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Abstract
The interaction of 3,3-(Ph2P(CH2)4PPh2)-3-H-3-Cl-closo-3,1,2-RuC2B9H11 (1) with isopropylamine and corresponding

nitrile (NCR) in dichloromethane at 40 �C yields carborane clusters of Ru(II) with nitrile ligand [3,3-(Ph2P(CH2)4PPh2)-3-

NCR-closo-3,1,2-RuC2B9H11] (R = –Ph, –CH=CH2). A similar ortho-cycloboronated clusters [3-NCR-3,3,8-{(Ph2-

P(CH2)4PPh-l-(C6H4-ortho)}closo-3,1,2-RuC2B9H10] were obtained from the corresponding chlorine-containing

ruthenacarboranes. The novel clusters were isolated as yellow crystal solids and characterized by NMR, mass-spectroscopy

and X-ray analysis. The reaction of the obtained clusters with HCl showed the chemical reversibility of dehydrohalo-

genation. The performed electrochemical investigation testified the ability of novel complexes to undergo reversible

oxidation to Ru(III) species.
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Introduction

The progress in chemistry of carboranes and its complexes

with transition metals observed in recent years is governed

not only by unique bonding type and possibility of for-

mation of novel types of cluster structures [1–9] but also by

the intensive growth of the area of its possible applications

in medicine [10–16] organic electronics [17–19] catalysis

[1, 20–26] and so on. Due to the presence of highly delo-

calized tri-dimensional electronic structure carboranes and

its derivatives may be considered as capacitors of elec-

tronic density. It allows taking them into account as con-

venient building blocks in the catalysts design. Carborane-

based catalysts were successfully applied in methathesis

reactions [1], hydrogenation [22], radical addition [23] and

Atom Transfer Radical Polymerization processes [24].

Active participation of a metal complex in catalytic cycle

requires the presence of a vacant coordination site neces-

sary for substrate addition. It is well known that such

unsaturated species are unstable in a free state and are

usually formed in the reaction media through the dissoci-

ation of weak-bonded two-electron ligands such as nitriles,

phosphines or amines.

This paper describes the synthesis of novel

ruthenacarborane clusters with nitrile ligands suitable for

application as catalysts of ATRP processes.

Results and Discussion

The reaction of 3,3-(Ph2P(CH2)4PPh2)-3-H-3-Cl-closo-

3,1,2-RuC2B9H11 (1) with isopropylamine and benzonitrile

in CH2Cl2 solution at 40 �C afforded the compound [3,3-

(Ph2P(CH2)4PPh2)-3-NCPh-closo-3,1,2-RuC2B9H11] (2)

isolated in 68% yield after column separation and recrys-

tallization. The reaction probably proceeds through the

reductive elimination of HCl and further stabilization of the

formed 16-electron species by benzonitrile ligand. In spite

of the presence of the excess of the amine in the reaction

media no amine containing complex is formed in this

reaction in spite of a series of amine-containing Ru (II)

complexes are known [27–29]. It should be mentioned that

no stable product can be isolated from the reaction media
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in the case of conduction of the process in the absence of

benzonitrile or amine. Thus, we may conclude that in this

reaction amine probably acts as a base while benzonitrile as

an auxiliary stabilizing ligand.

The 31P NMR spectrum of complex 2 contains only one

signal at 38 ppm indicating the equivalence of two phos-

phorous atoms. The observed chemical shift is close to that

is similar acetionitrile containing complex obtained earlier

[30] corroborating the proposed structure for complex. The
1H{31P} spectrum is also similar for ones recorded for

acetonitrile containing analogue of 2. It contains reso-

nances from the protons of alkyl groups, as well as of CH-

cage and phenyl rings protons from benzonitrile and

diphosphine. The assignment of the proton resonances

from methylene bridge was done using the 2D [1H–1H]

COSY and [13C–1H] HSQC correlation spectra depicted on

Fig. 1.

The signals of four protons from two central methylene

units appear as a broad multiplet at d 1.74 ppm. At the

same time the geminal hydrogen atoms at terminal

methylene units connected with phosphorous atoms are

magnetically nonequivalent giving resonances at 2.98 and

2.46 ppm respectively. The signal from from two hydrogen

atoms bonded to carbons in carborane cage appears as a

broad singlet at 2.53 ppm. Signals from phenyl rings of

benzonitrile and diphosphine moieties appear as a com-

plicated multiplet in the range of 7.28–7.70 ppm.

