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Phosphinimine ligands (CysPNH) readily react with UO,Cly(THF); (THF = tetrahydrofuran) to give UO,Cly(Cys-
PNH),, which contains strong U-N interactions and exists as cis and trans isomers in the solid and solution state.
Solution NMR experiments and computational analysis both support the trans form as the major isomer in solution,
although the cis isomer becomes more stabilized with an increase in the dielectric constant of the solvent. Mayer
bond orders, energy decomposition analysis, and examination of the molecular orbitals and total electron densities
support a more covalent bonding interaction in the U-NHPCy; bond compared with the analogous bond of the
related U-OPCy; compounds.

Introduction The number of donor atoms in the equatorial plane is
generally determined by the steric and electronic properties
of the ligands. Pentagonal-bipyramidal geometry is by far
the most common arrangement; however, more sterically
demanding ligands (such has the heavier halides) tend to
induce tetragonal-bipyramidal (TB) structures. A growing
family of complexes with TB geometry of the type AL,
(e.g., X=Cl, Br, I, NCO; L = OPR;, OAsR;, H,0)®"1°can
potentially exist as cisl{ or trans (1) isomers. Given the

In 1935, Fankuchen first suggested that the uranyl &0
unit contained a linear dioxo arrangeméng generic
structural motif for actinyl complexes later confirmed by
Zachariaset* and others. Perpendicular to the dioxo group,
the remaining equatorial coordination sites can be filled by
three, four, five, or six donor atoms. Due to its interesting
chemical properties, industrial/environmental relevance, com-
parative ease of chemical manipulation (stable oxidation state

and low radioactivity), and relative ease of computational o o
study (f), the uranyl cation is the most commonly studied Ly, | oL X, | e
actinide species. Examples of current progress in uranyl /"A"“\ /"An"\
chemistry can be found in a recent review artfcle | x| Yx
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Uranyl Phosphinimine and Phosphine Oxide Complexes

We recently reported the formation of uranyl phosphin-
imine complexes UECI,(RsPNH), (R = Ph, Cy). These
complexes are structurally very similar to the phosphine
oxide (UGCI,(RsP=0),) analogues with a linear axial dioxo
uranium unit surrounded by two chloro units and two
phosphinimines in the equatorial plane, providing overall TB
geometry. It is possible that the equatorial ligands may be
arranged cis or trans to each other, and evidence for this
was found by NMR spectroscopy in solution, although only
the trans isomer of UGl (PhPNH), was structurally
characterized*

We also demonstrated a distinct preference feNHPR;
vs U-OPR; bonding when it might be expected that the
harder oxygen donor would bind preferentially (see Scheme
1). Solutions of UQCI,(CysPNH), do not react with CyPO
even in an excess of the latter or at elevated temperatur
(40 °C). In contrast, adding 2 equiv of gNH to UG-
Cly(CysPO), results in the immediate displacement of the
CysPO ligand and the quantitative formation of LE,(Cys-
PNH).!! These observations, together with the relatively
large change in the N chemical shift upon complexation
of the RPNH ligand A6 ca. 6 ppm) and the unusually short
U—N bond lengths, implied that a covalent contribution to
the bonding may be responsible, which warranted further
investigation. However, this can be difficult to probe using
only structural and spectroscopic techniques.

Here, we report the isolation and structural characterization
of both cis and trans isomers of YCI,(CysPNH), (1) and
the trans isomer of UEZI,(CysPO), (2), the results of further

€

Scheme 1. A Comparison of the Ligand-Substituting Ability of
CysPO and CyPNH
Cy;PO
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Cary 500 instruments, respectively. Elemental analysis was per-
formed on a Carlo ERBA Instruments CHNS-O EA1108 elemental
analyzer for C, H, and N and by a Fisons Horizon elemental analysis
ICP-OED spectrometer for U and P. The X-ray diffraction study
for all compounds was carried out on a Bruker AXS SMART
diffractometer. Data collection and structure refinement was
achieved using standard Bruker AXS control and integration
software andSHELXTLfor all compounds.

Caution! In addition to the radioactie hazards associated with
238, this metal is toxic and should only be handled in an
appropriate radiochemistry laboratory following appred proce-
dures

Synthesis and Characterization of UQCI,(Cy3sPNH),-2CH,Cl,

(1) and UO,CIy(Cy3P0),:2CH,CI; (2). The synthetic procedures
for 1 and2 were essentially the same; thus, only thosé wfll be
discussed in detail. A solution of YOI,THF; (0.50 g, 1.03 mmol)

in THF (20 cn¥) was treated with 2 equiv of BANH (0.57 g,
2.06 mmol) dissolved in THF. The reaction was stirred for 1 h

NMR experiments probing solution speciation, and provide while a pale yellow precipitate developed. The solution was filtered,
molecular orbital calculations at the DFT level to help explain and the solid obtained was washed with THF and hexane (20 cm
many of the above observations. We regarded this as anx 2) and dried under vacuum. Layering a dichloromethane solution

excellent opportunity to test current computational methodol-
ogy on a well-defined and interesting actinyl system.

