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Abstract: Reaction of [U(Tren™)(PH,)] (1, Tren™ =
N(CH,CH,NSiPr;);) with C,H;CH,K and [U(Tren™")-
(THF)][BPh,] (2) afforded a rare diuranium parent phosphi-
nidiide complex [{U(Tren™)},(u-PH)] (3). Treatment of 3
with C;HsCH,K and two equivalents of benzo-15-crown-5
ether (BI5C5) gave the diuranium u-phosphido complex
[{U(Tren™5)},(u-P)][K(B15CS5),] (4). Alternatively, reaction
of [U(Tren™™)(PH)][Na(12C4),] (5, 12C4=12-crown-4
ether) with [U{N(CH,CH,NSiMe,Bu'),CH,CH,NSi(Me)-
(CH,)(Bu')}] (6) produced the diuranium u-phosphido com-
plex  [{U(Tren™™)}(u-P){U(Tren”"")}][Na(12C4),] ~ [7,
Tren®M5S = N(CH,CH,NSiMe,Bu');]. Compounds 4 and 7
are unprecedented examples of uranium phosphido complexes
outside of matrix isolation studies, and they rapidly decompose
in solution underscoring the paucity of uranium phosphido
complexes. Interestingly, 4 and 7 feature symmetric and
asymmetric UPU cores, respectively, reflecting their differing
steric profiles.

I n recent years there has been burgeoning interest in the
synthesis and chemistry of uranium-ligand multiple bonds,"
which stems from a desire to better understand the chemical
bonding of uranium and to correlate this to observed
physicochemical properties. However, most progress has
been made regarding complexes where uranium engages in
a formal multiple bond to C-/N-/O-based donor ligands, and
examples of second row-centered, and beyond, donor ligands
generally continue to be rare.”) Where uranium—phosphorus
multiple bonding is concerned,”’! only two structurally
authenticated  phosphinidene complexes have been
reported,” and investigations into uranium phosphido com-
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plexes are exceedingly rare and restricted to cryogenic matrix
isolation and/or computational studies.”! Thus, there are no
reports of uranium phosphido complexes on macroscopic
scales under conditions that would permit further investiga-
tion; indeed, the phosphido linkage, whether terminal or p-
bridging, remains a relatively rare structural motif even in
transition-metal chemistry.

As part of our work on actinide-ligand multiple bonds,”
we reported dithorium phosphido and arsenido complexes
that are supported by the very sterically demanding triamido-
amine ligand N(CH,CH,NSiPr'y); (Tren™).*d For the
ThPTh derivative this ligand combination produced a seem-
ingly optimal balance of steric shielding of the ThPTh core
versus inter-Tren™™® steric repulsion. We therefore considered
whether the analogous diuranium complex might be acces-
sible; however, uranium has potentially deleterious and facile
redox chemistry compared to the more redox-robust thorium,
and is smaller than thorium by 0.05-0.18 A 5o uranium with
the same ligand set might well be too strained to form a stable
UPU linkage and could very easily decompose. Herein,
however, we report two different methods for the bulk-scale
preparation and subsequent characterization of diuranium p-
phosphido complexes, utilizing Tren™® and the related
Tren®®S (Tren”™®$ = N(CH,CH,NSiMe,Bu');) ligands, that
are the first examples of uranium phosphido complexes
outside of cryogenic spectroscopic experiments.’> These
complexes can be isolated and manipulated in the solid state,
but we find that they are indeed highly sensitive and
decompose rapidly in solution, which is in-line with the
prior absence of any synthetically accessible actinide phos-
phido complexes. Interestingly, depending on the steric
profiles of the Tren ligands that support these phosphido
complexes, symmetric and asymmetric UPU cores are
observed in the solid state structures.

Our initial approach was to target a UP(H)U core via
deprotonation/salt elimination and then effect deprotonation
to give a phosphido complex. Accordingly, sequential treat-
ment of the uranium(IV) phosphanide complex [U(Tren™5)-
(PH,)] (1)™ with benzyl potassium and then the separated
ion pair [U(Tren™®)(THF)|[BPh,] (2)“! afforded, after
work-up and recrystallization, dark red-brown crystals of
the diuranium(IV) parent phosphinidiide complex [{U-
(Tren™3)},(u-PH)] (3) in 67% isolated yield, Scheme 1.
The synthesis of 3 requires 2 as elimination of KBPh, is
favorable owing to the outer sphere nature of the BPh,™ anion
in 2 whereas any uranium-coordinated halide is not displaced
by the relatively soft P center.*"l The '"H NMR spectrum of 3
spans the range —27 to + 8 ppm and the *Si NMR spectrum
exhibits a single resonance at + 11.6 ppm, which are both
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Scheme 1. Synthesis of complex 3 from 1 and 2, the conversion into 4,
and the formation of 7 from 5 and 6. B15C5 = benzo-15-crown-5 ether,
12C4=12-crown-4 ether, Bn=benzyl.