MALDI TOF mass-spectrum of cluster 2 recorded in

positive mode contains a signal at 660 Da with the char-

acteristic envelope-type pattern corresponding to [2-

PhCN]?. The absence of the strong signal of molecular ion

in the mass-spectra indicates the low energy of Ru–N bond

in the cluster. At the same time the presence of coordinated

nitrile ligand in cluster 2 is confirmed by the C-N strethcing

band vibration at 2212 cm-1 in the IR spectrum.

The crystals suitable for X-ray study were obtained by

slow crystallization of 2 from concentrated benzonitrile

solution on cooling. The performed X-ray analysis con-

firmed the structure, proposed basing on the spectral

investigation of 2 (Fig. 2).
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Fig. 1 The fragments of 2D [1H–1H] COSY (left) and [13C–1H] HSQC (right) NMR spectra for complex 2. Solvent—CD2Cl2
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The obtained cluster is a typical example of closo-

ruthenacarboranes. The metal atom is coordinated on the

open C2B3-facet of the carborane ligand and coordinated

with two psophorous atom of the diphosphine moiety and

the nitrogen atom of the benzonitrile ligand. In spite of the

equivalence of phosphorous atoms in solution observing in

the 31P NMR spectrum the Ru–P bonds in solid state are

slight differ: (2.316 and 2.330 Å). Coordination of ben-

zonitrile ligand into trans-position relative to the B(2)

boron atom is typical for metallacarborane clusters

[30, 31]. It should be mentioned that the observed Ru–N

distance is slight shorter (2.045 Å) than in the corre-

sponding acetonitrile derivative [3-NCMe-3,3,8-{Ph2-

P(CH2)4PPh2}-closo-3,1,2-RuC2B9H11] (2.088 Å) [30].

This fact may be attributed to the less steric hindrances in

the benzonitrile complex due to the planarity of the phenyl

ring and the donation of electron density from the phenyl

ring through the conjugated p-system.

To expand the scope of the possible nitrile containing

clusters we examined the reaction of complex 1 with

acrylonitrile in the similar conditions. A particular interest

to this reaction was governed by the presence of double

bond in acrylonitrile ligand and possible g2-coordination of

this ligand to ruthenium atom. Such g2-ruthenium com-

plexes were earlier described in literature [32]. Another

point of interest to these complexes is determined by its

behavior in polymerization processes. The information

about the stability of the nitrile complex is necessary for

evaluation of the possibility of its application in polymer-

ization of unsaturated nitriles via ATRP mechanism

[24, 33].

Cluster 3 was isolated as a yellow solid in a quantitative

yield from the reaction of 1 with isopropylamine and

acrylonitrile in CH2Cl2 solution in the conditions similar to

that for obtaining of 2:

Cluster 3 is characterized by good solubility in ethyl

acetate, acetone or CH2Cl2 but these solutions are unsta-

ble on air. Solution of 3 in acrylonitrile is stable on air due

to the excess of stabilizing ligand. Complex 3 is insoluble

in methanol, alkanes and diethyl ether.

The characterization of complex 3 by NMR and IR

spectroscopy allowed us to propose its structure and the

type of acrylonitrile coordination. The 31P NMR spectrum

(Fig. S2) contains one signal at - 41 ppm indicating the

preservation of diphosphine ligand in the cluster and the

chemical equivalence of two phosphorous atoms. The 1H

NMR spectrum of 3 contains the signals of the aromatic

protons of phenyl rings at 7.87–7.39 ppm, the signals of

Fig. 2 The molecular structure of cluster 2

Fig. 3 The fragments of 1H NMR spectra of clusters 3 (top) and 6
(bottom)
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methylene units and C–H groups of carborane cage at

2.52–2.30 and 1.58 ppm respectively. The assignment of

the proton signals was done with the use of the correlation
1H–1H COSY and 1H–13C HSQC spectrometry. The cor-

responding spectra are provided as electronic supplemen-

tary materials and are very similar to ones depicted on

Fig. 1. The presence of acrylonitrile molecule in the cluster

was confirmed by the signals at 6.01, 6.04 and 5.80 ppm

(Fig. 3). The character of the spectra and the observed

chemical shifts values allow to suppose that acrylonitrile

molecule is probably coordinated to the ruthenium atom

via nitrogen atom forming nitrile—type complex. The

similar consideration may be done in accordance with the

value of 31P chemical shift similar to that for the complex

2.

