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Abstract

The complex [ {HB(pz);}RuCl(PPh,),] reacts with one equivalent of dippe in toluene to yield [ { HB(pz);}RuCl(dippe) ]. This compound
reacts with NaBH, in MeOH fumishing the monohydride [(HB(pz),)RuH(dlppe)] whereas [ {HB(pz),}RuH(PPh;),] was obtained by
reaction of [RuHCI(PPh;);] with K[HB(pz);]. Both h are p i by HBF4 OFEt, at —80°Cte glve the corte-
sponding dihydrogen adducts [{HB(pz);}Ru(H,) (dippe)]1* and [{HB(PZ)s)R\l(Hz) (PPhy).1"%, d from longi
time (T,) and 'J(H,D) The latter complex is p at room temg but the former is a stable species
which does not rearrange to the dihydride form when the tempemtun: is msed_ The X-ray crystal structure of [ {HB(pz);}Ru(H,)-
(dippe) ] [BPh,] has been determined. The dihyd ligand in this d is labile, and readily replaced by » range of neutral donor
molecules, yielding the corresponding complexes [(HB(pz),)Ru(L) (dlppe)][BPlu] (L=CO, CNBu', Me,CC, thf, N,). There is also
supporting evidence for the formation of a p Ru™ p namely [{HB(pz);}Ru(O¥e) (dippe) 1[BPh,]. All

compounds were characterized by IR, NMR and microanalysis.
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1. Introduction

The use of the hydrotris( pyrazolyl)borate(1 —) anionand
its substituted derivatives as ligands in metal complexes was
initially described by Trofimenko [1], who p i out the
analogies exlstmg among these species and the 7’-cyclo-

dienyl (Cp) or 7°-p hyleyclopentadienyl (Cp*)
hgands {2]. All these are anionic, fi Hy trid six-
electron donors which furnish complexes with analogue stoi-
chiometries and structurally related [3]. However, there are
also notable differences which condition the chemical prop-
erties of their respective complexes. In general, complexes
of the type [ {HB(pz);}ML,] are more stable than their ana-
logues containing Cp or Cp*, derivatives existing with the
hydrotris(pyrazolyl)borate ligand which have no known
counterpart with Cp or Cp* [2,3]. In this sense, the extensnve

of the type [CpRuClel (Pz =two monodentate phosphines
orone b phosp ) (4] sharply with the
scarcity of similar complexes containing hydrotris-
(pyrazolyl)borate. In fact, the chemistry of ruthenium com-
plexes with poly(pyrazolyl)borate ligands is rather under-
developed, and only recently has it started to attractincreasing
attention [5-8]. Complexes such as [{HB(pz);}RuCl-
(PPhy),] [6] and [ {HB(pz);}RuX(PPh;)(CO)] (X=H,
Cl) [8], formal homoiogues of [CpRuCl(PPh;).] and
[CpRuX(PPh,)(CO)] (X=H, CI), respectively [4], have
been prepared by reaction of [RuCl(PPhs);] or
[RuHCI(CO)(PPh;);] with K[HB(pz);]. We have
recently prepared the complexes [CpRuCl(dippe)] and
[Cp*RuCl(dippe)] (dippe = 1,2-bis(diisopropylphos-
phino)ethane) [9], and studied their abilities to bind and
activate a range of small molecules which include dihydro-

chemistry developed for half-sandwich ruth
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gen, dinitrog Iky among others [10,11]. We

wanted to prepare related complexes having hydro-
tris(pyrazolyl) borate instead of Cp or Cp*, in order to estab-



7% M. Jiménez Tenorio et al. / Inorganica Chimica Acta 259 (1997) 77-84

lish the effects on the chemical reactivity of the metal site
ds small molecul pecially ds dihydrogen and
gen. Here we p

s

some of the results of our
research on the chemistry of these hydrotris(pyrazolyl)-
borate ruthenium derivatives, which paraliels the studies
made on the Cp and Cp* systems.

2. Experimental

All synthetic operations were performed under a dry di-
nitrogen or argon atmosphere following conventional
Schlenk techniques. Tetrahydrofuran, diethyl ether and petro-
leum ether (boiling point range 40-60°C) were distilled from
the appropriate drying agents. All solvents were deoxygen-
ated immediately before use. 1,2-Bis(diisopropylphos-
phino)ethane [12], K[HB(pz);] [13], [{HB(pz);}RuCl-
(PPh3),] [6] and [RuHCI(PPh;);] [14] were prepared
according to the literature. IR spectra were recorded in Nujol
mulls on a Perkin-Elmer Spectrum 1000 FTIR spectropho-
tometer. NMR spectra were taken on Varian Unity 400 MHz
or Varian Gemini 200 MHz equipments. Chemical shifts are
given in ppm from SiMe, ('H and '*C{'H}) or 85% H,PO,
(>'P{'H)). The phosphine protons for all the compounds
appeared in the corresponding 'H NMR spectra as a series of
overlappmg multlplets in the range 0.5-3 ppm, and were not

d. M were made at
room lemperature in solution by the Evans’ method [15],
and in the solid state using an Oxford Instruments Faraday
balance with magnetic field spans up to 0.7 Tesla. Microan-
alyses were by the Servicios Clenuﬁco-Técmcu., Universi-
dad de Barcelona. i

2.1. [{HB(pz);)RuCl(dippe)] (1)

