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[UI3(THF),] reacts at room temperature with 2 equiv of KBp®“Me, in toluene, yielding [U{-H(u-H)B(pz:8:Me)-
(pzMeBu)},l] (1). This unprecedented complex, stabilized by two asymmetric heteroscorpionate ligands, is formed
due to an isomerization process promoted in situ by the metal center. To find a general method for preparing this
type of compound, we synthesized the novel asymmetric K[H.B(pz®“M¢)(pz"¢?)], and by a straightforward salt
metathesis with [Ul3(THF)4] the novel bis-asymmetric complex [U{ «3-H(u-H)B(pz®Me)(pzMe2)} ,1] (2) was isolated
and characterized in the solid state and in solution. As indicated by X-ray crystallographic analysis, the U(lll) in 1
and 2 is seven-coordinated by two tridentate asymmetric dihydrobis(pyrazoly)borates and by an iodide. In both
cases, the coordination geometry around the metal is very distorted, the pentagonal bipyramid being the one which
better describes the arrangement of the atoms around the U(lll). An approximate C, axis can be defined in the
solid state, and is maintained in solution as indicated by the 'H NMR spectrum of 1 and 2. In the course of
attempting to crystallize some of the compounds, monocrystals of the dimer [U{ «®-Bp'®"Ve} (HpzBuMe)|(u-1)], (3)
were isolated. In this compound each U(lll) atom is seven-coordinated by one «3-Bp®®Me, by one terminal and by
two bridging iodide ligands, and by a monodentate Hpz®®“Me, exhibiting a distorted 4:3 tetragonal base-trigonal
geometry.

Introduction R = R') and none with asymmetric scorpionate§The main

The interest in poly(pyrazolyl)borates, as complexation "€aSON is the regioselectivity of the reaction between MBH
agents for a broad range of metal ions, has advancegand the 3,5-disubstituted pyrazoles, a limitation for the
considerably over the past few years, specially for larger synthesis of asymmetric scorpionates. During the synthesis
metal ions, such as lanthanides and actinid@ssrom all of this class of ligands, the boremitrogen bond formation
the scorpionate ligands, homoscorpionates (Tp) have beenand'the concerted loss of hydrogen proceeds through the less
the more extensively studiéd? For f elements this choice ~ Sterically encumbered transition state.
was mainly determined by the large size of the metal ions [N the course of our systematic synthgtlc stugy 0_‘; U(lin
and by the extreme steric crowding which can be achieved Complexes with dihydrobis(pyrazolyl) (Bg", Bp“< Bp™?)
with TpRR ligands. The easy manipulation of the 3- or and bis(mercaptoimidazolyl)borates (M[R(H)B(tf),] =
5-substituents of the pyrazolyl rings (R!)Rillows a fine- Bm_Me) we have found that the nature of the compounds and
tuning of the steric and/or electronic properties of this class their structures are not only affected by the bulkiness of the
of ligands, and mono-, bis-, or even tris-Tp type f complexes 3-R substituents, and by the size of the chelate rings around
have been the subjects of extensive stt#lyespite the the metal, but also by the symmetry of the 3-R grotips.

plethora of Tp-based f complexes, very little work has been
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As a result, tris- or mono-Bp and bis-Bihtype U(lII) v(cm1): 2440, 2265%(B—H)). 'H NMR (CDsCN, 21°C): 5.64

complexes have been characterizéd. (1H, s, CH-pz); 5.54 (1H, s, CH-pz); 2.25 (3H, s, Me); 2.20 (3H,
Here we wish to report the first examples of bis- S Me): 2.07 (3H, s, Me); 1.19 (9H, Bu).

asymmetric heteroscorpionate type f complexegifeH (u- Synthesis of [ k®-H,B(pz®:M¢)(pz"e B} 2I] (1). To a slurry

H)B(pzBu:Me) (pzVeBu)} 1] (1) and [U{x3-H(u-H)B(pzBuMe)- of [Ul3(THF)4] (454 mg, 0.5 mmol) in toluene (10 Gnwas slowly

added a suspension of K{B(pz®BuMe),] = Bp'BuMe (326 mg, 1

o .
(p2"*9}21] (2). Complex1 has been obtained due to an mmol) in the same solvent (10 én After stirring overnight, at

lsomerlzatl_on rearrangement of the BYe at the U(lI) . room temperature, the reaction mixture was centrifuged, the
centgr, while comple2 ha§ been prepared by a mgtathe5|s supernatant solution separated, and the solvent was removed under
reaction of [U(THF),] with the novel asymmetric het-  oq,ced pressure. The resultant violet solid was washed several
eroscorpionate K[kB(pz®M¢)(pz"#?)]. The solid-state and  times withn-hexane and vacuum dried, yielding a dark-violet solid.
solution structures of these compounds have been studiedyield: 34% (160 mg, 0.17 mmol). Anal. Calcd forEisB,NglU:

by X-ray crystallography and byH NMR spectroscopy.  C, 40.91; H, 6.01; N, 11.93. Found: C, 39.94; H, 5.83; N, 11.33.
During the attempts to crystallize some of our compounds, IR (Nujol, »(cm™)): 2440, 2270, 2240, 2190, 208@(B—H)).
monocrystals suitable for X-ray crystallography of the UV-—vis (tolueneima/nm): 859 (m), 893 (s), 899 (s), 985 (m),
dimeric complex [ x3-BpBuMe} (HpZBuMe) | (4-1)]  (3) were 1043 (m), 1067 (m), 1103 (w), 1183 (m), 1213 (s), 1255 ().

obtained. The structure & will also be reported herein. NMR (benzeness, 21 °C): 36.39 (2H, s, CH-pz); 15.55 (6H, s,
Me): 14.30 (4H, br, B-H); 0.91 (18H, brBu); —0.63 (18H, br,

Experimental Section tBu); —1.39 (6H, s, Me);~5.27 (2H, s, CH-pz).
Synthesis of [ k3-H,B(pzVe?)(pzBMe)}.I] (2). To a slurry of

