Reactivity of a nitrosyl ligand on dinuclear ruthenium
hydrotris(pyrazolyl)borato complexes toward a NO molecule
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A cationic mononitrosyl dinuclear ruthenium complex was prepared by removing one NO ligand of a
dicationic dinitrosyl ruthenium complex using NaN;. Reduction and oxidation reactions of the
mononitrosyl complex led to the isolation of a neutral nitrosyl-bridged complex and a dicationic
mononitrosyl complex, respectively, as expected from the cyclic voltammogram. According to the

10 electron count, their reactions with a second NO molecule resulted in an N-N coupling complex from the
nitrosyl-bridged complex and the dicationic dinitrosyl complex from the dicationic mononitrosyl complex.

Introduction

The NO ligand on transition metal complexes has attracted a
great deal of attention because of its “non-innocent” property
15 (M=NO*, linear form; M=NO" and M-NO~, bent form). The
transformations have been characterized by electrochemistry and
IR, UV/Vis, and EPR spectroscopies,® but most of the reported
complexes are mononitrosyl mononuclear systems. We have
found two neighboring NO ligands on a dinuclear ruthenium
20 complex [{TpRU(NO)}o(u-Cl)(u-p2)1(BFa)2 (1: {Ru(NO).}'%)?
(Tp = HB(pyrazol-1-yl)3) and its unprecedented redox behaviour
(egn (1)).2 Reduction of the dicationic dinitrosyl ruthenium 1
induced an N-N bond formation of the two NO ligands, affording
an N-N coupling complex [(TpRu),(u-ClH{u-N(=0)-N(=0)}(n-
2 pz)] (2: {Ru,(NO), 3.3 The reversibility of this N-N bond was
also observed. Treatment of 2 with protons gave an oxido-
bridged complex [(TpRu),(u-Cl)(u-O)(p-pz)] (3), evolving N,O.
Double protonation of complex 3, followed by exposure to NO
gas, reformed complex 1. These reactions indicate completion of
w0 the NO reduction cycle (2NO + 2H* + 2e” -> N,O + H,0).%¢
Although NO disproportionation (3NO -> N,O + NO,) is a very
common metal complex-mediated reaction,* the reduction
reaction of NO to N,O and H,O has been scarcely reported,®®
and is seen for metalloenzyme nitric oxide reductase (NOR).®
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s In this context, we are interested in the reactivity of a
mononitrosyl ligand on dinuclear ruthenium complexes toward an

additional NO molecule, including the formation of the unusual
N-N coupling complex 2. For this purpose, at first a cationic
mononitrosyl dinuclear ruthenium complex

o [{TpRU(NO)H{TpRuU(NCMe)}(u-Cl)(u-pz)1(BF4) (4
{Ru,(NO)}*») was synthesized by reaction of complex 1 with
NaN; as an NO removing reagent’ in CH;CN. This reaction
depended on the reaction solvents. The redox reactions are also
described.

s Results and Discussion

The mononitrosyl complex 4 was prepared by treatment of 1 with
nucleophile azide (NaNs3) in CH;CN to remove a NO ligand,
followed by coordination of the solvent molecule (Scheme 1).
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Fig. 1 Molecular structures of the cation part of 4 (top), 5 (middle), and
the cation part of 7 (bottom) with thermal ellipsoids at the 50%
probability level. All hydrogen atoms except for O-Me (7) and solvent
molecules are omitted for clarity. Selected bond lengths (A) and angles
(©) for 4: Ru(1)-N(1) = 1.813(8), Ru(2)-N(2) = 2.015(10), O(1)-N(1) =
1.145(12), N(2)-C(1) = 1.126(14), Ru(1)-N(1)-O(1) = 166.1(9), Ru(2)-
N(2)-C(1) = 166.9(10). Selected bond lengths (A) and angles (°) for 5:
Ru(1)-N(1) = 1.949(3), O(1)-N(1) = 1.209(5), Ru(1)-N(1)-Ru(1)* =
96.38(15). Selected bond lengths (A) and angles (°) for 7: Ru(1)-O(1) =
1.992(3), O(1)-C(12) = 1.410(7), Ru(1)-O(1)-Ru(1)* = 104.97(18).