consistent with the uranium(IV) formulation of 3.'! No
3P NMR resonance could be detected for 3, most likely due
to the phosphinidiide being bonded to two uranium(IV) ions.
The ATR-IR spectrum of 3 exhibits a weak, broad feature at
approximately 2169 cm™', consistent with the presence of the
p-PH unit.'! SQUID magnetometry on powdered 3 gives
magnetic moments of 43 and 0.8 pz at 298 and 2K,
respectively, with a steady fall in-between these two extremes.
These data are entirely consistent with the presence of two
uranium(IV) ions in 3 and a low temperature magnetic
moment that is tending to zero and dominated by temper-
ature independent paramagnetism from the spin-orbit cou-
pled ground-state multiplet of *H, uranium. A shoulder in the
x vs. T data is apparent at about 25 K which is most likely due
to single-ion crystal field effects rather than any magnetic
exchange.'” Confirmation of the formulation of 3 was
provided by the solid state crystal structure, Figure 1, which
reveals U-P distances of 2.8187(12) and 2.8110(12) A that,
considering steric profiles, compares well to a U-P distance of
2.743(1) A in [{U(CsMes),(OMe)},(u-PH)]"" and the sum of
the single-bond covalent radii of uranium and phosphorus
(2.81 A).1

With complex 3 secured, we attempted deprotonation of
the phosphinidiide group. Treatment of 3 with one equivalent
of benzyl potassium in the presence of two equivalents of
benzo-15-crown-5 ether (B15C5, to completely sequester the
K ion) produced, after work-up and recrystallization, a small
crop (<5% yield) of black crystals of the diuranium(IV) p-
phosphido complex [{U(Tren")},(u-P)][K(B15C5),] (4),
Scheme 1.! The solid-state crystal structure of 4, Figure 1,
confirms the separated ion pair formulation and reveals U-P
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Figure 1. Molecular structures of 3 (top) and the anion components of
4 (middle), and 7 (bottom) at 150 K. Displacement ellipsoids set at
40% probability and non-phosphorus-bound hydrogen atoms, minor
disorder, and cation components are omitted for clarity. U green,

P purple, N blue, Si yellow. Selected bond lengths [A]: 3, U1-P1 2.8187-
(12), U2-P1 2.8110(12), UT-NT1 2.270(4), UT-N2 2.258(4), UT-N3
2.264(4), UT-N4 2.685(5), U2-N5 2.254(5), U2-N6 2.253(4), U2-N7
2.265(4), U2-N8 2.682(6); 4, U1-P1 2.653(4), U2-P1 2.665(4), U1-N1
2.330(8), UT1-N2 2.277(10), UT1-N3 2.305(9), UT-N4 2.766(9), U2-N5
2.308(8), U2-N6 2.307(12), U2-N7 2.296(10), U2-N8 2.745(9); 7, U1-
P12.657(2), U2-P1 2.713(2), UT-NT 2.309(4), U1-N2 2.309(5), U1-
N3 2.324(4), U1-N4 2.765(4), U2-N5 2.276(5), U2-N6 2.284(5), U2—
N7 2.263(5), U2-N8 2.840(5).*
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distances of 2.653(4) and 2.665(4) A, which represents a con-
traction of approximately 0.15 A from 3. The U-P distances in
4 can be considered to be short when considering the bridging
nature of the phosphido; for example, although the sum of the
covalent uranium and phosphorus double bond radii is
236 A ¥ the U=P distances in the terminal uranium(IV)
phosphinidene complexes [U(Tren™")(PH)][K(B15C5),]*!
and [U(CsMes),(P-2,4,6-Bu'sCsH,)(OPMe;) ™! are 2.613(2)
and 2.562(3) A, respectively. Furthermore, the Th-P distances
in  [{Th(Tren"®)},(u-P)][Na(12C4),] (12C4 = 12-crown-4
ether) are significantly longer [2.735(2)/2.740(2) A] than
the U-P distances in 4, even when factoring in the covalent
radii differences between thorium and uranium.® The U-
N, distances are around 0.1 A longer than is typical for
uranium(IV) Tren complexes, ™ reflecting the anionic for-
mulation of the phosphido moiety. We note that the U-N, ..
distances are long, which infers a frans-influence from the
phosphido ligand,"" but this cannot be stated with confidence
due to U-N bond lengthening from the anionic formulation.

Complex 4 decomposes in solution, which, together with
the low yield, precluded further characterization beyond the
X-ray crystal structure and elemental analyses. The reaction
that produces 4 is highly capricious, and despite exhaustive
attempts the reaction conditions could not be improved;
sometimes deprotonation of 3 fails, or complete decomposi-
tion occurs to unidentified products. Use of different organo-
alkali-metal reagents, the presence or absence of different
crown ethers, or increasing the molar quantity of benzyl
potassium results in intractable reaction mixtures and/or
production of the known uranium(IV) cyclometallate com-
plex [U{N(CH,CH,NSiPr;),(CH,CH,NSiPr,C(H)(Me)-
(CH,)}],B where the fate of the phosphorus-containing
products could not be determined.