General Procedures All preparations and manipulations were [y ,(THF),] (239 mg, 0.264 mmol) in toluene (10 mwas slowly
carried out under inert atmosphere, using standard Schlenk tech-yqded a suspension of KjBI(pzBuMe)(pz2Me3] (150 mg, 0.528

niques and a dry nitro_gep filled glovebox. Tolqene, tetr_ahydro_furan, mmol) in the same solvent (5 @nAfter stirring overnight, at room
andn-hexane were distilled from Na under nitrogen, immediately temperature, a white precipitate was observed in the gray-blue

prior to use, and deoxygenated. Acetonitdigwas distilled from  sojytion. The reaction mixture was centrifuged, the supernatant was
P20s and stored under molecular sieves; benzénand toluene-  separated, and the solvent was removed in a vacuum. The resulting
dg were dried over sodiumbenzophenone. [WTHF),] was blue-green solid was washed withhexane and vacuum dried,
prepared as previously reporté@ihe asymmetric M[LB(pz®¢)- yielding a gray-blue solid. Yield: 68% (154 mg, 0.180 mmol). Anal.
(p2"9] (M = Li, K) ligands were synthesized by a slightly  calcd for GeHauNgBoIU: C, 36.51; H, 5.19; N, 13.10. Found: C,
modification of the procedure described by Parkin elal. 36.83; H, 5.04; N, 12.4. IR (Nujoh,/(cm‘l)): 2450, 2250, 2220,

'H NMR spectra were recorded on a Varian Unity 300 MHz 2190, 2080 %¥(B—H)). UV—vis (toluene Amam): 909 (s), 930
spectrometetH chemical shifts were referenced with the residual (s), 984 (m), 997 (m),1023 (m), 1054 (m), 1064 (m), 1161 (m),
solvent resonances relative to tetramethylsilane. Infrared spectraj1g84 (m), 1207 (m), 1221 (s), 1257 (M NMR (benzeneds, 20
were recorded as Nujol mulls on a Perkin-Elmer 577 spectropho- °C): 35.51 (2H, s, CH-pz); 14.33 (6H, s, Me); 8.88 (4H, br;1B);
tometer. Absorption electronic spectra in toluene solutions were _q 79 (18H, br{Bu); —3.69 (6H, br, Me);—4.90 (2H, s, CH-pz);
recorded on a Cary 2390 Varian spectrometer. Carbon, hydrogen,—7 og (6H, s, Me).
and nitrogen elemeqtal analyses were performed on EA110 CE X-ray Crystallographic Analysis. Black crystals ofl were
Instruments automatic analyzer. _ _ grown from n-hexane and of and 3 from toluene/hexane. The

Synthesis of Li[H,B(pz:")(pz""*?)]. A solution of LiBH, (600 ¢rystals were immersed in Nujol and mounted in thin-walled glass
mg, 27.§2mmol) in THF/toluene (14/16 émas added toamixture  ¢apijlaries, with solvent atmosphere, in a nitrogen-filled glovebox.
of Hpz"**2 (2.62 g, 27.3 mmol) and HE"¢ (3.95 g, 28.6 mmol).  pata were collected, at room temperature on an Enraf-Nonius CAD4
The mixture was stirred overnight at room temperature. The solvent gitractometer with graphite-monochromatized MaxKadiation
was removed in a vacuum; toluene (20%mwas added, and the  ang thew—26 scan technique. Data were correcfeidr Lorentz
resulting mixture was refluxed for 1 day. After evaporation of the 54 polarization effects, for linear decay, and for absorption by
solvent, the crude product was purified by three sucessive recrys-gmpirical corrections based of¥ scans. A summary of the
tallizations using toluene/hexane. The solid obtained was vacuum - ¢rystajiographic data is given in Table 1. The structures were solved
dried and analyzed (2.06 g, 8.19 mmol, 30% yield). IR (Nujol, py patterson methods using SHELXS-86 fand3 and SHELXS-
v(em™)): 2440, 2250¢(B—H)). 'H NMR (CDCN, 21°C): 5.69 97 for 22 and successive difference Fourier techniques and refined
(1H, s, CH-pz), 5.59 (1H, s, CH-p2), 2.23 (3H, s, Me), 2.22 (3H, py fy||l-matrix least squares refinements BAusing SHELXL-93

s, Me), 2.15 (3H, s, Me),1.25 (9H, Bu). (1 and3) and SHELXL-97 ).1314For 1 the six strongest peaks in
Synthesis of K[H,B(pz®®“Me)(pze?)]. A mixture of Li[H,B- the difference Fourier map were introduced as carbon atoms,
(p2¢?)(pz®*4)] (746 mg, 2.96 mmol) and KOAc (581 mg, 2.96  presenting considerable thermal motion, and so they were assumed
mmol) in CHCN (20 cnf) was stirred overnight at 50C. The as atoms of a severely disordered hexane molecule of crystallization.

mixture was centrifuged to separate the solid residues, and theror 3 there is one toluene solvent molecule per formula unit, much
solvent was removed under a vacuum. The product obtained was

washed withn-hexane and dried in a vacuum. The potassium salt 11) Fair, C. K.MOLEN Enraf-Nonius: Delft, The Netherlands, 1990.

of the asymmetric ligand was obtained as a white solid in 62% (12) (a) Sheldrick, G. MSHELXS-86: Program for the Solution of Crystal
yield (520 mg, 1.83 mmol). Anal. Calcd forn@,,BN4K: C, 54.93; Structure University of Gdtingen: Gitingen, Germany, 1986. (b)

. . . . ; Sheldrick, G. M.SHELXS-97: Program for the Solution of Crystal
H,7.80; N, 19.71. Found: C, 54.09; H, 7.16; N, 19.15. IR (Nujol, Structure University of Gdtingen: Gitingen, Germany, 1997.

