yandte

International Edvition Chem’e

www.angewandte.org

q A Journal of the Gesellschaft Deutscher Chemiker

Accepted Article

Title: Silyl-Phosphino-Carbene Complexes of Uranium(IV)

Authors: Stephen Liddle, Erli lu, Josef Boronski, Matthew Gregson, and
Ashley Wooles

This manuscript has been accepted after peer review and appears as an
Accepted Article online prior to editing, proofing, and formal publication
of the final Version of Record (VoR). This work is currently citable by
using the Digital Object Identifier (DOI) given below. The VoR will be
published online in Early View as soon as possible and may be different
to this Accepted Article as a result of editing. Readers should obtain
the VoR from the journal website shown below when it is published
to ensure accuracy of information. The authors are responsible for the
content of this Accepted Atrticle.

To be cited as: Angew. Chem. Int. Ed. 10.1002/anie.201802080
Angew. Chem. 10.1002/ange.201802080

Link to VoR: http://dx.doi.org/10.1002/anie.201802080
http://dx.doi.org/10.1002/ange.201802080

WILEY-VCH



Angewandte Chemie International Edition

10.1002/anie.201802080

WILEY-VCH

Silyl-Phosphino-Carbene Complexes of Uranium(IV)

Erli Lu, Josef T. Boronski, Matthew Gregson, Ashley J. Wooles, and Stephen T. Liddle*

Abstract: We report unprecedented silyl-phosphino-carbene complexes of
uranium(1V), where before all covalent actinide-carbon double bonds were
stabilised by phosphorus(V) substituents or restricted to matrix isolation
experiments. Conversion of [UBIPM™)(Cl)(u-Cl),Li(THF),] (1, BIPM™S
= C(PPh,NSiMes),) to [U(BIPM™S)(Cl){CH(Ph)(SiMey)}] (2), and
addition  of  [Li{CH(SiMes)(PPh,)}(THF)] and Me,NCH,CH,NMe,
(TMEDA)  gave  [U{C(SiMe;)(PPh,)}(BIPM™)(u-Cl)Li(TMEDA)(u-
TMEDA)ys]> (3) by a-hydrogen abstraction. Addition of 2,2,2-cryptand or
two equivalents of 4-N,N-dimethylaminopyridine (DMAP) to 3 gave
[U{C(SiMes)(PPhy)}(BIPM™5)(CI)][Li(2,2,2-cryptand)] “) or
[U{C(SiMes)(PPh,)}(BIPM™S)(DMAP),] (5). The characterisation data for
3-5 suggest that whilst there is evidence for 3-centre P-C-U m-bonding
character, the U=C double bond component is dominant in each case.
These U=C bonds are the closest to a ‘true’ uranium-alkylidene, yet
outside of matrix isolation experiments.

In contrast to the well-developed nature of transition metal-carbenes
with covalent M=C double bonds, the analogous uranium chemistry is
far more sparse.l'’ The first uranium-carbene with a covalent U=C
double bond, stabilised by one phosphorus(V) substituent,
[U(CHPMe,Ph)(n’-CsHs);] (I),”) was reported in 1981 and its
reactivity was well elaborated.”! After a pause of some three decades
the area was revived with various examples of uranium-carb
complexes with one or two phosphorus(V) substituents that sta
the carbene.”! The majority of these complexes exhibit covalenf U=C
double bond interactions, i.e. uranium plays a significan

stabilising role by accepting charge from the carbe
double bonds are not as fully developed as they might othe

Apart from fleeting reactive intermediates,” the only rep
species such as [U=C], [C=U=C], [U=CH], [C=U=0], [F;U=CH
[X,U=CH,] (X=H, F, Cl),[ﬁ], prepared on

5.1 Without" exception,

es with covalent U=C
iwients,!"! which
e bonds free of
ient conditions. A
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The complex [Sc{C(SiMe;)(PPhy)}
Ar = 2,6-diisopropylphenyl) was recently re