Experimental and Computational Details

General Experimental. The ligand precursor G (Strem), was
used as received. gBNH was prepared using literature meth&d&
All reactions and manipulations were performed under argon using

standard Schlenk techniques or an inert atmosphere drybox. The

solvents were purified by distillation from sodium (toluene), sodium/
benzophenone ketyl (THF) (THE tetrahydrofuran), and Bs
(CH.CIy) and stored over molecular sieves (4 A) in a drybb.
13C{1H}, and3'P{*H} NMR spectra were recorded on a Bruker
Avance 400 instrument at 400, 100, 376, and 162 MHz, respec-
tively. Raman and UVvis spectroscopy data were recorded on
Bruker Equinox 55 FTIR/Raman (Nd:YAG 1064 nm) and Varian

(7) Arnaz, F. J.; Miranda, M. J.; Aguado, R.; MahiJ.; Maestro, M. A.
Polyhedron2001, 20, 3295.
(8) Bombieri, G.; Forsellini, E.; Day, J. P.; Azeez, W.Dalton Trans.
1978 677.
(9) Bombieri, G.; Forsellini, E.; Paoli, G. D.; Brown, D.; Tso, T.; Chung,
J. Dalton Trans.1979 2042.
(10) Crawford, M.-J.; Mayer, P.; Nb, H.; Suter, M.Inorg. Chem2004
43, 6860.
(11) Sarsfield, M. J.; May, |.; Cornet, S. M.; Helliwell, Mnorg. Chem.
2005 44, 7310.
(12) Dehnicke, K.; Kreiger, M.; Massa, W.oord. Chem. Re 1999 182,
19.
(13) Dehnicke, K.; Weller, FCoord. Chem. Re 1997, 158 103.

of 1 with hexane and storing at15 °C overnight gave yellow
cubic crystals of the trans isomer, whereas concentrated solutions
of dichloromethane left at ambient temperature provided yellow
rectangular blocks of the cis isomer. Crystals tadns2 were
prepared by layering hexane over a saturated solutio? of
dichloromethane.

UO,Cl,(Cy3PNH)22CH.CI; (1-2CH,Cl,). Yield: 78% (cis/trans
isomer ratio is ca. 1:9). Anal. Calcd forsg;.ClgN.P,O,U: C,
41.43; H, 6.59; Cl, 19.31; N, 2.54; P, 5.62; U, 21.61. Found: trans
C, 41.50; H, 6.71; CI, 18.77; N, 2.49; P, 5.65; U, 21.37; cis C,
41.36; H, 6.93; Cl, 18.95; N, 2.57; P, 5.62; U, 21.55. IR, trans
(4000-600 cn?, solid sample on ATR cell): 3345(w), 2932(s),
2851(s), 1542(w), 1444(m), 1355(m), 1322(w), 1297(w), 1278(w),
1218(w), 1180(w), 1169(w), 1109(m), 1075(m), 1065(w), 1024-
(s), 947(s), 913(w), 900(s), 852(m), 824(w), 757(w), 705(w); Raman
(solid in glass capillary, 1660600 cntl) 1444(m), 1353(w), 1296-
(m), 1285(w), 1273(w), 1202(w), 1047(w), 1030(m), 968(w), 851-
(w), 817(s, G=U=Osymn), 714(w), 700(m). IR, cis (4006600
cm 1, solid sample on ATR cell): 3340(w), 2930(s), 2853(s), 1445-
(m), 1269(w), 1229(w), 1178(w), 1118(w), 1105(w), 1006(m), 947-
(s), 892(s), 853(m), 817(m), 729(m), 699(m); Raman (solid in glass
capillary, 1606-600 cnl) 1544(w), 1442(m), 1294(w), 1281(w),
1066(m), 1027(m), 970(w), 848(w), 822(s70=0symm) 704(m),
631(w).*H NMR (400 MHz, CQCl,, 0 °C): (2 NHPCy; signals
due to isomersy 1.20-2.40 (m, 66H, Cy), 5.56 (minor isomer; d,
0.1 H, CyPNH, Jyp = 8.1 Hz), 5.82 (major isomer; d, 0.9 H, &y
PNH, Jup = 7.8 Hz).13C{'H} NMR (100 MHz, CQCl,, 0 °C,
major isomer only):6 26.1 (s,p-Cy), 26.8 (d,m-Cy, 3Jcp = 2.8
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Hz), 27.3 (d,0-Cy, 2Jcp = 7.3 Hz), 35.3 (dj-Cy, Ncp = 54.2 Hz).
31p{1H} NMR (162 MHz, CQCly, 0°C, 85% HPQy): (two isomer
signals relative intensities in parenthes&§8.1 (0.88), 58.8 (0.12).