(13) (a) Sheldrick, G. MSHELXL-93 Program for the Refinement of

(9) Avens, L. R.; Bott, S. G.; Clark, D. L.; Sattelberger, A. P.; Watkin, J. Crystal StructureUniversity of Gdtingen: Gitingen, Germany, 1993.

G.; Zwick, B. D.Inorg. Chem.1994 33, 2248. (b) Sheldrick, G. M.SHELXL-97 Program for the Refinement of

(10) Ghosh, P.; Hascall, T.; Dowling, C.; Parkin &.Chem. Soc., Dalton Crystal StructureUniversity of Gdtingen: Gdtingen, Germany, 1997.
Trans1998 3355. (14) Farrugia, LJ. Appl. Crystallogr.1997, 30, 565.
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Table 1. Crystallographic Data fot, 2 and3

1-CH1a 2 3-2C/Hg
formula Q_>,2H56B2|N8U'C6H14 C26H44Bz|N8U C48H8482|4N12U2'2C7H8
M 1025.57 855.24 2018.82
TIK 293 293 293
crystal size, mm 0.6% 0.45x 0.36 0.42x 0.40x 0.22 0.50x 0.31x 0.27
space system triclinic monoclinic monoclinic
space group P1 P2:/a P2i/c
a A 12.010(1) 17.762(2) 11.050(1)
b, A 14.103(2) 10.2865(10) 20.460(4)
c, A 14.137(2) 19.579(3) 17.361(2)
a, deg 84.07(1) 90 90
B, deg 85.50(1) 110.810(10) 93.42(1)
y, deg 76.96(1) 90 90
V, A3 2316.5(5) 3343.9(7) 3918.0(10)
z 2 4 2
peale, gCNT3 1.470 1.699 1.711
u(Mo Ka), mm?t 4.203 5.805 5.745
no. of refins measd 6567 7081 6376
no. of unique reflns 6288 6878 6148
R12 0.0585 0.0559 0.0988
wR2 0.1217 0.0907 0.1834

aR1 = Y||Fo| — |Fdl/T|Fol and WR2= [J (W(Fo? — FA)AI3 (W(Fo?)3)]Y2 The values were calculated for data with 20(1).

Scheme 1. Synthesis of U(lll) Complexes with Heteroscorpionétes

2

THF

disordered, and so geometrical restraints were imposed to bond
distances. All the non-hydrogen atoms were refined with anisotropic o /B\
thermal motion parameters (except the solvent atoms),irand /
the contributions of the hydrogen atoms were included in calculated %:
positions (except for the solvent ). Atomic scattering factors Bu ,//
and anomalous dispersion terms were taken as in refs 13 and 14. THE
The drawings were made with ORTEP3. ’

I

Z—Z

Results and Discussion
. . . [UI,(THF),]
As we have previously described, BUTHF),] reacts with i

1 equiv of K[H,B(pzZB4M€),] (=Bp®'Me) in THF yielding, "
in relatively high yield, a black crystalline material, which / \N\ A e_</\\('8” MR
has been identified as the mono!Bp'e complex [U «- N ~}\—% ! ﬁgﬁ,,iiIN:N\]\,\,/ :
Bp®BuMe |(THF),].6 The unprecedented stabilization of a W /: N’T Mé )j/ He //N/_{ny.rl ”Me >\jﬂ
mono-BR*R type f complex indicated clearly the steric ' H-B=H" s
demand of Bff“Me, Chemical studies on this system have 01 equi prB .1 THES (i) 2 equi fledB ve 1o
shown that it was possible to replace the two THF molecules ,* () 1 equiv of BEere, i, THE? (if) 2 equiv of BEESHE, 1t, toluene;
by other bulky ligands, such as O, bipyridine, or (i) 2 equiv of K[HB(pzE19(p29), 1, toluene.
HpzBuMe8.15 The molecular structure of these “half-
sandwich” compounds and their dynamic behavior in solution
indicated a metal center relatively unprotected from incoming ) - h
ligands. Therefore, we tried to see whether tw@Bfpcould ~ PYrazolyl rings in a 1:3:9 ratio (benzeme:- 36.39 (1H),
coordinate to the U(lll), studying the reaction of KiBt 15.55 (3H), 0.91 (9H);-0.63 (9H),—1.39 (3H),—5.27 (1H)
(pZB4M9),] with [UI (THF)4] in THF, in the molar ratio 2:1.  PPM), one resonance for the-B protons (14.3 ppm), and
The analysis of the products, by NMR spectroscopy and no THF coordinated to the U(lll) center. This pattern was
X-ray crystallography, showed the presence of free ligand clearly dg‘ferent from the one obtained for the mono&B{fe
together with the previously described mono-Bp complex complex® and the analytl_cal data were consistent with the
[UI o{ k3-BpBuMe} (THF),] (Scheme 1. prestellwlce thFWO B;bR. ligands f(_SchgThe f1). B}[{ x_r?i/h
However, when BF“Me was reacted with [W(THF)g] in crystallographic analysis we confirmed the formation of the
toluene in the 2:1 stoichiometric ratio, a different behavior b@B;va complex .[l'{Ks_H.('u'H)B(pztBu’Me)(pzMe’tBu)}ZI] (1)
was observed. The initial dark blue color of the solution (vide infra), Whlch is the flrsf-ele_ment complex stabilized
gradually disappeared, yielding a dark violet solution and a by two zisymmetrlc heteroscorplonafgé_.
white precipitate of KI. Separation of the supernatant, In the *H NMR sp_ectrum ofl, thg splitting .Of the protons
evaporation of the solvent, and washing of the crude with from the pyrazolyl rings agrees with the solid state structure

n-hexane led to a dark-violet solid, which was analyzed by (vide infra), which indicates an approximat molecular

