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Abstract

Half-sandwich mixed phosphine-phosphinite ruthenium complexes
[RuCp’CI(PPh3)L] [Cp’ = Cp (1), Cp* (2)], and [RuCp*ClL2] (3) were prepared by
substitution of the triphenylphosphine by the phosphinite ligand PPh,OCH2Ph, L, on the
parent  complexes  [RuCp’CI(PPhs)2].  Allenylidene  compounds  [Ru(n’-
CsHs){=C=C=CPh,} (PPh3)L][PFs] 4) and [Ru(n’-
CsMes){=C=C=CPhR}(L)(L’)][BPh4] [L’ =PPhs (5), L (6); R =Ph (a), R =Me (b)] were
obtained by reaction of compounds 1-3 with the appropriate propargylic alcohols 1,1-
diphenyl-2-propyn-1-ol, and  2-phenyl-3-butyn-2-ol. = Diazoalkane = complexes
[RuCp(N2CAriAr)(PPh3)L][PFs] [Ari = Arz = Ph (7a), AriAr, = Ci2Hg (7b)] and
[RuCp*{N2C(Ci2Hs)}L2][PFs] (8) were obtained by reaction of 1 or 3 with the
corresponding diazoalkanes in the presence of NaPFs. Complexes were characterized by
IR and NMR spectroscopy and, in the case of compounds 1 and 7a, by X-ray diffraction

analysis.
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Highlights

Preparation of half-sandwich ruthenium allenylidene complexes.
Preparation of diazoalkane complexes of ruthenium.

The diazoalkane unit presents an important bending angle Ru-N-N.

DFT studies corroborate the role of metal-ligand overlap in the HOMO and lower

occupied orbitals to the acute character of the Ru-N-N angle.

1. Introduction

Since allenylidene transition metal complexes were discovered [ 1], their chemistry has
rapidly expanded, especially after the discovery by Selegue of a simple method of
synthesis by activation of propargylic alcohols [2]. In recent decades the importance of
these compounds has grown significantly due to their applications in organic synthesis
both in catalytic and stoichiometric processes [3 and references therein]. Allenylidene
complexes are metalahomocumulenes with a very versatile reactivity mainly due to the
different nature of the three carbon atoms that make up the allenylidene ligand,
:Co=Cp=C,R, since while Ca and Cy are electrophilic, Cg is nucleophilic.

Diazoalkane complexes are metalaheterocumulenes, :No=Ng=C,R> in which the
diazoalkane group can mainly coordinate to metals through the N atom by a ¢ bond in an
end-on mode or by a w bond in a side-on mode. The reaction of a transition metal complex
with diazoalkanes can lead to a diazoalkane complex or a carbene complex with extrusion
of N [4], yielding compounds that can be used as active catalysis in organic synthesis
[S1[6].

Because the nature of the ancillary ligands has a great influence on the properties of
both allenylidene [7] and diazoalkane complexes [8] we have synthetized new half-
sandwich ruthenium members of these families bearing the phosphinite ligand

PhoPOCH:Ph (L) to analyze its influence on their properties.

2. Experimental Section
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2.1. General Procedures

All synthetic operations were performed under a dry argon atmosphere by following
conventional Schlenk techniques. Solvents were purified by distillation from the
appropriate drying agents [9] and degassed before use. All reagents were obtained from
commercial sources and used as received. Ph,POCH,Ph (L) [10], [RuCl(n’-CsHs)(PPhs)2]
[11], and [RuCl(n’-CsMes)(PPhs):] [12] were synthetized following previously
published methods. IR spectra were recorded in KBr pellets on a Jasco FT/ IR (ATR)
spectrophotometer. NMR spectra were recorded on a Bruker ARX 400 instrument.
Chemical shifts are given in parts per million from SiMes ("H and '*C{'H}) or 85%
H3PO4 (*'P{'H}). 'H and *C {'H} NMR signal assignments were confirmed by '"H-COSY
and HSQC ('H-'3C) experiments. Elemental analyses were performed on a Carlo Erba

1108 apparatus.

