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The utility of the 1,3,4,6,7,8-hexahydro-2H-pyrimido[1,2-a]pyrimidinato ligand, (hpp)-, in uranium chemistry has been
probed by synthesizing metallocene complexes and studying their reactivity. (C5Me5)2UMe2 reacts with 1 equiv of
Hhpp to form (C5Me5)2(hpp)UMe, 1, which does not react further with Hhpp. (C5Me5)2UCl2 reacts with Khpp to form
(C5Me5)2(hpp)UCl, 2, which similarly does not react with additional Khpp. Complex 2 reacts with NaN3 to form the
azide complex, (C5Me5)2(hpp)UN3, 3. The trivalent uranium (hpp)-metallocene complex, (C5Me5)2(hpp)U, 4, can be
synthesized by the reaction of [(C5Me5)2U][BPh4] with Khpp and from 2 with KC8. Complex 4 can be oxidized with
Ph3PdSe to produce the tetravalent product, [(C5Me5)2(hpp)U]2(μ-Se), 5. The reaction of 4 with Me3SiN3 provides
the pentavalent uranium complex, (C5Me5)2(hpp)U(=NSiMe3), 6

Introduction

The bicyclic guanidinate ligand, (hpp)-, Figure 1, derived
from 1,3,4,6,7,8-hexahydro-2H-pyrimido[1,2-a]pyrimidine,
Hhpp, has been extensively investigated with a broad range
of transition metals.1-4 This ligand can have extraordinary
effects on redox chemistry. For example, the tungsten com-
plex W2(μ-η

1:η1-hpp)4 has a lower gas-phase ionization
energy than cesium.2 Although guanidinates1,3,4 have been
extensively studiedwith yttrium and the lanthanidemetals,5,6

the synthesis of the first uranium guanidinate complexes have
only recently been reported.7 In this case, chelating bridging
ligands derived from dicyclohexylcarbodiimide and hydra-
zine, {[(CyHN)(CyN)CdN-]2}

2-, were used to make poly-
metallic uranium products. To our knowledge, there are no
examples of actinide complexes containing the (hpp)- ligand.
Since the (hpp)- ligand has the potential to stabilize higher
oxidation states2,8 and since there is currently great interest in
expanding the number ofU5þ complexes in the literature,9 we
have examined (hpp)- with uranium.
We chose a metallocene platform to study the uranium-

hpp interaction since this has proven to be a reliable route to*To whom correspondence should be addressed. E-mail: wevans@
uci.edu.
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investigate new ligands in f element chemistry in the past.6,10

We recently reported the synthesis of a series of lanthanide
metallocene guanidinate complexes of the (hpp)- ligand,
(C5Me5)2(hpp)Ln.

6 These complexes were synthesized by
the protonolysis reaction of (C5Me5)2Ln(η

3-CH2CHCH2)-
(THF) (Ln=Ce, Sm, Y) withHhpp, eq 1. A similar protono-
lysis approach was examined with actinide metallocenes in

this study as well as ionicmetathesis reactions withKhpp.
We report here the synthesis and reactivity of these
(hpp)- metallocenes which includes trivalent, tetravalent,
and pentavalent uranium complexes.

Experimental Section

Themanipulations described below were conducted under
argon or nitrogen with rigorous exclusion of air and water
using Schlenk, vacuum line, and glovebox techniques.
Solvents were sparged with UHP argon and dried over
columns containingQ-5 andmolecular sieves.NMRsolvents
(Cambridge Isotope Laboratories) were dried over sodium-
potassium alloy, degassed by three freeze-pump-thaw cy-
cles, and vacuum-transferred before use. (C5Me5)2UMe2,

11

(C5Me5)2UCl2,
11 [(C5Me5)2U][BPh4],

12 and KC8
13 were pre-

pared according to literature methods. Hhpp (Sigma-
Aldrich) was purified by vacuum sublimation prior to use.
Potassium bis(trimethylsilyl)amide was obtained from
Sigma-Aldrich and used without further purification. Khpp
was prepared by deprotonation of Hhpp with 1 equiv of
potassium bis(trimethylsilyl)amide in hexane.6 Me3SiN3

(Sigma-Aldrich) was distilled under argon before use. Ph3Pd
Se and NaN3 (Sigma-Aldrich) were placed under vacuum for
12 h before use. 1H NMR and 13C NMR spectra were recor-
dedonaBrukerDRX500spectrometerat25�C.NMRspectraof
all of the products are included in the Supporting Information.
Infrared spectra were recorded as KBr pellets on a Varian 1000
FTIR spectrophotometer at 25 �C. Elemental analyses were
performed on a Perkin-Elmer 2400 Series II CHNS analyzer.