NMR, elemental analysis, and IR spectroscopy. FhaIMR symmetry. However, the presence of only one resonance for
y P Py the B—H; protons cannot be explained by this symmetry and

indicates the existence of a dynamic process which equili-
brates the two B-H hydrogens in each ligand. The mech-

iii

spectrum of this compound in toluekg-or in benzeneds
exhibits two sets of broad resonances for the protons of the

(15) Maria, L.; Santos, I. Personal communication at 5th FGIPS Meeting
in Inorganic Chemistry, Toulouse, France, 1999.
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anism proposed for this type of equilibrium involves breaking of bands between 2080 and 2220 énThe higher frequency
of the three-center interactions, flipping of the boat-shaped stretching bands, due to tB—H).em, compare well with
six-membered UBB rings, and re-forming of the three-center the values of 2420 and 2440 cffound for v(B—H)em in
interactions on the other adjacent fdéeThis dynamic the complexes [U «3-Bp®uMe(L),], L = THF and OPP}
process was not slowed by lowering the temperature, as therespectively’. However, the group of bands due to the
shape of all the signals remains temperature invariant downbridgingv(B—H)---U in 1 and?2 are slightly shifted to lower
to 193 K. frequencies relative to the corresponding bands in the
To generate a more general class of asymmetri& Bp previously described mono-Bp complexes (222280
U(lll) compounds, it was desirable to find a direct synthetic cm™1).6
process for this class of complexes, such as salt metathesis. Trying to see whether it was possible to stabilize a Lewis
However, as we referred to above, the synthesis of;BfH  base adduct free mono Bp complex, we studied the reaction
(pZ®uMe)(pZ“eBY)] is not possible due to the regioselectivity  of Uls(THF), with 1 equiv of KBpB“Mein toluene. The NMR
of the reaction between MBHand Hp#"Me. To overcome  and IR data of the crude product of this reaction indicate a
this problem we decided to synthesize an asymmetric ligand mixture of species, which could not be identified. Recrys-
with analogous steric demands in the 3-position of the tallization of this material fronm-hexane/toluene led to some
pyrazolyl rings. Our choice was the novel synthetically monocrystals which have been identified, only by X-ray
available M[HB(pz®*M¢)(pz'¢?)] (M = Li, K). The lithium crystallography, as the dimer {W3-H(u-H)B(pz&uMe),} -
salt was obtained by reacting LiBkith equimolar amounts  (HpzBuMe)|(y-1)], (3).
of Hpz®4""® and Hp#'*2in THF/toluene. The conversionto  coming back to compound, the unexpected formation
the potassium salt was made by reaction with KOAC in of this asymmetric complex can only be explained by a
acetonitrile. The use of the potassium salt is quite convenientyaarrangement of the Bjg™e ligand during the course of
because the desired complex can be separated easily frone reaction. Several examples offfpligands undergoing
Kl and salt incorporation is more easily avoidédn fact, rearrangement to R during the preparation of d-transition
by reacting [UYTHF),] with 2 equiv of K[HB(pZ®“™)-  complexes are knowH,and an asymmetric f complex, [Yb-
(p2“*?)], in toluene, a white precipitate of Kl is formed and (TPYSHI(THF) ], has also been recently descrife@he
a gray-blue solution results. Removal of the solvent and jsomerization of Bp ligands is much more rare, and, to the
washing withn-hexane yields the novel complex{{l-H (u- best of our knowledge, the aluminum compléx%H,B-
H)B(pZBuMe)(pZVe2)},l] (2) in 68% vyield (Scheme 1). (pZBUuH)(pZBY)} AI(CH3),] is the only example knowt
Monocrystals suitable for X-ray crystallographic analysis hile a more systematic study of these complexes would
were obtained by recrystallization of the crude product from pe required to clearly identify the factors favoring such
toluene/hexane. ThéH NMR spectrum of2 presents six  rearrangements, it is likely that they are mainly driven by
resonances for the protons of the pyrazolyl rings in the ratio the tendency to reduce intramolecular van der Waals type
1:3:9:3:1:3 and one for the-BH protons (35.51 (2H, H(4)),  repulsions. It is well accepted that this is a sterically driven

14.33 (6H; Me), 8.88 (broad, BH), —0.79 (18H,'Bu), process favored, in some cases, by coordinating solvents and

pattern is analogous to the one obtained fgrbeing
consistent with the approximatéz symmetry found inthe o herature. However, this compound was also obtained, in
solid state (vide infra) and also with a dyngmlc process wh|ch very low yield, during our attempts for replacing the THF
mak_es the two hydrogen atoms of each ligand magneucallyin [U{x-BpBuMa |(THF),] by 1,2-dimethoxyethane (DME).
equivalent.’ 5 BuMe . Several neutral ligands were able to replace THF, namely,
Cosmplexes [L{’KBL'_&E}“'H)%(M M)Al (1) and o RR OPPR, pyridine, or bipyridine, leading to seven-
[U{x 'H(‘“'H)B(,pzt M)(p2"*9)}-l] (2) are quite soluble in ¢, inated complexes with two monodentate or one biden-
common organic solvents such as THF, toluene, and benzengye peytra| ligan@1° By contrast, the DME derivative was

and slightly soluble im-hexane. _ never isolated and the workup of the crude material with
The IR spectra of and2 indicated the presence of agostic n-hexane allowed the identification df in the n-hexane

B—H---U interactions, later confirmed by the solid state g ion. The formation of. during these studies can only

structure of these compounds. Fgrone strong and sharp e eyplained by a redistribution process followed by an

band at 2440 crt and a complex group of medium bands s, merization. In the synthesis dfdescribed in Scheme 1,
between 2080 and 2280 chwere found, while fo2 there

were a strong broad band at 2450 ¢rand a complex group

As described above, we obtaingth toluene and at room

(17) (a) Albinati, A.; Bovens, M.; Ruegger, H.; Venanzi, L. Morg. Chem.
1997, 36, 5991. (b) Rheingold, A.; Liable-Sands, L.; Yap, G,