2.2. Synthesis of compounds
2.2.1. [Ru(n’-CsHs)CI(PPh3)(L)] (1)

A mixture of [Ru(n’-CsHs)CI(PPhs):] (0.1 g, 0.13 mmol) and a slight excess of the
ligand L (45 pL, 0.15 mmol) were refluxed in 10 mL of THF for 30 minutes. The yellow
solution obtained was cooled until room temperature and concentrated under reduced
pressure giving an orange oil that was treated with pentane (2 x 3 mL) and MeOH (2 x 3

mL). The yellow solid obtained was recristallized from a CHCI; solution.

Yield: 97%. Anal. Calc. for C4H37CIOP2Ru (756.21 g/mol): C, 66.70; H, 4.93; Exp.:
C, 66.78; H, 4.99 %. '"H NMR (CHCl3-d;, 25°C) &: 7.97-7.05 (m, 30H, Ph), 4.45 (m, 1H,
OCH>), 4.26 (s, 5H, n°-CsHs), 4.22 (m, 1H, OCH>) ppm; *'P{'H} NMR (CHCl3-d;, 25°C)
5: 140.9 (d), 44.0 (d) (JJpp= 57.6 Hz) ppm. '"H NMR (CH2Cls-d>, 25°C) &: 7.93-7.02 (m,
30H, Ph), 4.41 (m, 1H, OCH>), 4.24 (s, 5H, n°-CsHs), 4.21 (m, 1H, OCH>) ppm; *'P{'H}
NMR (CH»Clo-d>, 25°C) §: 141.2 (d), 44.3 (d) (*Jep= 58.1 Hz) ppm.

2.2.2. [Ru(y’-CsMes)CI(PPh3)(L)] (2)

45 uL of L (0.15 mmol) were added to a solution of [Ru(n’-CsMes)CI(PPhs).] (95 mg,
0.12 mmol) in 10 mL of CH>Cl, at =30 °C and stirred for 10 min. Then, the mixture was
concentrated under reduced pressure giving an orange oil that was treated with pentane

(2 x 3 mL) and MeOH (2 x 3 mL) yielding an orange solid.
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Yield: 76%. Anal. Calc. for C47H47C1IOP2Ru (826.34 g/mol): C, 68.31; H, 5.73. Exp.:
C, 68.37; H, 5.78. '"H NMR (CH2Clz-d>, 25°C) §: 7.85-6.92 (m, 30H, Ph), 4.14 (m 1H,
OCHb), 3.95 (m, 1H, OCH>), 1.12 (t, YJup= 1.7 Hz, 15 H, n°-CsMes) ppm; *'P{'H} NMR
(CH2Clr-d>, 25°C) &: 142.1 (d), 43.7 (d) (}Jep = 57.8 Hz) ppm.

2.2.3. [Ru(p’-CsMes)CI(L):] (3)

An excess of L (90 pL, 0.30 mmol) was added to a solution of [Ru(n°-
CsMes)CI(PPh3)2] (95 mg, 0.12 mmol) in 10 mL of CH2Cl> and stirred for 1h at room
temperature. Then, the mixture was concentrated under reduced pressure giving an orange

oil that was treated with pentane (3 x 3 mL) yielding an orange solid.

Yield: 65%. Anal. Calc for C4gH49ClO2P2Ru (856.37 g/mol): C, 67.32; H, 5.76. Exp.:
C, 67.55; H, 5.81. "H NMR (CH>Clx-d>, 25°C) &: 7.66-7.03 (m, 30H, Ph), 4.38 (m, 4H,
OCH>), 1.25 (d, *Jup= 1.5 Hz, 15H, n°-CsMes) ppm; *'P{'"H} NMR (CH,Cl>-d>, 25°C) &:
139.6 (s) ppm.