The performed X-ray study has confirmed this propo-

sition. As it may be observed on Fig. 4, cluster 3 contains

acrylonitrile molecule coordinated to ruthenium center via

nitrogen atom. According to the data summarized in

Table 1 we may conclude that the obtained ruthenacarbo-

ranes 2 and 3 have very similar closo-structures. The

interchange of benzonitrile ligand via acrylonitrile one has

almost no influence on the general parameters of the

cluster. It should be noted that the Ru–N bond lengths in

clusters 3 and 2 are almost the same (2.044 Å) and are

typical for Ru(II) acrylonitrile complexes. The similar Ru–

N distance values (2.02–2.05 Å) are observed in [Ru(g5-

C5H5)(acrylonitrile)(BIPHOP-F)]? cations [34]. At the

same time the corresponding Ru–N bond in Ru(III) com-

plex with pyridinecarboxylic acid cis-

[Ru(NO)(NCCH=CH2)(pyc)2]? is significantly shorter

(1.768 Å) [35].

The interaction of cluster 4 bearing ortho-cy-

cloboronated fragment with isopropylamine and nitrile in

the above mentioned conditions allowed us to isolate cor-

responding complexes 5 and 6 as yellow solids in 56 and

55% yields respectively:

Fig. 4 The molecular structure of cluster 3

Table 1 Selected bond distances and angles for complexes 2 and 3

2 3

Bond lengths (Å)

Ru(1)–C(1) 2.220(3) 2.203(3)

Ru(1)–C(2) 2.231(4) 2.210(2)

Ru(1)–B(1) 2.227(2) 2.224(2)

Ru(1)–B(2) 2.281(3) 2.288(2)

Ru(1)–B(3) 2.279(2) 2.258(3)

Ru(1)–P(1) 2.3299(6) 2.3295(8)

Ru(1)–P(2) 2.317(1) 2.3213(6)

Ru(1)–N(1) 2.045(2) 2.044(2)

C(1)–C(2) 1.627(4) 1.631(3)

C(31)–N(1) 1.153(4) 1.143(4)

C(32)–CN(33) – 1.216(9)

Bond angles (�)
P(1)–Ru(1)–P(2) 93.01(3) 93.20(2)

P(1)–Ru(1)–N(1) 86.88(8) 85.98(6)

P(2)–Ru(1)–N(1) 89.87(8) 92.60(6)

C(32)–C(31)–N(1) 179.1(3) 177.9(4)

Ru(1)–N(1)–C(31) 173.8(3) 169.7(2)
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The structures of the obtained complexes were ascer-

tained on the basis of NMR study. The presence of ortho-

cycloboronated moiety in clusters 5 and 6 makes the

phosphorous atoms in the structure of the clusters non-

equivalent, and results in the presence of two signals in

NMR spectra at ca 35 and 61 ppm. It should be noted that

the observed phosphorous chemical shifts for cluster 5 are

similar to that in complex 6 and the relative acetonitirile

derivative obtained earlier [30]. It allows us to suppose that

acrylonitrile ligand is coordinated on ruthenium center via

nitrogen atom but not with double bond. The presence of

ortho-cycloboronated fragment in the complex causes the

loss of symmetry in diphosphine ligand. Due to the split-

ting on geminal and vicinal atoms signals of these protons

appear in 1H{31P} NMR as complicated multiplets in the

range from 1.5 to 3.0 ppm. Hydrogen atoms connected

with carborane carbon atoms are also non-equivalent and

give two broad singlets in the spectra at 1.4 and 3.1 ppm

(see figures in ESM). The presence of acrylonitrile frag-

ment in cluster 6 is unambiguously confirmed by the sig-

nals in the range of 5.73–6.12 ppm. Figure 3 represents the

comparison of the spectra obtained for complexes 3 and 6.

It can be concluded that the change of the ligand structure

results in the increase of the values of spin–spin coupling

constants Ja–c and Jb–c in complex 6. Phenyl groups of

diphosphine moieties of complexes 5 and 6 give reso-

nances in the range from 7.1 to 7.8 ppm. The presence of

covalent bonding between boron framework and one phe-

nyl ring results in complicating spectra of 5 relative to 2.