The above mentioned observations likely reflect the
inherently polarized, weak, and labile nature of these U-P
linkages, as reflected by the paucity of any other macroscopic
molecular uranium phosphido complexes, and also likely
steric overloading from close proximity of two Tren™®®
ligands. In order to reduce this steric strain and perhaps
obtain a more tractable phosphido complex, we adopted
a different strategy to introduce a sterically less demanding
Tren ligand.

Reaction of the new terminal uranium(IV)-phosphini-
dene complex [U(Tren™S)(PH)][Na(12C4),] (5),” which is
only the third example of a uranium phosphinidene, with the
uranium(IV) cyclometallate complex [U-
{N(CH,CH,NSiMe,Bu"),CH,CH,NSi(Me)(CH,)(Bu")}] (6)""
proceeds by protonolysis to give the diuranium p-phosphido
complex [{U(Tren™®)}(u-P){U(Tren®®%)}][Na(12C4),] (7),
isolated as dark brown crystals in 29% yield, Scheme 1.
The crystalline yield is low due to the oily nature of 7, and the
decomposition that occurs once it is formed (see below). The
solid-state crystal structure of 7, Figure 1, is in gross terms
very similar to that of 4, noting the change of Tren ligand and
cation component. However, the U-P distances of 2.657(2)
and 2.713(2) A are notable in that the shorter is consistent
with the U-P distances in 4, but the longer is significantly
longer and mid-way to the U-P distances in 3. Interestingly,
the shorter U-P distance is found for the Tren™S-bound
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uranium with the longer U-P distance associated with the
sterically less demanding Tren®®S portion, and the U—-N
bonds are longer in the Tren™SU portion of the molecule
compared to those in the Tren®™®SU fragment, perhaps
reflecting the asymmetry of the phosphido bonding.

The presence of uranium(IV) ions in 7 was confirmed by
SQUID magnetometry on a powdered sample of 7; the
magnetic moments of 43 and 1.1pz at 298 and 2K,
respectively, are consistent with the presence of uranium(IV)
ions. However the magnetic moment of 7 at 2 K is higher than
the corresponding data for 3, which may represent the relative
crystal-field effects on uranium(IV) from HP*~ versus P*~; the
P*~ would be expected to present a greater point charge and
splitting of the paramagnetic excited states manifold, so a low-
lying group are still populated to some extent at low
temperature with a higher-lying group at high temperature
that are more difficult to populate. This notion is consistent
with a slightly flatter magnetic trace at high temperature for 7
compared to 3 and has been noted in other uranium(IV)
complexes with strong point-charge ligands.?**74:1¢] Tnter-
estingly, counter to expectations the shoulder at about 25 K
for the magnetic data of 3 is much less pronounced for 7 which
is consistent with our suggestion that this feature is due to
single ion crystal field effects and not magnetic exchange,"”
though magnetic exchange cannot be completely ruled out.

Complex 7 is moderately more stable than 4, but although,
once isolated, solid state characterization methods were
feasible we find that redissolving 7 results in rapid decom-
position so NMR and optical spectroscopic data were
unobtainable. Interestingly, we find that the majority decom-
position products of 7 are the uranium(IV)-cyclometallate
complex [U{N(CH,CH,NSiPr’;),(CH,CH,NSiPr’,C(H)(Me)-
(CH,)}],' and what we deduce to be [U(Tren®™®%)(PH)]-
[Na(12C4),], though the latter is not sufficiently sterically
protected so decomposes to unidentified products. Never-
theless, the more clear-cut nature of the decomposition of 7
compared to 4 is instructive because it suggests that even with
reduced ligand steric demands the UPU unit is inherently
unstable. Interestingly, the decomposition reaction of 7
produces a cyclometallate with a less-strained 5-membered
metallocyclic ring compared to the more-strained 4-mem-
bered metallocycle in 6. This aspect is also consistent with the
observation that mixing the five-membered-ring cyclometal-
late [U{N(CH,CH,NSiPr},),(CH,CH,NSiPr,C(H)(Me)-
(CHY)J"  and known [U(Tren™)(PH)|[K(B15C5),]*"
gives no reaction. Thus, the importance of metallocyclic
ring-strain as a key factor in driving the protonolysis reaction
to generate 7 emerges. This point is underscored when
considering that on the basis of the solid-state structure the
phosphido appears to be more associated with the Tren™ U
fragment rather than the Tren®®SU group, but it is the
Tren™ U fragment that is, in essence, the leaving group
during decomposition.

To gain a greater understanding of the bonding in the
UPU units of 4 and 7, we carried out DFT calculations on the
full anion components of these compounds, 4 and 7,
respectively. Considerable difficulty was encountered obtain-
ing SCF-converged structures, which suggests that 4™ and 7~
have multi-reference ground states. However, satisfactorily
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Figure 2. Kohn-Sham frontier molecular orbitals of that represent the principal bonding components of the UPU unit in the anion component of
7,77 : Left, HOMO—6 (403a, —1.332 eV); Middle, HOMO—5 (404a, —0.997 eV); Right, HOMO—4 (405a, —0.983 eV). Hydrogen atoms are

omitted for clarity.

converged models that provide a qualitative description of the
electronic structure of these compounds could be obtained.