By column chromatography, complex 4 was isolated as a dark
green solid in 96% yield, concomitant with a trace amount of a
nitrosyl-bridged complex  [(TpRu),(u-Cl)(u-NO)(p-pz)]  (5:
{Ru,(NO)}*). But the use of CH3;OH instead of CH;CN as the
reaction solvent afforded complex 5 in 47% vyield. In addition,
two complexes, [{TpRu(NO)}TpRu(OMe)}(u-Cl)(u-pz)](BF4)
(6: {Ruy(NO)}'%; ca. 42%) and [(TpRu)y(u-Cl)(u-OMe)(u-
p2)1(BF,) (7) (ca. 9.5%), were obtained. Complete purification
of 6 and 7 was hampered by the fact that they are inseparable
mutual complexes. The NO elimination reaction in CH;OH is a
complicated reaction, because the redox processes are required
for the formation of 5, 6, and 7. Although the 'H NMR spectra of
5 - 7 indicate paramagnetism, the *H NMR spectrum of 4 shows
diamagnetic signals assignable to distinct seven sets of peaks of
the pyrazolyl groups (two Tp and one bridging pyrazolyl ligands),
indicating an unsymmetrical dinuclear complex. The
paramagnetic character of 7 indicates a weak antiferromagnetic
coupling, as shown in a hydroxido-bridged dinuclear ruthenium
20 complex [(TpRu),(pn-Cl)(u-OH)(1-pz)](BF,).* The IR spectra of

4 and 6 exhibit v(NaO) bands (4; 1883 cm™, 6; 1898 cm™) which
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Fig. 2 Cyclic voltammogram of 4 (0.1 mM) in CH;CN containing
"BuyNPF; (0.1 M); working electrode: Pt; counter electrode: Pt; reference:
35 Ag/AgCI; scan rate 50 mVs™.
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are lower frequencies than that of 1,% together with a v(CaN)

band (4; 2264 cm™). The FAB-MS spectra of 4 - 7 exhibit the
40 parent molecular ion signals, respectively.

The structures of 4, 5, and 7 were confirmed by single-crystal
X-ray diffraction analyses (Fig. 1). All three structures are
dinuclear ruthenium complexes bridged by a chlorido and a
pyrazolato ligand, but furthermore NO (for 5) or OMe (for 7)
bridges are seen. For complex 7, two NO ligands are removed.
In complex 4, each ruthenium is coordinated by a NO and a
MeCN ligand, respectively, exhibiting the unsymmetrical
structure. The N-O bond distance of 4 (1.145(12) A; terminal) is
shorter than that of 5 (1.209(5) A; bridging), which is reasonable.
The order of the Ru-Ru distances is 4 (3.7241(17) A) > 7
(3.1596(6) A) > 5 (2.9051(3) A). The Ru-O distances of 7
(1.992(3) A) are similar to those of the hydroxido-bridged
complex [(TpRu)(u-CI)(1-OH)(u-p2)](BF4) (2.0038(19) A).*