CNAr),}(THF)] (I,

the Sc=C bond is highly polarised, and ¢

Sc-C-P 3-centre unit is found.
1

at report, and related early

d-block analogues,™ we reasoned {C(SiMe;)(PPhy)}*, never
before deployed in actinid,
accessible, a U=C do
than in phosphorus(V,
substituent should b
U=C double bond

isolation examplgs,

ecause the phosphorus(III)

ss able to accept ge from the carbene. This

t thus be anticijiilled to be closer to matrix

[6]

prepared without phosphorus(V)
substituents. Our strateg oited a-hydrogen abstraction, and so
they represent a significant advance towards isolating a ‘true’ uranium-
un mbient conditions. In contrast to Il,m whilst we find
centre P-C-U m-bonding character, the U=C double
component is dominant because the uranium ions are the
nt acceptor of charge from the carbene. So, these U=C bonds
onsidered to be the closest to a ‘true’ uranium-alkylidene thus
utside of matrix isolation experiments.
sive screening of multiple types and combinations of
alkyl ligand¥- e.g. CH;, CH,Bu', CH,SiMe;, CH(SiMe;),, CH,C4Hs,
CH(C¢Hs)2, none of which facilitate a-hydrogen abstraction in any
combinations nor under thermolysis or photolysis conditions - we
Pl that installation of {PhC(H)SiMe;}  at uranium in
M™S)(CI)(u-C1),Li(THF),] (1, BIPM™® = C(PPh,NSiMe;),)™"!
the carbene precursor complex
(BIPM™®)(C1){CH(Ph)(SiMes)}] (2), Scheme 1. Complex 2 is best
sed in situ, and when treated with [Li{CH(SiMes)(PPh,)}(THF)]""! in
the presence of N,N,N',N'-tetramethylethylenediamine (TMEDA)
elimination of PhCH,SiMe; by o-hydrogen abstraction results in
isolation of the red complex [U{C(SiMes)(PPh,)}(BIPM™®)(u-
CDLi(TMEDA)(u-TMEDA)5]> (3) in 36% crystalline yield, Scheme 1.
It would seem that the occluded (TMEDA); sLiCl fragment acts as a
protecting group blocking the coordination site left otherwise vacant by
the eliminated PhCH,SiMe;, preventing decomposition or dimerisation.
Addition of 2,2,2-cryptand to 3 eliminates the TMEDA to give
[U{C(SiMes)(PPh,)} (BIPM™S)(CD)][Li(2,2,2-cryptand)] ).
Alternatively, treatment of 3 with two equivalents of 4-N,N-
dimethylaminopyridine (DMAP) eliminates the (TMEDA);;sLiCl
[U{C(SiMe;)(PPhy)}(BIPM™)(DMAP),]  (5).
Complexes 4 and 5 are isolated as red crystalline solids in 86 and 65%

entirely to yield
yields, respectively, Scheme 1.”

The solid state molecular structures of 3-5 were determined,m and
5 is shown in Figure 1. The salient features of 3-5 are the presence of a

meridionally-coordinated BIPM™®

ligand and a silyl-phosphino-
carbene ligand to uranium. In 3 and 4 the coordination sphere of each
uranium ion is completed by the occluded (TMEDA);sLiCl and

chloride components, respectively.
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Scheme 1. Synthesis of the uranium(lV)-alkylidene complexes 3, 4, and 5 from pi
with 4-N,N-dimethylaminopyridine (DMAP) to give the C-H activated product 7 wh

In 3-5, the U=C.abene/U=Cgipm distances are 2.270(10)/2.405(9),
2.265(2)/2.459(2), and 2.296(5)/2.424(5) A, respectively. Considering
the different uranium coordination environments and formal charge
states these U=Cumpene distances are invariant and short. In contrast,
longer but typical U=Cgpm bond lengths vary more, suggesting th:
U=Ccarbene Uunit is the more robust, structure-dictating unit/

U=Cecapene distances are in-between the sum of covalent
carbon single (2.45 A) and double (2.01 A) bond radii,l'"! a

([FsU=CH], 1.94 A), and double ([F;U=CH,], 2.07 A)