Spectrum of 5 contains additional signals from phenyl ring

of benzonitrile ligand.

The formation of clusters 5 and 6 containing ruthenium

atom in ?2 oxidation state should be considered as a

reduction of initial Ru(III) complex 4. We suppose that in

this process amine molecule reduces initial complex via

one-electron transfer giving corresponding anion. The

abstraction of chlorine atom from the cluster anions formed

in this reaction generates 16-electron Ru(II) species which

are further stabilized by nitrile addition [30].

It was established that novel clusters 2 and 3 may be

easily converted in the initial compound 1 via reaction with

hydrogen chloride in CH2Cl2 media. The addition of

10-fold excess of HCl to the cluster solution results in the

fast color change from yellow to orange. The formation of

cluster 1 was unambiguously confirmed by the means of

HPLC and MALDI mass spectrometry. The reaction pro-

ceeds through the oxidative addition mechanism and may

be considered as the reverse process towards the elimina-

tion of HCl under the action of amine described earlier.

The similar reactions of HCl addition were earlier observed

for Ru(0) complexes [36, 37] while the present work shows

the possibility of such addition to Ru(II) complex with the

formation of the corresponding Ru(IV) product.

Noteworthy that this reaction may be conducted even using

concentrated aqueous solution of HCl. This fact indicates

high tolerance of 1 towards water.

The performed interaction of clusters 5 and 6 with HCl

in the similar conditions resulted in the formation of initial

complex 4 instead of the expected diamagnetic complex of

Ru (IV) containing a hydride atom at the ruthenium center.

Such difference in the structures of the complexes obtained

from ortho-phenylenecycloboronated and non-cy-

cloboronated clusters may be caused by the steric hin-

drances determined by the presence of the Ru–P–C–C–B

metallocycle which does not allow hydrogen atom to bind

to the ruthenium center.

200 400 600 800 1000

E(Fc/Fc+)
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6

Fig. 5 The cyclic voltammograms of the obtained clusters in 1,2-

dichloroethane at 25 �C. [Ru] = 0.003 M; [n-Bu4NPF6] = 0.2 M

(supporting electrolyte). Scan rate t = 100 mV/s
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Electrochemistry is a convenient tool to evaluate the

ability of complex to participate in catalytic processes

incorporating redox stages [38, 39]. The performed cyclic

voltammetry studies of novel clusters 2, 3, 5 and 6 showed

its ability to undergo reversible oxidation corresponding to

Ru(II)–Ru(III) transition. The registered cyclic voltamme-

try curves are depicted on Fig. 5. It should be noted that the

obtained values of E1/2(RuII/RuIII) for complexes 2 and 3

provided in Table 2 are almost similar and are equal to the

values observed for relative acetonitrile complex [30].

Clusters 5 and 6 bearing ortho-cycloboronated fragment in

its structure are characterized by lower RuII/RuIII redox

potentials relative to its non-cycloboronated analogs 2 and

3 in accordance with the dependences observed earlier

[30]. Further oxidation of the obtained clusters 2, 5 and 6 to

Ru(IV) state proceeds fully irreversible at potential values

summarized in Table 2. At the same time we have not

observed a strong signal corresponding to irreversible

oxidation of the cluster 3 to the Ru(IV) species in the

investigated range of the potentials. Instead of that a

smooth increase of the current exceeding the drift of the

baseline was observed.

Thus we may conclude that the reaction of chlorine-

containing closo-ruthenacarboranes with aliphatic amines

and nitriles may be considered as the method to the

preparation of corresponding Ru(II) clusters. The observed

chemical and electrochemical reversibility of the RuII–

RuIII transition allows considering such clusters as poten-

tial catalysts for various applications.

Experimental

All reactions were carried out under an atmosphere of dry,

oxygen-free argon using Schlenk line techniques. Solvents

were distilled from appropriate drying agents under argon

prior to use. Chromatography columns (typically ca. 15 cm

in length and ca. 2 cm in diameter) were packed with silica

gel (Merck, 230–400 mesh). Top of the column was flushed

with a flow of argon during elution process. The 1H,
31P{1H}NMR spectra were recorded on Agilent DD2 NMR

