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Abstract

The reaction of [UC1,{HB(pz),},] (1) with lithium alkyls LiR (R = Me, CH,SiMe,, CH ,-0-CH,NMe,) in the 1:1 or 1:2 molar ratio
affords the compounds [UCIR{HB(pz),},] (pz = C;H;N,, R=Me (2), CH,SiMe; (3), C{H,-0-CH,NMe, (4)) and [UR,{HB(pz),},]
(R =Me (5), CH,SiMe; (6)) respectively in 60-80% yield. Complex 2 can also be obtained {(60% yield) by redistribution at room
temperature between the complexes 1 and 5. Compounds 2, 3 and 4 react with pzH providing [UCHpz}{HB(pz),},] (7) in almost
quantitative yield and 5 and 6 react also with pzH leading to [U(pz),{HB(pz),},] (8). The alkoxide [U(OC ¢H ,-0-OMe),{HB(pz),},1 (9)
was synthesized by reacting 5 or 6 with guaiacol. By reacting the chlorohydrocarbyls 2, 3 or 4 with excess of acetone the aldolate
[UCIOCMe,CH ,(C=0)Me){HB(pz),},] (11) was obtained, due to the activation of a-CH bond of acetone; however, for 3 the reaction is
not clean and a mixture of 11 and [UCl(OCMeZCHZSiMe3){HB(pz)3}2] (12) is always obtained. Stoichiometric amounts of acetone insert
into the metal—carbon bonds of 2 and 5 yielding [UCKO'Bu){HB(pz);},] and [U(O'Bu),{HB(pz),},] respectively, while the insertion
product [U(OCMe,CH, SiMe,),{HB(pz),},] (10) can only be obtained when 6 reacts with excess of this substrate. 9 crystallizes from
toluene /hexane in the triclinic space group P1 with unit cell dimensions a = 12. 295(2)A, b=12.640(2) A, c= 13994 A, a=
76.10(1)°, B =72.50(1)°, y=80.71(1)°, V = 2004(2) A’ and Z = 2. Recrystallization of a mixture containing [UCI(O'Bu)HB(pz),,] and
11 led to a decomposition product which has been characterized by X-ray structural analysis as [UCl(sz)(O Bu)X-0)B(-pzXp2), 1,
(13): monoclinic P2,/n, a=13701(3)A, b=11337QQ)A, c = 14.857(4) A, B=104.652), V=2233(1) A’ and Z="2. Extended
Hiickel molecular orbital calculations provided some information on the bonding capabilities of the [U{HB(pz)3}2] fragment compared to
[U(CsMes),] and on the vulnerability of the poly(pyrazolylborate ligands to nucleophilic attack.

Keywords: Uranium; Poly(pyrazolyl)borates; Hydrocarbyl, Synthesis; Reactivity; Molecular orbital calculations

1. Introduction plexes [AnX,Cp,] (An=1U, Th; Cp* = Cs;Me;,
CMe, Et, C;H;-1,3(SiMe;,),, C H,, C,Me,P; X =Cl
or BH,) [3-7]. Some other sterically demanding groups,
different from cyclopentadienyls, were also used as
supporting ligands and allowed the synthesis of the
compounds [UCL,{C,H;Co{P(O)OEt),};},] I[8],
[UC1,{OC('Bu),},(thf),] [9] and [ThBr,(0-2,6-
‘Bu,C,H,),] [10]. To see whether these complexes
could be good precursors in the preparation of o-hydro-
carbyls and to study the reactivity of the metal-carbon
bonds has been one of the main goals of this chemistry.
So far, the cyclopentadienyl ligands are the ones which
have played the most important role in the stabilization

" Corresponding author. of o-hydrocarbyls, and there is a great deal of

Complexes of the type [MX,Cp,] have played an
important role in transition metal chemistry. Analogous
compounds with the actinides are not stable and dispro-
portion towards [UCICp,] and [UC1,Cp] was observed
for uranium [1]. For thorium this process was prevented
by using a bidentate phosphine, 1,2-bis(dimethylphos-
phino)ethane, which allowed the characterization of
[ThCl1,Cp,(dmpe)] [2]. Stabilization against redistribu-
tion was also achieved by the use of bulky substituted
cyclopentadienyls which in fact lead to stable com-
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organometallic chemistry associated with those com-
plexes [5,11,12]. From this family of compounds we
must refer to the pionecer work of Marks with
[AnC1,(CsMe,),] (An = U, Th), and the large variety
of bis(hydrocarbyl) and chlorohydrocarbyl complexes
readily prepared from [AnCl,(C;Me;),] by metathesis
reactions (Eq. (1)) [11]:

[AnCl,(CsMes),] + xLiR

Et,0

> [AnR,Cl,_,,(CsMes),] + xLiCl (1)

x=1lor2

The hydro(trispyrazolyl)borate, which has been com-
pared to pentamethylcyclopentadienyl from the steric
and electronic point of view [13,14], also allowed the
stabilization of the complexes [AnCl,{HB(pz),},] [15],
(An =U, Th) and from this precursor some o-hydro-
carbyls have been prepared [16,17]. To evaluate the
effect of the hydro(trispyrazolyl)borate ligands on the
stability and reactivity of U-C o bonds was the main
goal of this work. This paper describes the synthesis,
characterization and some preliminary reactivity studies
of [bishydrotris(pyrazolyl)borato] uranium hydrocarbyls.
A portion of this work has been the subject of a
previous communication [16].

2, Experimental

2.1. General procedures

The reactions were carried under an argon atmo-
sphere; tetrahydrofuran, toluene, and n-hexane were
dried by refluxing, under argon, with Na, degassed and
distilled prior to use. Deuterated solvents, benzene-d,
and toluene-dg, were dried over Na and distilled. Ace-
tone was dried on CaSO, and distilled from the same
compound. Pyrazole was sublimed prior to use. Guaia-
col was distilled under reduced pressure.
[UCIL,{HB(pz),},] (1) [15], [UCKOE{HB(pz),},] [18],
LiCH, SiMe, [19], LiCH(SiMe,), [20], LiCH,Ph [21],
KCH,Ph [22], LiCH,C¢H,-0-NMe, [23], LiC H -o-
CH,NMe, [24] were prepared as previously described.
LiMe (1.6M in diethylether) from Aldrich was used
without further purification.

"H NMR spectra were recorded on a Bruker SYSOFT
multinuclear spectrometer and referenced internally us-
ing the residual solvent resonance relative to tetrameth-
ylsilane. IR spectra were recorded as Nujol mulls on a
Perkin—Elmer 577 spectrophotometer. Carbon, hydro-
gen and nitrogen analyses were performed on a
Perkin—Elmer automatic analyser. [For some com-
pounds we were unable to obtain accurate elemental
analyses, especially for nitrogen, but the complexes
could be unambiguously identified and their purity as-

sessed by 'H NMR spectroscopy.] Absorption electronic
spectra were recorded as solutions on a Cary 2390
Varian spectrometer. The FTICR mass spectra were
done, either by laser desorption (LD) or by electron
impact (EI), with a 2001-DT instrument equipped with
a 3.0T superconducting magnet and interfaced to a
Spectra-Physics Quanta-Ray GCR-11 pulsed Nd:YAG
laser operating at the fundamental wavelength (1064 nm)
with an estimated output of 20-50mlJ /pulse. Samples
were prepared under argon in a glove box. Standard
FTICR event sequences were employed, with the ions
formed, trapped, excited and detected on the source side
of the dual ‘source /analyzer’ ion trap.

2.2. Synthesis and
[UCI(Me){HB(pz),],] (2)

characterization of

Method 1. To a green suspension of 1 (250mg,
0.34mmol) in toluene was added dropwise MeLi
(149 mg, 0.34 mmol) in toluene. After stirring for 2 h, at
room temperature, a clear orange solution was obtained
from which was recovered, after removal of the solvent,
a salmon solid (122 mg, 0.17 mmol, 50% yield).

Method 2. To a solution of 5 (150mg, 0.22 mmol) in
10ml of toluene was added 160 mg (0.22 mmol) of 1.
The mixture was stirred during 7 days, centrifuged and
the solution was taken to dryness in vacuo, yielding a
salmon solid which was washed with n-hexane (203 mg,
0.28 mmol, 64% yield). Anal. Found: C, 31.96; H, 3.09;
N, 22.50. C,4H,;B,N,,CIU Calc.: C, 31.94; H, 3.24;
N, 23.52%. IR (Nujol, » (cm™')): 3100w, 2480m
(v(B-H)), 1490s, 1390s, 1370s, 1285s, 1250s, 1205s,
1180m, 1110s, 1080w, 1060m, 1040s, 965s, 910w,
790m, 770m, 750s, 710s, 650m, 610m, 460w, 340w.
UV-vis (toluene) (A_ . (nm)):; 1410m, 1250w, 1088s,
970w, 660s.

max

2.3. Synthesis and characterization of
[UCKCH,SiMe; ){HB(pz),/,1 (3)

At room temperature, LiCH,SiMe, (64 mg,
0.68 mmol) dissolved in toluene was added slowly to a
suspension of 1 (500 mg, 0.68 mmol) in toluene. After
stirring for 2h the red suspension was centrifuged and
the solution was taken to dryness in vacuo. The red
solid was washed with n-hexane, and after drying, the
solid obtained was formulated as 3 (372 mg, 0.47 mmol,
70% yield). Anal. Found: C, 34.11; H, 3.99; N, 20.62.
C,H; B,N,,CISiU Calc.: C, 33.59; H, 3.97; N,
21.36%. IR (Nujol, » (cm™')): 3100w, 2450m (v(B-
H)), 1500s, 1370s, 1290s, 1260m, 1230w, 1210s, 1190w,
1120m, 1060m, 1045s, 1020w, 970s, 920w, 885w,
850w, 800w, 780w, 790m, 750w, 720m, 670w, 610w.
UV-vis (toluene) (A,,, (nm)): 1420m, 1270w, 1230w,
1150sh, 1110s, 1090s, 1065s, 960m, 800m.
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2.4. Synthesis and characterization of [UCHC,H o-
CH,NMe, ){HB(pz);},1 (4)