' when considering the majo,

found computationally
these species of uranium coordination number, oxj
steric encumbrance. Considering their differing natures,
distances in 3-5 compare very well to the U=C distal
[U(CHPMe,Ph)(n’-CsHs)s] uav), 2.293(2) A)
[U(CHPPh3) {N(SiMes)}3] (U(IV), 2.278(8) A),"T 1 (UIV), 2.340(4)
A),  [UBIPM™S)Ch,(D]  (UV), 4 2.268(10) A),
[UBIPM™)(0)(CI),] (U(VI), 2.183(3) '

The U---P distances in 3-5 are 2.77
A, respectively, and are at the limit of, or exce
bond radii of uranium and phosphggus (2.81 A).['"

groups the phosphorus I

ions in 3-5.

distance in that
in 3-5 are acute

6c.g,h]

one of the U=C-H angles
is also ~88°. On bala ere are U---P interactions
in 3-5, but due to the etric disposition they must be weak. We
s are relative short [e.g. 1.739(5) A in 5,
ich suggests

phosphorus n-stabilisation of the

some P-C negative
hyperconjugati
carbene.

recursors 1 a Ikylation of 2 (to give 6) and reactivity of 6

nd !”
ich contrasts to the adduct forl on of 5.

The 'H l{ spectra of 3-5 span the ranges -32 to +25, -33 to

and -16 to +48 ppm, respectively. The *'P NMR spectra of 3-5
broad BIPM™? phosphorus resonances at 598, 582, and —402
pectively, but the phosphine resonances could not be located.
MR data are characteristic of 5f° uranium(IV)—BIPMTMS
Due to low solubilities post-crystallisation, reliable

UV/Vis/NIR¥pectra of 3 and 4 could not be obtained. However, the

spectrum of 5P is consistent with the uranium(IV) formulation !"™*""

The ATR-IR spectra of 3-5 all exhibit strong absorptions at ~650 and

Figure 1. Molecular structure of 5 at 150 K with 40% probability ellipsoids.
Hydrogen atoms, minor disorder components, and lattice solvent are omitted
for clarity. The weak U=C-P interaction is represented by a dashed-bond
between uranium and phosphorus.

This article is protected by copyright. All rights reserved.
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Table 1. Selected computed DFT, NBO, and QTAIM data for the U=C bonds in 3', 4", 5 and I.

Bond length and Charges NBO NBO QTAIM®
index”* o-component’ wt-component’
Entry” U=C BI v’ qc’ U[%] C[%] U 7s/7p/6d/5f U[%] C[%] U 7s/7p/6d/5f &(r)
3 2.277 1.78 2.87 -1.88 19 81 2:1:53:44 20 80 0:0:19:81 0.52
2.392 1.26 -2.00 14 86 1:0:32:67 11 89 0:0:33:67 0.26
4 2.286 1.71 2.69 -1.95 15 85 0:1:54:45 13 87 0:0:21:79 0.48
2.448 1.13 -1.79 11 89 0:0:38:62 8 92 1:1:31:67 0.26
5 2.273 1.78 3.10 -2.02 19 81 0:0:42:58 21 79 0:0:35:65 -005  0.46
2.394 1.25 -1.84 15 85 0:0:30:70 13 87 0:0:36:64 -0.03 022
1 2.354 1.64 2.49 -197 0 100 - 25 75 0:0:6:94 -0.03 025

“ All molecules geometry optimised without symmetry constraints at the LDA VWN BP86 TZP/ZORA level; for 3', 47,
second entry is the U=Cgpy bond. ® Calculated U=C distances (A). © U=C Nalewajski-Mrozek bond indices. I MDC-
Bond Orbital (NBO) analyses. ' QTAIM topological electron density [p(r)], Laplacian [V?p(r)], electronic energy de

Confirmation of the uranium(IV) assignments of 3-5 is provided
by SQUID magnetometry.”’ The magnetic moments per uranium ion
of 3-5 are all ~3.0 ug at 298 K, in each case changing little until ~50 K
where the magnetic moment drops sharply to ~0.8 ug by 2 K and is
tending to zero. The magnetic moment of uranium(IV) usually
smoothly decreases over the temperature range 298 to 2 K and tends to
zero as this ion is a magnetic singlet at low temperature with a residual
magnetic moment from temperature independent paramagnetism (~0.4
up)."™"*'" The retention of higher than usual magnetic moments until
50 K and also at 2 K is atypical of most uranium(IV) magnetism, but is
characteristic of cases where one or more strongly donating multiply
bonded ligands are coordinated to uranium(IV).[*'>1