To [{HB(pz);}RuCl(PPh;),] (0.4 g, ~0.5 mmol) in
toluene (20 mi), dippe (0.15 ml, 0.5 mmol) was added via
syringe. The mixture was heated at 100°C for 45 min. During
this time, a yellow, crystalline precipitate was formed grad-
ually. The reaction mixture was cooled to room temperature,
and then petroleum ether was added. The pale yellow precip-
itate was filtered off, washed with two portions of petroleum
ether and dried in vacuo. Yield: 0.17 g, 55%. Anal. Found:
C,454; H, 7.18; N, 13.2. Calc. for C,3H,,NsBCIP,Ru: C,
45.1; H, 691; N, 13.7%. IR: »(BH) 2465 cm~!. NMR
(CDClL,y): 'H §5.995 (t, 1H), 6.151 (t, 2H), 7.096 (d, 1H),
7.650 (d, 2H), 7.680 (d, 1H), 8.100 (d, 2H). *'P{'H} 79.1
s: C{'H) 18.4, 19.2, 19.7, 19.8 (s, P(CH(CH;),)); 21.6
(. J(C,P) =18.0Hz, PCH,); 25.7 (1,J(C,P) =8.5 Hz, P(CH-
(CH3)7)); 262 (1, J(C,P)=10.5 Hz, P(CH(CH;);));
104.8, 105.0, 134.4, 136.4, 144.5, 146.4 (s, HB(C,HaN,) ;).

2.2. [{HB(pz);}RuH(dippe)] (2)

Aslurry of 1 (0.3 g, ~0.5 mmol) in MeOH (15 ml) was
treated with an excess of solid NaBH,. The mixture was

heated smoothly using a water bath, until effervescence
ceased and a pale yellow solution was obtained. This solution
was taken to dryness, and the residue extracted with petro-
leum ether and centrifuged. Removal of the solvent afforded
a pale yellow-green microcystalline product, which was
recrystallized from petroleum ether. Yield: 0.25 g, 86%. Anal.
Found: C, 47.5; H, 7.36; N, 14.5. Calc. for C;3H,3NgBP,Ru:
C, 47.8; H, 7.45; N, 14.6. IR: »(BH) 2463, »(RuH) 1946
cm™!. NMR (C¢Dq): 'H & —15.840 (t, J(H,P) =28.4 Hz,
RuH); 5.930 (t, 2H), 6.040 (t, 1H), 7.401 (d, 1H), 7.590
(d, 2H), 7.704 (d, 1H), 7.882 (d, 2H); *'P{'H} 98.0 s;
BC{'H} 18.9, 19.0, 19.7, 21.8 (s, P(CH(CH;),)); 234 (1,
J(C,P) =Hz, PCH,); 26.6 (m, P(CH(CH,),)); 27.6 (m,
P(CH(CH;),)); 104.2,104.4, 134.4,134.6, 144.5, 145.8 (s,
HB(G3H3N3)3).

2.3. [{HB(pz);}RuH(PPhs),] (3)

To asuspension of [ RuHCI(PPh;);] (0.52 g, 0.56 mmol)
in MeOH (20 ml), solid K[HB(pz)] (0.14 g, 0.56 mmol)
was added. The mixture was stirred for 30 min at 40-50°C
(warm water bath). During this time, the initial purple color
of the mixture changed to yellow. The yellow precipitate was
filtered off, washed with ethanol and dried in vacuo. Yield:
essentially quantitative. Anal. Found: C, 64.1; H, 5.02; N,
9.6. Calc. for C,sHy NgBP,Ru: C, 64.4; H, 4.89; N, 10.0%.
IR: v(BH) 2473, v(RuH) 1936 cm™'. NMR (C¢Ds): 'H 8
—13.613 (t, J(H,P) =27.2 Hz, RuH); 5.159 (t, 2H), 5.646
(t, 1H), 6.806 (d, 2H), 6.857 (d, 1H), 7.095 (d, 2H), 7.488
(d, 1H); 6.594, 7.198 (m, P(CsHs)5); *'P('H} 68.6 s;
BC{'H} 1045, 105.0, 1284, 134.9, 142.5, 1469 (s,
HB(C;H;N,),); 127.5, 1284, 139.6 (s, P(C¢Hs)).

2.4. [{HB(pz);}Ru(H.)(dippe)][BPh,] (4)

To a solution of 2 (0.2 g, ~0.35 mmol) in diethyl ether
at —80°C, an excess of HBF,-OEt, was added. A white
precipitate was formed almost immediately, which became
sticky and oily when the mixture was warmed at room tem-
perature. Then, the solvent was removed using reduced pres-
sure, and the residue was dissolved in MeOH at —80°C.
Addition of an excess of solid NaBPh, to the mixture afforded
a white precipitate. The suspension was warmed to room

with i stirring. Then the product was
filtered off, washed with ethanol and petroleum ether and
dried in vacuo. It was recrystallized from an H,-saturated
mixture CH,CL/EtOH. The 1sotopomer [{HB(pz);}-
Ru(HD) (dippe) ] [BPh,] was obtained in a similar fashion,
using HBF,- OEt,/D;0. Yield: 0.28 g, 88%. Anal. Found: C,
62.9; H, 7.22; N, 9.4. Calc. for C4;HgNgBP,Ru: C, 62.9; H,
7.14;N, 9.37%. IR: »(BH) 2506 cm~'. NMR (CD,Cl,, 223
K): 'H & —10.250 (s br, 7,(223 K) =14 ms, Ru(H,));
6.240 (t, 2H), 6.340 (t, 1H), 7.481 (d, 1H), 7.742 (d, 2H),
7.770 (d, 2H), 7.861 (d, 2H); *'P{'H) 82.25; '°C{'H} 18.0,
18.6, 19.8, 21.3 (s, P(CH(CH,),)); 233 (¢, J(C,P)=
10.5 Hz, PCH,); 262 (m, P(CH(CH;),)); 26.3 (m,
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P(CH(CHs),)); 166.7, 107.1, 136.7, 137.7, 145.8, 146.3 (s,
HB(GH;N,)3).