This compound has been synthesized according to
the procedure described above for 3. Starting with
500 mg (0.68 mmol) of 1 and using 96 mg (0.68 mmol)
LiC¢H,-0-CH,NMe, a yellow-brown solid was iso-
lated and formulated as 4 (463mg, 0.56mmol, 82%
yield). Anal. Found: C, 37.76; H, 3.83; N, 20.79.
C,,H;3,B,N,;CIU Calc.: C, 38.90; H, 3.89; N, 21.84%.
IR (Nujol, » (cm™")): 3100w, 2470m (»(B—-H)), 1490m,
1390m, 1370s, 1290s, 1260m, 1210s, 1110s, 1040s,
970s, 915w, 840w, 800m, 750m, 720m, 660m, 610m.
UV-vis (toluene) (A, (nm)): 1470m, 1190s, 1090s,
940w, 680m, 670s, 580w,

'H NMR in toluene-d, at 220K (& (ppm)): 137.3
(1H), 75.5 (1H), 65.1 (1H, C,H,-0-CH,NMe,), 56.7
(1H, C,H,0-CH,NMe,), 55.9 (1H), 55.2 (1H), 42.8
(IH, Cg¢H,-0-CH,NMe,), 425 (1H, C.H,-o-
CH,NMe,), 40.8 (1H), 35.2 (1H), 30.5 (I1H, C,H,-0-
CH,NMe,), 30.0 (1H), 23.9 (1H), 16.9 (1H), 15.9
(1+1H), 2.9 (1H, C,H,-0-CH,NMe,), —7.6 (1H, B~
H), —8.0 (1H), —9.7 3H, C¢H,-0-CH,NMe,), —11.3
(1H), —13.8 (1H), —14.3 (1H), —15.5 (1H), —232
(1H), —269 (1H, B-H), —402 (3H, C(H,-o-
CH,NMe,), —77.7 (1H).

2.5. Synthesis and
[U(Me),{ HB(pz),},] (5)

characterization of

At room temperature, a solution of MeLi (298 mg,
0.68 mmol) suspended in 25 ml of toluene, was slowly
added to a slurry of 1 (250 mg, 0.34 mmol) in toluene.
After work-up, as referred to for 3, the yellow—brown
solid obtained was formulated as 5 (158 mg, 0.23 mmol,
yield 67%). Anal. Found: C, 34.61; H, 3.53; N, 23.18.
C,0H,B,N,U Calc.: C, 34.62; H, 3.78; N, 24.22%. IR
(Nujol, » (cm™!)): 3100w, 2460m (»(B-H)), 1390s,
1370s, 1290s, 1250m, 1205s, 1185m, 1065m, 1040s,
1005w, 970s, 910w, 790m, 770m, 760m, 750m, 740m,
710s, 660m, 640m, 570m, 460w sh, 400m, 340w, 325w.
UV-vis (toluene) (A_.. (nm)): 1638w, 1407m, 1074s,
800w, 672w.

max

2.6. Synthesis and characterization of
[U(CH, SiMe; ),{ HB(pz);},] (6)

A solution of LiCH,SiMe, (185mg, 1.89 mmol) in
10ml of toluene was added dropwise to a slurry of 1
(721 mg, 0.98 mmol) in the same solvent (10ml). After
work-up as indicated for 3, 572mg of a dark brown
solid was obtained (0.68 mmol, 70% yield).

Anal. Found: C, 37.70; H 4.95; N, 19.56.
C,H,,B,N,S8i,U Calc.: C, 37.24; H, 5.05; N, 20.04%.
IR (Nujol mull, » (cm™!)): 2450s (»(B-H)), 1455w,
1430f, 1300s, 1260sh, 1250sh, 1240w, 1220s, 1195m,
1125s, 1065sh, 1050s, 975s, 865b, 760s, 725s, 670m,

620m, 350m. UV-vis (toluene) (A_, (nm)): 1443sh,
1367s, 1120sh, 1090sh, 1076s, 932w, 683s.

2.7. Synthesis and
[UCHpz){HB(pz);1,1) (7)

characterization of

9mg (0.13mmol) of pzH was added to a stirred
solution of [UCI(C¢H,-0-CH,NMe,){HB(pz),},]
(110 mg, 0.13 mmol) in toluene (5ml) at room tempera-
ture. The colour of the solution instantaneously changed
from brown-red to light green. The reaction was stirred
for 1h, after which the solvent was removed under
reduced pressure to yield a bright green solid. The
product was washed with minimal n-hexane and dried
in vacuo. This compound was obtained in almost quan-
titative yield. IR (Nujol mull, » (cm~')): 2450m (»(B—
H)), 1500m, 1400s, 1380sh, 1300s, 1260m, 1215s,
1195sh, 1120s, 1061sh, 1050s, 980s, 920m, 800sh,
780sh, 760s, 720s, 620w, 600w, 590m, 335w, 260w.
UV-vis (toluene) (A,,, (nm)): 1560(58) 1440(49),
1188sh, 1165(69), 1120sh, 1070(100), 670(118).

2.8. Synthesis and
[U(pz),{ HB(pz);},1 (8)

characterization of

This compound was synthesized as referred to above
for 7. Starting with 16 mg (0.23 mmol) of pzH and
79mg (0.11 mmol) of 5 in toluene (Sml), 8 was ob-
tained in almost quantitative yield. IR (Nujol mull, »
(cm™')): 2450m (»(B-H)), 1500m, 1400s, 1375m,
1360sh, 1350sh, 1300w, 1280sh, 1260f, 1210w, 1195sh,
1120w, 1065sh, 1050w, 1000w, 975s, 800w, 750s, 720s,
660m, 620s, 600w, 580m, 340w, 250w. UV-vis
(toluene) (A_,, (nm)): 1560(113) 1380(84), 1170sh,
1190(157), 1000sh, 665(109).

"H NMR in CD,CI, at 215K (8 (ppm)): 42.1 (2H,
pz), 35.5 (2H, pz), 34.6 (2H, H(4), pz), 32.8 (6H), 6.4
(6H), —2.9 (6H), —25.2 (2H, B-H).

2.9. Synthesis and characterization of [U(OC4H,-o-
OMe),{HB(pz), 1,1 (9)

34 mg (0.27 mmol) of HOC¢H ,-0-OMe was added to
a stirred solution of 6 (112mg, 0.13 mmol) in toluene
(5ml) at room temperature. The colour of the solution
changed from brown-red to bright green. The reaction
was stirred for 1h, after which the solvent was removed
under reduced pressure to yield a bright green micro-
crystalline solid in almost quantitative yield (116 mg,
0.13 mmol). Anal. Found: C, 42.21; H, 4.02; N, 18.44.
C;,H;,B,N,,0,U Calc.: C, 42.22; H, 3.76; N, 18.46%.
IR (Nujol mull, v (cm™!)): 2440m (»(B—H)), 1480m,
1400s, 1300w, 1290w, 1255m, 1215m, 1190w, 1120m,
1105sh, 1060w, 1045m, 1020w, 970m, 870w, 800w,
770sh, 760w, 730m, 715m, 660w, 610w, 600w, 490w.
UV-vis (toluene) (A_.. (nm)): 1440w, 1328m, 1130sh,
1100s, 1066s, 667s.

max
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2.10. Synthesis and characterization of
[U{OCMe,CH,SiMe, },{HB(pz),],1 (10)

Acetone (28 mg, 0.48 mmol) was added to a stirred
solution of 6 (100mg, 0.12mmol) in toluene (5ml).
Upon addition, the colour of the solution turned from
brown-red to green. After stirring for 10 min the sol-
vent was stripped off under vacuum, and the residue
was washed with hexane (5ml). Compound 10 is ob-
tained as a dark green microcrystalline solid (50 mg,
0.052 mmol, 44% yield). Anal. Found: C, 41.03; H,
4.74; N, 17.53. C;,H,,B,N,,0,8i,U Calc.: C, 40.26;
H, 5.70; N, 17.61%. IR (Nujol mull, » (cm™')): 2475s
(v(B-H)), 1700m, 1495s, 1400s, 1375s, 1350vw, 1300s,
1260m, 1215s, 1195vw, 1155vw, 1120m, 1055m sh,
1050m, 970m, 800m, 780m, 760m, 720s, 660w, 620m.
UV-vis (toluene) (A, (nm)): 1600s, 1235s, 976s,
572w.

'"H NMR in toluene-d; at 220K (8 (ppm)): 65.9
(2H), 35.5 (2H), 21.7 (2H) 21.2 (2H,
{OCMe, CH,SiMe,}), 19.3 (6H, {OC Me,CH,SiMe,)}),
16.8 (6H, {OC Me,CH,SiMe,}), 14.5 (2H,
{OCMe, CH,SiMe,}), 10.8 (2H), 7.5 (2H), 4.1 (18H
{OCMe,CH,SiMe;}), 1.9 (2H), —10.0 (2H), —10.9
(2H), —16.2 (2H, B-H), —20.4 (2H).

2.11. Synthesis and characterization of
[UCH{OCMe,CH,(C = 0)Me}{HB(pz),},1 (11)

Acetone (24mg, 0.41 mmol) was added to a stirred
solution of 4 (125mg, 0.15mmol) in toluene (5ml).

Upon addition the colour of the solution turned from
brown-red to bright green. After stirring for 30 min the
solvent was stripped off under vacuum, and the residue
was washed with hexane (5ml). Compound 11 is ob-
tained as a bright green microcrystalline solid (121 mg,
0.14 mmol, 99% yield). Anal. Found: C, 33.90; H, 2.47;
N, 20.92. C,,H,,B,N,,0,CIU Calc.: C, 35.38; H, 3.84;
N, 20.63%. IR (Nujol mull, » (cm™")): 2450s (»(B-H)),
1705m (¢(C=0)), 1500s, 1400s, 1340s, 1300s, 1265m,
1220s, 1200sh, 1125s, 1065sh, 1055s, 975s, 955w,
925w, 810w, 785sh, 766sh, 725s, 700w, 670w, 625m,
340m, 245m. UV-vis (toluene) (A, (nm)): 1450s,
1385s, 1280s, 1140sh, 1080sh, 1035s, 970sh, 660sh,
640m, 620sh.

