyond reasonable doubt.

Accession codes

The X-ray crystallographic coordinates for structures reported in this Article have been deposited at
the Cambridge Crystallographic Data Centre (CCDC), under deposition number CCDC 1045599
and 1045600 (two data sets) (2¢), 1045601 (3c), 1045602 (4), 1045603 (5), and 1045604 (7). These
data can be obtained free of charge from The Cambridge Crystallographic Data Centre via

www.ccdc.cam.ac.uk/data_request/cif.
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Figure 1. Synthesis of compounds 2¢, 3¢, 4, 5, 6, and 7 from precursor 1. Compound 1 reacts
with KAsH, to give the uranium(IV) arsenide complex 2¢ by salt elimination of KBPhs. Single
deprotonation of 2¢ with benzyl potassium, followed by the addition of benzo-15-crown-5 ether,
gives the separated ion pair parent terminal uranium(I'V) arsinidene complex 3c¢; if this reaction is
left to stir for extended periods then decomposition occurs and only the diuranium(IV) triarsenide
complex 7 can be isolated in very low yield. Double deprotonation of 2¢ with benzyl potassium
directly affords the tetrameric uranium(IV) arsenido complex 4. Attempts to oxidize 4 with lead
diiodide result in loss of the U-As linkage and formation of the known cyclometallate complex 6.
For the synthesis of 6 see Gardner and colleagues®’. Treatment of 4 with AgBPhy resulted in
decomposition to unidentified products, whereas treatment with 2,2,2-cryptand resulted in
abstraction of a proton from solvent to afford the uranium(IV) arsinidiide complex 5 as well as

unidentified products.
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Figure 2. Molecular structures of 2¢, 3¢, and 4. a-c, solid state structures of 2c¢ (a), 3¢ (b), 4 (¢)
by X-ray crystallography at 120 K with displacement ellipsoids set to 40% probability and
hydrogen atoms, minor disorder components, and lattice solvent omitted for clarity. Green,
uranium; purple, arsenic; dark blue, potassium; light blue, nitrogen; orange, silicon; gray, carbon;

white, hydrogen.
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Figure 3. Variable temperature effective magnetic moment data for 2¢, 3c, and 4. Data are
plotted as psr (ug) as a function of temperature (K) for 2¢, 3¢ and 4 as powdered samples, measured

by a superconducting quantum interference device (SQUID) magnetometer in an applied magnetic

field of 0.1 T. a, magnetic moment per molecule. b, magnetic moment per uranium ion.
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Figure 4. Selected NBOs that principally represent the U-As ¢’ and ¢’n’ interactions in 2¢ and
3c. a, o-bond in 2¢. b, 6-bond in 3e¢. ¢, n-bond in 3c. For the composition of these NBOs see Table

1. Green, uranium; purple, arsenic; blue, nitrogen; orange, silicon; gray, carbon; white, hydrogen.
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Figure 5. Selected NBOs that principally represent the four U-As o’z interactions in the
pruned model of 4'. a-d o-bonds, e-i m-bonds. For the composition of these NBOs see Table 1.
Green, uranium; purple, arsenic; dark blue, potassium; blue, nitrogen; orange, silicon; gray, carbon;

white, hydrogen.
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Table 1. Selected computed DFT and NBO data for 2¢, 3¢, and the pruned model of 4 (4').

Bond Lengths Atomic Spin-Densities NBO o-component® NBO m;-component® NBO m,-component®
and Indices and Charges
Entry” U-As" BI my’ q° qnd As% U% U As%  U% U As% U% U
7s:7p:5t:6d 7s:7p:5t:6d 7s:7p:5t:6d

2c 30597  0.69 2.30 274 -0.51 867 133 3:2:48:47 - - - - - -

3c 27537  1.62 232 2.50 -0.89 888 112 2:0:61:37 87.3 12.7 0:1:66:33 - - -

4' 2.7311 1.75 252 242 -1.66 829 17.1 2:1:57:40 80.8 19.2 0:1:69:30 83.8 16.2 0:1:55:44
27426 148 2.49 253 -1.78 843 15.7 2:1:73:24 86.7 142 0:1:63:36 86.7 135 0:1:54:45
27571 1.40 248 2.54 -1.82 856 144 2:1:70:27 85.8 133 0:1:62:37 86.5 133 0:1:65:34
2.7741 1.38 225 2.59 -1.83 869 13.1 3:1:70:26 86.9 13.1 0:1:59:40 87.9 12.1 0:1:61:38

¢ All molecules geometry optimized without symmetry constraints using the BP86 GGA functional and a basis set derived from TZP/ZORA all-
electron ADF database; all calculations were unrestricted.” Computational U-As distances (A, not optimized for pruned model of 4). ¢ Mayer bond
indices.  MDC-m a-spin densities on uranium. ¢ MDC-q charges on uranium./MDC-q charges on arsenic. ¢ Natural Bond Orbital (NBO) analyses;

the electron occupancies of these orbitals is =97%.
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