400NB spectrometer. NMR tubes were degassed before

analysis, deoxygenated and argon flushed deuterated sol-

vents were used for spectra registration. The purity of

complexes was analyzed by HPLC (Knauer Smartline

system equipped with diode-array UV Detector 2600) on a

silica gel packed column (12.5 mm in length and 4.6 in

diameter) with use of a CH2Cl2/n-hexane mixture (1:1) as

eluent. Redox properties of complexes were studied in 1,2-

dichloroethane (DCE) with 0.2 M n-Bu4NPF6 as the sup-

porting electrolyte. These measurements were carried out

under argon atmosphere in a conventional three-electrode

cell with a Pt disk (0.8 mm in diameter) as the working

electrode, a Pt wire as the counter electrode and Ag/0.01 M

AgNO3 plus 0.2 M n-Bu4NPF6 in acetonitrile as the ref-

erence electrode [30]. Electrochemical measurements were

performed with an IPC Pro-M potentiostat with the digital

recording of the results. MALDI-TOF mass-spectra of the

compounds were obtained on a Bruker Microflex LT

instrument using DCTB as a matrix and a ground steel

target plate. The IR spectra of complexes were recorded on

Infralum FT IR spectrometer in solid KBr matrix.

Complex 1 was obtained by the procedure described

earlier [24].

Preparation of [3,3-(Ph2P(CH2)4PPh2)-3-NCC6H5-closo-3,1,2-
RuC2B9H11] (2) 20 mg (0.028 mmol) of complex 1 were

placed into 25-ml Schlenk tube followed by 2 ml of

methylene chloride, 2 ml of benzonitrile and 71 ll

(0.84 mmol) of isopropylamine. The tube was closed by a

stopcock, degassed via three freeze–pump–thaw cycles and

filled with argon. The reaction was conducted on water

bath at 40 �C for two hours until the bright yellow color of

the solution. After the reaction the reaction mixture was

placed on the column filled with silica gel. A bright yellow

band was eluted by 1:1 n-hexane: ethyl acetate mixture.

The evaporation of the solvent under reduced pressure gave

14.8 mg (68%) of pure complex 2. 1H NMR (CD2Cl2,

25 �C), d(ppm): 1.75 (m, 4H, PCH2CH2CH2CH2P), 2.44

(m, 1H PCH2CH2CH2CHHP), 2.47 (m, 1H PCHHCH2-

CH2CH2P), 2.53 (s, br, CHcarb), 2.9–3.0 (m, br 2H,

PCHHCH2CH2CHHP), 7.3–7.7 (m, 25H, Ph-rings);
31P{1H} NMR (CD2Cl2, 25 �C), d(ppm) 41.31 (s). IR

(KBr): 2208 (m(C:N)), 2532 (m(B–H)).

Preparation of [3,3-(Ph2P(CH2)4PPh2)-3-NCCH=CH2-closo-
3,1,2-RuC2B9H11] (3) 19 mg (0.027 mmol) of complex 1

were placed into 25-ml Schlenk tube followed by 2 ml of

methylene chloride, 2 ml of acrylonitrile and 115 ll

(1.35 mmol) of isopropylamine. According the the proce-

dure described upper for complex 2 18.86 mg (96.2%) of

pure complex 3 were achieved. 1H NMR (CD2Cl2, 25 �C),

d(ppm): 1.72–1.74 (m, br, 4H, PCH2CH2CH2CH2P),

2.4–2.5 (m, br, 4H 2 9 CHcarb ? PCHHCH2CH2CHHP),

2.92 (m, 2H, PCHHCH2CH2CHHP), 5.79 (d, 1H NC–

CH=CH2), 6.01 (d, 1H NC–CH=CH2), 6.04 (d, 1H NC–

Table 2 The results of the electrochemical measurements for the

obtained clusters

Complex E1/2
a (RuII/RuIII), V Eox

a (RuIII/RuIV), V

2 0.326 0.75

3 0.335 –

5 0.244 0.69

6 0.247 0.68

aThe E values reffered to ferrocene
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CH=CH2), 7.30–7.5 (m, 20H, Ph-rings); 31P{1H} NMR

(CD2Cl2, 25 �C), d(ppm) 41.12 (s); IR (KBr): 2213

(m(C:N)), 2533 (m(B–H)).