(16) The preparation a in THF using Li[HB(pzB"Me)(pZe?)] led to a Trofimenko, S.Chem. Commuri996 1233. (c) Darensbourg, D. J.;
solid, which was extracted with toluene and recrystallized from toluene/ Maynard, E. L.; Holtcamp, M. W.; Klausmeyer, K. K.; Reibenspies,
hexane. The analysis of this material, by NMR spectroscopy and J. H.Inorg. Chem.1996 35, 2682. (d) Chisholm, M. H.; Eilerts, N.
elemental analysis, indicated the presence of Li and THF. The pattern W.; Huffman, J. Clnorg. Chem1996 35, 445. (e) Cano, M.; Heras,
for the protons of the pyrazolyl rings is analogous to the one obtained J. V.; Monge, A.; Pinilla, E.; Santamaria, E.; Hinton, H. A.; Jones, C.
for 1, with two more resonances due to THF coordinated, which could J.; McCleverty, J. AJ. Chem. Soc., Dalton Trank995 2281. (f)
not be removed either by recrystallization or by washing witiexane Calabrese, J. C.; Trofimenko, $iorg. Chem.1992 31, 4810. (9)

(*H NMR (tolueneds, ppm): 35.1 (2H), 14.1 (6H), 8.5 (broad; 1), Trofimenko, S.; Calabrese, J. C.; Domaille, P. J.; Thompson, J. S.
3.8 (12H, THF), 1.37 (12H; THF)-0.91 (18H,Bu), —3.26 (6H, Inorg. Chem.1989 28, 1091.
Me), —4.65 (2H, H(4)),—7.03 (6H, Me)). (18) Looney, A.; Parkin, GPolyhedron199Q 9, 265.
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Scheme 2. Possible Pathway for the Isomerization of the Bp Ligands
by a 1,2-Borotropic Shift

R3 R3
R54(YR3 RS‘W q Rs—(\l‘/ q
I N—N, N N/Nz N
NNz ! { /7 H-B-H /. / _.H-B-H
/ ‘H”XU/ L /._\\H"'- U\ / - U-- /
H-8" /] H-8 ./|| NN, —= "] /ll NN,
/ RS Re / I R
T :
1.2—bo_rotropic N/N1 )\l" Nz’N‘\ )‘_.-H B-H
shift /e / ..-H-B-H /_.\H =Sy
wH—U / > -B* /|\N/N
H-B /| N TN \2 .
N7 e W R

the formation of this complex involves only the isomerization

process. The most popular mechanism to explain the isomer-

ization process has been the 1,2-borotropic 3hfft8 This
mechanism consists of the detachment of one pyrazolyl ring
from the metal, migration of the boron from N1 to N2, and
re-coordination of the pz* to the metal’-*8More recently,

another mechanism, the 1,2-metallotropic shift, has also beerfigure 1. ORTEP view of [{x®H(u-H)B(pz®:M)(p2e )} I] (1).

considered and consists of the breaking of one beron
nitrogen bond, the formation of ajf-pyrazolato intermedi-
ate, an N2 to N1 metallotropic rearrangement, and the re-
coordination of the boron to the N2 atom of the pz* ring.
Such a hypothesis was considered when it was found that
the formation ofyp?-pyrazolato d complexes was not that
uncommon and also when an unusual interaction between
the U and one pyrazolyl ring in the complex [U(T3).l]

was described!®@ This complex has been considered as a
possible intermediate in the breaking of the-B bond, an
important issue in the 1,2-metallotropic shift mechanism.
However, more recent work on Sm(lll) poly(pyrazolyl)-
borate®® has shown that crystal packing forces can probably
explain the unusual bonding mode found in [U¥Ff),l].1%2
Although not having definitive experimental data for the
assignment of the mechanism responsible for the formation
of 1, we consider that the Sm(lll) results and the well-known
haptotropism of poly(pyrazolyl)borates indicate that the 1,2-
borotropic shift is the most probable mechanism. As indicated
in Scheme 2, in a first step the previously described mono-
«3-Bp U(ll) complex is formed. In this complex the3-Bp
ligand becomes«?-coordinate in order to facilitate the
coordination of a secone?-Bp. Finally, the “[Ul(?-Bp).]"
intermediate is transformed iy by a migration of the boron
atom from N1 to N2 of the uncoordinated®2"¢ rings and

by a re-coordination of the two P2 rings to the metal
center (Scheme 2).

Crystallographic Studies. Complexes 1 and 2Com-
plexes1 and 2 crystallize fromn-hexane and toluens/
hexane in the space groupd and P2y/a, respectively,1
having a molecule of hexane included in the lattice. The

Vibrational ellipsoids are drawn at the 20% probability level.

Figure 2. ORTEP view of [U«S3-H(u-H)B(pZ'eBY)(pZ2'e},l] (2).
Vibrational ellipsoids are drawn at the 20% probability level.

For both compounds the crystal structure consists of
monomeric molecules with no unusual intermolecular con-
tacts. The central U(lll) ion is seven-coordinate by the two
tridentate asymmetric Bp ligands and an iodide. Among all
the polyhedral forms considered ideal for this coordination
number?! the distorted pentagonal bipyramid is the one
which better describes the coordination geometry about the
U(lll) atom in both complexes. The apical sites are occupied

molecular structures are shown in Figures 1 and 2. Selectedoy N(1) and N(4), and the equatorial plane is defined by the

bond distances and angles are given in Table 2.

(19) (a) Sun, Y.; McDonald, R.; Takats, J.; Day, V. W.; Eberspacher, T.
A. Inorg. Chem1994 33, 4433. (b) McDonald, R.; Sun, Y.; Takats,
J.; Day, V. W.; Eberspracher, T. D. Alloys Compdl994 8.

(20) Hillier, A. C.; Liu, S. Y.; Sella, A.; Elsegood, M. Rnorg. Chem.
2000Q 39, 2635.