2.5. [{HB(pz);}Ru(H;)(PPh;),][BF ] (5)

This compound was obtained and characterized in solution
by protonation of the monohydride 3 in acetone-dg or CD.Cl,
at —80°C using a slight excess of HBF,- OEt,. The isoto-
pomer [{HB(pz);}Ru(HD)(PPh;),] [BF,] was obtained
in a similar fashion, using HBF, - OEt,/D,0. Yield: quanti-
tative. NMR (acetone-dg, 223 K): 'H & —8.38 (s, br,
Ru(H,), T) (400 MHz, 223 K): i9ms); 5.526 (t, 1H),5.729
(t,2H), 5.935 (d, 1H), 6.286 (d, 2H), 7.630 (d, 2H),7.763
(d, 1H); *'P{'H)} 45.0s.

2.6. [{HB(pz);}Ru(CO)(dippe)l{BPh,] (6)

CO was bubbled through a solution of § in dichloro-
methane, to yield an orange solution. Addition of EtOH,
concentration and cooling to —20°C afforded mauve micro-
crystals, which were filtered off, washed with petroleum
ether, and dried in vacuo. Yield: quantitative. Anal. Found:
C,62.3; H, 6.84; N, 9.0. Calc. for C4sHe;NsBOP,Ru: C, 62.3;
H, 676; N, 9.1%. IR: »(BH) 2507, »(C=0) 1973,
1929(sh) cm~'. NMR (CDCh): 'H 86.235 (t, 2H), 6.349
(t, 1H),7.343 (d, 1H), 7.683 (d, 2H), 7.748 (d, 2H), 7.792
(d, 1H); P('H) 73.15; °C{'H} 18.0, 18.3, 193, 199 (s,
P(CH(CH,);)); 214 (m, PCH,); 264 (m, P(CH-
(CH,),)); 28.8 (m, P(CH(CH;),)); 1067, 136.5, 1374,
145.0,145.2 (s, HB(C3H;N,)3);203.1 (¢, J(C,P) = 14.5Hz,
CO).

2.7. [{(HB(pz)s;)Ru(CNB:')(dippe)][BPh] (7)

To a dichloromethane solution of 5, an excess of CNBu'
was added, yielding an orange--brown solution. Addition of
E(OH, concentration and cooling to —20°C afforded pale
pink microcrystals, wich were filtered off, washed with petro-
leum ether, and dried. Yield: quantitative. Anal. Found: C,
63.4; H, 7.30; N, 10.0. Calc. for Cs;H,;N;BP;Ru: C, 63.7;
H,7.31; N, 10.0%. IR: »(BH) 2465; »(C=N) 2126 cm™".
NMR (CDCl,): 'H 81.362 (s, CNC(CHS,);); 6.203 (t,2H),
6.249 (t, 1H), 7.320 (d, 1H), 7.677 (d, 2H), 7.723 (d, 2H),
7.764 (d, 1H); 'P{'H} 77.6 s; '°C{'H} 18.1, 18.6, 195,
200 (s, P(CH(CH,);)); 21.5 (m, PCH;); 263 (m,
P(CH(CH,),)); 28.9 (m, P(CH(CH,),)); 106.1, 125.5,
1359, 137.0, 144.3, 1449 (s, HB(C;H:N;);); 308 (s,
CNC(CHs);); 58.0 (s, CNC(CH;)3); CNC(CH;);) not
observed.

2.8. [{HB(pz);}Ru(Me;CO)(dippe)][BPh,] (8)

An acetone solution of 1 (0.1 g, ~0.16 mmol) under Ar,
was treated with the stoichiometric amount of AgBF,. The
mixture was stirred for 10 min at room temperature. Then it
was centrifuged and the solvent removed in vacuo. The res-

idue was extracted with EtOH, and an excess of solid NaBPh,
was then added to the solution. A reddish precipitate was
obtained, which was filtered, washed with EtOH and petro-
leum ether, and dried in vacuo. Yield: 0.1 g, 66%. Anal.
Found: C, 62.8; H, 7.06; N, 8.5. Calc. for C5oHsNsBOP,Ru:
C,63.0;H,7.14; N, 8.8%. IR: v(BH) 2498, »(C=0) 1650
cm™'. NMR (CD;COCD;): 'H 5 6.269 (t, 1H), 6.363 (t,
2H), 7.228 (d, 1H), 7.352 (d, 2H), 7.842 (d, 1H), 7.891
(d, 2H); signals for coordinated (CH;),CO not observed;
3Ip{'H} 78.5s.

2.9. [{HB(pz};}Ru(thf)(dippe)][BPh,] (9)

This compound was formed when compound 4 was dis-
solved in thf under argon, yielding an orange solution. It
appears mixed in a 1:1 ratio with the dihydrogen complex at
room temperature, but it can be converted quantitatively by
refluxing under Ar. This material was characterized only in
solution. NMR (thf-dg): 'H §6.043 (t, 1H), 6.328 (t, 2H),
7.105 (d, 1H), 7.795 (d, 1H),7.885 (d, 2H), 7.948 (d, 2H);
signals for coordinated thf not observed; *'P{*H}: 80.9s.

2.10. [{HB(pz);}Ru(OMe)(dippe)][BPh,] (10)

A solution of 4 (0.1 g, 0.11 mmol) in thf was refluxed
under argon for some minutes. Then the solvent was removed
in vacuo and the residue treated with MeOH. A deep red
solid, together with a red solution, was obtained. The mixture
was heated until all the solid was dissolved. Slow cooling at
room temperature afforded nice red crystals. Yield: 0.07 g,
69%. Anal. Found: C, 62.2; H, 7.15; N, 9.1. Calc. for
C4gHesNgB,OP.Ru: C, 62.2; H, 7.02; N, 9.1%. IR: »(BH)
2499 cm ™. pogr=2.1 g (CH,Cl, solution at 298 K, Evans’
method); g = 1.7 pp (solid at 298 K, Faraday balance).