To check the redox behavior of 4, the cyclic voltammogram
was measured (Fig. 2). The CV of 4 features two reversible
redox couple at -0.150 V and 0.750 V (Ey, vs. Ag/AgCl).
Reductive treatment of 4 with KO, in CH,CIl, gave the nitrosyl-
bridged complex 5 in 61% yield, releasing the MeCN ligand.
Moreover, oxidation of 5 with AgBF, in CH3;CN reformed 4 in
94% vyield (Scheme 2), showing the reversibility. On the other
hand, oxidative treatment of 4 with AgBF, in CH,CI, afforded a
purple precipitate, followed by work-up to give a dicationic
mononitrosyl dinuclear ruthenium complex
[{TpRU(NO)H{TpRu(NCMe)}(u-Cl)(u-pz)1(BF4), (8
{Ru,(NO)}') in 65% yield. In the IR spectrum of 8, a v(NaO)
band (1898 cm™) appears at higher frequency than that of 4,
because of the oxidation reaction. The paramagnetic complex 8
was confirmed by the X-ray structural analysis of the OH, ligated
analog (complex 8’), where an OH, ligand instead of the
70 acetonitrile ligand coordinated to the ruthenium atom. Complex
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8’ was prepared by precipitation from reaction of the nitrosyl- couple ((2: {Ru(NO),}*) / (1: {Ru,(NO),}*) at 0.389 V (Ey Vs.
bridged complex 5 with AgBF, in wet benzene. However, when Ag/AgCI),® indicating that the putative dinitrosyl complex
{Ruy(NO),}*® is unstable. In addition, the difficulty in
substituting the MeCN ligand of 4 may account for this low
reactivity.
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Conclusions

In conclusion, we succeeded in isolating the neutral nitrosyl-
bridged complex and the cationic and dicationic mononitrosyl
s complexes, and showed their interconversion by chemical redox
reactions. As expected from the electron count, the reactions of
the nitrosyl-bridged complex 5 ({Ru,(NO)}*®) and the dicationic
mononitrosyl complex 8’ ({Ruy(NO)}') with a second NO
molecule resulted in the N-N coupling complex 2 ({Ru,(NO),}*%)
s Fig. 3 Molecular structure of the cation part of 8’ with thermal ellipsoids s and the dicationic dinitrosyl complex 1 ({Ruy(NO)}"),

at the 50% probability level. Minor sets of the disordered atoms and all respectively. On the other hand, the NO addition reaction of the
hydrogen atoms are omitted for clarity. cationic mononitrosyl complex 4 ({Ru,(NO)}?) did not proceed.
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a 8 0 ss All reactions were carried out under N, or Ar unless otherwise
g 1 |50%) noted and subsequent work-up manipulations were performed in
o o air. The starting material [{TpRU(NO)},(u-Cl)(u-pz)](BF4), (1)
; .."‘ NG “-H was prepared according to a previously reported method.*
i F:-.i'm:__FEu Tp = Te-Ra -Cl Eu--rp Organic solvents and all other reagents were commercially
'E AL NN e0 available and used without further purification. NMR spectra
. o , "::'T . were recorded on a Varian Gemini-300 and a JEOL JNM-AL-400

spectrometers. *H NMR chemical shifts in CDCl; or CD5CN are
quoted with respect to TMS and the deuterated solvent signal,
respectively, and *C{*H} NMR chemical shifts are quoted with
respect to the deuterated solvent signal. Infrared spectra in KBr
pellets were obtained on JASCO FT-1R-4100 spectrometers. Fast
atom bombardment mass spectra (FAB-MS) was recorded on a
JEOL JMS-700N spectrometer. Elemental analyses (C, H, N)
were performed on a Perkin Elmer 240011 elemental analyzer.

Scheme 3

10 this oxidation reaction was carried out in CH;CN, only the 1 €
oxidation product 4 was isolated. The crystallographically
determined structure of 8” is shown in Fig. 3. Unfortunately, the
crystallographic disorder between NoO and OH, ligands causes
uncertainty of the metric structural parameters, but the presence
of these two ligands was established.
With the desired mononitrosyl complexes in hand, their ™

reactions to a second NO molecule were carried out (Scheme 3). Reactions of [{TpRU(NO)},(u-Cl)(u-pz)1(BF,), (1) with NaN;
Complex 8" ({Ru,(NO)}') was reacted with NO (gas) for 3 h to
give the dicationic dinitrosyl complex 1 ({Ru,(NO),}*?) as a red-
brown solid in 50% yield, where the OH, ligand of 8’ was
replaced by a NO molecule. Treatment of the NO-bridged

complex 5 ({Ru,(NO)}™) with NO (gas) for 3 h gave the N-N ™ residue was separated on column chromatography with a silica
coupling complex 2 ({Ru,(NO);}*) as a yellow-brown solid in ~ 9€} using @ CH.Cl; eluent to give [(TpRu)y(n-CI)(n-NO)(n-pz)]