(C5Me5)2(hpp)UMe, 1. Hhpp (96 mg, 0.69 mmol) was added
to a solution of (C5Me5)2UMe2

11 (310mg, 0.58mmol) in toluene
(10 mL) while stirring. Excess of Hhpp was used to ensure all of
the uranium reagent reacted. After the reaction mixture was
stirred for 12 h, the volatiles were removed under reduced
pressure to yield 1 as a dark yellow solid (369 mg, 97%). A
resonance consistent with the formation of methane was obser-
ved in the 1H NMR spectrum of a reaction done in a sealed
J-Young tube. X-ray quality crystals of 1were grown from slow
evaporation of a concentrated benzene solution at 25 �C. 1H
NMR (C6D6) δ 26.20 (s, Δv1/2=19 Hz, 2H, C7H12N3), 8.31 (s,
Δv1/2 = 16 Hz, 2H, C7H12N3), 2.65 (s, Δv1/2 = 8 Hz, 2H,
C7H12N3), -1.72 (s, Δv1/2 = 5 Hz, 30H, C5Me5), -8.40 (s,

Δv1/2=12 Hz, 2H, C7H12N3), -18.39 (s, Δv1/2=16 Hz, 2H,
C7H12N3), -30.0 (s, Δv1/2=16 Hz, 2H, C7H12N3), -219.70 (s,
Δv1/2=50 Hz, 3H, Me). 13C NMR (C6D6) δ 79.1 (C7H12N3),
61.3 (C7H12N3), 32.9, 31.6 (C7H12N3), 14.9 (C7H12N3), -18.9
(C7H12N3),-37.9,-57.7 (C5Me5),-61.8 (C7H12N3). IR: 2928s,
2893s, 2851s, 2720w, 1603w, 1541s, 1501s, 1470m, 1451s, 1437s,
1377m, 1359m, 1340w, 1319s, 1292m, 1261m, 1201m, 1145m,
1109w, 1095m, 1061m, 1025m, 934w, 914w, 898w, 876w, 802w,
727m, 693w, 604w cm-1. Anal. Calcd for UC28H45N3: C, 50.82;
H, 6.85; N, 6.35. Found: C, 50.66; H, 6.70; N, 7.19. Crystal
system: Monoclinic; Space group: P21/n; Unit cell dimensions
a=8.7354(10) Å, b=16.9098(19) Å, c=18.533(2) Å, R=90�,
β=101.024(2)�, γ=90�; V=2687.1(5) Å3.

(C5Me5)2(hpp)UCl, 2. Khpp (111 mg, 0.63 mmol) was added
to a solution of (C5Me5)2UCl2

11 (304 mg, 0.52 mmol) in toluene
(10 mL) while stirring. Excess of Khpp was used to ensure all of
the uranium reagent reacted. After the reaction mixture was
stirred for 12 h, an insoluble material was removed from the
mixture via centrifugation and filtration. Solvent was removed
under vacuum leaving 2 as a dark yellow solid (325 mg, 91%).
Yellow crystals of 2 suitable for X-ray diffraction were grown
from a concentrated toluene/benzene solution at 25 �C. 1H
NMR (C6D6) δ 22.11 (s, Δv1/2=15 Hz, 2H, C7H12N3), 8.24 (s,
Δv1/2=17Hz, 2H,C7H12N3), 3.71 (s,Δv1/2=2Hz, 30H,C5Me5),
3.10 (s, Δv1/2=16 Hz, 2H, C7H12N3), -3.33 (s, Δv1/2=13 Hz,
2H, C7H12N3), -8.41 (s, Δv1/2=16 Hz, 2H, C7H12N3), -13.31
(s, Δv1/2 = 14 Hz, 2H, C7H12N3).

13C NMR (C6D6) δ 51.9
(C7H12N3), 48.3 (C7H12N3), 48.0 (C7H12N3), 37.5 (C7H12N3),
30.8 (C7H12N3), -27.9 (C7H12N3), -41.8 (C5Me5). IR: 2944s,
2895s, 2850s, 2721w, 1607m, 1549s, 1500s, 1470m, 1452s, 1437s,
1382s, 1379s, 1317s, 1291m, 1260m, 1203m, 1147m, 1111m,
1062m, 1025m, 938w, 899w, 876w, 805w, 728m, 693w,
607w cm-1. Anal. Calcd for UC27H42N3Cl: C, 47.54; H, 6.21;
N, 6.16. Found: C, 47.45; H, 6.63; N, 6.21.

(C5Me5)2(hpp)UN3, 3.NaN3 (100 mg, 1.54 mmol) was added
to a solution of (C5Me5)2(hpp)UCl, 2, (253 mg, 0.37 mmol) in
THF (20 mL) while stirring. After the reaction mixture was
stirred for 12 h, an insoluble material was removed from the
mixture via centrifugation and filtration. Solvent was removed
under vacuum leaving 3 as a deep yellow solid (240 mg, 94%).
Orange crystals of 3 suitable for X-ray diffraction were grown
from a concentrated toluene solution at -35 �C. 1H NMR
(C6D6) δ 42.35 (s, Δv1/2 = 15 Hz, 2H, C7H12N3), 15.00 (s,
Δv1/2 = 18 Hz, 2H, C7H12N3), 4.98 (s, Δv1/2 = 17 Hz, 2H,
C7H12N3), 1.66 (s, Δv1/2 = 3 Hz, 30H, C5Me5), -5.80 (s,
Δv1/2=11 Hz, 2H, C7H12N3), -13.24 (s, Δv1/2=17 Hz, 2H,
C7H12N3), -23.58 (s, Δv1/2=14 Hz, 2H, C7H12N3).