2.12. Synthesis and characterization of
[UCIH{OCMe,CH, SiMe, {HB(pz),],1 (12)

1 (303 mg, 0.41 mmol), acetone (24 mg, 0.41 mmol)
and LiCH,SiMe, (39 mg, 0.41 mmol) react in toluene
providing, after work-up, a green solid which was for-
mulated as 12 (239 mg, 68%). Anal. Found: C, 35.90;
H, 3.80; N, 20.0. C,sH;,B,N,,08SiClU Calc.: C, 35.54;
H, 4.41; N, 19.90%. IR (Nujol mull, » (cm™")): 2460m
(v(B-H)), 1500m, 1460s, 1400m, 1370s, 1290m,
1260m, 1215m, 1190w, 1120m, 1065w, 1050s, 1015sh
w, 975m, 860w, 800w, 760m, 720m, 660w, 610w.
UV-vis (toluene) (A__. (nm)): 1400m, 1330m, 1145sh,
995s, 1066s, 660w.

max

Table 1

Crystallographic data for [U(OC¢H ,-0-OMe),{HB(pz),},1 (9) and [UCKHpzXO'Bu){(-O)B(j-pzXpz),}1, (13)
Compound 9 13
Formula C;,H4,B,N;,0,U C,,HB,C1,N,,0O,U,
Mol. wt. 910.34 1285.42
Crystal system Triclinic Monoclinic
Space group Pl P2,/n
a(A) 12.295(2) 13.701(3)
b(A) 12.640(2) 11.337(2)
¢ (A) 13.994(2) 14.857(4)
a (deg) 76.10(1) 90

B (deg) 72.50(1) 104.65(2)
v (deg) 80.71(1) 90

V(A 2004(2) 2233(1)

Z 2 2

Peate (2cm™?) 1.509 1912
Linear abs. coeff. (cm~!) (Mo Ka) 39.00 74.18

26 Range (deg) 3.0-54.0 3.0-52.0

Decay corr. factors: min., max.
Range in absorbance correction factors

1.00001, 1.03385
0.8971, 0.9976

1.00020, 1.47871
0.5459, 0.9996

Number of reflections 7686 3249

Number of parameters refined 406 266

Refinement method F F?

R 0.038 (F, > 30(F)) 0.0515 (F, > 40(F,))

R b

0.043 (F, > 30(F,))

0.1169 (F, > 4a(F,))

" R, =ZIF|-IFll/3IF,

* For 9 R, =[3wlF|-IEI*/SwlF "1V, w=[a(F)]"".
(0.0817P)?), where P = (max(F?,0) +2F?)/3.

For 13 R, =[S(w(F2 — F2¥)/S(w(FONVE w=1/[c*(FD) +
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2.13. X-ray crystallographic analysis of [U(OC4H -0-

A bright green crystal of approximate dimensions
0.54 X 0.32 X 0.29 mm®, obtained by slow diffusion of
n-hexane into a saturated solution of the compound in
toluene, was mounted in a thin-walled glass capillary in
an argon filled glove-box. Data were collected at room
temperature on an Enraf—Nonius CAD-4 diffractometer
with graphite-monochromated Mo Ka radiation, using
an »-26 scan mode. Unit cell dimensions were ob-
tained by least-squares refinement of the setting angles
of 25 reflections with 17.2° < 260 < 31.9°. Details of the
crystal data, data collection and refinement are given in
Table 1. Data were corrected for Lorentz—polarization
effects, for linear decay (—6.4% in 133.3h) and for
absorption by empirical corrections based on  scans,
using the Enraf—Nonius program. The structure was
solved by Patterson methods [25] and subsequent differ-
ence Fourier techniques [26]. There is one molecule of
crystallization solvent in the lattice (toluene or hexane),
the disorder of which could not be modelled. It was
taken into account considering the three strongest peaks
in the residual electron density map as full-occupancy
carbon atoms. As no chemical identity could be as-
signed to the lattice solvent, it was then excluded from
the formula, from the molecular weight and from the
calculation of the density in Table 1. All but the solvent
and the carbon atoms of the phenoxide ligands were
refined anisotropically. The hydrogen atoms were intro-
duced in calculated positions (except those of the sol-
vent) constrained to ride on their carbon and boron
atoms with group U, values assigned. In the final
difference-Fourier map the highest peak was 1.1e A™3
and was near the U atom. Three strong reflections
(—110, 101, 011) which were thought to be affected by
extinction were omitted from the data. Final atomic
coordinates are listed in Table 2. Atomic scattering
factors and anomalous dispersion terms were taken from
the International Tables for X-ray Crystallography.

2.14. X-ray crystallographic analysis of
[UCKHpz)(O'Buw){( u-O)B( u-pzpz), H, (13)

A green crystal of approximate dimensions 0.31 X
0.18 X 0.16 mm’, obtained during the recrystallization
of a mixture of [UCI(O'Bu}HB(pz),},] and 11, was
mounted in a thin-walled glass capillary in an argon
filled glove-box. Data were collected at room tempera-
ture, as described for 9. Unit cell dimensions were
obtained by least-squares refinement of the setting an-
gles of 25 reflections with 15.49° <26 <29.76°. Data
were corrected [27] for Lorentz—polarization effects, for
linear decay (—54.3% in 47.9h) and for absorption (4
scans). The structure was solved by Patterson methods
[25] and refined on F? by full-matrix least-squares

Table 2
Fractional atomic coordinates (X 10*) and thermal parameters for
[U(OC4H 4-0-OMe),{HB(pz)5},] (9)

Atom x y z Uy */ Ugo ®
(X 10%A?)
U 2420.7(2)  2492.3(2)  2413.6(2) 33(1D)

o) 2356(4) 2302(4) 3979(3) 54(2)
0Q) 4220(4) 2178(4) 2061(4) 54(2)
0(3) 970(5) 3338(5) 5411(4) 85(3)
0(4) 5634(5) 1173(5) 616(5) 85((3)
N(1) 2860(5) 400(4) 2624(4) 53(2)
N(Q2) 588(5) 1580(5) 3459(4) 53(2)
NQ3) 1698(5) 1761(4) 1111(4) 50(2)
N@4) 712(4) 3864(4) 1994(4) 51(2)
N(5) 3200(5) 3704(5) 630(4) 57(2)
N(6) 2612(5) 4389(4) 2649(4) 53(2)
N(11) 2099(5) —302(4) 2670(4) 57(3)
N(Q1) 207(5) 722(5) 3265(4) 59(3)
N(31) 1133(5) 848(5) 1382(4) 53(2)
N(41) 849(5) 4901(5) 1431(5) 58(2)

NG 2872(5) 4788(5) 341(4) 61(2)

N(61) 2442(6) 5356(5) 1996(5) 62(3)
ce® 2466(5) 1999(5) 4933(5) 49(2)
c)®b 3285(7) 1170(6) 5157(6) 66(2)

c(3®)* 3383(9) 833(9) 6171(8) 93(3)

c@)® 2678(9) 1375(9) 6891(8) 96(3)
c5)® 1863(8) 2206(8) 6701(8) 86(3)
c(6)® 1748(7) 2525(6) 5702(6) 62(2)
C(30)° 228(12)  3895(11)  6170(10)  138(5)
C(14)®  5344(5) 2040(5) 1986(5) 46(1)
c(15)®  5753(6) 2369(6) 2670(5) 57(2)
c(e6)® 6930(7) 2220(7) 2602(7) 76(2)
can®  7663(8) 1736(8) 1848(7) 82(2)
cag)t  7275(n 1370(7) 1171(6) 71(2)
c(19)®  6111(6) 1512(6) 1239(5) 56(2)
c0)®  6356(10) 602(9) ~1119) 107(3)
c(n*® 5484(20)  3995(17)  4818(17)  194(8)
Cc@®)® 4524(19)  4174(16)  5458(15) 178(7)
c@@)"® 3672(19)  5088(21)  5862(17)  218(9)
cQ) 2569(9)  —1335(6) 2887(7) 79(4)
c(12) 3640(9)  —1312(6) 2994(7) 80(4)
c(13) 3783(7) —214(6) 2821(6) 64(3)
c(21) —817(7) 521(8) 3927(7) 77(3)
Cc(22) —112(7) 1253(9) 4567(6) 86(4)
C(23) —214(6) 1891(7) 4255(5) 68(3)
c@3n 704(7) 756(7) 633(6) 67(4)
C(32) 1007(7) 1619(7) —164(6) 71(4)

c(33) 1614(6) 2225(6) 170(5) 61(3)

c@ —136(8) 5349(8) 1207(7) 81(4)
Cc42) -919(7) 4609(9) 1604(7) 86(5)
C43) —-367(6) 3683(7) 2090(6) 66(3)
c(51D 3540(9) 5166(10)  —606(7) 93(5)
C(52) 4285(8) 4339(11)  —948(7) 106(5)
C(53) 4070(7) 3433(8) —151(6) 81(4)
c@61) 2761(8) 6165(7) 2283(7) 81(5)
Cc(62) 3125(8) 5737(6) 3156(7) 76(4)
C(63) 3026(6) 4623(6) 3348(6) 59(3)
B(1) 935(8) 90(7) 2456(7) 60(4)
B(2) 1983(9) 5416(7) 1084(8) 69(4)

a

U,, is defined as one-third of the trace of the orthogonalized U;;
tensor.
® Isotropic temperature factors were used.
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Table 3
Fractional atomic coordinates (X 10*) and thermal parameters for
[UCI(HpzXO'Bu){(.-O)B(p-pzXp2), )},

Atom x ¥ z Uy
(X 10%A%)

u(n 3813.6(4) 4759(3) 433(3) 29(1)
CI(1) 2506(3) -221(3)  —1198(2) 48(1)
oD 5113(7) —900(7) 480(6) 37(2)
o) 2674(8) 1030(8) 993(7) 44(2)
N(1) 3284(8) — 1749(9) 638(9) 40(3)
N(2) 472109) —295(9) 2093(8) 44(3)
N(3) 6578(9) —2430(8) 501(8) 41(3)
N(4) 4930(9) 2095(8) 1401(8) 39(3)
N(11) 4138(9) —2472(8) 854(8) 38(3)
N(C1) 5265(8) —1290(8) 2097(7) 34(2)

N(G31) 6022(10) —2681(9) 1094(8) 43(3)
N(41) 5921(10) 2116(10) 1678(8) 48(3)
c2) 1796(11) 1214(13) 1355(13) 52(4)
c(11) 3766(16)  —3597(12) 760(11) 68(6)
c(12) 2770(16)  —3604(14) 507(13) 75(6)
C(13) 2506(13)  —2418(12) 445(13) 65(5)
c1)  5716(12) —1603(13) 2981(11) 49(4)
C(22)  5454(14) —764(15) 3545(12) 63(5)

C(23) 4821(13) 13(14) 2970(11) 53(4)

c(31)  6351(13)  —3695(12) 1552(11) 57(4)
C(32)  7132(13)  —4119(12) 1236(11) 55(4)
Cc(33) 7255(13)  —3306(12) 577(11) 54(4)
c41  6260(13) 2967(12) 2296(12) 58(5)
C(42) 5436(12) 3559(12) 2423(13) 60(3)
C(43)  4624(14) 2996(12) 1848(13) 60(5)
c@211)  1667(19) 189(17) 1892(19)  104(9)
c(212)  910(17) 1313(20) 554(19)  115(9)
C(213)  1945(16) 2329(15) 1908(16) 81(6)
B(1) 5152(12)  —1841(12) 1110(12) 38(4)

techniques [28]. All non-hydrogen atoms were refined
anisotropically and the hydrogen atoms were introduced
in idealized positions. A final difference-Fourier synthe-
sis revealed some residual electron density around the
uranjum, between —3.68 and +1.05eA~", probably
due to the great decay of the crystal measured and
consequently inefficient absorption correction. Crystal-
lographic data and coordinates of the non-hydrogen
atoms are given in Tables 1 and 3. Atomic scattering
factors and anomalous dispersion terms were as in
SHELXL-93.