67% vyield, which was purified by column chromatography. (5_) as an ocher solid (trace) and a CH,Cl,-acetone (10/1) eluent to
Although the reaction mechanism is unclear, transformation of g'vi [{TpRuI(EO)}{TpRu(NOCMe)}(p-CI)(p-pz)](BF4) (4) as a
the bridging NO ligand to the N-N coupling form is interesting. ar Ereen ;0 ! (44'_2 mg, 96/0)'f di .

In contrast to this, transformation of two NO molecules on ¥ |W en B'S reactl'on was Iper om;%Om a OC(')_;3OH relactlog
dinuclear ruthenium complexes, affording trans-hyponitrite solvent (10 mL) using complex 1 (30.0 mg, 0.031 mmol) an

complexes, has been reported.® On the other hand, reaction of the NaN; (6.1 mg, 0.094 mmol), column chromatographic

cationic mononitrosyl ruthenium 4 ({Ruy(NO)}?2) with NO (gas) purification with a silica gel afforded complex 5 (11.1 mg, 47%;
did not proceed sufficiently to recover the starting complex 4 2 CHCI, eluent), [(TpRu)(u-Cl)(n-OMe)(u-p2)1(BF4) (7) as a

(58%), along with the formation of 1 (13%) and 2 (2.4%) which ® green solid (2.5 mg, ca. 9.5%; a CH,Cl,-acetone (20/1) eluent),
should be formed after initial redox reaction of 4 with NO radical. and [{Tp_Ru(NO)}{TpRu(OMe)}(p-CI)(p-pz)](BF4) (6) as a
The reactivity of 4 indicated that the reaction scheme brown solid (11.4 mg, ca. 42%; a CH,Cl-acetone (10/1) eluent).
» ({RU(NO)}? (4) + "NO -> {Ru,(NO),}*®) did not proceed Complete purification of 6 and 7 was hampered by the fact that

because the CV of 2 showed a reversible two-electron redox they are inseparable mutual complexes.
% 4: IR (KBr, pellet): v(BH) 2520 (w); v(C=N) 2264 (w); v(N=0)
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NaNj; (5.1 mg, 0.078 mmol) was added to a solution of complex 1
(50.0 mg, 0.0518 mmol) in CH;CN (10 mL), followed by stirring
for 3 h at room temperature. After evaporation to dryness, the
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1883 (s); v(BF) 1113-1053 (s) cm™. *H NMR (CDCls): & 8.43 (d,
J=2.2Hz, 1H, pz), 8.14 (d, J = 1.8 Hz, 1H, pz), 8.08 (d, J = 2.2
Hz, 1H, pz), 7.97 (d, J = 2.4 Hz, 1H, pz), 7.87 (d, J = 2.4 Hz, 1H,
pz), 7.81 (d, J = 2.4 Hz, 1H, pz), 7.78 (d, J = 2.3 Hz, 1H, p2),
7.77 (d, J = 2.4 Hz, 1H, pz), 7.75 (d, J = 2.3 Hz, 1H, pz), 7.60 (d,
J=1.8Hz, 1H, pz), 7.15 (d, J = 2.0 Hz, 1H, pz), 7.03 (d, J = 2.4
Hz, 1H, pz), 6.91 (d, J = 2.2 Hz, 1H, pz), 6.85 (d, J = 1.7 Hz, 1H,
pz), 6.63 (t, J = 2.4 Hz, 1H, pz), 6.51 (t, J = 2.4 Hz, 1H, pz), 6.35
(t, J=2.3Hz, 1H, pz), 6.34 (t, J = 2.3 Hz, 1H, pz), 6.24 (t, J = 2.3
Hz, 1H, pz), 6.23 (t, J = 2.3 Hz, 1H, pz), 6.15 (t, J = 2.2 Hz, 1H,
pz), 2.44 (s, 3H, CH;CN). C{*H} NMR (CD5CN): & 145.6 (pz),
145.2 (pz), 145.1 (pz), 144.9 (pz), 144.8 (pz), 144.6 (pz), 143.9
(pz), 143.2 (pz), 139.7 (pz), 139.2 (pz), 138.3 (pz) 137.6 (pz),
137.4 (pz), 137.1 (pz), 110.2 (pz), 109.4 (pz), 108.6 (pz), 108.2
(pz), 108.1 (pz), 107.4 (pz), 107.3 (pz), 126.3 (CHsCN), 5.23
(CHsCN).  FAB-MS (m/z): 8022 ([M]"), 7612 (M -
(CHsCN)T). Elemental  analysis (%) caled for
CpsHa6N16BsCIF,ORuU,: C 31.09, H 2.95, N 25.22; found: C 30.91,
H2.76, N 24.95.