13C NMR
(C6D6) δ 90.3 (C7H12N3), 57.9 (C7H12N3), 53.0 (C7H12N3), 34.9
(C7H12N3), 21.5 (C7H12N3), -48.3 (C5Me5), -62.5 (C7H12N3).
IR: 2940s, 2899s, 2847s, 2721w, 2076s, 1618w, 1554s, 1494s,
1474m, 1450s, 1378s, 1363s, 1318s, 1286m, 1258m, 1207s, 1146s,
1111w, 1057 m, 1025m, 875w, 804w, 726m, 692w cm-1. Anal.
Calcd for UC27H42N6: C, 47.09; H, 6.15; N, 12.20. Found: C,
47.19; H, 6.41; N, 12.53.

(C5Me5)2(hpp)U, 4.Khpp (78 mg, 0.44 mmol) was added to a
solution of [(C5Me5)2U][BPh4]

12 (302 mg, 0.36 mmol) in benzene
(10 mL) while stirring. After the reaction mixture was stirred
for 12 h, an insoluble material was removed from the mixture
via centrifugation and filtration. Solvent was removed under
vacuum leaving 4 as a dark olive green solid (215 mg, 91%). 1H
NMR (C6D6) δ 0.28 (s, Δv1/2=26 Hz, 4H, C7H12N3), -3.10 (s,
Δv1/2=27 Hz, 4H, C7H12N3), -12.87 (s, Δv1/2=31 Hz, 30H,
C5Me5), -20.17 (s, Δv1/2=29 Hz, 4H, C7H12N3).

13C NMR
(C6D6) δ 71.5 (C5Me5), 44.5 (C7H12N3), 27.5 (C7H12N3),-54.9
(C7H12N3). IR: 2922s, 2852s, 2723w, 1645w, 1532s, 1491s,
1470m, 1449s, 1379s, 1359w, 1319s, 1290m, 1259m, 1197s,
1145m, 1111w, 1065m, 1024m, 801w, 718m, 677w cm-1. Anal.
Calcd for UC27H42N3: C, 50.15; H, 6.55; N, 6.50. Found: C,
50.44; H, 6.76; N, 6.20.
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(C5Me5)2(hpp)U, 4, from (C5Me5)2(hpp)UCl, 2. KC8 (45 mg,
0.33 mmol) was added to a solution of 2 (150 mg, 0.22 mmol)
in toluene (10 mL) while stirring. After the reaction mix-
ture was stirred for 12 h, insolubles were removed from the
mixture via centrifugation and filtration. Solvent was removed
under vacuum leaving 4 as a dark olive green solid (128 mg,
90%).

[(C5Me5)2(hpp)U]2(μ-Se), 5. Ph3PdSe (54 mg, 0.16 mmol)
was added to a stirred solution of (C5Me5)2(hpp)U, 4, (199 mg,
0.31 mmol) in benzene (8 mL). After 12 h, solvent was removed
under reduced pressure, and the resulting dark red solid
(210 mg) was washed with hexanes and dried under vacuum
(179 mg). Complex 5 is extremely soluble in arenes, and separa-
tion of residual PPh3 is problematic. A few red X-ray quality
crystals of 5 were obtainable from a concentrated benzene
solution at 25 �C in one case. 1H NMR (C6D6) δ 30.87 (s,
Δv1/2=24 Hz, 4H, C7H12N3), 5.41 (s, Δv1/2=8 Hz, 4H, C7H12-
N3), 2.61 (s, Δv1/2=10 Hz, 60H, C5Me5), 2.32 (s, Δv1/2=18 Hz,
4H, C7H12N3), 0.60 (s, Δv1/2=15 Hz, 4H, C7H12N3), -4.73 (s,
Δv1/2= 18 Hz, 4H, C7H12N3), -30.3 (s, Δv1/2= 21 Hz, 4H,
C7H12N3).

13CNMR (C6D6) δ 83.0 (C7H12N3), 52.2 (C7H12N3),
43.9 (C7H12N3), 32.3 (C7H12N3), 12.1 (C7H12N3), 11.5 (C7H12-
N3), -18.6 (C5Me5). IR: 2921s, 2889s, 2849s, 2719w, 1604w,
1542s, 1501s, 1471m, 1450s, 1436s, 1378s, 1356w, 1339w, 1317s,
1289m, 1258m, 1205s, 1144s, 1111w, 1099w, 1061m, 1026m,
998w, 877wm, 745w, 724m, 692m cm-1. Anal. Calcd for
U2C54H84N6Se: C, 46.32; H, 6.28; N, 6.23. Found: C, 47.26;
H, 5.55; N, 5.47. Elemental analyses were consistently off
because of the difficulty of removing Ph3P.