Both 4~ and 7 exhibit four unpaired electrons of
essentially exclusive 5f character in their a-spin manifolds
as HOMO to HOMO-3, which is consistent with the
presence of two 5f* uranium(IV) ions. HOMO—4 to
HOMO-6 in each case represent the principal bonding
components in the UPU units, see Figure 2 and the Support-
ing Information,”) confirming the presence of polarized
uranium-phosphido triple bonding interactions. The uranium
spin densities of —2.31/—2.33 and —2.17/-2.22, for 4 and 7~
respectively, show donation of electron density from the
ligands to uranium and support the uranium(IV) formula-
tions. The uranium charges are high for Tren uranium(IV)
complexes,'” at 43.79/ +3.86 for 4~ and +3.52/ 4+ 3.87 for 7
and the phosphido charges are —2.19 and —2.35, respectively.
Interestingly, the uranium ion in 7° which has the closest
association with the phosphido, that is, Tren™U, has the
highest charge and lowest spin density, and recall that the U-
N distances are longer for that unit than the Tren®®SU unit;
this suggests that the N atoms are better as a unit at charge
donation to uranium than the phosphido./®!

The UP Mayer bond orders reflect multiple, but polarized
bond interactions. Specifically, in 4~ they are 1.41/1.43
whereas for 7° they are 1.44/1.66 reflecting the asymmetric
UP distances and bonding in the UPU core in 7 ; notably,
these UP bond orders are in-line with the situation in the
Lewis bonding scheme for these units, that is, U=P=U. These
Mayer bond orders should be viewed in the context that the
UN,mige and UN, ;.. bond orders are 0.71 and 0.18, respec-
tively, and they are surprisingly invariant across 4~ and 7 .

The bond topological data are remarkably invariant,
showing polar, quite ionic UP bonds with p values of 0.06
(typically p > 0.1 for covalent bonds) and bond ellipticities
that are zero or close to zero reflecting the formal triple
bond interactions that constitute cylindrical distributions of
electron density with respect to the inter-nuclear axes.'”) Polar
UP bonding is also suggested by NBO analyses, which finds
UP o-bonds with 16% U and 84% P character (U:
1:1:69:29 % 7s:7p:5f:6d; P: 100% 3p) and UP m-bonds with
26% U and 74% P character (U: 0:1:54:45 7s:7p:5f:6d; P:
100% 3p).

© 2017 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

The data above unequivocally suggest that the UPU
interactions in 4~ and 7  are polarized and weak, which is
consistent with the observed instability of 4 and 7. Interest-
ingly, the UP bonds for 4™ and 7 have higher Mayer bond
orders, exhibit more metal component, and utilize more 5f
character (relative to 6d) than the ThP bonds in [{Th-
(Tren™$)},(u-P)][Na(12C4),],7" consistent with the general
view that uranium engages in more covalent bonding, and
with greater 5f character, than thorium, but we note that the
bond topological data are essentially invariant for uranium
and thorium. This suggests that the instability of 4 and 7 is
most likely of kinetic origin.

To conclude, we have reported two structurally authenti-
cated examples of uranium phosphido complexes. These
linkages are unprecedented outside of cryogenic matrix
isolation conditions, remain rare even in the d-block, and
indeed uranium-phosphorus multiple bonding remains
exceedingly rare overall. These complexes have been pre-
pared on macroscopic scales by two different methodologies
that could greatly expand uranium—phosphido chemistry:
1) construction of a UP(H)U unit by salt elimination and
subsequent deprotonation; or 2) protonation of a cyclometal-
late by a parent phosphinidene. Although both complexes can
be prepared and isolated they exhibit intrinsic instability that
is consistently reflected in quantum chemical calculations.
Low-temperature magnetism studies also suggest differences
in the relative crystal-field effects on uranium(IV) from HP*~
versus P*~. Most intriguingly, the UP bond lengths can be
perturbed by co-ligand steric demands, which suggests that
with suitably chosen co-ligands perhaps a UPU linkage, or
perhaps a UPM unit that might be prepared by method (2),
could be polarized to the point of rupture in order to produce
a terminal uranium phosphido complex under ambient
conditions. Efforts in that regard are on-going.

Acknowledgements

We thank the Royal Society (grant UF110005), EPSRC (grant
EP/M027015/1), ERC (grant CoG612724), Universities of
Manchester and Regensburg, the Deutsche Forschungsge-
meinschaft, and COST Action CM1006 for generously
supporting this work.

Angew. Chem. Int. Ed. 2017, 56, 1049510500


http://www.angewandte.org

GDCh
~~

Conflict of interest

The authors declare no conflict of interest.