In order to probe the U=Carpene linkages in 3-5, we modelled them
with DFT.”! We replaced the bridging TMEDA in 3 with a NMe;
surrogate to provide the computationally tractable monomer r
[U{C(SiMes)(PPh,)} (BIPM™®)(u-CI)Li(TMEDA)(NMes)] (3') AMils
retaining the charge balance and steric profile, we computed the full
[U{C(SiMes)(PPh,)}(BIPM™S)(CI)] anion component of
used the full model of 5. The geometry optimised structy,

and S are in excellent agreement with their experime
Table 1, and we include data for I for comparison."**
U and C charges are consistent with their formulatio

For 3', 4", and 5 the HOMO and HOMO-1 are singu
and of essentially pure 5f character. The next orbitals in ea
which are doubly-occupied, are the U=Cecapene -bond (HOMO-
followed by the U=Ccubene 0-bond (HOMO-3). Slightly low

energy in the HOMO-4 to HOMO-8 regi

s are the U=Cgpm 7T-

energetically similar orbitals
delocalised nature of the

In order to obtain a

ly similar and for
how lower uranium contributions.
utions to the U=C.apene O-bonds
corresponding  m-bonds 5f
pnteractions. The data for 3',

[X,U=C species prepared in matrix isolation
experi e uranium o- and m-contributions to
those U and ~26% are found. It is also

instructive to compare I to the U=Ccarpene units in 3', 47, and 5; for I the

rbene DONd and the
carbene carbon. /Natural

ni-bond is slightly more
internally compared to the
nd 5, and we note that the
=Caipm bonds are consistently 4-9%
ding U=Ccarene for each pair. We also note
contributions are lower than in other

2l presumably

cxes, reflecting  the

strongly donating nature silyl-phosphino-carbene.
Nalewajski-Mrozek bond order analyses, Table 1, reveals

Cearbene bo?ders which are consistently higher than the U=Cgpm

are slightly lower than usually found for uranium(IV)-
[1a]

complexes, ' underscoring the strongly donating nature of
bene group. The U=Ceqene values are also higher than for I and
ers of ~1.45 for [X,U=CH,] (X =F, Cl).[ﬁa’d] For comparison,
imino donors exhibit U-N bond orders of ~0.8, the
AP ligands in 5 exhibit U-N bond orders of ~0.6, and
U-P bond orders vary from ~0.3 in 3 and 4 - which
derives from indirect mixing of the phosphine orbitals into the
uranium-carbene bonding orbitals rather than any direct U-P

tion - to 0 in 5.1""! Supporting this latter point, the P-Ccarpene bond

rconjugation. So, some 3-centre U-C-P n-topology is found in 3-5,
wever the U=C double bonds in 3-5 with U=C bond orders ~1.5
imes the P-C bond orders contrast to the more delocalised 3-centre Sc-
C-P m-bonding scenario in II where the situation is reversed with the
C-P bond order ~1.6 times than the S=C bond order.” Thus, the
bonding situation in 3-5 is closer to the localised one found in
[Ta(CHPMez)(n5—C5Me5)2(PMe3)][8ﬂ than in IL"! This underscores the
key, dominant role of uranium-stabilisation of the carbenes in 3-5 that
is also rather different to the situation found in related free carbenes
such as Me;SiCP(NPr',),.["™

In addition to orbital-based DFT and NBO methods, we performed
a topological bond analysis using QTAIM, Table 1."”! For a chemical
bond at the Bond Critical Point (BCP) the topological electron density
(p(r)) tends to be <0.1 when the bond is ionic and >0.2 when it is
covalent. For all complexes U=C BCPs were found with p(r) values
ordered U=Cearbene > U=Cpipm ~ 1, indicating the presence of covalent
uranium-carbon chemical bonds, albeit polarised ones. Single or triple
bonds present cylindrical distributions of electron density around the
inter-nuclear bond axis at the BCP (&(r) = 0). Double bonds, however,
are asymmetric when viewed down the inter-nuclear bond axis (&(r)
>0). For comparison, the carbon-carbon bonds in ethane, benzene, and
ethylene have &(r) values of 0, 0.23, and 0.45, and transition metal-
alkylidene complexes generally have &(r) values of ~0.5.°" The
QTAIM analysis consistently returns non-zero U=Cecarpene and U=Cgipm