Preparation of [3-Cl-3,3,8-{Ph2P(CH2)4PPh-l-(C6H4-o)}-closo-
3,1,2-RuC2B9H10] (4) The earlier described method of

preparation of 4 from 5,6,10-{Cl(Ph3P)2Ru}-[5,6,10-(l-

H)3-10-H-7,8-H-exo-nido-7,8-C2B9H8] (7) into three stages

[24, 40] was modified into one-pot reaction allowed to

increase total yield of 4. 136 mg (0.17 mmol) of 7 and

80 mg (0.188 mmol) of 1,4-bis(diphenyphosphino)butane

were placed in a 100 ml round-bottom Schlenk flask. The

flask was degassed and filled with argon. A 25 ml of

toluene was distilled into the flask in argon atmosphere.

The mixture was heated at 95 �C for 1 h on oil bath. After

that the temperature was increased up to 105 �C and the

reaction was conducted for 4 h. After that 1 ml of carbon

tetrachloride was added and the reaction was conducted for

additional 40 min. After cooling the solvent was evapo-

rated in vacuum up to 3 ml and the residue was placed on a

silica gel packed column. A first dark red band eluted with

benzene/n-henane = 2/1 mixture yielded 63 mg (53%) of

complex 4 after crystallization as a dark-red crystals.

Elution of the second dark red band by benzene allowed to

isolate 8 mg (6%) of 3-Cl-3,3,7,8-{Ph2P(CH2)4PPh-l-

(C6H4-o)2}-closo-3,1,2-RuC2B9H9 [24].

Preparation of [3-C6H5CN-3,3,8-{Ph2P(CH2)4PPh-l-(C6H4-o)}-
closo-3,1,2-RuC2B9H10] (5) Complex 5 was prepared by

the method described for 2 from 21.4 mg (0.03 mmol) of

Table 3 Crystal data, details of data collection, and parameters of structure refinement for complexes 2 and 3

Formula C36 H42 B9 N2 P2 Ru C44 H49 B9 N2 P2 Ru

M 763.01 866.15

System triclinic monoclinic

Space group P �1 P 21/c

Z 2 4

T, K 298(2) 100(2)

a, Å 11.1256(3) 17.9411(7)

b, Å 11.3489(4) 11.03510(10)

c, Å 16.6245(4) 32.0799(12)

a, � 92.048(2) 90

b, � 99.467(2) 137.878(7)

c, � 111.865(3) 90

V, Å3 1910.72(10) 4259.8(5)

Dx, g cm-3 1.326 1.351

l, mm-1 0.523 0.478

Absorption Tmin/Tmax 0.8906/1 0.255/1

Absorption correction CrysAlisPro 1.171.38.46 (Rigaku Oxford Diffraction, 2015) Numerical absorption correction

F(000) 782 1784

Crystal size, mm 0.218 9 0.154 9 0.129 0.31 9 0.268 9 0.105

Diffractometer/

radiation/monochromator/scan

Oxford diffraction Gemini, Sapphire III/MoKa
(k = 0.71073 Å)/graphite/x scans

XTaLab Pro P200 K/MoKa
(k = 0.71073 Å)/MM003/x scans

Range of h, � 3.303–28.281 1.692–26.372

Range of indices - 14 B h B 14

- 15 B k B 15

- 22 B l B 22

- 22 B h B 22

- 13 B k B 13

- 40 B l B 40

Measured reflections, all/independent/

with I[ 2r(I)/Rint

32802/9376/8536/0.0399 104163/8702/8374/0.0284

Parameters 583 564

GOOF 1.137 1.025

R-factors for F2[ 2 r(F2) R1 = 0.0388

wR2 = 0.0875

R1 = 0.0385

wR2 = 0.1056

R-factors for all reflections R1 = 0.0447

wR2 = 0.0901

R1 = 0.0396

wR2 = 0.1065

Dq(min/max), e�Å-3 - 0.45/1.418 - 0.927/2.122
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complex 4, 2 ml of methylene chloride, 2 ml of benzoni-

trile and 128 ll (1.50 mmol) of isopropylamine. Product

yield was 12.8 mg (54.7%).1H NMR (CD2Cl2, 25 �C),

d(ppm): 1.48 (s, br, 1H, CHcarb), 1.78 (m, 4H, o-C6H4

(Ph)P(CH2)CH2(CH2)2PPh2 ? o-C6H4(Ph)P(CH2)2CH2CH2

PPh2), 2.30 (m, 1H, o-C6H4(Ph)P(CH2)3CHHPPh2), 2.96

(m, 3H, o-C6H4(Ph)P(CH2)3CHHPPh2 ? o-C6H4(Ph)PCH2

(CH2)3PPh2), 3.21 (s, br, 1H, CHcarb), 7.0–7.9 (set of m, 14

H, aromatic rings); 31P{1H} NMR (CD2Cl2, 25 �C), d(ppm)