Keywords: density functional theory - metal—
ligand multiple bonding - phosphido - phosphinidiide - uranium

How to cite: Angew. Chem. Int. Ed. 2017, 56, 10495-10500

Angew. Chem. 2017, 129, 10631-10636

(1]

(2]

3

[

(4]

(5]

(6]

Angew. Chem. Int. Ed. 2017, 56, 10495—-10500

a) D. M. King, S. T. Liddle, Coord. Chem. Rev. 2014, 266 -267,2;
b) T. W. Hayton, Chem. Commun. 2013, 49, 2956; c)T. W.
Hayton, Dalton Trans. 2010, 39, 1145; d) M. Ephritikhine,
Dalton Trans. 2006, 2501.

a) M. W. Rosenzweig, A. Scheurer, C. A. Lamsfus, F. W. Heine-
mann, L. Maron, J. Andrez, M. Mazzanti, K. Meyer, Chem. Sci.
2016, 7, 5857; b)J. Andrez, J. Pécaut, R. Scopelliti, C.E.
Kefalidis, L. Maron, M. W. Rosenzweig, K. Meyer, M. Mazzanti,
Chem. Sci. 2016, 7, 5846; c) S. T. Liddle, Angew. Chem. Int. Ed.
2015, 54, 8604; Angew. Chem. 2015, 127,8726; d) H. S. La Pierre,
K. Meyer, Prog. Inorg. Chem. 2014, 58, 303; ¢) D. E. Smiles, G.
Wu, T. W. Hayton, J. Am. Chem. Soc. 2014, 136, 96; f) M. B.
Jones, A. J. Gaunt, Chem. Rev. 2013, 113,1137; g) J. L. Brown, S.
Fortier, G. Wu, N. Kaltsoyannis, T. W. Hayton, J. Am. Chem. Soc.
2013, 135, 5352; h) J. L. Brown, S. Fortier, R. A. Lewis, G. Wu,
T. W. Hayton, J. Am. Chem. Soc. 2012, 134, 15468.

Some polyphosphide complexes of uranium are known but these
do not contain formal UP multiple bonding interactions:
a) B. M. Gardner, F. Tuna, E.J. L. Mclnnes, J. McMaster, W.
Lewis, A. J. Blake, S. T. Liddle, Angew. Chem. Int. Ed. 2015, 54,
7068; Angew. Chem. 2015, 127,7174;b) D. Patel, F. Tuna, E. J. L.
Mclnnes, W. Lewis, A. J. Blake, S. T. Liddle, Angew. Chem. Int.
Ed. 2013, 52, 13334; Angew. Chem. 2013, 125, 13576, c) F. H.
Stephens, Ph.D. Thesis, Massachusetts Institute of Technology,
Cambridge, 2004; d) A. S. P. Frey, F. G. N. Cloke, P. B. Hitch-
cock, J. C. Green, New J. Chem. 2011, 35, 2022.

a) B.M. Gardner, G. Baldzs, M. Scheer, F. Tuna, E.J. L.
Mclnnes, J. McMaster, W. Lewis, A.J. Blake, S.T. Liddle,
Angew. Chem. Int. Ed. 2014, 53, 4484; Angew. Chem. 2014, 1206,
4573;b) D. S.J. Arney, R. C. Schnabel, B. C. Scott, C. J. Burns, J.
Am. Chem. Soc. 1996, 118, 6780.

a) Q.-Y. Wu, J.-H. Lan, C.-Z. Wang, Y.-L. Zhao, Z.-F. Chai, W.-
Q. Shi, J. Phys. Chem. A 2015, 119, 922; b) B. Vlaisavljevich, L.
Gagliardi, X. Wang, B. Liang, L. Andrews, 1. Infante, Inorg.
Chem. 2010, 49, 9230; c) L. Andrews, X. Wang, R. Lindh, B. O.
Roos, C.J. Marsden, Angew. Chem. Int. Ed. 2008, 47, 5366;
Angew. Chem. 2008, 120, 5446.

a) A. R. Fox, C. R. Clough, N. A. Piro, C. C. Cummins, Angew.
Chem. Int. Ed. 2007, 46, 973; Angew. Chem. 2007, 119, 991;
b) N. A. Piro, C. C. Cummins, [norg. Chem. 2007, 46, 7387,
¢) C. C. Cummins, Angew. Chem. Int. Ed. 2006, 45, 862; Angew.
Chem. 2006, 118, 876; d) B. P. Johnson, G. Baldzs, M. Scheer,
Coord. Chem. Rev. 2006, 250, 1178; e)J.S. Figueroa, C.C.
Cummins, Angew. Chem. Int. Ed. 2004, 43, 984; Angew. Chem.
2004, 7116, 1002; f) M. E. Garcia, V. Riera, M. A. Ruiz, D. Séez,
H. Hamidov, J. C. Jeffery, T. Riis-Johannessen, J. Am. Chem.
Soc. 2003, 125, 13044; g) F. H. Stephens, J. S. Figueroa, P. L.
Diaconescu, C. C. Cummins, J. Am. Chem. Soc. 2003, 125, 9264;
h) J. S. Figueroa, C. C. Cummins, J. Am. Chem. Soc. 2003, 125,
4020; i) J.-P. F. Cherry, A. R. Johnson, L. M. Baraldo, Y.-C. Tsai,
C. C. Cummins, S.V. Kryatov, E. V. Rybak-Akimova, K.B.
Capps, C. D. Hoff, C. M. Haar, S. P. Nolan, J. Am. Chem. Soc.
2001, 723, 7271; j) C. Eichhorn, O.J. Scherer, T. Sogding, G.
Wolmershauser, Angew. Chem. Int. Ed. 2001, 40, 2859; Angew.
Chem. 2001, 113, 2944; k) M. Scheer, J. Miiller, M. Schiffer, G.
Baum, R. Winter, Chem. Eur. J. 2000, 6, 1252; 1) P. Kramkowski,