U02C|2(Cy3PO)2‘2CH2C|2 (2'2CH2C|2) Yield: 81%. Anal.
Calcd for GgH7ClgP,O4U: C, 46.31; H, 7.12; Cl, 7.59; P, 6.65;

U, 25.49. Found: C, 47.08; H, 7.52; Cl, 7.84; P, 6.65; U, 24.98.
IR (4000-600 cn1?, solid sample on ATR cell): 2923(m), 2849-
(m), 1444(m), 1360(w), 1327(w), 1298(w), 1212(w), 1171(w),
1116(m), 1083(sh), 1063(s), 995(m), 818(s), 889(m), 858(w), 824-
(w), 789(w), 764(w), 749(w), 715(w), 544(m), 530(m); Raman
(3500-400 cn1?, solid in glass capillary) 2989(w), 2941(vs), 2855-
(vs), 1447(m), 1353(w), 1294(w), 1118(w), 1097(w), 1029(m), 832-
(s, O=U=Ogymm), 715(w), 699(w).*H NMR (400 MHz, CQCl,,
0°C): 0 1.20-2.50 (m, 66H, Cy)*3C{*H} NMR (100 MHz, CD-

Cl, 0°C): 6 26.2 (s, mp-Cy), 27.1 (d,0-Cy, 2Jcp= 12 Hz), 35.4

(d, i-Cy, Wcp = 59 Hz).3P{*H} NMR (162 MHz, CDQCl,, 0 °C,
85% HPQy): (two isomer signals relative intensities in parentheses)
0 73.4 (0.93), 73.0 (0.07).

Computational Details. DFT calculations were performed using
the Amsterdam Density Functioddl(ADF) quantum chemistry
package with the PBE 16 generalized-gradient approximation
exchange-correlation functional. TZP zero-order regular approxima-
tion (ZORA) all-electron basis sets were used on all atoms except
C and H, where DZP ZORA all-electron basis sets were used.
Isotropic shielding constants and chemical shifts were computed
using the ADF NMR property prografi-18 Relativistic effects
were accounted for by the ZORA model, including scalar terms in
all calculations and sptrorbit coupling in the NMR calculations
(and as the total bond energies, dipole moments, and Hirshfeld
charges are taken from the NMR calculations, sfirbit coupling
is included in the determination of those properties). The ADF NMR
property program calculations employed all relativistic terms
available, i.e., the mass-velocity, Darwin, and spin-Zeeman terms.
The integration grid parameter was set to 5, the SCF convergencewithin the molecule. At this point, there is an electrostatic interaction
criterion was 107, and the geometry convergence was3du AL, between them, comprising the nucleusicleus, nucleuselectron,
Mayer bond ordef8 (MBOs) and Hirshfelé® charges were and electror-electron Coulombic interactions. This electrostatic
calculated at the optimized structures. Solvent effects were includedinteraction is computed from the unperturbed and superimposed

Figure 1. ORTEPrepresentations of (elyansand (b) Leis.

by the conductor-like screening mo&feP? with the following charge densities of the separate fragments. Next, it is ensured that
values for the atomic radii: &=2.0 A, 0=1.6A, Cl=1.8A, the overall molecular wavefunction satisfies the Pauli principle. This
N=16A P=20A C=1.8A, and H= 1.2 A. The following is done by requiring that the one-electron orbitals of the combined
solvent radii and dielectric constants were used : GHGCE 2.48 fragments form a correct single-determinantal wavefunction. It is
A, € =49 CHCl,, r =2.27 A,e = 8.93; CHCI, r = 2.00,¢ = extremely unlikely, however, that this will be the case for the

12.9; THF,r = 2.56 A,e = 7.58; H,O, r = 1.385 A, ¢ = 78.39. fragment orbitals when the fragments are simply placed at their
The orbital and total electron-density plots were generated using positions within the molecule because the orbitals on the different
the MOLEKEL code. fragments will not be orthogonal to one another. Thus, the next
ADF defines the molecular interaction energy as the energy step is to orthogonalize the occupied fragment orbitals to obtain a
difference between the molecular fragments in their final positions correct single-determinantal, antisymmetrized molecular wavefunc-
and at infinite separation. These molecular fragments may be tion. This will result in a change in the molecular charge density,
individual atoms or groups of atoms, and for a discussion of the and the accompanying energy change is known as the Pauli or
use of fragments within ADF, the reader is directed to a previous exchange repulsion. The final part of the process is to allow the
detailed descriptio These fragments are placed at their positions fragment orbitals to relax to self-consistency, and the interaction
energy between the orbitals of the various fragments is defined as

(14) ADF2004.01 SCM, Theoretical Chemistry, Vrije Universiteit: Am-  the electronic (or orbital) interacticii-2°
sterdam, The Netherlands, 2004. http://www.scm.com.

(15) Perdew, J. P.; Burke, K.; Ernzerhof, ®hys. Re. Lett. 1996 77, Experimental Results and Discussion

3865.
(16) fgggew, J. P.; Burke, K.; Ernzerhof, ®hys. Re. Lett. 1997, 78, Structural Studies. cis- and trans-UO,Cl,(CysPNH), (1).
(17) ‘Schreckenbach, G.; Ziegler, T. Phys. Cheml995 99, 606. Both cis- andtrans-1 were synthesized by the addition of 2
(18) Wolff, S. K.; Ziegler, T.; van Lenthe, E.; Baerends, EJJChem.