3. Results and discussion

3.1. Synthesis of chlorohydrocarbyl and bis(hydro-
carbyl) complexes

In toluene and at room temperature the dichloride
[UC1,{HB(pz),},] (1) can be alkylated with some alkyl
and aryl lithium reagents according to Scheme 1.

These crystalline compounds, extremely air and
moisture sensitive, can be obtained in reasonable yields
(60-80%). They were characterized by IR and 'H NMR

spectroscopy, by elemental analysis and in the case of 4
by FTICR /MS. The FTICR/MS was tried for all the
hydrocarbyls, as well as for the mixed alkoxide—hydro-
carbyl derivatives. For 4 the mass spectra were clear
and confirmed unambiguously the presence of the com-
plex, for the others the molecular ions could never be
observed, not even ionic fragments containing the hy-
drocarbyl moieties, due to the thermal instability of the
compounds. 4: LD (—): 833 (100%), M~; EI (—)
[180°C/— 70eV]: 833 (100%), M~; 213 (25%)
{HB(pz),) ~.] The colour of the complexes depends on
the nature and on the number of the alkyl groups
coordinated to the uranium, being salmon, yellow—
brown, dark brown or red. The bis(hydrocarbyl) deriva-
tives are soluble in aromatic and aliphatic hydrocarbon
solvents and the chlorohydrocarbyls are soluble in aro-
matic but only slightly soluble in aliphatic solvents.
Reactions of [UCL,{HB(pz),},] (1) with MCH,Ph
(M =Li, K), LiCH,C,H,-0-NMe,, LiCH,CMe, or
with LiCH(SiMe,), in different stoichiometries and in
different solvents (toluene, tetrahydrofuran or ether)
have been tried but no uranium(IV) hydrocarbyls could
be isolated. In these reactions, either we obtained
unidentified products (LiCH,CMe,) or we observed the
formation of a bright green product, very soluble in
toluene, with an absorption electronic spectrum charac-
teristic of U(III) [29,30] (in toluene; A_,, (nm): 740sh,
930s, 980sh, 995m, 1010sh, 1070w, 1085w, 1100sh,
1185sh, 1230s, 1240sh, 1545m), and with an IR spec-
trum indicating the presence of the
hydro(trispyrazolyl)borate ligand, namely the v(B—H)
stretching band at 2464 cm™! (»(B—H) in the K salt of
the ligand: 2420cm !, »(B~H) in 1: 2480cm ") [15].
The 'H NMR spectrum of this species in toluene-d; or
in benzene-d, presented three broad resonances of equal
intensity at 15.5, 7.5 and —0.2 ppm. Variable tempera-
ture 'H NMR studies indicate that no dynamic process
was involved and the broad resonances observed in this
species were probably related with the oxidation state of
the metal centre [31]. This U(III) species reacts very
quickly with ethanol and with dichloromethane or chlo-
roform leading to the known compounds
[UCIOEt){HB(pz),},] [18] and [UCL,{HB(pz),},] (1)
[15] respectively. Analogous reduced species was also
obtained by reacting 1 with Li'Bu [32] which is a well
known method to prepare U(III) compounds from U(IV)
chlorocomplexes [33]. All the attempts that have been
made to obtain crystals of this U(III) species did not
succeed, and we always observed its decomposition
during recrystallization with formation of a brown prod-
uct. This product was insoluble in aromatic, aliphatic
and chlorinated solvents, so it was only analysed by
infrared spectroscopy, elemental analysis and by
FTICR-MS. {IR (Nujol mull, v (cm™!)): 2449 (B-H),
1508, 1409, 1381, 1304, 1297, 1213, 1125, 1050, 977,
773, 756, 727, 675, 629. FTICR /MS: (m /z referenced
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Scheme 1. Syntheses of o-hydrocarbyl derivatives of [UC1,{HB(pz),},]1(1).

and the use of more bulky
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such as

ses) LD(+): 731 (25%) [U(pz){HB(pz).}, ]; 664 (100%)
[U{HB(pz),},1; 585 (25%) [U(pz),{HB(pz).,}}. Elemental
analysis for [U(pz{HB(pz),},], Anal. Found: U, 33.10;
C, 35.06; H, 3.39; N, 26.59. C,H,;B,N,, Calc.: U,
32.56; C, 34.51; H, 3.15; N, 26.84%.} From the results
obtained we could only confirm the presence of
{HB(pz),} coordinated to the uranium and the absence
of halogen. This result seems to indicate that during
recrystallization, probably due to a redistribution pro-
cess, the chloride was replaced either by another ligand
or by pyrazole resulting from decomposition. Redistri-
bution reactions have frequently been observed in the
chemistry of Ln(III) complexes with
poly(pyrazolyl)borate ligands [34].

Using the analogous [UCL,(C;Me,),], Marks and
coworkers [11] isolated a large variety of chloro and
bis(hydrocarbyls), including the benzyl and neopentyl
derivatives, which has been impossible using the pre-
cursor [UCL,{HB(pz),},]. However the stability of the
hydrocarbyls described in this work seems to compare
with the variation in the metal-alkyl bond disruption
enthalpies determined for compounds [AnRCI(C ;Me;), ]
and [AnR,(C;Me;),] (An=U, Th), which indicates
D(U-R) for CH; > CH,SiMe; > CH,Ph = CH,CMe,
[35-37]. If we assume that the benzyl derivative with
the unit ‘{U{HB(pz).}, ] is not stable due to stereochem-
ical factors, it is difficult to explain the stability of 2,

LiCH,C¢H,-0-NMe, or LiCH(SiMe,),, would satisfy
the unsaturation leading to compounds with stable U-C
bonds. Reduction of U(IV) — U(IID) by lithium alkyls
has already been observed by others, although there is
some controversy concerning the mechanism of the
reduction process [7,38]. In our case the lithium salt
cannot be responsible for the reduction observed, as we
obtained an analogous result even using KCH,Ph to
prepare the benzyl derivative. Also interesting was the
stabilization of the mixed [U(CH,Ph}OEO{HB(pz)}, ],
obtained by reacting [UCIOEt){HB(pz),},] with
LiCH,C H, in toluene ('H NMR data in Table 4) [16].
The high electropositive character of the uranium metal
is certainly modulated by supporting ligands, and this
modulation is related with their electron donor charac-
ter. The X-ray crystallographic analysis for
[UCIOEt}{HB(pz),},] [18] indicated a very short U-O
bond and an almost linear U-O-C bond angle, which in
some complexes of uranium has been considered as
evidence of strong -bonding between the U and the O
atoms [9]. This assumption and a weaker electron donor
character of the {HB(pz),}~ compared to (CsMe;)~
may explain the disruption of the uranium-carbon bond
in the benzyl derivatives, with the consequent reduction
of the metal, and the stabilization of
[U(CH,Ph)(OEt{HB(pz),}, }.

As referred to previously by Marks and coworkers
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Table 4
"H NMR data for hydrocarbyls at room temperature *
Complex {HB(pz),} Other resonances
H(3) H(4) H(5) (B-H)
[UCIMe){HB(pz),},]1 (2) 29.7 6.7 -04 -174 205.7 (3H, 1w = 20Hz, Me)
(6H) (6H) (6H) (2H)
[UCI(CH, SiMe,; {HB(pz);},1 (3) 24.1 6.6 0.9 -15.2 242.4 (2H, 1w = 19Hz, CH,)
(6H) (6H) (6H) (2H) 26.0 (9H, 1w = 16 Hz, Me)
[UCKC ¢(H ;-0-CH,NMe, {HB(pz),},] (4) -56 30.8 (2H, 1w = 15Hz, CH,)
(6H) (6H) (6H) 2H) —15.9 (6H, 1w = 15Hz, Me)
[U(Me),{HB(pz);},1 (5) 295 6.6 -05 -17.1 42.6 (6H, 1w = 20Hz, Me)
(6H) (6H) (6H) (2H)
[U(CH,SiMe,),{HB(pz),},1(6) 24.3 6.8 1.4 —132 552 (4H, 1w = 19Hz, CH,)
(6H) (6H) (6H) (2H) 4.6 (18H, 1w = 16 Hz, Me)
[UMeXOEt{HB(pz),},] 29.9 6.6 -0.2 —16.7 147.9 (2H, 1w = 20Hz, CH,)
(6H) (6H) (6H) (2H) 56.9 (3H, 1w = 20Hz, Me)
—133.3 (3H, 1w = 20 Hz, Me)
[U(CH, SiMe; XOEt{HB(pz),}, ] 31.9 7.1 0.3 -16.0 142.0 (2H. 1w = 19Hz, CH,)
(6H) (6H) (6H) (2H) 53.6 (3H, 1w = 16 Hz, Me)
—1262 (2H, 1w = 19Hz, CH,)
—11.8 (9H, 1w = 16 Hz, Me)
[U(CH, PhXOEt{HB(pz),), 32.7 7.0 0.0 -16.9 162.0 (2H, 1w = 19Hz, CH,)
61.13 (3H, tw = 16 Hz, Me)
(6H) (6H) (6H) CH) —155.9 (2H, 1w = 19Hz, CH,)

—10.0 (2H. 1w = 16 Hz, 0-H)
5.9 (2H, 1w = 16 Hz, m-H)
7.7 (1H, 1w = 16 Hz, p-H)

* The chemical shifts are in ppm from TMS; downfield shifts are positive;

[11], redistribution between dialkyl and dichloride com-
plexes can be an alternative route to prepare chloro
alkyl derivatives, and with the compounds
[UC1,(CsMes),] and [UR,(CsMes),] (R=CH, and
CH,SiMe,) it was found that the rate of redistribution
was considerably faster for R=CH, than for R =
CH,SiMe,. With the stabilizing ligands hydro(tri-
spyrazolyl)borate this alternative route was also tried to
prepare compounds 2 and 3. Although with a slow rate,
the reaction between 1 and 5 proceeds and 2 can be
isolated in 60% yield (Eq. (2)). However, between 1
and 6 no redistribution is observed. These results indi-
cate that the intermolecular alkyl transfer is more diffi-
cult in the system [UX,{HB(pz),},] (X =Cl, R) than
with the cyclopentadienyl derivatives. In this case the
steric bulk of the {HB(pz),}~ (2.90) compared to
(C5Me;)~ (2.49) may play a determining role [39].