[H(1A), N(2), N(3), H(2A), I(1)] atoms. The distortion from
the ideal polyhedron can be seen by the bent axial N(4)
U—N(1) angles {, 165.5(3);2, 169.9 (3)), by the deviation

(21) (a) Muetterties, E. L.; Guggenberger, LJJAmM. Chem. Sod.974
96, 8—1756. (b) Drew, M. G. B. irProg. Inorg. Chem1977, 23, 67.
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Table 2. Selected Bond Lengths and Angles for

[U{k®H(u-H)B(pz8M)(pZ""* B} 5] -CeHia (1) and

[U{x3-H(u-H)B(pZBuMe)(pAMed)} 5] (2)

Table 3. Comparative Selected Parameters for Pentagonal Bipyramidal

1 2
Distances (A)
u-I(1) 3.1027(11) 3.0989(9)
U—N(1) 2.498(8) 2.504(8)
U—-N(2) 2.466(11) 2.527(8)
U—N(3) 2.547(9) 2.516(8)
U—N(4) 2.497(9) 2.519(8)
U---B(1) 3.136(14) 3.141(11)
U---B(2) 3.162(14) 3.111(12)
U-+-H(1a) 2.68 2.66
U---H(2a) 2.69 2.62
Angles (deg)
N(1)-U-N(2) 80.4(3) 80.4(3)
N(4)—U—N(3) 81.1(3) 82.3(3)
N(4)—U—N(1) 165.5(3) 169.9(3)
N(2)—U—N(3) 77.2(3) 82.6(3)
N(2)—U—N(4) 88.6(3) 91.5(3)
N(1)—U—N(3) 87.2(3) 90.7(3)
I(1)—U—N(1) 98.5(2) 94.13(18)
I(1)—U—N(2) 141.0(2) 138.4(2)
I(1)—U—N(3) 141.8(2) 138.94(18)
1(1)—U—N(4) 96.0(2) 96.0(2)
N(11)-B(1)—N(21) 113.0(9) 111.5(8)
N(31)-B(2)—N(41) 112.9(10) 110.9(8)
B(1)-U—-B(2) 160.6(3) 168.9(3)
Torsion Angles (deg)
U—N(1)-N(11)-B(1) 19.3 5.40
U—N(2)-N(21)-B(1) 21.3 7.34
U—N(3)-N(31)-B(2) 17.6 6.94
U—N(4)-N(41)-B(2) 19.24 1.06
U—N—N-—Bay 19.24 5.19

aThis parameter was calculated using aH bond distance of 1.01 A.

(BP) U(lll) and Related Complexes

coord  Xax—M—Xax

equatorial plane:
sum angles (deg)

complex CN geom (deg) (planarity) ref
1 7 BP 165.5(3) 368.2(0.377) a
2 7 BP 169.9(3) 366.6 (0.353) a
[Ul3(THF)4] 7 BP 171.3() 360.5 (0.08) 9
[Sm(TpYe2,F] 7 BP 156.9(3) 362.5(0.215) 22
[Sm(Tp¥ed),Cl] 7 BP 156.7(3) 361.2 (0.155) 22
aThis work.

from planarity of the equatorial plané,(0.377 A;2, 0.353

A), and by the sum of the five angles within this plare (
368.17; 2, 366.55) (Table 3). The analysis of these

parameters indicates fdr a greater distortion than fa,
certainly due to the highest steric congestion found, iy

the presence dBu groups in the 5-position of the pyrazolyl

rings.
There are no suitable bis-Bp type U(Ill) complexes for torsional angles irl than in2 (average:1, 19.4; 2, 5.2).

direct comparison, the only related seven-coordinate U(llI)

compounds being [{k3-Bp®BUMe,L,] (L = THF, OPPh,
HpzBuMe) 8.15[U{ 3-TpP 3 1,L ;] (L = CsHsN, OPPH, bipy) 22
[Ul A k3-TpMe3 (THF)y], 190 [UI{ TpMe3 ], % and [Uk(THF)4).°

(22) Hillier, A. C.; Zhang, X. W.; Maunder, G. H.; Liu, S. Y.; Eberspacher,
T. A.; Metz, M. V.; McDonald, R.; Domingos, A.; Marques, N.; Day,

(23) (a) Maria, L.; Domingos, A.; Santos, |. Personal communication at
XXXth International Conference on Coordination Chemistry, Heidel-

V. W.; Sella, A.; Takats, Jinorg. Chem.2001, 40, 5106.

berg, Germany, 2002. (b) Maria, L.; Domingos, A.; Gaya.;
Santos, |. Manuscript in preparation.
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For the mono-Bp or bis-Tp complexes the coordination
geometry about the central uranium was described as
distorted capped octahedron (CO), the triiodide being the
only one displaying a pentagonal bipyramidal (BP) geometry.
Other, somehow related, seven-coordinate compounds also
displaying a pentagonal bipyramidal coordination geometry
are [SM«3-TpVeZ,X] (X = F, ClI)22 On the basis of the
parameters shown in Table 3, it is easy to conclude that
and?2 present a distortion from the ideal polyhedron higher
than [UL(THF),], but this is not so clear relative to the Sm
complexes. However, the geometrical requirements imposed
by the two «3-Bp* ligands, comparatively to the ones
imposed by the twa-Tp ligands Cs, symmetry) or by
identical and monodentate ligands, like iodides and THF,
are certainly responsible for the high distortion observed for
1land2.