Phys.1999 110, 7689. (23) Baerends, E. J.; Branchadell, V.; Sodupe@¥lem. Phys. Letl.997,
(19) Mayer, I.Chem. Phys. Lettl983 97, 270. 265 481.
(20) Hirshfeld, F. L.Theor. Chim. Actdl977, 44, 129. (24) Ziegler, T.; Rauk, ATheor. Chim. Actd 977, 46, 1.
(21) Klamt, A.; Schuurmann, Gl. Chem. Soc., Perkin Trans.1®93 5, (25) Ziegler, T.; Rauk, Alnorg. Chem.1979 18, 1558.

799. (26) We were unable to perform solid-stét® NMR spectroscopy because
(22) Klamt, A.J. Phys. Cheml1995 99, 2224. of possible contamination of the instrument.
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Table 1. Crystallographic Data for Complexésans lcis, @nd 2rans

Lirans 2CHCl> Leis2CH:Cl 2trans 2CH.Cl2

formula C’;gH72C|6N2- C38H72C|6N2- C33H7()C|604-
O,PU O,PU PU

M 1101.65 1101.65 1103.61
cryst syst monoclinic monoclinic monoclinic
alA 11.575(2) 27.453(3) 43.387(7)
b/A 12.113(2) 8.8971(9) 8.839(1)
c/A 16.600(3) 20.764(2) 25.714(4)
o/deg 90 90 90
pldeg 90.736(3) 113.601(1) 104.301(3)
yldeg 90 90 90
U/A3 2327.4(8) 4647.3(8) 9556(3)
TIK 100(2) 100(2) 100(2)
space group P2,/c C2lc C2lc
z 2 4 10
u (Mo Ko)/mmt  3.934 2.810 4.793
collected reflns 12 968 19 157 37011
unique reflections 4745 5486 4925
R1[l > 20(1)] 0.0447 0.0276 0.0516
WR2 [I > 20(1)] 0.1032 0.0669 0.0899

Table 2. Selected Crystallographic Bond Lengths (A) and Angles (deg)

for Complexeslirans lcis, @and 2ians

lirans2CHCl> Leis'2CH,Cl 2irans 2CH.Cl>
U-o 1.792(4) 1.781(2) 1.778(5)
U—N/O 2.392(5) 2.350(2) 2.278(5)
u—cl 2.704(2) 2.6861(7) 2.667(2)
P—N/O 1.622(5) 1.625(3) 1.535(5)
0-U-0 180.000(2) 174.24(13) 179.6(3)
cl-u-cl 180.0 89.75(3) 179.89(7)
N-U-N 180.000(1) 96.04(13)
P—N/O-U 139.8(3) 140.93(15) 167.3(3)
P—N—H 112(6) 114(3)
U-N-H 107(6) 102(3)

equiv of CyPNH to THF solutions of UGCI,(THF); and

isolation of the resultant yellow precipitate. Recrystallization
of 1 from dichloromethane gave crystals with two different

morphologies depending on the conditions employed.
The structure olyansis similar to that otransUO,Cly(Phs-
PNH), reported previously? with the uranium occupying

the center of a distorted octahedron (Figure 1, Tables 1 and
2). However, 1.5 is somewhat unusual because all the
equatorial liganéturanium bond lengths are shorter than

those inlyans FOr example, the YN bonds inlgs are 2.350-
(2) A compared with 2.392(5) A fot,ans Not as expected
for a complex with greater steric interactions. TheseNJ

bond distances are short compared with other uranyl
complexes containing neutral nitrogen donors; for example,

UO,(NOs)z(py). (2.543(15) A" UO,Cl(NCMe),(H;0)
(2.560(25) A)Z® and UG(NOs)(2,2bipy) (2.578(31) AR

On closer examination, it appears that the chlorides are the
cause of most of the strain in the molecule. Figure 2 neatly

illustrates this point. There is a significant bend of thre= O
U=O0 vector away from linearity (bond angte 174.2(1})
and toward the HR-PCy; ligands. The HNPCyligands are
arranged with the PGygroups directed above and below
the equatorial plane away from the=@=0 unit and with
the U(1)-N(1)—P(1) bonds (bond angte 141.0(2)) in the
same plane as the=€@J=0 unit (dihedral angle O(HU(1)—

(27) Pennington, M.; Alcock, N. W.; Flanders, D Atta Crystallogr., Sect.
C: Cryst. Struct. Commurlo88 44, 1664.

(28) Hall, T. J.; Mertz, C. J.; Bachrach, S. M.; Hipple, W. G.; Rogers, R.

D. J. Crystallogr. Spectrosc. Re$989 19, 499,
(29) Alcock, N. W.; Flanders, D. J.; Brown, Dalton Trans.1985 1001.

Figure 2. Ball and stick diagram of¢s with all but the ipso carbon atoms
removed for clarity.