This article is protected by copyright. All rights reserved.
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ellipticities, thus both are clearly U=C double bond interactions but
with the former clearly better developed than the latter, and this is in-
line with those of I and uranium-BIPM complexes generally.!'” The P-
Cearbene €(r) values of 3-5 are consistently ~0.1, which only deviating
modestly from zero gives clarity over the true extent of negative
hyperconjugation and 3-centre U-C-P m-character that could be
otherwise over-estimated from visual inspection of molecular orbitals
alone. Interestingly, no U-P BCPs are found in 3-5. Since there are no
U-P BCPs, and the structural and NBO data suggest phosphine lone
pairs that point away, not to, uranium, it is concluded that any U---P
interactions must be relatively weak. Furthermore, ring CPs between
the BIPM™® phosphorus centres and uranium ions in 3', 47, and 5 are
found by QTAIM, and we have found U-P BCPs in other compounds
with U-P bonds,!''”" suggesting that the absence of uranium-
phosphine BCPs in three independent calculations is not spurious.
Experimentally, it is interesting to note that addition of DMAP to 3
only forms the DMAP adduct 5, whereas addition of DMAP to 11
results in rapid C-H activation of DMAP. The coordination of two
DMAP molecules in 5 suggests that there are no steric barriers, and
thus the lack of DMAP C-H activation by 3 experimentally supports
the notion that the U=C¢ypene bonds in 3-5 are more covalent, and thus
less reactive units than that in IL"”) In support of this notion, when 2 is
converted to [U(BIPM™®){CH(Ph)(SiMes)}(CH,SiMes)] (6), which
does not undergo o-hydrogen abstraction, and then treated with DMAP
C-H activation occurs under mild conditions to give
[U(BIPM™®)(NC;sH;-4-NMe,)(CH,SiMes)] (7), Scheme 1.7 This
underscores the more basic, ionic nature of U-C single bonds com
to U=C double bonds.

MesSiINPh,R  H Ph  SiMes
c=C  for35 pho\ |
Me;SiNPh,P  R' 2RCHO for 3 F\—"{‘ SiMes
per uranium 2 PhCCPh NS Ph
’ U0y ~ Licitmeda) s/ _}’\_C\%/
MesSi,  H —co—ligz;ands - c=cr ™
c=¢ Ph/ [ph Ph
PP R PH SiMes
8

Scheme 2. Synthesis of the Wittig alkene products and 8 from complex
R' = phenyl or 9-anthracene.

Preliminary reactivity studies reveal divergent carbene-

(Ph,P)(MesSi)C=C(H)(R') and
anthracene or phenyl). Potenti

ts. The U=Carbenc
tivity has preferentially occurred at
ene distance of 2.316(7) A in 8 is
rom 3-5 whilst the U=Cgpym
in 3. Despite the fact there
0 the alkenyl unit in 8 the
trans to the central BIPM™®
ough there is no obvious constraining

uranium centres. This compl notable on two €
double bond is so robust that
the phosphine, and indeed the U=
by the 3o-criteri
distance [2.405(7)

is clearly a vacant cooN@ation site trans

carbene gesides essentia carbon

rrans-influence is operating here this

would not be expected since clearly space for the C=U=C angle

10.1002/anie.201802080
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to decrease further, and this hints at the possible presence of an

- . 4a-c,21
inverse-trans-influence.**?!

To conclude, by utilising a si osphino-carbene we have

prepared three uranium(IV)-carbenes by en abstraction. These
are the first actinide-carbon double bonds atrix isolation
conditions to be free of phosphorus(V) sub,
they exhibit uranium(IV)-

t the shortest on record.

interaction
characterisation data
bonds that dominat hese U=Cearbene bonds can
be considered to b ’ uranium-alkylidene yet

prepared outsidg of ents. Complexes 3-5 take

reactivity studies
centred reactivities.
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