In 1 and2 the approximateC, symmetry axis is formed
by I, U, and the midpoint of N(2) and N(3). The twg-
Bp* ligands are staggered with respect to each other and
are bent away from the iodide, as indicated by thelB-B
angles of 160.6 (3)and 168.9 (3)for 1 and2, respectively.
These angles are larger than the correspondingviB-B
bond angles found in the seven-coordinate complexes
[U{TpMeZ,l] (147.9°)%% and [Sn{«3-TpMe3,X] (X = F,
144.#£; Cl, 145.7).22 These differences are easily explained
by the geometrical restrictions imposed by the tw
heteroscorpionates, which coordinate through the two nitro-
gen atoms of the pyrazolyl rings and through one of the
hydrogen atoms attached to the boron atoms forming agostic
B—H---U interactions. The five-membered chelate rings
resulting from this type of coordination, compared with the
six-membered chelate rings found & Tp, impose, obvi-
ously, much more linear BU—B bond angles. However,
the angles subtended by the pyrazolyl groups and hydrogen
atoms at boron are essentially tetrahedrat-B<X,, bond
angles: 1, 109.5; 2, 109.5), being comparable with the
average values of 109.96¢(8111.4(9y, and 110.8(8)found
for TI[«3-Bp®uMe], [Sm{ «3-TpMe?} ,F], and [Snf «3-TpVe?} -
Cl], respectively?>?*The adjustment of the pyrazolyl borates
in the coordination sphere of the metal can be analyzed on
the basis of their slippage (BVI—B angle) but also on the
twisting of the pyrazolyl rings about the-BN bond (M—
N—N-—B angle). In fact, the steric restrictions imposed by
the tridentate coordination mode of Bp* and most probably
the presence of the bulkiéBu substituent at the 5-position
of the pyrazolyl rings are responsible for a smallerl—B
bond angle inl than in2 but also for higher BN—N—U

In 1 the U-N bond distances and the-NU—N angles
are similar and average 2.50(3) A and 80.8(8spectively.
In 2, the U-N distances and the NU—N bond angles are
also similar, averaging 2.516(10) A and 81.4(3espec-
tively. These bond distances are similar to those observed
in the related seven-coordinate RK3-Bp®UMe(THF),]
(2.53(2) Af and [UL{ x3-BpBuMe} (HpZBUMe),] (2.54(2) A) 15
but are shorter than the 2.60(2) A value found in the complex

(24) Dowling, Conor; Prasenjit; G.; Parkin, Bolyhedron1997, 16, 3469.
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Table 4. Selected Bond Lengths (A) and Angles (deg) for
[U{«3-H(u-H)B(pzZBu:Me),} (HpzBU:Me)| (y-1)] - 2C7Hg (3-2C7Hs)

Distances (A)

U-1(2) 3.215(2) U-N(2) 2.49(2)
u-1(2) 3.117(2) U-N(3) 2.61(2)
U—I(1) 3.238(2) U-B(1) 3.07(4)
U-N(L) 2.45(3) U--H(1b) 2.58
Angles (deg)
N(1)—U—N(2) 87.4(8) N(3)-U—1(2) 81.8(4)
N(1)-U—N(3) 78.3(7) N(2}-U—1(2) 132.0(6)
N(2)-U—N(@3) 78.1(7) N(1}U—I(2) 130.2(6)
N(1)—U—I(1) 80.8(5) N(2)-U—I(1) 134.5(5)
N(3)-U—I(1) 140.0(6) I(1)-U—I(1)a 79.19(6)
I(1)-—U—I(2) 87.07(7) I(1-U—I(2) 86.22(6)
< Torsion Angles (deg)
Figure 3. ORTEP view of [ «3-H(u-H)B(pzBuMe),} (HpzBuMe)|(4-1)] U—N(1)=N(11)-B(1) .
(3). Vibrational ellipsoids are dKrawn at the 20% p?obability Ievg. ’ B:H(—zl)\li—NEfZl)iB(l) gg
[Ul A «3-BptBuMe),} (OPPH),], containing two bulky OPPh 2 Atoms related by the symmetry operatiew, —y, —z ® This parameter

ligands. The U-I bond distances il and 2, respectively ~ Was calculated using a-£H bond distance of 1.01 A.

3.103(1) and 3.099(1) A, are similar but are shorter than the o )
average distances in [W{THF),]° (3.13 (3) A) and in [U}- descriptiont® The tetragonal base, defined by the [N(2)N-

{k3-BpBuMe L] (L = THF, 3.118(2) A: OPPY 3.182(2) (1)N(3)H(1B)] atoms, has a deviatior! from planarity of
A; Hpz®BuMe 3.139(1) )15 0.2446 A and makes an angle of 1°\8ith the [I(2)I(1)I-
(—1)] plane.
In 3, the BpB“Meligand has an average+N bond distance
of 2.47(2) A and the N(BYU—N(2) angle is 87.4(8) shorter

The B—H---U agostic interactions observed inand 2
are manifested in the short-tJB distances and also in the

folding of the two six-membered UB rings into a twisted -
boat conformation. The B distances irl and2 average ~ and larger than the values foundirand2, probably due to

3.15 and 3.13 A, respectively. The folding of the rings is the Steric congestion around the U(Ill) imposed by to

pronounced, the dihedral angles [UN(L)N(2)J[B(1)N(11)N- BP* ligands inland2. The less Congesfd compi@also
(21)] and [UNGR)NA)/[B(2)N(41)N(31)] being 73°%and presents a shorter-4B distance (3.07 A) and a stronger

75.5 (av 74.7) for 1, 72.5 and 71.8 (av 72.F) for 2. The B—H---U agostic interaction (JH, 2.58 A) thanl and2,
smaller dihedral angles i@ indicate a greater bending of | € @gostic interaction found f@ is stronger and out of

the rings enabling slightly shorter -4B distances and  (N€ range, 2.622.79 A, previously found in otheg sMeven-
consequently stronger-BH--U interactions ir2 (av U—H, coordinate monomeric mono-Bp complexes,{i-Bp®:4 -

2.64 A) than inl (av U—H, 2.68 A). Other U(lll) complexes L2l (L = THF, OPPh, HpzBue) 545

with Bp ligands and B-H-+-U agostic interactions are the ~ The terminal U-1 distance (3.116(2) A) o3 can be
tris-Bp complexes [UE-Bp)s(THF)] (ten-coordinate; av U compared to that il and2. The two U-I bridging bond