Figure 3. ORTEPrepresentation 02yans

N(1)—P(1)= 179.3(3}). In this arrangement, the gNH
ligands appear to cause less strain in the molecule than the
chlorides. These structural features may be a consequence
of intermolecular forces throughout the crystal lattice. A
search for hydrogen bonding revealed a weak interaction
between a terminal chloride and a hydrogen of one of the
CH,ClI, solvent molecules (U(BCI(1):++H(1S1)= 2.74 Ay°
that may contribute to observed bond lengths and angles in
Les. No H-bonding networks were detectedlifins Or 2irans
trans-UO,Cl,(CysP0O), (2). To assist in establishing
reasons behind the preference fordN=PR; vs U—0O=
PRs, the phosphine oxide analogu2 was structurally
characterized (Figure 3 and Table 2). This complex was made
by the simple addition of 2 equiv of G§O to UQCI,(THF);
in THF. Suitable crystals were prepared by layering hexane
over a saturated solution & in dichloromethane. The
structure of2 is similar in many ways to that of the phenyl
analogudransUQO,Cly(PhsPO), with comparable U-OPR;
bonds (R= Ph, 2.300(8) A; Cy, 2.278(5) A The U-OPCy;
bond length (2.278(5) A) in2 is considerably shorter
compared with the corresponding bond of-HN=PCy;
(2.392(5) A) inlyans interesting, given the ligand preference
illustrated in Scheme 1.

Solution Spectroscopy.As indicated by Scheme 1, we
have previously shown, by'P NMR spectroscopy, that
phosphinimine ligands will preferentially coordinate to
{UO,}?" (and indeed NpQ,}2"), displacing phosphine oxide

(30) Desiraju, G. RAcc. Chem. Red996 29, 441.

Inorganic Chemistry, Vol. 46, No. 12, 2007 4871



from the uranium(VI) metal centét.Solution NMR spec-
troscopy of 1 shows two major signals in thé&P{'H}
spectrum and two major signals for thedNprotons in the

1H NMR spectra. For both nuclei, the same ratio of relative
intensities was observed (c@.9/0.1). Also, variable-tem-
peraturéH NMR shows that each of the two signals broaden,
reversibly, from 25 to 130C (CsD4Cl,) (see the Supporting
Information). This information is consistent with trans and
cis isomers in solution that are interconverting slowly on
the NMR time scale. In an attempt to establish which of the
isomers is the more dominant in solution by NMR spectros-
copy, we attempted to dissolve pure isomers lofat
temperatures below T to slow the cis-trans interconver-
sion sufficiently so that the rate of equilibrium could be
established and the major isomer identified, but this was
hampered by solubility problent§.However, solid-state
Raman spectra dfyans and 1gs show a slight difference in
the O=U=O0s,mm stretch of 817 and 822 crh respectively
(see the Supporting Information). The Raman spectrum of a
solution of1 in CD,Cl, shows a @&U=0Ogymmstretch of 823
cm™! (see the Supporting Information) suggesting tentative
evidence for the cis isomer as the major isomer in solution,

Héller et al.

Table 3. Selected Calculated Bond Lengths (A) and Angles (deg) in
the Gas Phase for Complex@&gins Leis, 2trans Zcisy 3trans and 3cis®

Lirans Leis 2trans 2cis 3irans 3cis

U—0Oy 1.811 1819 1.803 1.807 1.808 1.813
U—N 2.441  2.470 2431 2483
u-0 2.393 2432 2400 2422
uU—Cl 2.676 2642 2.663 2.629 2.670 2.636
P—N 1.619 1.621 1.620 1,625
P—0O 1535 1535 1535 1534
Oy—U—0y 1775 1706 1782 1740 1774 1720
Cl-U-Cl 176.7 91.1 177.2 91.0 1783 915
N/O—U—-N/O  175.0 918 177 92.1 1739 917
P—N—-U 1459 1449 1472 1438
P—O—-U 154.7 1514 152.8 150.6
P—N—H 111.2  110.2 111.0 1101
U—-N—H 102.0 100.6 100.8 99.8

a|n each case, the data are the average values of two bonds.

coorddination in actinyl systems. However, although experi-
mental measurements have opened up this area of research,
there is clearly a limit as to how far these results can be
interpreted. We therefore turn to computational methods for
a more detailed understanding of the experimental results.

Computational Results

although caution must be exercised because a change from Geometries.Calculated structural data for both isomers

solid to solution state could also account for this small change
in wavenumbers. Although only the trans isomer2ofvas
isolated in the solid state, boths- andtrans-UO,Cl,(Phs-
PO) have been structurally characteriZédnd the’!P NMR
spectra of exhibit two peaks at similar intensities as those
observed forl, again indicative of cistrans isomerization

in solution.

To resolve the question of whether the cis or trans isomers
of 1 and2 dominate the solution speciation, we returned to
solution®'P NMR spectroscopy, this time in different solvent
mixtures. It may be expected that the cis isomers would be
preferentially stabilized in a solvent with a higher dielectric
constant, and thus we undertook an NMR study in various
ratios of CQCI,/CDCl; (¢ = 8.93 and 4.81 for CkCl, and
CHCI;, respectively). For botd and 2, the major species
increased in intensity on increasing CR€bncentration, i.e.,
decreasing solvent dielectric constant. For pure@p the
ratio of minor/major isomer is 0.12/0.88 ftirand 0.07/0.93
for 2, as stated previously. For pure CRCthe ratio of
minor/major isomer is 0.05/0.95 for both and 2. These
results indicate that botlans and 2yans are the dominant

of 1 and 2 are reported in Table 3. The-fN/O bond
distances are very close to the experimental values, as are
those for U-Cl. The U-0Oy, distances are slightly overes-
timated by the calculations but are very similar to those found
recently for [(UQ)(OH),(H20)], i.e., another neutral uranyl
complex3! Somewhat disappointingly, there are rather large
differences between the calculated and experimentaNU
and U-0 distances and, for the phosphinimine systems, the
experimental trend for a longer+N distance in the cis
compound is reversed computationafyn agreement with
experiment, calculation finds the +O distances in the
phosphine oxide to be shorter than the-N bonds in1.