[7

Communications

—

Internati

G. Baum, U. Radius, M. Kaupp, M. Scheer, Chem. Eur. J. 1999, 5,
2890; m) M. Scheer, P. Kramkowski, K. Schuster, Organometal-
lics 1999, 18, 2874; n) M. Scheer, J. Miiller, G. Baum, M. Hiser,
Chem. Commun. 1998, 1051; o) M. Scheer, Coord. Chem. Rev.
1997, 163, 271; p) N. C. Mosch-Zanetti, R. R. Schrock, W. M.
Davis, K. Wanninger, S. W. Seidel, M. B. O’Donoghue, J. Am.
Chem. Soc. 1997, 119, 11037; q) M. J. A. Johnson, P. M. Lee,
A.L. Odom, W. M. Davis, C. C. Cummins, Angew. Chem. Int.
Ed. Engl. 1997, 36, 87; Angew. Chem. 1997, 109, 110; r) M.
Scheer, J. Miiller, M. Héser, Angew. Chem. Int. Ed. Engl. 1996,
35,2492; Angew. Chem. 1996, 108,2637; s) C. E. Laplaza, W. M.
Davis, C. C. Cummins, Angew. Chem. Int. Ed. Engl. 1995, 34,
2042; Angew. Chem. 1995, 107, 2181; t) N. C. Zanetti, R. R.
Schrock, W. M. Davis, Angew. Chem. Int. Ed. Engl. 1995, 34,
2044; Angew. Chem. 1995, 107, 2184; u) M. C. Fermin, J. Ho,
D. W. Stephan, J. Am. Chem. Soc. 1994, 116, 6033.

a) E.P. Wildman, G. Baldzs, A.J. Wooles, M. Scheer, S.T.
Liddle, Nat. Commun. 2017, 8, 14769; b) M. Gregson, E. Lu,
D. P. Mills, F. Tuna, E. J. L. McInnes, C. Hennig, A. C. Scheinost,
J. McMaster, W. Lewis, A.J. Blake, A. Kerridge, S. T. Liddle,
Nat. Commun. 2017, 8, 14137; ¢) D. M. King, P. A. Cleaves, A. J.
Wooles, B. M. Gardner, N. F. Chilton, F. Tuna, W. Lewis, E. J. L.
Mclnnes, S.T. Liddle, Nat. Commun. 2016, 7, 13773; d) E. P.
Wildman, G. Balazs, A. J. Wooles, M. Scheer, S. T. Liddle, Nat.
Commun. 2016, 7, 12884; ¢) M. Gregson, E. Lu, F. Tuna, E. J. L.
Mclnnes, C. Hennig, A. C. Scheinost, J. McMaster, W. Lewis,
A.J. Blake, A. Kerridge, S. T. Liddle, Chem. Sci. 2016, 7, 3286;
f) B. M. Gardner, G. Baldzs, M. Scheer, F. Tuna, E. J. L. McInnes,
J. McMaster, W. Lewis, A. J. Blake, S. T. Liddle, Nat. Chem. 2015,
7, 582; g) E. Lu, O.J. Cooper, J. McMaster, F. Tuna, E.J. L.
Mclnnes, W. Lewis, A. J. Blake, S. T. Liddle, Angew. Chem. Int.
Ed. 2014, 53, 6696; Angew. Chem. 2014, 126, 6814; h) D. M.
King, J. McMaster, F. Tuna, E.J. L. Mclnnes, W. Lewis, A.J.
Blake, S. T. Liddle, J. Am. Chem. Soc. 2014, 136, 5619; i) D. M.
King, F. Tuna, E.J. L. Mclnnes, J. McMaster, W. Lewis, A.J.
Blake, S. T. Liddle, Nat. Chem. 2013, 5, 482;j) O. J. Cooper, D. P.
Mills, J. McMaster, F. Tuna, E.J. L. Mclnnes, W. Lewis, A.J.
Blake, S. T. Liddle, Chem. Eur. J. 2013, 19,7071; k) D. M. King, F.
Tuna, J. McMaster, W. Lewis, A. J. Blake, E. J. L. McInnes, S. T.
Liddle, Angew. Chem. Int. Ed. 2013, 52, 4921; Angew. Chem.
2013, 725, 5021; 1) D. M. King, F. Tuna, E.J. L. Mclnnes, J.
McMaster, W. Lewis, A. J. Blake, S. T. Liddle, Science 2012, 337,
717; m) D. P. Mills, O. J. Cooper, F. Tuna, E. J. L. McInnes, E. S.
Davies, J. McMaster, F. Moro, W. Lewis, A. J. Blake, S. T. Liddle,
J. Am. Chem. Soc. 2012, 134, 10047; n) D. P. Mills, F. Moro, J.
McMaster, J. van Slageren, W. Lewis, A. J. Blake, S. T. Liddle,
Nat. Chem. 2011, 3,454; 0) O. J. Cooper, D. P. Mills, J. McMaster,
F. Moro, E. S. Davies, W. Lewis, A. J. Blake, S. T. Liddle, Angew.
Chem. Int. Ed. 2011, 50, 2383; Angew. Chem. 2011, 123, 2431.