2.11. [{HB(pz);}Ru(N.)(dippe)l[BPh,] (11}

A solution of 1 (0.1 g, ~0.16 mmol) in thf under dinitro-
gen was treated with AgBF; ( ~0.16 mmol). A color change
from yellow to red, and then to orange was observed, together
with the concomitant formation of a precipitate of AgCl. The
mixture was stirred for 10 min. Then it was centrifuged and
the solvent removed in vacuo. The residue was dissolved in
EtOH, and a red solution was obtained. Addition of an excess
of solid NaBPh, yielded a red precipitate, which was filtered
off, washed with EtOH and petroleum ether, and dried in
vacuo. Yield: 0.1 g, 68%. Anal. Found: C, 60.9; H, 6.69; N,
11.3. Calc. for C,;Hg:NgB,P,Ru: C, 61.1; H, 6.72; N, 12.1%.
IR: »(BH) 2507, »(N=N) 2165cm~'. NMR (CD,CL): ‘H
8 6.269 (1, 1H), 6.363 (t, 2H), 7.228 (d, 1H), 7.352 (d,
2H), 7.842 (d, 1H), 7.891 (d, 2H); *'P{'H} 74.0s; PC{'H}
184, 193, 198, 199 (s, P(CH(CH;3),)); 2L.7 (4,
J(C,P) =18.8 Hz, PCH,); 26.16 (m, P(CH(CH;),)); 27.6
(m, P(CH(CH,),)); 105.1, 122.1, 1260, 136.5, 144.8,
147.0 (s, HB(G;H;N,)3).
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2.12. Experimental data for the X-ray crystal structure
determination of 4

A summary of crystallographic data for compound 4 is
given in Table 1. X-ray measurements were made on a col-
orless crystal of dimensions 0.24 X0.14X0.35 mm, which
was mounted onto a glass fiber, and transferred to an AFC6S-
Rigaku automatic diffractometer, using Mo Ka graphite-
monochromated radiation. Cell parameters were determined
from the settings of 25 ligh-angle reflections. Data were
collected by the w scan wmethod. Lorentz, polarization, and
absorption (-scan method) corrections were applied. The
transmlssxon factors ranged from (.80 to 1.00. Three standard

1 were i controlled, in order to establish a
decay correction, whlch was found to be negligible. 7464
reflections were collected, 7120 being unique (R;,, =0.092).
4055 reflections having I>20(I) were used for structure

lution. All calculations for data reduction, structure solu-
tion and refinement were carried out on a VAX 3520 com-
puter at the Servicio Central de Ciencia y Tecnologia de la
Universidad de C4diz, using the TEXSAN [16] software
system and ORTEP [17] for plotting. The structure was
solved by the Patterson method, and anisotropically refined
by full-matrix least-squares methods for all non-hydrogen

Table 1
Summary of data for the crystal structure analysis of 4
Compound 4
Formula C4HeN:B,P.Ru
Formula weight 897.70
Crystal size (mm) 0.24x0.14%0.35
Crystal system monoclinic
Space group P2,/ (No. 14)
Cell parameters
(A) 10.592(6)
b(d) 21.323(5)
c(A) 16.238(4)
B() 97.72(3)
Volume (A%) 4657(S)
z 4
Pearc (cm™3) 1.280
T (K) 290
AA) 0.71069 (Mo Ka)
plem™') 4.34 (Mo Ka)
Absorption correction y-method
Transmision factors 0.80-1.00
F(000) 1848
Scan speed (w) (°min~") 8
20 Interval (°) 5<20<50
Collected reflections 7464
Unique reflcctions 7120 (R,,=0.092)
Observed reflections (/> 20 (1)) 4055
No. parameters 523
Reflection/parameter ratio 115
R* 0.057
Ry (w=0:"%)" 0.067
Maximum A /¢ in final cycle 0.28
GOF 174

*R=LIIF,| = IF}/EIF,.
P Ru= (Ew(1Fol = 1FA I Ew| FtH)'2.

atoms. The hydrogen atoms H(1) and H(2) of the dihydro-
gen ligand were localized in a ive diff Fourier
map using low-angle reflections (upper limit 26=28°, 1213
reflections with I>20°(I)). The peak heights were 0.87 and
0 53¢ A~3, Their positions were allowed to refine with fixed

pic thermal p except in the last cycle. The
boron-attached hydmgen atom H(3) was located in aregular
difference Fourier map and not refined. All other hydrogen
atoms were included at idealized positions and not refined.
Maximum and minimum peaks in the final difference Fourier
maps were +1.06 and —0.61 ¢ A~>, Atomic coordinates
and B, values, and selected bond lengths and angles are listed
in Tables 2 and 3, respectively.

Table 2
Atomic fractional coordinates and B,, values for [{HB(pz);)Ru(H,)-
(dippe) ] [BPh,]