(C5Me5)2(hpp)U(dNSiMe3), 6. In an argon-filled glovebox,
Me3SiN3 (39 μL, 0.29 mmol) was added via syringe to a stirred
solution of (C5Me5)2(hpp)U, 4, (157 mg, 0.24 mmol) in benzene
(8 mL). After 12 h, the volatiles were removed under reduced
pressure, and the resulting black solid was washed with hexanes
and dried under vacuum to give dark black 6 (146 mg, 82%).
Purple X-ray quality crystals of 6 were grown from a concen-
trated toluene/hexane solution at -35 �C. 1H NMR (C6D6) δ
5.22 (s, Δv1/2=78 Hz, 9H, SiMe3), 3.33 (s, Δv1/2=17 Hz, 2H,
C7H12N3), 3.04 (s,Δv1/2=7Hz, 2H,C7H12N3), 2.57 (s,Δv1/2=11
Hz, 30H, C5Me5), -2.01 (s, Δv1/2=9 Hz, 2H, C7H12N3), -4.37
(s, Δv1/2=23 Hz, 2H, C7H12N3), -8.21 (s, Δv1/2=24 Hz, 2H,
C7H12N3), -16.91 (s, Δv1/2=15 Hz, 2H, C7H12N3).

13C NMR
(C6D6) δ 52.8 (C7H12N3), 40.9 (C7H12N3), -9.8 (C7H12N3),
-18.6 (C5Me5), -34.3 (C7H12N3), -37.7 (SiMe3), -41.8
(C7H12N3), -55.9 (C7H12N3). IR: 2956s, 2905s, 2854s, 2724w,
1638m, 1612m, 1542s, 1503w, 1476w, 1442s, 1376s, 1319s,
1294m, 1259m, 1242m, 1199s, 1145w, 1113w, 1067m, 1023m,
937m, 882w, 832w, 804w, 744w, 706m, 672w cm-1. Anal. Calcd

for UC30H51N4Si: C, 49.09; H, 7.00; N, 7.63. Found: C, 48.99;
H, 6.22; N, 8.02.

X-ray Data Collection, Structure Determination, and Refine-
ment. X-ray crystallographic information on 2, 3, 5, and 6 is
summarized in Table 1.

Results

(C5Me5)2(hpp)UMe, 1. Following the method success-
fully used to make (hpp)- complexes of lanthanide me-
tallocenes in eq 1, the deprotonation of Hhpp with the
uranium metallocene, (C5Me5)2UMe2

11 was examined.
As shown in eq 2, one methyl group reacts to form
methane and the uranium (hpp)- complex, (C5Me5)2-
(hpp)UMe, 1.

Complex 1was characterized by NMR and IR spectro-
scopy, as well as by elemental analysis. The structure of 1
was determined by X-ray crystallography, Figure 1, but

Table 1. X-ray Data Collection Parameters for (C5Me5)2(hpp)UCl, 2, (C5Me5)2(hpp)UN3, 3, [(C5Me5)2(hpp)U]2(μ-Se), 5, and (C5Me5)2(hpp)U(dNSiMe3), 6

2 3 5 6

empirical formula C27H42N3ClU C27H42N6U C54H84N6SeU2 C30H51N4SiU
formula weight 682.12 688.70 1372.29 733.87
temperature (K) 100(2) 153(2) 103(2) 143(2)
crystal system monoclinic monoclinic orthorhombic orthorhombic
space group P21/n P21/n P212121 P212121
a (Å) 8.8192(6) 11.3246(6) 15.2203(6) 10.7804(7)
b (Å) 17.3674(12) 20.1621(11) 16.9397(7) 15.5317(11)
c (Å) 17.2120(12) 11.8247(6) 19.8735(8) 17.9557(12)
R (deg) 90 90 90 90
β (deg) 92.9160(10) 94.8080(10) 90 90
γ (deg) 90 90 90 90
volume Å3 2632.9(3) 2690.4(2) 5123.9(4) 3006.5(4)
Z 4 4 4 4
Fcalcd (mg/m3) 1.721 1.700 1.779 1.621
μ (mm-1) 6.286 6.059 7.065 5.464
R1a (I > 2.0σ(I)) 0.0199 0.0154 0.0199 0.0174
wR2b (all data) 0.0501 0.0401 0.0470 0.0423

aR1 =
P

||Fo| - |Fc||/
P

|Fo|.
bwR2 = [

P
w(Fo

2 - Fc
2)2/

P
w(Fo

2)2]1/2.