[8] P. Pyykko, J. Phys. Chem. A 2015, 119, 2326.
[9] See the Supporting Information for details.

© 2017 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[10] C.J. Windorff, W. J. Evans, Organometallics 2014, 33, 3786.
[11] M. R. Duttera, V. W. Day, T. J. Marks, J. Am. Chem. Soc. 1984,

106, 2907.

[12] B. M. Gardner, D. M. King, F. Tuna, A. J. Wooles, N. F. Chilton,

S.T. Liddle, Chem. Sci. 2017, DOI: https://doi.org/10.1039/SC-
EDG-05-2017-001998.

[13] B. M. Gardner, S.T. Liddle, Chem. Commun. 2015, 51, 10589.
[14] B. M. Gardner, P. A. Cleaves, C. E. Kefalidis, J. Fang, L. Maron,

W. Lewis, A. J. Blake, S. T. Liddle, Chem. Sci. 2014, 5, 2489.

[15] a) R. Boaretto, P. Roussel, N. W. Alcock, A.J. Kingsley, L J.

Munslow, C. J. Sanders, P. Scott, J. Organomet. Chem. 1999, 591,
174; b) R. Boaretto, P. Roussel, A.J. Kingsley, I.J. Munslow,
C.J. Sanders, N. W. Alcock, P. Scott, Chem. Commun. 1999,
1701.