Atom x y z By,
Ru(1) 0.65461(6)  0.8283G(3)  0.76563(4) 2.65(3)
P(1) 0.6702(2) 0.89962(9)  0.8438(1) 34(1)
P(2) 0.7986(2) 0.86560(9) 0.6900(1) 3.2(1)
N(11) 0.4980(7) 0.7436(3) 0.6773(4) 3.3(4)
N(12) 0.6213(7) 0.7598(2) 0.6964(4) 34(3)
N(21) 0.4093(6) 0.7791(3) 0.7982(4) 35(3)
N(22) 0.5214(6) 0.7954(3) 0.8377(4) 3.6(4)
N3 0.3946(6) 0.8259(3) 0.6657(4) 34(3)
N(@32) 0.4988(6) 0.8546(3) 0.6843(4) 32(3)
cn) 0.5198(8) 0.9349(3) 0.8333(6) 4.0(4)
C@2) 0.528(1) 0.9904(4) 0.837(1) 8.6(8)
C(3) 0.428(1) 0.9158(5) 0.8887(8) 78(7)
c(4) 0.7172(%) 0.8948(4) 0.9576(6) 5.2(5)
C(5) 0.830(1) 0.8629(5) 0.9831(6) 6.4(6)
C(6) 0.741(1) 0.9444(5) 1.0003(8) 9.5(8)
C(n 0.793(1) 0.9382(4) 0.8098(7) 5.7(6)
C(8) 0.8100(8) 9.9305(3) 0.7201(6) 42(5)
C(9) 0.735(1) 0.8707(4) 0.5764(6) 4.8(5)
C(10) 0.696(1) 0.8262(4) 0.5328(6) 5.5(5)
C(11) 0.498(1) 0.6983(4) 0.6490(6) 4.5(5)
c(12) 0.621(1) 0.6835(4) 0.6473(6) 5.1(5)
C(13) 0.6942(9) 0.7230(4) 0.6761(6) 42(5)
C(14) 0.858(1) 0.8931(4) 0.5309(6) 5.9(6)
C(15) 0.9664(8) 0.8455(3) 0.7059(6) 3.94)
C(16) 0.9848(9) 0.7934(4) 0.6768(7) 6.1£6)
can 1.0328(8) 0.8520(4) 0.7919(7) 54(5)
C('8) 0.0615(8) 0.8571(3) 0.3366(5) 3.0(4)
C(19) 0.1349(8) 0.8316(3) 0.3987(5) 3.6(4)
C(20) 0.085(1) 0.7913(3) 0.4387(5) 4.1(5)
<2 0.344(1) 0.7574(4) 0.8548(7) 5.1(5)
C(22) 0412(1) 0.7613(4) 0.9303(6) 5.2(5)
C(23) 0.523(1) 0.78€2(4) 0.9184(6) 4.6(5)
C(24) =0.039(1) 0.7793(3) 0.4207(6) 4.2(5)
C(25) -0.1157(9) 0.8044(4) 0.3610(6) 4.4(5)
C(26) —0.0655(9) 0.8434(3) 0.3195(5) 38(4)
C@2n 0.1326(8) 0.8823(3) 0.1900(5) 3.14)
C(28) 0.189(1) 0.9116(4) 0.1348(6) 5.2(5)
C(29) 0.208(1) 0.8970(5) 0.0562(7) 6.2(6)
C(30) 0.175(1) 0.8506(<) 0.0297(6) 49(5)
c(@3n 0.3096(9) 0.8478(4) 0.6086(6) 4.8(5)
C(32) 0.357(1) 0.8921(4) 0.5888(6) 4.6(5)
C(33) 0.4727(8) 0.8949(3) 0.6377(6) 3.6(4)
C(34) 0.120(1) 0.8204(4) 0.0807(6) 5.1(5)

(continued)
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Table 3
Selected bond distances (A) and angles (%) for [{HB(p2);IRu(Hy)-
(dippe) ] [BPhy]

Table 2 (continued)

Atom x y z By
C(35) 0.0987(8) 0.8361(3) 0.1588(5) 3.9(4)
C(36) 0.2621(8) 09173(4) 0.3269(5) 3.9(4)
c@3n 0.286(1) 0.9596(3) 0.3372(6) 42(5)
C(38) 0.409(1) 0.9727(4) 0.4070(7) 6.8(7)
C(39) 0.511(1) 0.9460(5) 0.3938(8) 7.4(8)
C(40) 0.492(1) 0.9042(6) 0.3436(8) 7.4(8)
C(41) 0.368(1) 0.8919(4) 0.3130(7) 5.8(6)
C(42) 0.0171(8) 0.9469(3) 0.2810(6) 34(4)
C(43) -0.022(1) 0.9642(3) 0.3546(6) 4.3(5)
C(44) —0.110(1) 1.0015(4) 0.3557(8) 5.7(6)
C(45) -0.161(1) 1.0241(4) 0.2829(9) 5.7(6)
C(46) —0.124(1) 1.0085(4) 0.2115(7) 5.2(6)
C(47) —-0.0388(9) 0.9700(3) 0.2111(6) 4.1(5)
B(1) 0.388(1) 0.7742(4) 0.7032(7) 3.6(5)
B(2) 0.119(1) 0.9012(4) 0.2844(6) 3.14)
H() 07117 0.8189 0.7946 32
H(2) 0.7447 0.8075 0.8275 32
H(3) 0.2842 0.7684 0.6966 43
H(4) 0.4801 0.9279 0.7787 49
H(5) 0.5876 1.0013 0.83010 103
H(6) 0.5567 1.0008 0.8917 103
H(7) 04473 1.0043 0.8182 103
H(8) 0.3455 09287 0.8711 9.5
H(9) 04553 09253 0.9444 9.5
H(10) 04248 03810 0.8854 9.5
H(1D 0.6474 0.3803 09797 6.2
H(12) 0.8166 0.8318 0.9572 16
H(13) 0.8415 0.8589 1.0417 16
H(14) 0.9039 0.8776 0.9664 16
H(I5) 08153 09587 0.9839 114
H(16) 0.7524 0.9399 1.0588 114
H(17) 0.6699 0.9651 0.9847 114
H(18) 08714 0.9312 0.8434 6.9
H(19) 0.7707 09714 0.8172 6.9
H(20) 0.7457 09483 0.6863 59
H@2D 0.8914 09425 07117 50
H(22) 0.6888 0.8943 0.5701 57
H(23) 0.6580 0.8350 04783 6.6
H(24) 0.6320 0.8135 0.5628 6.6
H(25) 0.7592 0.8021 0.5292 6.6
H(26) 04243 0.6792 0.6320 54
H(27) 0.6497 06525 0.6302 6.1
H(28) 0.7845 0.7240 0.6810 5.1
H(29) 09234 0.8696 0.5269 72
H(30) 0.8939 0.9209 0.5609 72
H(31) 0.8220 0.9029 04767 72
H(32) 1.0097 0.8661 0.6717 46
H(33) 09418 0.7896 0.6219 74
H(34) 0.9509 0.7711 0.7128 74
H(35) 1.0731 0.7872 0.6771 74
H(36) L1213 0.8458 0.7927 6.5
H(@37) 0.9987 0.8298 0.8281 6.5
H(38) 10211 0.8846 0.8098 6.5