[UClz{HB(PZ)B}z] + [U(Me)z{HB(PZ)3}2]

toluene
=" 2[UCH(Me) {HB(pz),}.] (2)
r.t., 7 days 2

3.2. Reactions with protic substrates

In an exploratory study we evaluated the reactivity of
2—-6 with pyrazole and with several alcohols, namely
ethanol, isopropanol, tert-butanol and guaiacol. 2, 3 and
4 react with pyrazole and with alcohols in 1:1 molar

all the spectra were run in toluene-dg.

ratio leading to [UCI(pz){HB(pz),},] (7) and
[UCIOR)HB(pz),},] respectively. When the same
compounds react with excess of pyrazole or alcohols,
only 7 is formed in the reaction with pyrazole, but a
mixture of species [UCI(OR){HB(pz);},] and
[U(OR),{HB(p2),},] is obtained in the reactions with
alcohols. This is not unexpected, as we observed that
[UC1,{HB(pz),},] reacts with ROH but not with Hpz.

5 and 6 react in the 1:2 molar ratio with the same
substrates leading to [U(pz),{HB(pz);},] (8) or
[U(OR),{HB(pz),},] respectively. When § or 6 react
with alcohols in 1:1 molar ratio the "H NMR spectrum
of the crude reaction shows resonances due to unreacted
bisalkyl (5 or 6) in addition to the species
[U(OR),{HB(pz),},], which is an indication that this is
not a convenient process to prepare species of the type
[UR(OR){HB(pz),},]. Protolysis of actinide-to-carbon o
bonds by alcohols is a process which has precedent in
the literature, namely with the analogous
[UMe,(C;Me;), ] [11]. However, for this system it was
possible to detect the intermediate alkoxy alkyl com-
pound when bulky alcohols, such as tert-butyl, were
used. Cleavage of the uranium-
hydro(trispyrazolyl)borate bonds was not observed,
which is a difference relative to compounds with cy-
clopentadienyls, that in certain conditions are not spec-
tator ligands [11,40]. Bispentamethylcyclopentadienyl
pyrazolate derivatives, [U(pz),(Cs;Mes),] and
[UCI(pz)(CsMes), ], have also been synthesized, al-
though prepared by a different method [41].
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The driving force for these reactions is undoubtedly
the formation of strong U-O and U~N bonds. Thermo-
chemical studies realized for uranium compounds con-
taining a poly(pyrazolyl)borate ligand indicated that the
cleavage of U-C bonds by alcohols was very exother-
mic, and the bond disruption energies found were, as
expected, in the order D(U-O) > D(U-CI) > D(U-N)
> D(U-g-C) [42]. The mechanism that has been sug-
gested for these reactions involves coordination of the
oxygen or nitrogen lone pair to the metal, followed by a
four centre elimination of the alkane.

Some of the compounds formed by protolysis were
characterized only by 'H NMR by comparying the
spectra obtained with the spectra of samples obtained on
a preparative scale [43,44]. However, the new com-
pounds 7 (Eq. (3)), 8 (Eq. (4)) and 9 (Eq. (5)) were
isolated and characterized by the conventional methods,
including X-ray crystallography for 9 (Section 2 and
vide infra).

toluene

[UCI(C¢H,-0-CH,NMe, ){HB(pz),},] + Hpz —
4 T.t.

[UCl(pz){H7B(pz)3}2] +C,H,0-CH,NMe, (3)

toluene

[U(Me)z{HSB (pz)3}2] + 2Hpz -

|U(p){ 1B (p2)s) | + 20H, (4

lue
[U(Me)z{ HB (pz)3} ] + 2HOC(H,-0-OMe —
5 2

r.t

[U(OC6H4‘0‘OMC)2{HB(PZ)3}2] +2CH, (5)
9
7, 8 and 9 are green complexes all soluble in chlori-
nated solvents and 9 is also very soluble in aromatic and
aliphatic solvents.

3.3. Reactions with acetone

Compounds 2 and 5 react with stoichiometric amounts
of acetone yielding the alkoxides [UCI(O'Bu)-
{HB(pz),},] [44] and [U(O'Bu),{HB(pz),},] [44], due to
the insertion of the acetone into the metal carbon bonds.
These very fast reactions were studied by 'H NMR
spectroscopy, and the alkoxides were characterized by
comparison with the 'H NMR of samples obtained on a
preparative scale [44]. The same type of insertion is
observed when acetone reacts with 6, but it has to be
used in excess and the alkoxide [U(OCMe,CH,-
SiMe,),{HB(pz),},] (10) is obtained in a relatively low
yield (44%).

When the chlorohydrocarbyls 2, 3 and 4 react with
excess acetone we observed quantitative liberation of
the respective alkane and the formation of one green
complex that we suggest to be the aldolate derivative

[UCl(OC(Me)ZCH C(=0)Me){HB(pz),},] (11), based
on the IR and 'H NMR. Further evidence for the
formation of 11 was obtained as this compound gives
the same IR and '"H NMR spectra as those obtained by
reacting 4 with 4-hydroxy-4-methyl-2-pentanone.

Compound 3 does not react with stoichiometric
amount of acetone and using the molar ratio 1:2 we
always obtained a mixture of 11 with another
uranium(I'V) species that we concluded to be the prod-
uct of the insertion of acetone,
[UCKOCMe,CH, SiMe; ){HB(pz),},] (12). The charac-
terization of 12 was made by comparison with the 'H
NMR of a sample obtained on a preparative scale, in
one step synthesis by reacting 1 with Me,CO and
LiCH, SiMe,.

toluene

[UCIZ{ HB (pZ)3}2] +Me,CO + LiCH, SiMe, =

[UCI(OCMe,CH,SiMe, ) {HB(pz),},]| + LiCl  (6)

12

10, 11 and 12 were characterized by IR, elemental
analysis and 'H NMR spectroscopy. A single crystal of
12, obtained by recrystallization of a mixture of 11 and
12 from toluene/hexane, was measured. Although
diffracting too weakly to provide sufficient data for
satisfactory refinement of the structure, it was possible
to establish the connections of the atoms in the molecule.
[compound [UCI(OC(Me,)CH, SiMe, {HB(pz),},] (12)
crystallizes in the monoclinic space group P2,/a with
cell parameters a = 15. 778(2) A, b = 25. 922(5)A c=
17.038(3) A, B =101.21(3)°, V = 6836(3) A*; Z=8.]

Insertion of ketones into metal-carbon ¢ bonds,
with formation of metal alkoxides, is a common process
for d- and f-transition elements, with several precedents
in the literature [11,45]. Aldol condensation of ketones
is not so common and, to the best of our knowledge, for
f-elements it has been observed only for a reduced
number of complexes: [(CsMes),Th(Cl)-
Ru(C Me,XCO),] [46], [Ln{CH(SiMe,),}(CsMe;),]
[47] and [UC1,{CH ,(SiMe,)}{HB(3,5-Me, pz),}1[48]. To
explain the result Teuben and coworkers [47] considered
the formation of an enolate intermediate by a-CH bond
activation and coordination of a second molecule of
acetone followed by C—C coupling. By contrast, Marks
and coworkers [46] considered CH bond activation of
the substrate, formation of a o-hydrocarbyl and inser-
tion of a second molecule of acetone into the metal
carbon bond. In our case the reactions are very fast and
no intermediates could be detected, it being difficult to
discriminate between the two hypotheses which have
been proposed [46,47]. However, all the chemistry that
we have been doing with compounds containing the
moiety ‘(U{HB(pz),},]’ seems to indicate higher stabil-
ity for M—O than for M-C bonds. Reactions of ketones
with the U(IID) {UCL1,{HB(3,5-Me, pz),},} lead also to
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aldolate derivatives, which seems to indicate that the
high Lewis acidity of the uranium centre is important in
this type of reaction [48].

As referred to above, 2 reacts with acetone yielding
either [UCIO'Bu)}{HB(pz),},] or 11. However, a mix-
ture of both can also be obtained depending on the
stoichiometry of the reagents. During the recrystalliza-
tion of such a mixture, some crystals suitable for X-ray
crystallographic analysis were obtained, and identified
as [UCI(HpZ)(OtBu){(;L-O)B(;L-pz)(pz)z}]2 (13). Com-
pound 13 is a dimer with modified poly(pyrazolyl)borate
ligands (vide infra). The reduced amount of the green
crystals obtained as well as their insolubility in toluene,
benzene and chloroform, prevented us from performing
any other analysis.

Although being generally assumed that poly(pyrazo-
lyDborate ligands represent an inert group, several ex-
amples are known in which these ligands themselves
undergo reactions. These reactions may involve differ-
ent degrees of ligand degradation, such as: deborona-
tion, displacement of one pyrazole ring, attack of the
hydrogen atom bound to the boron by electron rich
groups, and boratropic rearrangements for the ligands
with bulky groups in the pyrazole rings [29,30,49].