Figure 1. Thermal ellipsoid plot of (C5Me5)2(hpp)UMe, 1, drawn at the
10% probability level. Hydrogen atoms have been excluded for clarity.
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the quality of the X-ray data does not allow a detailed
discussion of the bond distances. The structure of 1
suggests why it does not react with excess Hhpp: there is
no apparent room to place a second (hpp)- ligand around
uranium. The methyl group in 1 is also unreactive in σ
bond metathesis reactions with PhSSPh14 and H2 at
25 �C.11
The IR spectrum of 1 contains a C-N stretch at 1603

cm-1, and complexes 2-6, presented below, have ana-
logous C-Nstretches at 1607, 1618, 1645, 1604, and 1612
cm-1, respectively.15 The 1H NMR spectrum of 1 has six
independent resonances attributable to the (hpp)- ligand.
Three are at low field, 26.20, 8.31, and 2.65 ppm, and
three are at high field, -8.40, -18.39, and -30.0 ppm.
The U4þ complexes 2 and 3, described below, display a
similar pattern. The (hpp)- resonances in 1 are signifi-
cantly shifted from the 3.07-1.56 ppm range of diamag-
netic (C5Me5)2Y(hpp).6 The 1H NMR resonances for the
(C5Me5)

- methyl groups and the U-Me of 1, -1.72 and
-219.70 ppm, respectively, are shifted from the starting
material (C5Me5)2UMe2, 5.03 and -124.00 ppm,11 res-
pectively.

(C5Me5)2(hpp)UCl, 2. The preparation of uranium
metallocene (hpp)- complexes via ionic metathesis
reactions was examined with the actinide metallo-
cene dichloride, (C5Me5)2UCl2.

11 As shown in eq 3,
this complex reacts with Khpp, prepared from Hhpp and

K[N(SiMe3)2], to form the chloride analogue of 1,
namely, (C5Me5)2(hpp)UCl, 2. Complex 2was character-
ized by the same methods used for 1, and its X-ray crystal
structure is shown in Figure 2. Structural details
are discussed below. Like 1, complex 2 did not react
further with additional (hpp)- reagent to form a bis(hpp)
product.

(C5Me5)2(hpp)UN3, 3. Although the chloride in 2 does
not react withKhpp, it is reactive with less sterically bulky
reagents. The reaction with NaN3 was examined because
of an interest in making uranium complexes rich in
nitrogen.16 As shown in eq 4, 2 reacts with NaN3 to form

the tetravalent uranium guanidinate azide complex,
(C5Me5)2(hpp)UN3, 3.

Complex 3 was characterized by NMR and IR spec-
troscopy and by elemental analysis and X-ray crystal-
lography, Figure 3. The infrared spectrum of 3 contains a
strong absorption at 2076 cm-1 corresponding to the
coordinated (N3)

- anion that is similar to the 2073
cm-1 absorption observed for the terminal azide ligands
in [(C5Me5)2UN3(μ-N3)]3.

17

(C5Me5)2(hpp)U, 4. The synthesis of a trivalent ura-
nium (hpp)- complex was examined by studying the
reaction of the U3þ precursor [(C5Me5)2U][BPh4]

12 with
Khpp, eq 5. (C5Me5)2(hpp)U, 4, was obtained as the
first U3þ guanidinate complex and characterized

Figure 2. Thermal ellipsoid plot of (C5Me5)2(hpp)UCl, 2, drawn
at the 50% probability level. Hydrogen atoms have been excluded for
clarity.

Figure 3. Thermal ellipsoid plot of (C5Me5)2(hpp)UN3, 3, drawn
at the 50% probability level. Hydrogen atoms have been excluded for
clarity.

(14) Evans, W. J.; Miller, K. A.; Ziller, J. W.; DiPasquale, A. G.; Heroux,
K. J.; Rheingold, A. L. Organometallics 2007, 26, 4287–4293.

(15) Wilkins, J. D. J. Organomet. Chem. 1974, 80, 349–355.
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by NMR and IR spectroscopy and by elemental
analysis.

The 1H NMR spectrum of complex 4 contains only
three independent resonances attributable to the (hpp)-

ligand at 0.28, -3.10, and -20.17 ppm, which is con-
sistent with a symmetric structure as shown in eq 5. The
4.70 ppm resonance for the (C5Me5)

- methyl groups of
the starting material [(C5Me5)2U][BPh4]

12 shifts to
-12.87 ppm in 4.
Complex 4 can also be synthesized from the reaction

of 2 with KC8, eq 6. Since (C5Me5)2UCl2 is easier
to access than [(C5Me5)2U][BPh4], eq 6 is preferable
to eq 5.

[(C5Me5)2(hpp)U]2(μ-Se), 5.The reductive capacity of 4
can be used as another route toU4þ (hpp)- complexes. As
shown in eq 7, 4 reduces Ph3PdSe to yield the tetravalent
uranium complex, [(C5Me5)2(hpp)U]2(μ-Se), 5, Figure 4.
The most common reduction reactions of trivalent ura-
nium complexes are the reactions involving the one elec-
tron U4þ/U3þ redox couple, as shown in this reaction.18

Like 2 and 3, complex 5 has six (hpp)- 1H NMR reso-
nances with a wide spread of chemical shifts. The high
solubility of 5 in arenes made it difficult to separate
from the PPh3 byproduct, but in one case X-ray quality
crystals were obtainable that allowed the structure to be
determined.