--B distance, 3.42 A) and [Wf-BpMe?d);] (nine-coordinate;  distances of 3.216(2) and 3.238(2) A are comparable but, as
av U-+-B distance, 3.20 A) and the mono-Bp complexes{Ul ~ €xpected, substantially longer than the terminailtond
(3-BpBuMe(L),] (L = THF, PhPO, Hp#£uMe (seven- distances in all the complexes isolated with the®BY*
coordinate; U--B distance in the range 3.3B.19 A)4-6.15 ligand. The U-N bond distance of the neutral pyrazole
As expected, the B distances found fol and2 are in ~ molecule (2.61(2) A) is comparable with the average found
the range found for the mono-Bp complexes, but are smallerin [Ul2{ k*Bp®*"} (Hpz®"9);] (2.65(1) A)!* There are no

than the values found for the tris_Bp Comp'exes’ which have Unusual Short intermolecular contacts in the structura. Of
higher coordination numbers. The intramolecular N(3BI(2) distance is at 3.49 A, a

d distance less than the sum of the iodine and nitrogen van

Complex 3.Complex3 is a centrosymmetric dimer an ) e ;
der Waals radii (3.70 A), indicating an eventual intra-

crystallizes from toluenefhexane in the monoclinic space ;
group P2:/c, with two molecules of toluene in the lattice. Molecular hydroogen bonding (H811(2) 2.79 A; N(31)-

The molecular structure is shown in Figure 3, and selected H31-1(2) 140.T).

bond distances and angles are given in Table 4. So far, the coordination number seven seems to be the
most favorable for all the mono- or bis-U(Ill) complexes
stabilized with BfPuMe, TpMe2, or TpPr2.6:7.19.23.25Dyring the
formation of3 the HpZ8“Me can only result from the partial
degradation of the B@'Me ligand within the coordination
sphere of the U(lll), during the long recrystallization process.
The hydrolysis of the ligand by adventitious water is the

There is approximately a plane of symmetry passing
through the uranium, the terminal iodides, and the boron
atoms and containing the neutral pyrazolyl rings. Each U(ll1)
atom is seven-coordinate by one tridentaté®Byf ligand,
one terminal and two bridging iodide ligands, and a nitrogen
atom of a Hp#“Me The coordination geometry is very
irregular, and the assignment to one of the most common — - : : -
seven-coordinate polyhedrons was difficult, the 4:3 tetragonal ®® t'}’(',?]”; ﬁih?ﬁglﬂgﬁﬁhﬁi’goir}?rﬁﬁ’cg’aéﬁofs’e'|éfneerﬁ?srfan'/|%%'ﬂ37“§§§h,
base-trigonal geometry being the one chosen for a better  2000.
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most probable process for its degradation, and such reactionshis, the novel heteroscorpionate KB{pzt"Ve)(pZz'e?)] was

have been described both for d and f eleménts. prepared and by salt metathesis, the most simple and
) straightforward synthetic method, the asymmetric complex
Concluding Remarks [U{3-H(u-H)B(pzBuMe)(p2"e2)} 1] (2) was synthesized and
The first bis-asymmetric heteroscorpionate U(lll) com- fully characterized.
plexes, [ «3-H(u-H)B(pzB"Me)(pZVeBuY} ,I] (1) and [ «>- So far, most of the U(Ill) chemistry involves cyclopen-

H(u-H)B(pzBuMe)(pZe?)},I] (2), have been isolated and tadienyls, and complexes of the type “[&J] have been
characterized in the solid state and in solution. Comglex described with the bulky ligands £ 1,3-(SiMe),CsHz or
was obtained due to an unprecedented isomerization ofCp*.2627 With poly(pyrazolyl)borates the only complex of
BpuMe at an f-element center, during the reaction offUl  this type structurally characterized was [UFp.l],%
(THF)4] with 2 equiv of Bg®“Mein toluene. This serendipi-  stabilized by two ligands which have been compared to
tous result gave us a better insight on the steric and/orcyclopentadienyl$2® The almost unexplored heteroscor-
electronic demands of U(lll) toward Bp ligands. Based on pionates, although presenting normallyx&coordination
mode, have never been compared to cyclopentadiényls.

(26) Edelman, F. T. InComprehensie Organometallic Chemistry ;lI _
Wilkinson, G., Stone, F. G., Abel, E. W., Eds.; Pergamon: Oxford, C_omplexeSl and_2 may_ open a new _avenue_ for het_eroscor
1995; Chapter 2, p 4. pionates as ancillary ligands, allowing an interesting com-

(27) (a) Duterra, M. R.; Fagan, P. J.; Marks, TJJAm. Chem. S0a982 parison of their chemistry with the cyclopentadienyls.

104, 865. (b) Zalkin, A.; Beshouri, S. MActa Crystallogr.1989 C45

1080. (c) Zalkin, A.; Beshouri, S. MActa Crystallogr.1989 C45,

1219. (d) Beshouri, S. M.; Zalkin, Acta Crystallogr.1989 C45, Acknowledgment. L.M. acknowledges FCT for a Ph.D.
1221. (e) Boisson, C.; Berthet, J. C.; Ephritikhine, M.; Lance, M.; grant (BD/18122/98).

Nierlich, M. J. Organomet. Cheml997, 533 7. (f) Arliguie, T;

Lescop, C.; Ventelon, L.; Leverd, P. C.; ThyeP.; Nierlich, M,; ; ; ; . ;
Ephritikhing, M. Organometallics2001 20, 3698. (g) Evans, W. J.; Supporting Informat.|0n Available: Cr.ystallogr.aphlc datfi for
Nyce, G. W.; Forrestral, K. J.; Ziller, J. WOrganometallics2002 the structures ofl—3, in CIF format. This material is available
21, 1050. free of charge via the Internet at http://pubs.acs.org.

(28) Tellers, D. M.; Skoog, S. J.; Bergman, R. G.; Gunnoe, T. B.; Harman,
W. D. Organometallics200Q 19, 2428. 1C026210P
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