It is difficult to establish the mechanism responsible
for the formation of 13, as this was the only compound
identified in a reaction where certainly other species are
formed. However, no other uranium containing com-
pounds were found in the supernatant solution, which
can indicate that the moiety ‘U—CIO'Bu’ is more stable
than ‘U-CH{OC(Me),CH,C(=0)Me)’. Assuming this,
we may consider that the aldolate is released into the
solution, due to decomposition of 11, and may promote,
as referred to by MacCleverty and coworkers [49], by
an intermolecular process the deboronation of one
{HB(pz),} coordinated to the moiety ‘U-CIO'Bu’.
Whether the attack of the B~H bond of the (HB(pz),}
which remains coordinated to the U is performed during
the same process or by some residual humidity during
recrystallization is not certain. The unsaturation of the
coordination sphere of the uranium, when only one
poly(pyrazolylborate is coordinate, is certainly respon-
sible for the dimerization and for the coordination of an
additional pzH, which exists in solution due to ligand
deboronation.

3.4. IR spectra

All the uranium(IV) compounds present in the IR
bands characteristic of the poly(pyrazolyl)borate lig-
ands, namely the v(B—H) stretching band that appeared
between 2440 and 2480cm~'. The complexity of the
spectrum of the {HB(pz),} ligands does not allow us to
identify unambiguously any band due to metal carbon,
metal oxygen or metal nitrogen bonds. However, in the
IR of 11 a strong absorption band at 1705cm ™" could

be clearly observed, which was assigned to »(C=0).
This band is shifted by 7cm™' relative to the corre-
sponding stretching band in the free acetone, which
appears at 1712cm ', The relatively small shift to low
energies is certainly an indication that this group is not
coordinated to the uranium centre. So far, all the com-
pounds isolated with the moiety ‘U{HB(pz),},” are al-
ways eight-coordinate. Solid state structures as well as
variable temperature 'H NMR studies indicate that there
is a large steric crowding around the uranium centre,
with no additional position available for coordination of
the C=0. The less sterically saturated compound
[UC1,{CH,(SiMe;)}{HB(3,5-Me, pz),}] reacts also with
ketones leading to aldolate derivatives [48]. In this case
a much larger shift to low energy was observed in the
v(C=0) relative to the free acetone (Av=52cm™!),
and this was considered to be due to the coordination of
the C=0 group to the uranium. The complexes contain-
ing the moiety ‘U{HB(3,5-Me,pz),}’ can be stabilized
with coordination numbers of six or seven, depending
on the steric bulk of the co-ligands [50], so such a
coordination was not unexpected. This bidentate coordi-
nation of the aldolate was later confirmed by thermo-
chemical studies, which indicate a uranium-oxygen
bond dissociation enthalpy 20kJ mol~' higher than the
D(U-0) values observed for alkoxide derivatives [51].
For the complex [Ce{OC(Me),CH,C(=0)Me}-
(CsMe,),] [47] the bidentate coordination of the aldol
was confirmed by X-ray structural analysis and a de-
crease of 60cm ™" in the »(C=0) was also observed.

3.5. '"H NMR spectra

In Tables 4 and 5 are presented the ' H NMR data for
2-12 as well as for the mixed alkoxy-—alkyl derivatives,
which were only analysed by NMR spectroscopy.

Compounds 2, 3, 5, 6, 7-9, 11 and 12 present only
one set of resonances for the protons of the pyrazolyl
rings, and one multiplet for the B-H protons. This is
the pattern normally found in uranium complexes con-
taining the moiety ‘{U{HB(pz),},]’, in which the bulki-
ness of the co-ligands is not enough to slow down the
dynamic process responsible for their fluxional be-
haviour in solution [50]. The chemical shifts of the
resonances due to the H(3), H(4), H(5) and B-H pro-
tons are comparable to the chemical shifts of the corre-
sponding protons in other compounds previously de-
scribed with U-O, U-N and U-S bonds [43,52]. The
resonances of the co-ligands all appear at low field, and
for the chlorohydrocarbyls or chloroalkoxides they are
shifted to lower field than the corresponding resonances
in the bisthydrocarbyl) or bis(alkoxide) derivatives.
From the data presented in Table 4, an interesting
feature is the dramatic change in the chemical shifts
suffered by the protons of the alkyl groups when a
chloride ligand is replaced by an alkoxide. [The prepara-
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Table 5
"H NMR data at room temperature *

233

Complex {HB(pz),} Other resonances
H(3) H(4) H(5) (B-H)
[UCKpz{HB(pz);},] (7 20.1 6.8 33 —8.7 57.9 (2H, H(3), H(5))
(6H) (6H) (6H) (2H) 48.7 (1H, H(4))
[U(pz),{HB(pz),},]1 (8) 227 6.1 0.7 —15.4 29.4 (4H, H(3), H(5))
(6H) (6H) (6H) (CH) 26.8 (2H, H(4))
[U(OC ¢ H,-0-OMe),{HB(pz),},1(9) 27.7 6.4 -02 ~14.6 1.9 (6H, Me)
242 (2H, d, J = 8Hz, o-H)
(6H) (6H) (6H) (2H) 142 (2H, t, J = 8 Hz, m-H)
132 (2H, d, J = 5Hz, m-H)
11.7 (2H, t, J = 8Hz, p-H)
[U{OC(Me),CH, SiMe-},{HB(pz),},1 (10) —13.6 15.9 (12H, Me)
16.1 (4H, CH,)
(CH) 3.3 (18H)
[UCH{OC(Me),CH,C(=0)MeHKHB(pz),},] (11) 26.7 -02 -179 75.3 (2H, CH,)
70.9 (6H, Me)
(6H) (6H) (6H) (H) 15.8 (3H, Me)
[UCHOC(Me),CH, SiMe, HHB(pz),},]1 (12) 27.1 -02 ~18.0 76.5 (2H, CH,)
72.5 (6H, Me)
(6H) (6H) (6H) H) 16.4 (SH, Me)

* The chemical shifts are in ppm from TMS; downfield shifts are positive; s = singlet, t = triplet; d = doublet; all the spectra were run in

toluene-dy.

tion of the mixed compound
[U(CH, Ph)(OEt){(HB(pz),},] was undertaken to verify
if the reduction of the uranium could be prevented. As
the '"H NMR was very different from the usual in this
family of complexes, we tried to verify what will
happen with analogous compounds with other alkyl
groups, which do not promote reduction.] This trend is
very significant for the protons of the carbon directly
coordinated to the metal and is attenuated for the pro-
tons which are farthest from the uranium. Considering
[U(Me)(OE){HB(pz),},] and [UCI(Me){HB(pz).},] we
found Aé=338ppm for the protons of the methyl
groups, and this value is comparable to the one found
for the CH, protons in [UCKCH,SiMe,{HB(pz),},]
and [U(CH,SiMe,)(OEY){HB(pz),},]. For the benzyl
derivative we did not stabilize the chloride complex, but
the chemical shift of the CH, protons in
[U(CH,Ph)(OEt)(HB(pz),},] compares to the values
found in the other mixed complexes. It is generally
accepted that the large paramagnetic chemical shifts in
uranium complexes reflect, in general, both dipolar and
contact effects [53]. The relative contribution of these
effects would probably help in the understanding of the
above described results. However, the low symmetry of
this family of eight-coordinate compounds as well as
their fluxional behaviour in solution do not allow such
type of analysis.

In 4 the bulkiness of the hydrocarbyl C.H ,-o-
CH,NMe, and the large steric crowding around the
uranium is responsible for the pattern of the 'H NMR
spectrum at 300K: three broad resonances at —15.9
(6H), 30.8 (2H) and —5.6ppm (2H) due to NMe,,

CH,, and B-H protons respectively. This spectrum was
indicative of a dynamic process slow in the '"H NMR
time scale [50]. By lowering the temperature a static
spectrum at 220K was obtained which was compatible
with the C, symmetry expected for 4: 20 resonances for
the protons of the poly(pyrazoly)borate ligands, two
resonances for the NMe, group, two resonances for the
diastereotopic CH, protons, and four resonances for the
protons of the phenyl ring (see Section 2). From the
splitting of the B~H protons of the {HB(pz),} ligands,
the activation energy for the dynamic process normally
presented by the compounds containing the moiety
‘U{HB(pz),},” was calculated at the coalescence tem-
perature to be AG* =48 + 2kJmol ™' (( B—H) protons:
8, =-398X10°T'+9.73; §,=-790%x10°T"!
+ 894, T.=270K, Av=1466Hz) [54]. The reso-
nances of the methyl groups of the alkyl ligand, which
are magnetically equivalent at room temperature, coa-
lesce at 275K and give rise to two signals in a 1:1
intensity ratio, which follow an approximate Curie rela-
tionship. Based on these two resonances and by extrapo-
lation of the data we found at the coalescence tempera-
ture AG* =46 + 3kJmol™' (T, =275K, Av=
1205Hz, &, = —041 X 10°T"' —7.88; §,= —14.30
X 10°T~'+25.42). The similarity of the AG*

calculated by the standard coalescence point formalism
from the coalescence of the methyl groups of the NMe,
or of the protons coordinated to the boron suggests that
we are probably dealing with the same dynamic pro-
cess. The o-(dimethylamine)methylphenyl ligand can
chelate to the metal centre with formation of a five-
membered metallocyclic ring [55-57]. Assuming such a
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bond in 4, in solution a breaking of the U-N donor
bond, followed by rotation around the CH,-NMe, axis
and a remaking of the U-N donor bond could be
responsible for the magnetic equivalence at 300K of the
two diastereotopic methyl groups and methylenic pro-
tons. As discussed in this work for the aldolate deriva-
tive (see above), the formation of a U-N donor bond is
unexpected in this family of complexes. So, restricted
rotation of the alkyl group and interconversion of the
common eight-coordinate polyhedra (SAP, DD, BCTP)
may be responsible for the solution behaviour [50].
When this process is fast on the "H NMR time scale the
splitting observed for the protons of the
poly(pyrazoly)borate ligands shows an apparent high
symmetry, and that can probably also account for the
equivalence of the diastereotopic groups of the alkyl.
When a static spectrum is obtained we have for the
protons of the pyrazolyl ligands a pattern consistent
with a C, symmetry, with no symmetry plane passing
through the nitrogen and carbon atoms of the alkyl
group. Further evidence for considering this process is
the value of the activation energy found, that can be
compared with the AG™(T,) values for identical pro-
cesses in complexes of the type [UCIX{HB(pz),},] (X
= NEt,; 3,5-Me, pz; 2,4,6-Me,OC¢H,) [50].