3. Results and discussion

The complex [{HB(pz);}RuCl(dippe)] (1) has been
obtained by thermal displacement of PPh; by dippe in tolu-
ene, a synthetic procedure which has been widely used for
the preparation of half-sandwich ruthenium derivatives of the
type [CpRuCl(diphos)] starting from {CpRuCl(PPhs),]

Intramolecular distances

Ru(D)-P(1) 2.320(3) Ru(1)-H(1) 1.29
Ru(1)-P(2) 2319(2) Ru(1)-H(2) 141
Ru(1)-N(12) 2.187(7) H(1)-H(2) 0.7
Ru(1)-N(22) 2.147(7)

Ru(1)-N(32) 2.098(7)

Intramolecular bond angles

P(1)-Ru(1)-P(2) 8526(9) P(2)-Ru(1)-N(12)  100.1(2)
P(1)-Ru(1)-N(12)  174.2(2) P(2)-Ru(1)-N(22) 178.5(2)
P(1)-Ru(1)-N(22) 93.3(2) P(2)-Ru(1)-N(32) 91.9(2)
P(1)-Ru(1)-N(32) 92.8(2) P(2)-Ru(D)-H(1) 67.22

P(1)-Ru(1)-H(1) 88.47
P(1)-Ru(1)-H(2) 87.53

P(2)-Ru(1)-H(2) 97.16

E.s.d.s in the least significant figure are given in parentheses.

{4,9]. 1is anair stable, pale yellow crystalline material which
precipitates from the reaction mixture upon addition of petro-
leum ether and cooling. It can be easily separated from the
free PPh; formed during the reaction by direct filtration and
washing with petroleum cther, the use of column chromatog-
raphy being not necessary for achieving separation, at vari-
ance with the synthetic procedure for the preparation of the
related derivative [CpRuCl(dlppe)] [9]. The IR spectrum
of 1 displ one istic medium i ity band at
2465 cm" attributable to the v(BH) stretching of the
HB(pz); ligand. This band is present in the IR spectrum of
all compounds prepared in this work. The 'H NMR spectrum
of 1 consists of a series of multiplets in the range 0.5-3.0
ppm, which correspond to the protons of the dippe ligand,
these being not assigned. Apart from these, six separate res-
onangces are observed between 6.0 and 8.1 ppm, attributable
to the protons of the pyrazol rings of the HB(pz); ligand.
Each of the protons of a pyxazol ring in an HB(pz); group
has a different chemi being therefore non-
equivalent to each other. C with this, coupling
among these protons is observed in the 'H NMR spectrum,
but the coupling constants J(H,H) are usually small, so this
coupling is not always resolved. The presence in the spectrum
of two sets of three signals each, one of the sets being of
double integrated intensity than the other, suggests the pres-
ence of two equivalent pyrazol rings, plus another one which
is non-equivalent. This pattern has been previously observed
for other hydrotris(pyrazolyl)borato complexes of ruthe-
nium such as { {HB(pz);}RuCl(COD)] (COD=1,5-cyclo-
octadiene) [5b,18], [{HB(pz);}RuCl(tht),] (tht=tctra-
hydrothiophene) [18] or [{HB(pz);}RuCl{PPhs).] (6],
being consistent with an octahedral structure, analogous to
that found by X-ray crystallography for the parent complex
[{HB(pz)3}RuCl(PPhs).] [6], in which two of the pyrazol
rings are trans to the phosphorus atoms of the bidentate dippe
ligand, the other being trans to the chioride. The equivalence
of the phosporus atoms in this structure is supported by the
presence of one singlet in the >'P{"H} NMR spectrum. The
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13C{*H} NMR spectrum of 1 shows seven resonances for the
carbon atoms of the dippe ligand, a pattern identical to that
shown by half-sandwich complexes containing dippe such as
[CpMCl(dippe)] or [Cp*MCl(dippe)] (M=Fe [19), Ru
{91), plus six signals in the range 104.0~147.0 ppm corre-
sponding to the carbon atoms of the pyrazol rings. The con-
nectivity between these and their corresponding proton
resonances was determined by a 2D-HETCOR NMR exper-
iment. The spectral features of the HB(pz); and the dippe
ligands in 1 are common to most compounds described in
this work, and these will not be discussed in detail again.

1 reacts’ with NaBH, in MeOH furnishing the neutral
monohydride complex [ {HB(pz);}RuH(dippe)] (2) as a
pale yellow, air-sensitive material, soluble in non-polar sol-
vents, which reacts stowly with chlorinated solvents to yield
1. The IR spectrum of 2 displays one broad band at 1946
cm ™" assigned to »(RuH), whereas the hydride resonance
appears in the "H NMR spectrum as a high field triplet at
— 15.84 ppm, due to coupling to two equivalent phosphorus
atoms. These data, together with >'P{'H} and >C{'H} NMR
spectroscopy, are in support of an octahedral structure, anal-
ogous to that proposed for compound 1, in which the chloride
ligand has been replaced by one hydride. We have also pre-
pared the related monohydride complex [{HB(pz):}-
RuH(PPh;),] (3) by direct reaction of [RuHCI(PPh;);]
with K[HB(pz);] in MeOH, a procedure equivalent to that
used for the preparation of the hydride [{HB(pz);}RuH-
(CO){(PPh;)] [8]. The spectral properties of 3 are very
similar to those of 2, including the presence of a broad
v(RuH) band in the IR spectrum, and of one high-field triplet
signal in the "H NMR spectrum, corresponding to the hydride.
Again, an ¢ dral structure is d for this derivative.