(C5Me5)2(hpp)U(dNSiMe3), 6. Complex 4 effects a
two-electron reduction with Me3SiN3 to form the U5þ

imido complex, (C5Me5)2(hpp)U(dNSiMe3), 6, eq 8,
Figure 5. The 1H NMR spectrum of 6 has six (hpp)-

resonances like 2, 3, and 5, but the chemical shifts extend
over a narrower range, from 3.33 to-16.91 ppm, for this
5f1 complex.19 Formation of the metallocene U5þ mono-
imido complexes, (C5H4Me)3U(dNR)20 (R=Ph, SiMe3)
and [C5H3(SiMe3)2]2UCl(dNSiMe3),

21 from the U3þ

reagents, (C5H4Me)3U(THF)20 and {[C5H3(SiMe3)2]2-

UCl}2,
21 respectively, by the reduction of the correspond-

ing RN3 reagent has been previously reported.

X-ray Structures. Complexes 2, 3, 5, and 6 each have a
nine-coordinate uranium metal center ligated by two
pentamethylcyclopentadienyl ligands, a chelating (hpp)-

ligand, and an additional anionic ligand, X, [X=2, Cl-; 3,
N3

-; 5, Se2-; 6, (NSiMe3)
2-], Figures 2-5. As shown in

Table 2, these complexes have similarmetrical parameters
for the [(C5Me5)2(hpp)U]nþ components regardless of the
oxidation state of uranium.
In complexes 2, 3, 5, and 6, the (hpp)- ligand interacts

with the uranium metal centers primarily through
two nitrogen atoms with 2.330(2)-2.472(2) Å U-N
distances. The U-C(hpp) distances in complexes 2
[2.835(3) Å], 3 [2.830(2) Å], 5 [2.859(3) and 2.872(3) Å],
and 6 [2.864(2) Å] are significantly longer. Within
a complex, the U-N(hpp) bond lengths differ by

Figure 4. Thermal ellipsoid plot of [(C5Me5)2(hpp)U]2(μ-Se), 5, drawn
at the 50% probability level. Hydrogen atoms have been excluded for
clarity.

Figure 5. Thermal ellipsoid plot of (C5Me5)2(hpp)U(dNSiMe3), 6,
drawn at the 50% probability level. Hydrogen atoms have been excluded
for clarity.
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0.05-0.12 Å. This difference in metal to atom bond
distances is common for f element allyl complexes22 and
has been observed previously in uranium amidinate com-
plexes.23 In all cases, the U-N(hpp) distances adjacent to
the anionic X ligands are shorter than those further from
X. The same trend was observed in (C5Me5)2U(Ct
CPh)[(iPr)NC(CtCPh)N(iPr)-κ2N,N0],23 UCl[(Me3Si)-
NC(Ar)N(SiMe3)-κ

2N,N0]3,
24 and UCl[CyNC(Me)NCy-

κ
2N,N0]3.

25 In addition, U-N(hpp) bond lengths are
within the 2.330(1)-2.491(3) Å range found in the poly-
metallic uranium structures involving the chelating brid-
ging {[(CyHN)(CyN)CdN-]2}

2- ligands.7 TheU-N(hpp)
distances are also longer than the 2.237(3) Å U-N dis-
tance in theU4þmetallocene chloride complex, (C5Me5)2-
UCl[NH(C6H4Cl-4)].

26

The set of N(1), N(2), N(3), C(21), andU(1) atoms in 2,
3, 5, and 6 are coplanar within 0.037, 0.023, 0.059, and
0.026, and 0.057 Å, respectively. The C(21)-N(1), C-
(21)-N(2), and C(21)-N(3) bond lengths fall in the
narrow range, 1.321(3)-1.369(3) Å, and are shorter than
the average distance expected for a C-N single bond
(1.469 Å) but longer than that expected for aC-Ndouble
bond (1.303 Å).27 This indicates delocalization of the
negative charge of the monoanionic (hpp)- ligand. The
ΔCN values that have been used to evaluate this deloca-
lization,28 that is, the difference in N(1)-C(21) and N-
(2)-C(21) bond lengths are 0.009, 0.005, 0.032, and 0.035,
and 0.019 Å for 2, 3, 5, and 6, respectively. These also
support a delocalized bonding arrangement, since fully
delocalized systems should have ΔCN = 0.28 The pre-
viously characterized lanthanide guanidinate complexes
(C5Me5)2(hpp)Ln (Ln=Ce, Sm, Y) have ΔCN values of
0.003, 0.000, and 0.004 Å, respectively.6

The resonance forms for the (hpp)- ligand are shown in
Scheme 1.An indication of the relative contributions which
these resonance forms make to the coordinated (hpp)-

ligand can be provided by a comparison of the C-N bond
lengths within the CN3 unit. The Δ0