Among the bond angles, it is notable that there is
significant reduction in the -U—0Oy angle on moving
from the trans to the cis forms of bothand2. As discussed
and explained above, this is also observed experimentally
for 1, for which the crystallographic angle of 17# close
to the computed angle of 17.1

The Relative Stabilities of cis and trans Isomers and
of 3 vs Those of 1 and 2The relative total bonding energies
of 1es and lyans and 2yans and 24ans in both gas phase and

species, as expected from the prevalence of trans species i@Hsz solution, are given in Table 4. It can be seen that

the structural chemistry of AnfX,L, complexes.

Finally, we previously noted the in situ formation cf-
andtrans-UO,Cl,(CysPO)(CyPNH) (3) on the addition of
less than 2 mol equiv of GPPNH to 2.1 The mixing of the
equimolar ratios ofl and2 in CD.Cl, led to the generation
of a solution mixture containing, 2, and3in roughly 1:1:2
molar ratios (by?*P NMR; see the Supporting Information).
This suggests that the mixed complex is somewhat more
stable than a mixture af and2.

Clearly, the UQCI(CysPO/CyPNH), system offers an
elegant route into a detailed investigation of uranyl N vs
uranyl O donor bonding and cidrans isomerization. Both
studies are key to increasing our understanding of equatorial
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the relative stability of the cis and trans isomers of both
compounds is significantly affected by the use of the solvent
model. Thus, although the trans isomer is in both cases more
stable than the cis isomer in the gas phase, the calculations

(31) Ingram, K. I. M.; Larsson HEer, L. J.; Kaltsoyannis, NDalton Trans.
2006 2403.

(32) We do not know why there should be such large differences between
theory and experiment for just these bonds but note that our extensive
previous experience suggests that the energy required to contract/
elongate bonds in the vicinity of their equilibrium value is typically
very small, and, hence, it may well be that forces external to the
molecules in the solid state cause theWand U-O bonds to adopt
lengths slightly different from their ideal gas-phase values. See:
Kaltsoyannis, N.; Mountford, Rl. Chem. Soc., Dalton Tran$999
781. Menconi, G.; Kaltsoyannis, Kdrganometallic2005 24, 1189.
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Table 4. Calculated Energy Differences (kJ/mol) between the cis and  Table 7. Energy Decomposition of the tlN/O Bond (kJ/mol) in the

trans Isomers in the Gas Phase and in,Clkifor 1 and 22 Gas Phase for Complex@gans lcis, 2trans 2cis, @Nd 3irand
1 2 U—-Nin U-0Oin
gas: Ecis _ Etrans 24.7 15.5 ltrans lcis 2'trans 2cis 3trans 3trans
CH.Cly: Ecis — Etrans 8.8 7.1 electrostatic —304.3 —299.9 —217.3 —221.8 —305.9 —222.4
. . . . interaction
a A positive energy difference means that the trans isomer is more stable. pgji 315.2 316.8 217.3 2276 313.5 230.9
repulsion
Table 5. Calculated Dipole Moments (D) in the Gas Phase and in steri(r:J 10.9 16.9 0.0 5.8 7.6 8.5
CH.CI, for Complexeﬂlrans Leis, 2trans and 2cis interaction
1, 1. 2 2. orbital —174.1 —174.4 —-1444 —-1457 -178.0 —146.2
trans CIS trans CIS interaction
gas 0.83 13.77 0.56 12.82 total bonding —163.2 —157.5 —-144.4 -139.9 —-170.5 -137.7
CH.Cl, 0.66 24.20 0.54 21.79 energy

Table 6. Calculated NMR Chemical Shifts (ppm) in the Gas Phase and  ° The data forl and2 are the average values of the two bonds.
CHCI, Solution and Experimental NMR Chemical Shifts for