[16] a) E. Lu, O.J. Cooper, F. Tuna, A.J. Wooles, N. Kaltsoyannis,

S. T. Liddle, Chem. Eur. J. 2016, 22, 11559; b) E. Lu, F. Tuna, W.

www.angewandte.org

An dte

Chemie

10499


https://doi.org/10.1016/j.ccr.2013.06.013
https://doi.org/10.1039/c3cc39053e
https://doi.org/10.1039/B909238B
https://doi.org/10.1039/b603463b
https://doi.org/10.1039/C6SC00677A
https://doi.org/10.1039/C6SC00677A
https://doi.org/10.1039/C6SC00675B
https://doi.org/10.1002/anie.201412168
https://doi.org/10.1002/anie.201412168
https://doi.org/10.1002/ange.201412168
https://doi.org/10.1021/ja411423a
https://doi.org/10.1021/cr300198m
https://doi.org/10.1021/ja402068j
https://doi.org/10.1021/ja402068j
https://doi.org/10.1021/ja305712m
https://doi.org/10.1002/anie.201501728
https://doi.org/10.1002/anie.201501728
https://doi.org/10.1002/ange.201501728
https://doi.org/10.1002/anie.201306492
https://doi.org/10.1002/anie.201306492
https://doi.org/10.1002/ange.201306492
https://doi.org/10.1039/c1nj20163h
https://doi.org/10.1002/anie.201400798
https://doi.org/10.1002/ange.201400798
https://doi.org/10.1002/ange.201400798
https://doi.org/10.1021/ja960221y
https://doi.org/10.1021/ja960221y
https://doi.org/10.1021/jp512950j
https://doi.org/10.1021/ic100407e
https://doi.org/10.1021/ic100407e
https://doi.org/10.1002/anie.200801120
https://doi.org/10.1002/ange.200801120
https://doi.org/10.1002/anie.200604736
https://doi.org/10.1002/anie.200604736
https://doi.org/10.1002/ange.200604736
https://doi.org/10.1021/ic700514u
https://doi.org/10.1002/anie.200503327
https://doi.org/10.1002/ange.200503327
https://doi.org/10.1002/ange.200503327
https://doi.org/10.1016/j.ccr.2005.11.023
https://doi.org/10.1002/anie.200352779
https://doi.org/10.1002/ange.200352779
https://doi.org/10.1002/ange.200352779
https://doi.org/10.1021/ja037293r
https://doi.org/10.1021/ja037293r
https://doi.org/10.1021/ja0354317
https://doi.org/10.1021/ja028446y
https://doi.org/10.1021/ja028446y
https://doi.org/10.1021/ja0031063
https://doi.org/10.1021/ja0031063
https://doi.org/10.1002/1521-3773(20010803)40:15%3C2859::AID-ANIE2859%3E3.0.CO;2-K
https://doi.org/10.1002/1521-3757(20010803)113:15%3C2944::AID-ANGE2944%3E3.0.CO;2-D
https://doi.org/10.1002/1521-3757(20010803)113:15%3C2944::AID-ANGE2944%3E3.0.CO;2-D
https://doi.org/10.1002/(SICI)1521-3765(20000403)6:7%3C1252::AID-CHEM1252%3E3.3.CO;2-E
https://doi.org/10.1002/(SICI)1521-3765(19991001)5:10%3C2890::AID-CHEM2890%3E3.0.CO;2-%23
https://doi.org/10.1002/(SICI)1521-3765(19991001)5:10%3C2890::AID-CHEM2890%3E3.0.CO;2-%23
https://doi.org/10.1021/om990019e
https://doi.org/10.1021/om990019e
https://doi.org/10.1039/a801136b
https://doi.org/10.1016/S0010-8545(97)00014-3
https://doi.org/10.1016/S0010-8545(97)00014-3
https://doi.org/10.1021/ja971727z
https://doi.org/10.1021/ja971727z
https://doi.org/10.1002/anie.199700871
https://doi.org/10.1002/anie.199700871
https://doi.org/10.1002/ange.19971090133
https://doi.org/10.1002/anie.199624921
https://doi.org/10.1002/anie.199624921
https://doi.org/10.1002/ange.19961082110
https://doi.org/10.1002/anie.199520421
https://doi.org/10.1002/anie.199520421
https://doi.org/10.1002/ange.19951071819
https://doi.org/10.1002/anie.199520441
https://doi.org/10.1002/anie.199520441
https://doi.org/10.1002/ange.19951071820
https://doi.org/10.1021/ja00092a090
https://doi.org/10.1038/ncomms14769
https://doi.org/10.1038/ncomms14137
https://doi.org/10.1038/ncomms13773
https://doi.org/10.1038/ncomms12884
https://doi.org/10.1038/ncomms12884
https://doi.org/10.1039/C6SC00278A
https://doi.org/10.1038/nchem.2279
https://doi.org/10.1038/nchem.2279
https://doi.org/10.1002/anie.201403892
https://doi.org/10.1002/anie.201403892
https://doi.org/10.1002/ange.201403892
https://doi.org/10.1021/ja502405e
https://doi.org/10.1038/nchem.1642
https://doi.org/10.1002/chem.201300071
https://doi.org/10.1002/anie.201301007
https://doi.org/10.1002/ange.201301007
https://doi.org/10.1002/ange.201301007
https://doi.org/10.1126/science.1223488
https://doi.org/10.1126/science.1223488
https://doi.org/10.1021/ja301333f
https://doi.org/10.1002/anie.201007675
https://doi.org/10.1002/anie.201007675
https://doi.org/10.1002/ange.201007675
https://doi.org/10.1021/jp5065819
https://doi.org/10.1021/om500512q
https://doi.org/10.1021/ja00322a028
https://doi.org/10.1021/ja00322a028
https://doi.org/10.1039/SC-EDG-05-2017-001998
https://doi.org/10.1039/SC-EDG-05-2017-001998
https://doi.org/10.1039/C5CC01360G
https://doi.org/10.1039/C4SC00182F
https://doi.org/10.1016/S0022-328X(99)00453-2
https://doi.org/10.1016/S0022-328X(99)00453-2
https://doi.org/10.1039/a903783g
https://doi.org/10.1039/a903783g
https://doi.org/10.1002/chem.201602690
http://www.angewandte.org

GDvCh Communications Angydte
Lewis, N. Kaltsoyannis, S.T. Liddle, Chem. Eur. J. 2016, 22, [20] CCDC 1554770, 1554771, 1554772 and 1554773 contain the
11554; ¢) D. P. Halter, H. S. La Pierre, F. W. Heinemann, K. supplementary crystallographic data for this paper. These data
Meyer, Inorg. Chem. 2014, 53, 8418; d) D. Patel, F. Moro, J. can be obtained free of charge from The Cambridge
McMaster, W. Lewis, A. J. Blake, S. T. Liddle, Angew. Chem. Int. Crystallographic Data Centre. All other data are available
Ed. 2011, 50, 10388; Angew. Chem. 2011, 123, 10572. from the corresponding authors upon request.

[17] Tren uranium(IV) complexes tend to exhibit calculated MDC,
charges of approximately + 2.4.
[18] N as a better-suited donor to U compared to P was noted in

Ref. [5¢c]. Manuscript received: June 13, 2017
[19] R.F. W. Bader, T.S. Slee, D. Cremer, E. Kraka, J. Am. Chem.  Accepted manuscript online: July 5, 2017
Soc. 1983, 105, 5061. Version of record online: July 24, 2017

10500 www.angewandte.org © 2017 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2017, 56, 1049510500


https://doi.org/10.1002/chem.201602603
https://doi.org/10.1002/chem.201602603
https://doi.org/10.1021/ic501011p
https://doi.org/10.1002/anie.201104110
https://doi.org/10.1002/anie.201104110
https://doi.org/10.1002/ange.201104110
https://doi.org/10.1021/ja00353a035
https://doi.org/10.1021/ja00353a035
https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/anie.201706002
http://www.ccdc.cam.ac.uk/
http://www.ccdc.cam.ac.uk/
http://www.angewandte.org