5: IR (KBr, pellet): v(BH) 2485 (w) cm™. FAB-MS (m/z): 761.1
(IM]"), 694.0 (IM - pz]), 528.2 ([Tp,Ru]"). Elemental analysis
(%) calcd for CpHysNisB,CIORu,: C 33.16, H 3.05, N 27.62;
found: C 33.62, H 2.86, N 27.24.

6: IR (KBr, pellet): v(BH) 2518 (w); v(N=0) 1898 (s); v(BF)
1120-1052 (s) cm™. FAB-MS (m/z): 792.0 ([M]"), 762.0 (M -
(NO)I").

7: IR (KBr, pellet): v(BH) 2514 (w); v(BF) 1120-1050 (s) cm™.
FAB-MS (m/z): 762.0 ((M]™).

Redox reactions of [{TpRu(NO)H{TpRu(NCMe)}(u-Cl)(u-
P2)1(BF.4) (4) and [(TpRu),(u-Cl)(u-NO)(p-pz)] (5)

KO, (7.7 mg, 0.11 mmol) was added to a solution of complex 4
(92.2 mg, 0.104 mmol) in CH,CI, (10 mL), and the mixture was
stirred for 17 h at room temperature. After addition of KO, (7.6
mg, 0.11 mmol) and stirring for a further 7 h, column
chromatographic purification with a silica gel afforded complex 5
(48.4 mg, 61%) using a CH,Cl, eluent.

To a CH,Cl, (10 mL) solution of complex 4 (50.0 mg, 0.0563
mmol) was added AgBF, (11.0 mg, 0.0565 mmol) in benzene
(1.0 mL). After the mixture was stirred overnight and evaporated
to dryness, the residue was extracted with acetone, followed by
filtration.  After evaporation, the residue was washed with
benzene and a small amount of CH,Cl, to give
{TpRU(NO)H{TpRu(NCMe)}(u-Cl)(1-pz)1 (BF4), (8) as a purple
solid (35.9 mg, 65%).

To a CH3CN (10 mL) solution of complex 5 (25.0 mg, 0.0329
mmol) was added AgBF, (6.4 mg, 0.033 mmol). After the
mixture was stirred overnight and evaporated to dryness, the
residue was separated by column chromatography with a silica
gel using a CH,Cl,-acetone (10/1) eluent to give complex 4 (27.5
mg, 94%). On the other hand, the use of a wet benzene reaction
solvent (5.0 mL), complex 5 (25.0 mg, 0.0329 mmol), and AgBF,
(12.8 mg, 0.0658 mmol) resulted in a dark red purple precipitate.
After stirring for 4 h and decantation of the mixture, the
precipitate was washed several times with benzene to vyield
{TpRU(NO)H{TpRU(OH)}(u-Cl)(u-p2)](BF4), (8") as a red-
purple solid (29.3 mg, 94%).
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8: IR (KBr, pellet): v(BH) 2523 (w); v(N=0) 1898 (s); v(BF)
1121-1053 (s) cm™. FAB-MS (m/z): 802.2 ([M]"), 761.1 ([M —
Elemental  analysis (%) caled for
Ca3H2sN16B4CIFgORuU,: C 28.32, H 2.69, N 22.98; found: C 28.55,
H 2.90, N 23.04.