Complexeslyans leis, 2irans aNd s Table 8. MBOs of the Bonds to Uranium in the Gas Phase for
Complexeslyans leis, 2rans and 2cie?
Lirans Leis 2trans 2cis
Lirans Leis 2trans 2cis
calcd (gas phase)
H (NH) 6.29 6.22 U—0y 2.028 2.039 2.059 2.039
) 53.6 49.8 60.7 57.9 U-N/O 0.465 0.433 0.389 0.363
. uU—Cl 0.880 0.963 0.907 0.969
calcd (CHCI; solution)
H (NH) 9.95 10.9 aThe data are the average values for the two bonds.
P 55.5 42.5 75.8 66.6
~ experiment (CCly) more stable than a mixture @fand2. We have probed this
H (NH) (”g"’gcz") (rg”;%') computationally by comparing the total bonding energy (i.e.,
P 58.1 58.8 73.4 73.0 the energy of the molecules relative to a zero in which all

of the atoms are removed to infinite separationBokith
the average of that df and2. In the gas phase, the average
energies ofl and2 are 1 and 4 kJ/mol, respectively, more
stable than those & for the cis and trans forms. In GBI,

in CH.CI, show a much smaller energy difference for both
1 and2, although the trans form is still more stable. While
we cannot be certain as to the cause of the relative
stabilization of t.he cis isomers in sollut|on, it is most likely olution, the average energy of the cis formslafnd 2 is
related to the dipole moments, as discussed above. Table

h that the cis f h h dinol : he same as that &;s, whereas the average energy for the
shows that the cis forms have much farger dipole MOments,,, o specie8 is 3 kJ/mol more stable than the average

:;1. b?th gas phtas_e and in SOIUkt'%T' Itis npta?le that thehC|s energy ofl and 2. Hence, both gas phase and solvent
Ipole moments InCrease markedly on going from gas phas€. ;. ations agree with the experimental observations.

to solution, Whereas those of the trans isomers are small in NMR Chemical Shifts. Chemical shifts were calculated
both surrou_ndlngs. . . both in the gas phase and in &, solution and are reported
_T_he relationship between t_he statistical ratio of the_ tra_ns/ in Table 6. The gas-phaseHNchemical shifts are in good
Cis isomers and th_e energy difference between them is glVenagreement with those of experiment fbrlt is notable that
by a Boltzmann distribution lyans has a slightly larger N chemical shift thanlgs, in
Cuans  _Aent agreement with the suggestion that the trans form is the major
c. € isomer observed experimentally. Additional calculations (data
not shown), for analogues dfin which the Cy groups are
Here, Cyans and Cgis are the relative numbers of the trans replaced by smaller R groups such ‘@, Me, and H,
and cis formsAE is the difference in energy between the consistently produce N chemical shifts that are slightly
isomersk is the Boltzmann constant, afdis the absolute larger for the trans isomer than for the cis isomer and are
temperature. The experiment&8lR NMR) trans/cis ratios ~ comparable in value to the data shown in Table 6. Whereas
of 0.88/0.12 forl and 0.93/0.07 foR correspond to energy  the calculated gas-phase P chemical shiftfigksis close
differences in solution of 4.9 and 6.4 kJ/mol, respectively to that of the experimental value, that fiys differs from
(at 298 K). The calculated energy differences of 8.8 kJ/mol experiment by ca. 6 ppm. Given the size of the target
for Land 7.1 kJ/mol foR are in good agreement with those systems, discrepancies 6f10 ppm are not in and of
of experiment, whereas the gas-phase calculations differthemselves discouraging, although it is disappointing that
markedly from those of experiment, predicting that the trans calculation predicts a reduction in the P chemical shift from
form will massively outnumber that of the cis. It would 14anst0 1gs, in contrast to the small increase seen experi-
therefore appear that the solvent has an important role tomentally. On the other hand, f@& calculation agrees well
play in determining the relative abundance of the cis and with experiment in finding a small reduction in the P
trans isomers of both and 2, as indeed already observed chemical shift between the trans and the cis forms.
experimentally. It might be expected that the NMR chemical shifts
As noted above, the experimental data suggest that thecalculated in solution would provide a better comparison with
mixed complex UQRCI,(CysPO)(CyPNH) (3) is somewhat  experiment than those calculated in gas phase. However, the

cis
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Figure 6. Total electron density fotyans The cutoff value is 0.07.

Figure 7. Total electron density foRyans The cutoff value is 0.07.

trans compounds. In all cases, the steric term is slightly
positive, and the overall negative total bonding energy results
from the favorable orbital term. It is noticeable that the orbital
term is significantly more negative fdrthan for2, and we
can attribute the greater-tN bond energy to this more
favorable orbital interaction.

The strengths of the UN and U-O bonds have been

Figure 5. HOMO-28 for 2yans The contour cutoff value is 0.03.

data in Table 6 suggest that this is not the case, particularly
for 1. for which both the M and P chemical shifts show
the largest discrepancy from those of experiment of any of ) . .
the molecules studied. Overall, we are inclined to accept theprObed further by studying the intermediate :Qt‘.m seen
. ) . . betweenl and2 in Scheme 1. These data are given in the

gas-phase chemical shift data as being the more reliable. It )

Id that althouah the inclusi f solvent effect final two columns of Table 7, and it can be seen that the
would appear that aitnough the InClusion of SOVent eNec's \; _y honq is once again significantly more stable than the
improves the calculation of the relative energies of the cis

dt f " kes th t with . ¢ IU—O bond. Furthermore, the steric interaction is almost
and frans forms, 1t makes the agreement with experimenta exactly the same in the two bonds, and, hence, the greater
chemical shifts rather worse.

stability of the U-N bond clearly arises from its larger orbital
Bond Energy Decomposition, MBOs, Molecular Orbit- interaction.