CN values, previously
defined byColes andHitchcock28 as the difference between
the average C-N(amidine) and C-N(amide) bond
lengths, for 2, 3, 5, and 6 are -0.014, -0.035, -0.032,
and-0.020, and-0.018 Å, respectively, and indicate only a
small contribution of the zwitterionic resonance form C to
the overall bonding. Similarly, small values were observed
for (C5Me5)2(hpp)Ln (Ln=Ce, Sm, Y), namely, -0.018,
-0.031, and-0.031 Å, respectively.6 Therefore, the (hpp)-

ligand coordinates in these complexes mainly as a 1,3-
diazallyl ligand and there is little contribution from the
zwitterionic resonance form C that can stabilize high
oxidation state transition metals.2,8

In [(C5Me5)2(hpp)UX]y [y = 1, X = Cl-, 2; N3
-, 3;

(NSiMe3)
2-, 6; y=2, X=Se2-, 5], the U-X bond lengths

arewithin the expected ranges.Forexample, in2 the2.6623(8)
Å U(1)-Cl(1) bond length is similar to the correspond-
ing 2.696(2) Å bond distance in (C5Me5)2U(C3H4N2)Cl2,

29

equivalent to that in (C5Me5)2U[(CH2)(CH2)P(Ph)Me]Cl
[2.658(2) Å],30 and slightly longer than the 2.583(6) Å U-Cl
distance in (C5Me5)2UCl2.

31 In 3, the 2.316(2) Å U(1)-N(4)
bond length is within the range for the terminal U-N(azido)
distances in (Bu4N3)3[U(N3)7]

32 [2.323(6)-2.431(7) Å], [η5-
1,2,4-(Me3C)3C5H2]2U(N3)2 [2.219(6) and 2.244(6) Å],

33 and

Table 2. Bond Distances (Å) and Angles (deg) in (C5Me5)2(hpp)UCl, 2, (C5Me5)2(hpp)UN3, 3, [(C5Me5)2(hpp)U]2(μ-Se), 5, and(C5Me5)2(hpp)U(dNSiMe3), 6

2 3 5c 6

U(1)-(C5Me5 ring centroid) 2.449, 2.534 2.481, 2.486 2.529, 2.538, 2.521, 2.531 2.518, 2.531
U(1)-C(C5Me5) avg 2.77(2) 2.76(3) 2.80(2), 2.80(7) 2.80(4)
U(1)-N(1) 2.346(2) 2.330(2) 2.465(2), 2.472(2) 2.343(2)
U(1)-N(2) 2.395(2) 2.412(2) 2.343(2), 2.349(2) 2.459(2)
U(1)-C(21) 2.835 2.829(2) 2.859(3), 2.872(3) 2.864(2)
U(1)-X 2.6623(8)a 2.316(2)b 2.8476(3), 2.8570(3)d 1.969(2)b

N(1)-C(21) 1.340(4) 1.345(3) 1.321(3), 1.322(4) 1.352(3)
N(2)-C(21) 1.349(4) 1.340(3) 1.353(3), 1.357(4) 1.333(3)
N(3)-C(21) 1.359(4) 1.356(3) 1.369(3), 1.360(4) 1.361(3)
Cnt1-U(1)-Cnt2e 130.9 135.1 129.0, 127.2 132.0
N(1)-C(21)-N(2) 112.5(3) 113.1(2) 113.4(2), 113.2(3) 112.8(2)
N(1)-U(1)-N(2) 56.26(9) 56.35(6) 55.32(7), 55.21(8) 55.47(7)
U(1)-N(1)-C(21) 96.7(2) 97.0(1) 93.1(1), 93.5(2) 98.0(1)
U(1)-N(2)-C(21) 94.3(2) 93.4(1) 97.7(2), 98.0(9) 93.3(1)
N(1)-U(1)-X 77.50(7)a 78.71(6)b 136.15(5), 135.81(6)e 82.24(7)b

aX=Cl(1). bX=N(4). cCorresponding bond lengths and angles in bimetallic 5. dX=Se(1). eCnt1 and Cnt2=centroids of the two (C5Me5)
- ligands.

Scheme 1
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[(C5Me5)2UN3(μ-N3)]3 [2.258(14), 2.273(14), and 2.283-
(14)].17 The 1.193(3) and 1.151(3) Å N-N bond distances
within the azide ligand are almost equivalent and within the
1.124-1.216 Å range reported for the NdN distances in
azides.27

The 2.8476(3) Å U(1)-Se(1) and 2.8570(3) Å U(2)-Se-
(1) bond lengths in 5 are close to the corresponding
2.8432(7) Å U-Se bond length in (C5Me5)2UMe-
(SePh)14 and within the 2.849(1)-3.056(1) Å range in
[U(SePh)2(μ2-SePh)2(CH3CN)2]2.