As can be seen in Table 5, for 7 and 8 only two
resonances were observed for the protons of the pyrazo-
late ligands. For these compounds variable temperature
"H NMR studies indicate that the line shape of the
resonances due to the protons of the
poly(pyrazolyl)borate ligands is temperature indepen-
dent and the chemical shifts follow an approximate
Curie relationship. However, the resonances due to the
protons of the pyrazolate ligands broaden and collapse,
and for 8 it was possible to observe the splitting of the
resonance attributed to the H(3) and H(5) into two
resonances of equal intensity. This was indicative of
fluxional behaviour and the activation energy at the
coalescence temperature was AG™ =42 + 3kJmol ™.
This process may not be related to interconversion
between eight-coordinate polyhedra, as we did not ob-
serve any alteration in the pattern of the protons of the
poly(pyrazolyDborates. We think that it can be related
either with hindered rotation of the pyrazolate ligands or
with an intramolecular exchange process between the
two nitrogen atoms. The activation energy for this
process must be lower for the less congested complex 7,
s0 no static spectrum could be obtained. Based on the
static spectrum we cannot say if the pyrazolate ligands
in 8 are mono- or bidentate, as the splitting for the
protons of these ligands would be the same in any of
these situations. We must mention that X-ray crystallo-
graphic analysis for [U(pz),(Cs;Me;),] and
[UCI(pzXC;Me,),] indicated a bidentate coordination
for the pyrazolate ligands [41]. For 9 the pattern of the
spectrum did not change with the temperature, indicat-

ing that the presence of the OMe group in the ortho
position did not slow down the dynamic process nor-
mally presented by this family of compounds.

In compound 10 the bulkiness of the two alkoxide
ligands coordinated to the uranium is also responsible
for the 'H NMR spectrum obtained at 300K: only three
resonances, due to the alkoxide groups at 16.1 (4H,
CH,), 15.9 (12H, Me) and at 3.3ppm (18H, SiMe;)
and only one resonance at — 13.6 ppm for the protons of
the poly(pyrazoly)borate. The static spectrum obtained
at 220K was consistent with a C, symmetry: ten reso-
nances for the protons of the {HB(pz),}, two resonances
for the CH, group, two for the Me groups and only one
for the SiMe,. Based on the splitting of the di-
astereotopic CH, and Me groups, the activation energy
was found to be at the coalescence temperature AG* =
55+ 7kImol~" (CH,: T.= 295K, Av=488Hz, 8§, =
255%10°T 1 +981, 8,=—-177x10°T™" +6.37,
Me: T,=283K, Av=165Hz, § =1.99X10°T~' +
10.37, 8, =1.40 x 10> T~ ' + 10.39).

3.6. Solid-state and molecular structures

3.6.1. [U(OCzH -0-OMe),{HB(pz),],]1 (9)

The ORTEP drawing of the molecule is shown in Fig.
1 and selected bond distances and angles are listed in
Table 6. The structure consists of discrete molecules in
which the uranium atom is eight-coordinate in a dis-
torted square antiprismatic (SAP) geometry (Fig. 2).
Both ‘square’ faces, O(1)-N(2)-N(4)-N(6) and O(2)-
N(1)-N(3)-N(5) are quite folded, with dihedral angles
of 8.4 and 9.7°, which led to distortion of the SAP along
the geometric pathway towards the dodecahedron (DD).
Distorted SAP — DD geometries have been observed in
a few structures of poly(pyrazolyl) complexes,

Ve L
b

c21 cn

Fig. 1. ORTEP view of 9.
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[UX,{HB(pz),}, ], in which the two ligands X are simi-
lar, namely the structures of [U(S'Pr),{HB(pz),},] and
[Th(OC¢H,),{HB(pz),},] [17,52].

The U-O bond distances and the U-O-C bond
angles are similar (2.124(6), 2.110(6) A and 168(1),
170(1)° respectively). These very short U-O bonds and
the almost linear U-O-C bond angles are comparable
with the distance and bond angle previously found in
[UCKOC¢H){HB(pz),},] (2.076(12) A, 165(1)°) [43]
and provide some evidence of w-bonding between U
and O. These values also compare with the U-O bond
lengths and U-O-C angles found in
[UCKO'Bu){HB(pz),},]1 (2.032(5) A, 165(1)°) [43] in
[UX(OEt{HB(pz),},] (X=CI, I: 2.028(9A, 171(1)°
and 2.027(9) A, 172(1)°) [18] and in the alkoxides
[U(BH,),{OC('Bu),(THF)] (U-0, 1.97(1)A and U-
0-C_178.6(3)°) and [UBH,{OC(Bu);};] (U-0O,,
2.07A and U-O-C,, 170°) [9], in which strong m-
bonding between the U and O atoms has also been
suggested.

Taking into account the difference of 0.05 A between
the ionic radius of uranium(IV) and thorium(IV), a
comparison with the structure of
[Th(OC¢H,),{HB(pz),},] [17] shows similar An-O
bond length (av. 2.177(6) A). The Th-O—C bond angle
of 171.2° is also almost linear,

The U-N bond distances range from 2.553(8) to
2.649(8) A, with a mean value of 2.59(4) A, in the range

Table 6 .
Selected bond lengths (A) and bond angles (deg) for [U(OC H ,-0-
OMe),{HB(pz),},] (9)

U-0(1) 2.1246 U-0(2) 2.110(6)
U-N(1) 2.575(8) U-N(@4) 2.615(8)
U-N(2) 2.568(8)  U-N(5) 2.587(8)
U-N(3) 2.649(8)  U-N(6) 2.553(8)
o(1)-C(1) 1.345(8)  O(2)-C(14) 1.363(9)
0(3)-C(6) 1.361(10)  O4)-C(19) 1.395(12)
0(3)-C(30) 1.423(14)  O(4)-C(40) 1.345(8)
B-N? 1.53(1) C-Cc*® 1.38(1)
N-N 2 1.364(3) N-C* 1.341(6)
c-c?® 1.39(2)

0O(1)-U-0(2) 89.4(3)  N(4)-U-N(5) 72.7(3)
O(1)-U-N(1) 88.0(3)  N(4)-U-N(6) 70.1(3)
0(1)-U-N(2) 73.5(3)  N(5)-U-N(6) 71.4(3)
O(1)-U-N(4) 110.03)  N(1)-U-N(5) 118.4(3)
0(1)-U-N(6) 742(3)  N(Q2)-U-N(@4) 73.7(3)
0(2)-U-N(1) 73.7(3)  N(2)-U-N(6) 118.2(3)
0(2)~-U-N(@3) 108.4(3)  N(3)-U-N(4) 72.5(3)
0(2)-U-N(5) 742(3)  N(3)-U-N(5) 73.5(3)
0(2)-U-N(6) 88.8(3) U-0O(1)-C(1) 168.3(4)
N(1)-U-N(2) 71.(3)  U-0(2)-C(14) 170.0(4)
N(1)-U=N(3) 69.03)  C(6)-0(3)-C(30) 117.8(9)
N(2)-U-N(3) 735(3)  C(19)-0(4)-C(40) 117.8(8)
N-B-N® 10%1) C-Cc-Cc® 120(2)

? Mean value for the pyrazolyl rings.
® Mean value for the phenyl rings.

Fig. 2. SAP coordination polyhedron of 9.

of values observed in the eight-coordinate poly(pyra-
zoly)borate uranium complexes [50].

The O-U-O bond angle of 89.4(3)° is comparable
with the value of 89.6(3)° found in
[Th(OC¢H;),{HB(pz),},], but is larger than the value of
86.2(5)° observed for the Cl-U-O bond angle in
[UCKOC ¢H ;){HB(pz),},] [43], reflecting the larger size
of two phenoxide ligands in 9. In the phenoxide ligands,
the terminal methoxide groups have similar O-CH;
bond lengths and C—-Q—CH bond angles (1.42(1) A for
0(3)-C(30), 1.40(1) A for O(4)—C(40) and 118(1)° for
C(6)-0(3)-C(30) and C(9)-0(4)-C(40)). The phenox-
ide rings are approximately planar, making a dihedral
angle of 46.7(3)°.

The dimensions of the {HB(pz),} ligands are normal
and compare well with the values found in other
poly(pyrazolyl)borate uranium complexes. The N-U-N
angles average 71(2)°. The pyrazolyl rings are approxi-
mately planar.

3.6.2. [UCUHp(O' Bu){( u-O)B( u-pz)pz), 11, (13)

The structure consists of centrosymmetric dimers, in
which the U,O, ring is planar with asymmetrically
bridging oxygen atoms. The polypyrazolylborate ligand
(in which the hydrogen was replaced by an oxygen) is
bidentate, with the uncoordinated pyrazole group bridg-
ing the symmetrically equivalent uranium atom. The
uranium atoms are separated by 3.937(1) A.

Fig. 3 shows an ORTEP drawing of the dimer and
Table 7 shows selected bond distances and angles. The
uranium atom is eight-coordinate and displays distorted
dodecahedral geometry (DD), as shown in Fig. 4. In
terms of a regular MA B, dodecahedron, the N(1),
N(2), N(3) and O(1) atoms occupy the A sites while
the N(4), Cl, O(2) and O(1) atoms occupy the B sites.
The DD geometry may be characterized by two orthog-
onal A,B, trapezoidal planes (the ¢ values for the
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Fig. 3. orTEP view of 13.

planarity of the two orthogonal trapezoids average 1.2°,
compared with zero for a regular DD polyhedron) [58].
Least-squares calculations on the U, N(4), CI, N(1),
N(2) plane show the large displacement of 0. 016 A from
the plane for the N(2) atom, while for the plane U,
0(2), N(3Y, O(1Y, O(1), the largest displacements from

Table 7 .
Selected bond lengths (A) and bond angles (deg) for
[UCI(Hpz)(O'BuXju-O)B(u-pzXpz), ], (13)