als, and Total Electron Densities. The ADF energy MBOs have been calculated and are presented in Table 8.

decomposition scheme was used to study the\/D bond  The MBOs of the U-N bond in1 are greater than the MBOs

in more detail, and the data are collected in Table 7. Theseof the U-O bond in2, consistent with the energy decom-

data have been generated by breaking the molecules dowrposition analysis. MBOs of the O, and U-CI bonds

into two closed-shell, neutral fragments, L(Cy;PNH) show that they are slightly weaker incompared with those

and CyPNH for 1 and UQCI,(CysPO) and CyPO for2. It of 2. It may be tentatively concluded that the strongerNJ

is immediately apparent that the uranitphosphinimine bonds in1 come at the expense of weaket0y, and U-ClI

bonds are stronger than the uranigphosphine oxide bonds, interactions. This is supported, to some extent, by the Raman

in agreement with the experimental conclusions summarizeddata, which show a lower symmetric vibrational stretching

in Scheme 1. Closer analysis shows that the steric interactionsrequency forlyans (817 cni') compared with that 02ans

are slightly larger fod than for2 and also for the cis vs the (832 cm').
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Table 9. Selected Hirshfeld Atomic and Group Charges in the Gas the U atom and for the O (phosphine oxide)/NH (phosphin-

Phase for Complexekrans Lois, 2irans and 2cis imine) units. The U atom is more positive tthan in1,
Lirans Lois 2urans 2is and the O atom is more negatively charged than the NH unit
U 0.603 0.599 0.644 0.641 in 1. These data suggest that the-O bond in2 is more
O (U-0y) —0.326  -0318  -0321  -0.314 ionic than the U-N bond in 1.
0 (U-0) —0.256 —0.262
o 0263 0248  —0246  —0228 Summary and Conclusions

Experimentally, it is observed that phosphinimine ligands
Table 3 shows that, in bothand?2, the U-Cl distances  displace phosphine oxide ligands 2nto form 1 (Scheme
in the cis forms are shorter than those in the trans forms, 1). Our calculations are consistent with this effect in that
whereas the B0y and U-N/O distances are somewhat the U—N bonds in the phosphinimine systems are found to
longer. This is in agreement with the MBO data, which show be significantly stronger (by ca. 20 kJ mél than the
an increase for &Cl on going from the trans to the cis form analogous B-O bonds in the phosphine oxide compounds
and a concomitant decrease in the@,; and U-N/O values. and that this increased bond strength is attributable to larger
This shortening (and presumably strengthening) of theCU orbital interactions in the ZiegleiRauk energy decomposi-
bonds at the expense of the-@,; may be partly responsible  tion sense. Furthermore, analysis of the molecular orbitals
for the bending along the 3-U—0O,, vector in the cis  reveals clearer BN o bonding than thes bonding of U-O
compounds, discussed earlier. in 2, and examination of the total electron densities reveals
The orbital interaction term of the energy decomposition a greater charge buildup along the-N vectors than along
scheme cannot be straightforwardly associated with anythe U-O vectors. MBO data support these conclusions in
single type of bonding interaction, as it incorporates all finding larger U-N bond orders than those in+D, and
interactions between the chosen fragments that result fromthe smaller MBOs of the 8Oy, and U-Cl bonds inl than
the relaxation of the starting electronic structure to self- 2 may well be a consequence of the strongerNUbonds in
consistency. Nevertheless, we were keen to establish thel compared with the & O bonds in2.
origin of the larger orbital interactions seen for the-N Experimental solution NMR spectroscopic data show that
bonds, and, hence, examined the molecular orbitals (MOs)1 and 2 have two isomers of cis and trans conformation,
of both1 and2. In particular, we were interested to identify ~ which exist in ratios of 0.12/0.88 and 0.07/0.93, respectively.
MOs with appreciable &N and U-O o-bonding character, 3P NMR experiments in CELl, and CDC} indicate that in
as it is expected that the uraniwtphosphinimine and  both cases the trans isomer is the dominant species. This is
uranium—phosphine oxide interactions are primardyin in agreement with the calculated energies for bb#md2
nature. This type of analysis can be quite difficult for large in the gas phase and in solution.
molecules without any symmetry elements, and hence we In summary, the comparatively small difference in the
were pleased to locate HOMO-22 &f.,s Shown in Figure calculated energies between the cis and trans isomets of
4, which iso bonding between the uranium f orbital involved and2 have provided a rationale for the occasional observa-
in the uranylz, level and the phosphinimine N atoms. By tions of cis and trans isomers of the TB [WQL ] family
contrast, there is no clearly analogous orbitaRig.s the of complexes and predict that solvents of higher dielectric
closest equivalent being HOMO-28, shown in Figure 5. It constants will tend to favor a greater proportion of the cis
may therefore be that the larger orbital interactions seen inisomer. In addition, calculations point to the increased
1 arise from stronger UN ¢ bonding than the HO o covalency in the U-N vs U-O interaction as the main
bonding seen ir2. reason for the increased stability of the uranyl phosphinimine
Additional evidence for greater covalency in the phos- vs uranyl phosphine oxide complexes.
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