P ion of neutral hydrides of the type { CpRuHP,] or
[Cp*RuHP,] has proven to be an effective procedure for the
preparation of ic Ru" dihydrogen comp as well
as for Ru'Y dihydrides [20,21]. In analogous fashion, the
monohydrides 3 and 4 are protonated by HBF,- OEt2 at
—80°C to yield the cationic dihydrog
[{HB(pz);}Ru(H,)(dippe)]* and [(HB(pz)3)Ru(H2)-
(PPhs).] *, respectively. The dippe complex was isolated as
the tetraphenylborate salt [{HB(pz);}Ru(H,)(dippe)]-
[BPh,] (4). This compound can be def d using a
strong base such as KOBu', to yield the monohydride 3
in essentially quantitative yields. [{HB(pz);}Ru(H,)-
(PPh3),} [BF,] (5) was only obtained and characterized in
solution at low temg The for of4and 5 as
‘non-classical’ hydrides was established based upon longi-
tudinal relaxation time {7;) measurements for the
dihydrogen resonance in the '"H NMR spectra, and by the
values of the 'J(H,D) coupling constants in the isotopomers

[{HB(pz);}Ru(HD)(dippe) ] * and [ {HB(pz);}Ru(HD)-
("Ph;),] *. Thus, both 4 and 5 exhibit one broad high-field

attributable to the dinated dihydrogen mole-
cule, these having short T, values, 14 ms for 4 at —50°C, and
19 ms for § at —40°C (CD,Ci,, 400 MHz), typical for di-
hyds complexes ding to the literature [22,23]. The

Y B

'J(H,D) coupling constants are close to 30 Hz for both iso-
topomers of 4 and 5, being also in the range expected for
molecular hydrogen complexes.

Ithas been possible to determine the X-ray crystal structure
of compound 4. A view of the cation [ {HB(pz);}Ru(H;)-
(dippe)1* is shown in Fig. 1. Fractional atomic coordinates
and B,,, and selected bond lengths and angles are listed in
Tables 2 and 3, respectively. The coordination around the Ru
atom is distorted octahedral, very similar to that found in
[{HB(pz)3;}RuCI(PPh;),] [6]. The pyrazolyl rings are pla-
nar, with mean deviations of 0.007 A, but the dihedral angles
between these planes are irregular, having the values 98.2,
125.5 and 136.0°, respectively, instead of the ideal 120°. The
dihydrogen ligand was lccated in a low-angle sucessive dif-
ference Fourier map. It appears attached to the metal in the
side-on manner, as expected, although the dimensions
obtained for this ligand may be subject to considerable inac-
curacy and, therefore, they must be regarded with caution,
given the uncertainty in the position of hydrogen atoms deter-
mined by X-ray crystallography. Bearing this in mind, the
H(1) and H(2) atoms appear at 1.29 and 1.41 A, respec-
tively, from the Ru atom, and 0.71 A apart. Whereas the Ru—
H(2) bond distance is reasonable, and similar to that found
by X-ray cry graphy in the ruthenium-dihydrogen com-
plex [Ru(H,) (C=CPh) (dippe)] [BPh,] (1 sA) [24],the

Ru-H(1) and H(1)-H(2) separations are rather short. In
fact, the H(1)-H(2) bond length is essentially identical to
that in the free H, molecule (0.74 A), and consistent with
the NMR data which point to a dihydrogen rather than a
dihydride complex. Very short H-H distances have been also
found for other dihydrogen cc by X-ray cry
raphy, ie. 0.75(16) A in the complex [W(Hz) (CO),
(P'Pr3),] [25], although this separation has shown to be
larger (0.84 A) by more accurate neutron diffraction studies

Fig. 1. ORTEP drawing of the cam)n l(HB(pz);)Ru(H;)(dlppe)l * with
50% probability thermal d: atoms, except hydrides, are
ommed
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[26]. Most dihydrogen complexes ined by dif-

fraction have H-H bond distances in the range 0.8-1.0 A
[22]. The remaining dimensions in the [ {HB(pz);}]1~ and
dippe ligands, as well as in the tetraphenylborate anion, are
in the expected range, being unexceptional. This is the first
structural report of a tris(pyrazolyl)borate ruthenium-dihy-
drogen complex. In fact, tris(pyrazolyl)borate ruthenium—
dihydrogen complexes, such as [{HB(pz);}RuH(H,)-
(PCy;)]1 [7] or [ {HB(3,5-Me;pz);}RuH(H,),] [27], have
been prepared only recently. At variance with the complexes
[CpRu(H,) (dippe)] * and [Cp*Ru(Hs) (dippe)]*, which
are stable only at low temperature and rearrange to their
dihydride when the is raised, complex
4 is stable up to 55°C in thf-dg under H,, and its dihydride
tautomer, namely [ { HB(pz),}RuH,(dippe)]*, has notbeen
detected so far. This could be attributed to the fact that the
ligand [{HB(pz);}]1~ favors six-coordinate complexes
[2,31, such as 4, over seven-coordinate species, such as the
dihydride isomer. However, it could also happen that the
metal center in complex 4 was not electron-rich enough to
achieve homolytic dihydrogen splitting, at difference with
the {[CpRu(dippe)] *} or {[Cp*Ru(dippe)]*} moieties.
In contrast with compound 4, the dihydrogen complex §