U-Cl 2.740(3)  N@41)-C41) 1.33(2)
U-0(1) 2.355(8)  C(41)-C(42) 1.37(2)
U-0(1)’ 2.290(9)  C(42)-C(43) 1.38(2)
U-0(2) 2.045(9)  O(2)-C(2) 1.45(2)
U-N(1) 2.663(10)  C(2)-C1D) 1.45(3)
U-N(2) 261511 CQ)-C(212) 1.47(3)
U-N(3) 2.597(10)  C(2)-C(213) 1.49(2)
U-N(4) 2.581(10) C-C* 1.37(3)
0(1)-B 1412) N-C? 1.34(3)
N(4)-N(41) 132(2) N-N°? 1.36(2)
N(4)-C(43) 1.34(2) B-N? 1.54(2)
C1-U-0(1) 99.02)  O(1) -U-N(@3) 65.2(3)
C1-U-0Q1)’ 84.93)  0'(1)-U-N(4)’ 78.6(4)
Cl-U-0(2) 93.0(3)  0O(2)-U-N(1) 89.2(4)
Cl-U-N(1) 72.1(3)  O(2)-U-N(©2) 87.1(4)
Cl-U-N(2) 141.82)  O(2)-U-NQ3)’ 83.1(4)
CI-U-N@() 76.9(3)  O(2)-U-N(4) 87.7(4)
Cl-U-N(@4) 149.4(3)  N(1)-U-N(2) 69.8(4)
o(D-U-0(1)' 64.13)  N(1)-U-NQ@3)’ 147.5(4)
o()-U-0(2) 147.2(3)  N(1)-U=N(4) 138.6(4)
O(1)-U-N(1) 66.1(3) N(Q2)-U-N@3)’ 140.7(4)
0(1)-U-N(2) 64.93)  N(2)-U-N@&) 68.8(4)
0O(1)-U-N@3)' 129.3(3)  N(3)'-U-N(4) 72.8(4)
O(1)-U-N®) 96.7(3)  B-0(1)-U 114.9(8)
o(1)’ ~-U-0(2) 14793)  B-0(1)-U' 129.0(8)
O(1)' ~U-N(1) 120.0(3) U-0(2)-C(2) 169.8(9)
O(1)'—U-N(2) 113.9(4) N-B-N? 110(3)

Mean value for the pyrazolyl rings.
® The prime label refers to the symmetry equivalent atom at — x +
L—y,—-z

Fig. 4. DD coordination polyhedron of 13.

the plane are 0.063 and 0.040 A for U and O(2) atoms
respectively. Significant distortions from the idealized
geometry are observed, mainly due to the geometric
constraints imposed by the dimeric nature of the struc-
ture (short intramolecular distances of 2.463 and 2.647 A
for O(1) - - - O(1) and O(1) - - - N(3) respectively) and
also due to the steric hindrance imposed by the different
ligands around the metal centre.

In the U,0, ring, the U-O bond distance is slightly
longer than the U-0O’ distance (2.355(8) and 2.290(9) A
respectively). The U—Cl bond distance of 2.740(3) A is
at the high end of the range found in previously deter-
mined eight-coordinate polypyrazolylborate uranium
complexes (range: av. 2.628(8)-2.697(2) A in
[UCL,{HB(p2),},] and [UCKO'Bu}HB(pz),},]) [50],
certainly due to the large steric requirement imposed by
the dimeric nature of the compound.

The U-N bond distance ranges from 2.60(1) to
2.66(1) A, with a mean value of 2. 62(1) A, slightly
longer than the value of 2.58(1) A found in the U-N(4)
bond length of the coordinate pyrazole.

The closest analogy is the dimeric structure of
[UCH{H(j.-H)B(3,5-Me, pz), {H(1.-O)B(3,5-Me, p2), }1,
[30], formed during the recrystallization of
[UC1,{H,B(3,5-Me, pz),},1 [30] in which a (UO), ring
is also present. The coordination geometry at each
uranium is described as SAP — DD. As expected the
O-U-O' and U-O-U" angles observed in this structure
are respectively greater and smaller than the correspond-
ing values observed in 13 (66.5(2) and 113.4(2)° com-
pared with 64.1(3) and 116.0(3)°). The molecular struc-
ture of 13 is rather unusual since the bridging pyrazole
group of the ligand appears to be structurally unprece-
dented among structures involving the {HB(pz),} ligand.
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Cp™2 ucp®; U U(HBpzs), (HBpz:)2

Fig. 5. Interaction diagram for the ML, fragment.

3.7. Molecular orbital calculations

A different behaviour in the stabilization of hydro-
carbyls containing the moieties [U{HB(pz),},]" or
‘{U(CsMe,),]" has been experimentally observed and
discussed in detail above. In order to understand the
stereochemical and electronic differences between these
two ligands, extended Hiickel MO calculations were
carried out and the bonding of these two types of
ligands to an actinide metal centre was studied.

2b 2a

Fig. 6. Occupied frontier orbitals of the Cp, fragment.

5a 4b 4a

Fig. 7. Frontier orbitals for the MCp; fragment.

The diagram of Fig. 5 represents how two bent Cp*
rings (left) or two bent HB(pz), ligands (right) interact
with one uranium atom. It can be seen that the Cp ™ is a
better stabilizing ligand, as it gives rise to lower energy
molecular orbitals. The most important metal-ligand
interaction involves the symmetric and antisymmetric
combinations of Cp* e, p orbitals (2a, 2b, 3a and 3b,
Fig. 6) and their higher energy relative to that of the
corresponding orbitals of the HB(pz); allows stronger
interaction with the high energy d and f orbitals of the
metal centre.

When the ML, (L = Cp* or HB(pz),) fragment acts
as an acceptor toward incoming ligands, it uses essen-
tially the 4a, 4b and 5a frontier orbitals (Fig. 7) which
are mainly d in character. Though f orbitals will mix,
their contribution to bonding is very small, in spite of
being unoccupied, owing to their contracted nature.

In the U{HB(pz),}, fragment these three acceptor
orbitals are not the lowest unoccupied orbitals even
when f orbitals are not considered. The LUMO, repre-
sented in the diagram (Fig. 5), is essentially located in
the HB(pz), ligands, so that nucleophilic reagents are
liable to attack them, making reaction at the metal
centre more difficult. The consequence will be the
decomposition of the HB(pz), ligand, which is a well
documented process. On the other hand, the LUMOs of
the UCp, fragment have lower energy than the
U{HB(pz),}, analogues, giving rise to stronger interac-
tions with any incoming ligand and there is no similar
competing reaction.

These two factors, better stabilizing effect of the Cp*
ligand and lower energy LUMOs of the UCp, moiety,
explain the differences in stability of the [UCp, R,]
complexes when compared with the [U{HB(pz);},R,]
analogues.

A second question we want to address is the stability
of the hygdrocarbyls described in this work compared to

Table 8
HOMOs, their character and overlap populations with orbitals of
[U{HB(pz)),] for several R groups in complexes [UCIR{HB(pz)s},]

R Group HOMO energy (eV) % z Character OP

CH, 1175 95 037
CH, SiMe, —-11.37 80 0.30
CH,Ph —11.24 57 0.24
CH,C,H,NMe, —11.15 55 0.23
CH,CMe, —11.06 82 0.33
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the variation in the metal-alkyl bond disruption en-
thalpies experimentally determined for them in some
families of compounds. The R groups studied were,
respectively, CH,, CH,SiMe,, CH,Ph,
CH,C,H,NMe,, and CH,CMe,. We calculated for
each of them the energy of the donor orbital, the
HOMO. In principle, the higher the energy, the stronger
the interaction with the orbitals of [U{HB(pz),},] will
be, on energy grounds. In order to get an indication
about the influence of overlap and considering that the
metal fragment 1s always the same, we calculated the
overlap population between the HOMO and every metal
orbital with which it can overlap in a complex
[U{HB(pz),},RCI]. The p, character of the HOMO is
also given, as a measure of the directionality of the
orbital, z being the U-C axis. These results are col-
lected in Table §.

As discussed earlier, only the derivatives of CH, and
CH, SiMe, were experimentally obtained. The results in
Table 8 indicate that the best donors (higher energy
HOMO) should interact more strongly, but these are
exactly the groups which have not reacted for this
system. The overlap is much better for both CH,,
CH,SiMe,, and CH,CMe; than for the other two
groups, suggesting that this factor is the dominant one
and that the neopentyl derivative should be obtained if
electronic effects only are considered. Though it is
difficult to quantify, the problem here should be a steric
one.

4. Concluding remarks

Using [UC1,{HB(pz),},] (1) as starting material it
was possible to stabilize some chloro and bishydrocar-
byl derivatives, but in some reactions U(III) or unchar-
acterizable species were formed. The difference found
in the stabilization of hydrocarbyls containing the moi-
eties ‘(U{HB(pz),},]" or [U(C;Me;),]’ may be related
with the different stabilizing effect of these ligands, as
well as with the energy of the LUMO of these two
fragments. Extended Hiickel molecular orbital calcula-
tions also confirmed the vulnerability of the {HB(pz),}
in the fragment ‘([U{HB(pz),),]’, as the low energy
LUMO is essentially located in these ligands. The high
reactivity and the polarity of the metal carbon o bond

Table 9

Exponents and parameters for uranium

Orbital - H, (V) & & C, C,
U7s 5.5 1.914

U7p 5.5 1.914

U 6p 30.03 4.033

U 6d 9.19 2.581 1.207  0.7608  0.4126
U 5f 10.62 4943 2,106  0.7844  0.3908

was confirmed in reactions with protic substrates and
with acetone, which allowed the synthesis of several
complexes such as alkoxides, pyrazolates and aldolates.
X-ray crystallographic analysis indicates, as usual,
eight-coordination for the uranium, but as the steric
bulk around the metal increases the coordination geome-
try is on the geometric pathway from SAP to DD.
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Appendix A

All calculations were of the extended Hiickel [59]
type with modified H, ;s [60]. The basis set for the metal
atoms consisted of ns, np, (n— p, (n—1)d, and
(n — 2)f orbitals. The s and p orbitals were described by
single Slater type wave functions, and d and f orbitals
were taken as contracted linear combinations of two
Slater type wave functions. Only s and p orbitals were
used for Cl and Si.

The geometries of the HBpz, fragment were mod-
elled with a perfect C;, symmetry. The pyrazole and
Cp*® rings were taken as regular pentagons. The
(HBpz,),, Cp, , M(HBpz,), and MCp; fragments were
kept in a C, symmetry. The distances (pm) used are as
follows: U-N 255; N-N, N-C and C-C in pz rings
138; B-H 120; C-H 108; C-C in Cp* rings 140; and
C-Me (Cp*) 150. In the MCIR fragment: U-Cl 265;
U-C 245; C-C 150; C-Ph 145; Si-C 185; C-N 147;
and C-C (Ph) 140.

Standard parameters were used for C, H, N, CI and
Si, while those for the uranium atom were obtained by
using a semi-relativistic approach (Table 9) [59].
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