8’: IR (KBr, pellet): v(BH) 2543 (w); v(N=0) 1915 (s); v(BF)
1122-1053 (s) cm™. FAB-MS (m/2): 778 ([M-1]"), 761.1 (M —
(OHL)TM), 694.0 ([M — (OH,) — pz]*). Elemental analysis (%)
caled for CyHzNisB4CliFgO,Ru,: C 23.88, H 2.59, N 17.40;
found: C 24.04, H 2.27, N 17.87.

Reactivities of [{TpRu(NO)YH{TpRu(NCMe)}(u-Cl)(u-

P2)IBFs)  (4), [(TpRU)(u-Ch(u-NO)(u-pz)] (5), and
[N{SIORU(N0)}{TpRU(OHz)}(u-Cl)(u-IOZ)](BF4)2 (8") toward
gas

In a Schlenk flask, complex 8 (32.0 mg, 0.0336 mmol) was
dissolved in distilled CH,CI, (10 mL), followed by freeze-pump-
thaw cycling for three times. After the cycling, NO gas was
introduced into the Schlenk flask through a column containing
KOH pellets and through an acetone/liquid N, (-78 °C) cooled
trap to remove impurities. The solution was exposed to NO gas
for 3 h and evaporated to dryness, followed by washing with
CH,Cl,. The resulting red-brown powder was crystallized from
CH5CN/ether to afford [{TpRu(NO)}»(u-Cl)(n-pz)](BF4), (1)
(16.2 mg, 50%).

Following analogous procedures to those above, reaction of
complex 5 (30.7 mg, 0.0404 mmol) with NO gas in distilled
CH,CI, (10 mL) afforded [(TpRu)(p-Cl){u-N(=0)-N(=0)}(u-
p2)] (2) (21.5 mg, 67%), which was purified by column
chromatography.

A solution of complex 4 (41.0 mg, 0.0461 mmol) in distilled
CH,CI, (10 mL) was exposed to NO gas according to the method
described above.  After filtration, column chromatographic
purification with a silica gel gave unreacted complex 4 (23.7 mg,
58%), complex 1 (6.0 mg, 13%), and complex 2 (0.9 mg, 2.4%).

Single-crystal X-ray structural determinations

The crystallographic data are summarized in Table 1. X-ray
quality single crystals were obtained from THF/ether (for
4.(C4HgO)3), CH3CHCI,/MeOH (for
5:(MeOH); 33-(CH3CHCI,)q 33), CH,CICH,Cl/ether (for
7-(CH,CICH,CI)), and CH,Cl,/hexane (for 8’-(CH,Cl,)3),
respectively. Diffraction data were collected at -180 °C under a
stream of cold dinitrogen gas on a Rigaku RA-Micro7 HFM
instrument equipped with a Rigaku Saturn724+ CCD detector by
using graphite-monochromated Mo Ko, radiation. The intensity
images were obtained at exposure of 8 s/° (4-(C4HgO); and
7-(CH,CICH,CI)), 16 s/° (5:(MeOH); 33-(CH3CHCI,)o33), and 4
s/° (8”-(CH,Cl,);). The frame data were integrated using a
Rigaku CrystalClear program package, and the data sets were
corrected for absorption using REQAB program.

The calculations were performed with a CrystalStructure
software package. The structures were solved by direct methods
(for  5-(MeOH);33-(CH3CHCly)p33,  7-(CH,CICH,CI), and
8’-(CH,Cl,)3) and Patterson methods (for 4-(C4HgO)s), and
refined on F? by the full-matrix least squares methods.
Anisotropic refinement was applied to all non-hydrogen atoms
except for three THF crystal solvents and a BF,; group in
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4.(C4HgO)s, and the disordered minor positions (NO and O
atoms) and fluorine atoms of two BF, groups in 8’-(CH,Cl,)s.
For 4.(C4HgO)s, three fluorine atoms of a BF, group were