35.5 (d, 1P, J = 39.61), 61.5 (br. d, 1P, J = 39.61); 11B {1H}

NMR (CD3CN, 25 �C), d (ppm): - 29.9 (1B), - 20.0 (1B),

- 16.0 to - 14.8(br, 3B), - 11.8(1B), - 5.34 (2B), 12.7

(1B); IR (KBr): 2214 (m(C:N)), 2546 (m(B–H)).

Preparation of [3-CH2=CHCN-3,3,8-{Ph2P(CH2)4PPh-l-(C6H4-
o)}-closo-3,1,2-RuC2B9H10] (6) Complex 6 was prepared

by the method described for 2 from 19.6 mg (0.028 mmol)

of complex 1, 2 ml of methylene chloride, 2 ml of acry-

lonitrile and 119 ll (1.40 mmol) of isopropylamine. Pro-

duct yield was 11 mg (55.8%). 1H NMR (CD2Cl2, 25 �C),

d(ppm): 1.42 (s, br, 1H, CHcarb), 1.6–1.8 (m, 4H, o-C6-

H4(Ph)P(CH2)CH2(CH2)2PPh2 ? o-C6H4(Ph)P(CH2)2CH2

CH2PPh2), 2.28 (m, 1H, o-C6H4(Ph)P(CH2)3CHHPPh2),

2.91 (m, 3H, o-C6H4(Ph)P(CH2)3CHHPPh2 ? o-C6H4

(Ph)PCH2(CH2)3PPh2), 3.12 (s, br, 1H, CHcarb), 5.76 (4d,

1H NC–CH=CH2), 6.03 (d, 1H NC–CH=CH2), 6.1 (d, 1H

NC–CH=CH2), 7.1–7.7 (set of m, 19 H, aromatic rings);
31P{1H} NMR (CD2Cl2, 25 �C), d(ppm) 35.6 (d, 1P,

J = 39.6), 61.4 (br. d, 1P, J = 39.6). 11B {1H} NMR

(CD3CN, 25 �C), d (ppm): - 29.9 (1B), - 20.2 (1B),

- 16.0 (1B), - 14.5 (br, 2B), - 12.0 (1B), - 5.4 (2B),

12.7 (1B). IR (KBr): 2218 (m(C:N)), 2504, 2559 (m(B–H)).

Reaction of Clusters 2, 3, 5 and 6 with HCl 11.6 mg

(0.016 mmol) of complex 6 were placed in a Schlenk tube,

degassed and filled with argon. After that 2 ml of degassed

CH2Cl2 were added. A 2 ll of concentrated aqueous

solution of hydrochloric acid were added after the full

dissolution of the complex. A yellow color of the reaction

mixture turned to orange in a couple of minutes. Reaction

was stirred for 30 min, after that the solvent was reduced to

1 ml and the mixture was placed on a silica gel packed

column. A red–orange band was eluted with CH2Cl2/n-

hexane 1:1 mixture and yielded 10.3 mg (94%) of complex

4 after solvent evaporation. A similar reaction conducted

with complex 5 resulted in formation of 4 in 74% yield,

while the interaction HCl with 2 and 3 in the same con-

ditions allowed isolating 1 in 55% and 65% yields

respectively.

Crystallographic Structure Determinations

The crystallographic parameters and the X-ray-data-col-

lection and structure-refinement statistics are given in

Table 3. The initial structural fragment of 2 and 3 struc-

tures were established by direct methods. The positions of

the missing non-hydrogen atoms were found in difference-

electron-density maps and refined with anisotropic dis-

placement parameters [41, 42]. The some part of H atoms

were placed in calculated positions and refined in the

‘‘riding-odel’’ (Uiso(H) = 1.2 Ueq(carbon) Å2 for aro-

matic hydrogen and 1.5 Ueq(carbon) Å2 for alkyl hydro-

gen), and the another part was located from Fourier

synthesis and refined isotropically. Hydrogen atoms in the

solvate molecule of 3 were not determined. The solvate

molecule of 2 was removed with PLATON/SQUEEZE

[43].
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