34 The U-Se distances
in 5 are significantly longer than those in [(C5Me5)2Sm-
(THF)]2(μ-Se)

35 [2.779(1) and 2.782 (1) Å] and
[(C5Me5)2Yb]2(μ-Se)

36 [2.621(1) Å] when the difference
in ionic radii37 are considered: nine-coordinate U4þ, 1.05
Å; seven-coordinate Yb3þ, 0.925 Å; eight-coordinate
Sm3þ, 1.079 Å. A U-Se bond distance of 2.7 Å would
be expected based on the lanthanide structures. The
reason for this difference is not obvious since the
M-Se-M angles in these lanthanide complexes,
169.7(1) and 171.09(6)o, respectively, are similar to the
167.20(1)o U(1)-Se(1)-U(2) angle in 5.
The 1.969(2) Å U(1)-N(4) bond length in 6 is compar-

able to the 1.957(5)-1.976(4) Å U-N(imido) bond
lengths in the metallocene monoimido complexes (C5-
Me5)2U(dN-2,6-iPr2C6H3)X where X = OTf, I, SPh,
Cl, Br, F synthesized by a one electron oxidation from
U4þ precursors.9,38 The nearly linear U(1)-N(4)-Si(1)
angle [173.64(12)o] in 6 is close to the 168.3(5)-172.2(9)o

range found in the latter (C5Me5)2U(dN-2,6-iPr2-
C6H3)X complexes.

Discussion

The (hpp)- ligand can be conveniently incorporated into
U4þ metallocenes both by deprotonation of Hhpp, eq 2, and
by ionic metathesis with Khpp, eq 3. Once the heteroleptic
{(C5Me5)2(hpp)}

3- ligand combination was attached to
uranium in (C5Me5)2(hpp)UMe, 1, and (C5Me5)2(hpp)UCl,
2, further reaction of the remaining methyl and chloride
ligands with Hhpp and Khpp, respectively, did not occur.
Presumably the size of the (hpp)- ligand allows only one
(hpp)- ligand to be attached to a bis(pentamethylcyclopenta-
dienyl) metallocene. In general, reduced reactivity is observed
for the methyl group in 1. Hence reagents such as PhSSPh
and H2 that commonly react with U4þ methyl bonds11,14 do
not react with 1. This suggests that the {(C5Me5)2(hpp)}

3-

ligand combination may be useful in protecting the remaining
coordination site and stabilizing highly reactive U-ligand
moieties. Complex 2 does exhibit substitution reactivity with
(N3)

-, and this provides a synthetic route to other U4þ

{(C5Me5)2(hpp)}
3- complexes. Since the cylindrical azide

reacts, but (hpp)- does not, it is possible that this heteroleptic
ancillary ligand set could be used for size selective reactions.
Tetravalent {(C5Me5)2(hpp)}

3- uranium complexes can
also be accessed using the U3þ reagent (C5Me5)2(hpp)U, 4.
Since 4 can be obtained from 2, this provides an alternative
synthesis when substitution by ionic metathesis is not suc-
cessful. The reaction of 4 with Ph3PdSe to make a bimeta-
llic (μ-Se)2- complex is reminiscent of (C5Me5)2Sm and
(C5Me5)2Yb reactions.35,36 Hence, the {(C5Me5)2(hpp)}

3-

ligation in 4may provide a neutralU3þ equivalent of divalent
lanthanide metallocenes. The structure of 5 suggest that this
uranium system may generate bridged structures more steri-
cally crowded that those generated from the divalent lantha-
nides. Attempts to generate pentavalent (C5Me5)2(hpp)USe
from 4 and 1 equiv of Ph3PdSe gave only 5. Trivalent 4 can
be used, however, to obtain U5þ complexes as shown in the
reaction with Me3SiN3, eq 8.
Structural details on 2 and 3 indicate little contribution

from the zwitterionic form of (hpp)-, C in Scheme 1, that
helps stabilize higher oxidation states. Hence, formation of
the U5þ imido complex, (C5Me5)2(hpp)U(dNSiMe3), 6,
represents “normal” uranium metallocene reactivity. Like-
wise, it was not particularly difficult to access the U3þ

complex 4, and it did not appear to have unusually powerful
reductive capacity. The similarity of the structural para-
meters in pentavalent 6 and in tetravalent 2, 3, and 5, also
suggests that there is no significant contribution of the (hpp)-

resonance formC. Hence, the (hpp)- ligand in these uranium
metallocenes is functioning primarily as a monoanionic
bidentate nitrogen donor ligand.

Conclusion

The (hpp)- ligand can be readily incorporated into metal-
locene complexes of U3þ, U4þ, and U5þ. This provides the
trianionic ligand combination, {(C5Me5)2(hpp)}

3-, with
which to ligate uranium. In contrast to the heavily studied
{(C5Me5)2}

2- ligand combination which generates U4þ and
U5þ complexes with two additional ligands, this heteroleptic
group of ancillary ligands may provide a good option for
exploration of U4þ- and U5þ-ligand reaction chemistry with
a single action ligand.39
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