5

disordered with an occupancy factor of 0.5/0.5. Restraints were

Table 1 Crystallographic data for 4-(C4HgO)s, 5:(MeOH)1.33:(CHsCHCl,)o.33, 7-(CH,CICH.CI), and 8’-(CH,Cl,);

4-(C4Hs0)s 5:(MeOH)1.33:(CHsCHCly)o33 7-(CH,CICH,CI) 8’:(CH,Cly)s
Formula CasHsoN16B3CIF,04RuU; Ca3H20,67N15B2Cl1670233RU; C24H30N14B3ClsF4sORu, C24H31N15B4ClFsO2Ru;,
Fw 1104.90 836.50 947.52 1207.15
Cryst system Triclinic Hexagonal Monoclinic Monoclinic
Space group P-1 (No. 2) P63/m (No. 176) P2;/m (No. 11) P2,/c (No. 14)
Color of crystal Dark green Dark brown Dark brown Dark purple
Crystal size (mm) 0.10 x 0.10 x 0.05 0.30 x 0.25 x 0.05 0.15x 0.07 x 0.04 0.23x0.21 x0.13
a(h) 11.597(5) 19.3345(5) 9.2986(15) 11.2451(15)
b (A) 11.793(5) 19.3345(5) 14.618(3) 11.8268(15)
c(A) 17.685(6) 14.6049(4) 13.390(3) 33.225(5)
a (deg) 77.253(16) 90 90 90
S (deg) 75.450(17) 90 100.519(3) 98.519(3)
7 (deg) 84.730(16) 120 90 90
V (A% 2281.8(16) 4728.2(3) 1789.5(5) 4369.9(10)
z 2 6 2 4
Pealc (g cm®) 1.608 1.763 1.758 1.835
u(cm™®) 7.944 11.522 11.334 12.004
26max (deg) 54.8 54.9 54.9 54.9
No. of all reflns collected 18577 30479 14890 32374
No. of unique reflns 10180 3746 4230 9940
Rint 0.0545 0.0197 0.0258 0.0297
No. of obsd refins # 6595 3504 3692 8449
No. of parameters 494 228 257 563
Ry ®P 0.0980 0.0255 0.0422 0.0571
Rw (all data)® 0.2782 0.0720 0.1125 0.1521
GOF (all data)® 1.067 1.045 1.044 1.053

31> 20(1). "Ry = ||Fo| - |Fe|l/Z |Fol. © Rw = {Zw (Fo? - Fc®)/Zw(Fo?)?}2 @ GOF = [{Zw(Fo? - Fc?)?}H(N, - Np)]“?, where No and Np denote the

number of data and parameters.

applied to BF, and three THF atoms. For
5-(MeOH)y 33:(CH3CHCI,)q 33, one MeOH, one-third MeOH, and
one-third CH3;CHCI, crystal solvents are included. The latter two
are located in the special positions, where the oxygen atom of the
MeOH crystal solvent is disordered over three positions and for
CH5CHCI, crystal solvent the carbon and chlorine atoms are
disordered over two and three positions, respectively. Three
protons of the OMe group and the CH,CICH,CI crystal solvent in
7-(CH,CICH,CI) are disordered over two positions with an
occupancy factor of 50:50. For 8’-(CH,Cl,);, there was a
disorder between N=O group and O (OH,) atom with an
occupancy factor of 0.7/0.3. Moreover, three fluorine atoms on
each of the two BF, groups were disordered with an occupancy
factor of 0.7/0.3. Restraints were applied to two BF, and three
CH,CI, atoms in 8’-(CH,Cl,)s. Hydrogen atoms for all structures
were put at calculated positions, except for B-H (8’-(CH,Cl,)3),
while those of the OH, ligand (8’-(CH,Cl,);) and the crystal
solvent molecules (4:(C4HgO)s, 5-(MeOH); 33-(CH3CHCI,)q 33,
and 7-(CH,CICH,CI)) were not included in the calculations.
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