h with the solvent. The thf adduct 9 is extremely
labile, and it has only been characterized in solution. How-
ever, it has been possible to isofate 8 as a microcrystalline
solid, by reaction of 1 wiih AgBF, in acetone under Ar,
followed by NaBPh,/EtOH. This compound displays one
medium »(C=0) band at 1650 cm™" in the IR spectrum,
due to the acetone ligand, similar to the band obscrved for
the related complex [CpRu(O=CMe;)(dippe)][BPh,]
[10]. Attempts made to isolate 9 as a solid, by precipitation
with MeOH, led to a red, crystalline material, which was
shown to be paramagnetic. This prevented the use of NMR
spectroscopy for structural studies in solution. Thus, the char-
acterization of this compound was made based upon micro-
analysis, magnetic moment measurements and chemical
behavior, since no single crystals of this material could be
cbtained. Microanalysis data are consistent with the formula
[{HB(pz);Ru(OMe) (dippe) ] [BPh,] (10). This com-
pound has room temperature magnetic moments of 2.1 ug in
CH,Cl, solution (Evans’ method), and 1.7 g in the solid
state (Faraday balance), which suggest the presence of one
unpaired electron and hence a low spin Ru™ metal center. 19
is reduced by CO, CNBu' or yielding th p
mg Ru" diamagnetic complexes 6, 7 and 8, respectively,

decomposes when the temperature is raised, yielding an
uncharacterized mixture of hydride-containing species, as
inferred from NMR spectroscopy. All attempts to isolate § as
a solid were unsuccessful.

The dihydrogen ligand in 4 is very labile, being replaced
by a range of neutral donors. Thus, reaction with CO or
CNBu' affords [{HB(pz);}Ru(CO)(dippe)1[BPh,] (6)
and [{HB(pz);}Ru(CNBu')(dippe)]1[BPh,] (7), respec-

withKOBu'in ﬂlfnffadsﬂlemonohy&lde
complex 2. This latter compound is p bly dbya
B-elimination reaction from an urstable alkonde cmplex.
namely [(HB(pz) }Ru(OMe)(dippe)]. The related Ru™
methoxy denvatwe. [{HB(pz) )Rn(OMe)Cl(PCy;)],

tively. These crystalline, air-stable complexes have octah

dral structures, as inferred from NMR data, and display one
strong »(CO) or ¥(CN) band in their respective IR spectra.
The value of »(CO) in 6 is a qualitative measure of the
electron density at the metal, and it can be used as reference
for comparing with the related derivatives [CpRu(CO)-
(dippe) ] [BPh,] and [Cp*Ru(CO)(dippe)]1{BPh,]. The
value of 1973 ecm™! for »(CO) in 6 is greater than for the
Cpand Cp* complexes (1959 and 1926 cm ~!, respectively),
but it remains of the same order, suggesting thatback-bonding
from the metal occurs to a similar extent in all these com-
plexes, especially in 6 and in its Cp analogue. CNBu'isknown
to act mainly as a o-donor, the value for #»(CN) in 7 being
sumlar to that found for other tris(pyrazolyl)borate ruthe-

[8].

%
yanid

When 4 is dlssolved in acctonc-dﬁ under Ar, the signal
corresp g to the dihydrogen complex disappears from
the 'P('H} NMR spectrum, being replaced by a new signal
at 78.5 ppm. Something similar takes place when the solvent
is thf-dg. These changes in the spectra have been interpreted
in terms of substitution of coordinated dihydrogen by a
solvent molecule, to yield the corresponding adducts
[{HB(pz);}Ru(L) (dippe) ] {BPh,] (L =Me,CO (8) orthf
(9)). No signals attributable to coordinated acetone or thf
are observed in the '"H NMR spectra, due possibly to rapid

been ly prepared and ally ch ized
[28].

At difference with other tris(pyrazolyl) borate ruthenium—
dihyd pl [7.27], 4 reacts slowly with N,

yleldmg the dinitrogen complex [{HB(pz);}Ru(N,)-
(dippe) 1[BPh,] (11). This compound together with
[{HB(pz)3}Ru(N,) (Ph,PCH,CH,NMe,) ] [BPh,]  [28]
consmute thc ﬁrsz known examples of tris(pyrazolyl)borate

derivatives, although tris(pyrazolyl)-
borate~dinitrogen complcxes of Co [29] and Ir [30] arc
known. Compound 11 has been better prepared by reaction
of 1 with AgBF;, which acts as halide scavenger, under di-
nitrogen in a non-coordinating solvent, such as dichlorome-
thane, followed by addition of NaBPh,/EtOH. 11 displays
one strong »{N=N) band at 2165 cm ™! in its IR spectrum.
This value falls in the range observed for other Ru—N, com-
plexes [31], being greater than that found for the complexes
[CpRu(N,) (dippe)1* and [Cp*Ru(N,)(dippe)1*, 2145
and 2120cm ™!, respectively [ 10], suggesting that, compared
to these, the Ru-N; interaction in 11 is slightly weaker, but
stronger than in  [{HB(pz);}Ru(N;) (Ph,PCH;CH,-
NMe,)1* (#(N=N) 2182 cm~') [28]. The value of
v{N=N) in 11 is essentially consistent with the observation
that the dihydrogen complex 4 is a stable species, according
to the criterion proposed by Morris for the stability of the
meval—chhydrogen bond based upon the value of »(N=N)
for the i i lex [32]. NMR data for

11 support an "? re. All made to

3
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obtain crystals of this compound suitable for X-ray crystal
structure analysis have been so far unsuccessful.

4. Conclusions

The system [ {HB(pz);}RuCl(dippe) ] exhibits a chemi-
cal reactivity towards small molecules which is similar in
many aspects to that of the related complexes [Cp-
RuCl(dippe)] and [Cp*RuCl(dippe)]. However, signifi-
cant differences have also been found, i.c. the fact that
compounds involving seven-coordinate Ru™, such as the
dihydride [{HB(pz);}RuH,(dippe)]*, are not favored.
Our results suggest that the tris(pyrazolyl)ruthenium
bis(phosphine) system may be as effective as their counter-
parts having Cp or Cp* for the binding and activation of
small molecules.

5. Supplementary material

Tables of X-ray crystallographic data, including atomic
coordi and ani pic thermal p s, interatomic
distances and angles, and listings of observed and calculated
structure factors (55 pages) are available from the authors
on request.
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