2.2.4. [Ru(y’-CsHs){=C=C=CPh2}(PPh3)(L)][PFs] (4)

To a yellow solution of 50 mg (0.06 mmol) of 1 in 7 mL of MeOH, excess of NaPFs
(51 mg, 0.30 mmol) and 1,1-diphenyl-2-propyn-1-ol (0.33 mmol) were added. The
mixture colour changed immediately to dark purple and, after stirring for 15 h, the
suspension obtained was filtered through Celite®. The solution obtained was concentrated
under reduced pressure giving a purple oil that was treated with pentane (2 x 3 mL) and

Et0 (2 x 2 mL) yielding a purple solid that was filtered and dried under reduced pressure.

Yield: 78%. Anal. Calc. for Cs7H47FsOP3Ru (1055.96 g/mol): C, 64.83; H, 4.48. Exp.:
C, 64.70; H, 4.50. IR (ATR): vc=c=c 1928 (m) cm™'. "TH NMR (CH>Cl>-d>, 25°C) §: 7.73—
6.56 (m, 40H, Ph), 5.06 (br s, 5H, n°-CsHs), 4.11 (m, 2H, OCH.) ppm; *'P{'H} NMR
(CH2Cla-d>, 25°C) 8: 141.6 (d), 48.1 (d) (AJep = 37.5 Hz), —142.3 (sept, Jpr = 710.1 Hz,
PFs) ppm; *C{'H} NMR (CH2Cl2-d>, 25°C) §: 298.2 (t, 2Jcp = 18.5 Hz, Cy), 206.5 (br s,
Cp), 144.0 (s, Cy), 137.4-127.0 (Ph), 93.5 (s, n°- CsHs), 70.5 (d, 2Jcp= 13.1 Hz, OCH>)

2.2.5. [Ru(y’~CsMes){=C=C=CPhR}(L)(L’)][BPh4] [L’ = PPh; (5), L (6); R = Ph (a),
R = Me (b)]

To a solution of 0.06 mmol of the corresponding ruthenium precursor (50 mg of 2, 52

mg of 3) dissolved in 6 mL of MeOH, 0.32 mmol of NaBPh4 (0.11 g) and 0.32 mmol of



the corresponding alkynol (66.64 mg of 1,1-diphenyl-2-propyn-1-ol, 46.78 mg of 2-
phenyl-3- butyn-2-ol). The mixture was stirred for 24 h at room temperature. The dark
purple suspension was filtered and the purple solid obtained was washed with Et>O (2 x

3 mL) and dried under reduced pressure.

(5a) Yield: 65%. Anal. Calc. for CgsH77BOP2Ru (1300.36 g/mol): C, 79.43; H, 5.97.
Exp.: C, 79.7; H, 5.87. IR (ATR): vc=c=c 1914 (m) cm™'. '"H RMN (CH,Clz-d>, 25°C) &:
7.71- 6.61 (m, 60H, Ph), 4.07 (m, 2H, OCH>), 1.34 (t, 2Jup = 1.6 Hz, 15 H, n°-CsMes)
ppm; *'P{'H} NMR(CH2Cl-d>, 25°C) &: 143.6 (d), 49.5 (d) (*Jer = 40.5 Hz) ppm;
BC{'H} NMR (CH2Cl-d>, 25°C) &: 299.7 (t, 2Jcp= 18.3 Hz, Cy), 211.0 (t, *Jcp= 2.5 Hz,
Cp), 166.1- 122.0 (Ph), 158.9 (s, Cy), 103.5 (t, 2Jcp= 2.0 Hz, n°-CsMes), 70.2 (d, *Jcp=
14.5 Hz, OCH>), 9.9 (s, n°-CsMes) ppm.

(5b) Yield: 45%. Anal. Calc for CgiH75sBOP2Ru (1238.29 g/mol): C, 78.56; H, 6.10.
Exp.: C, 78.30; H, 5.98. IR (ATR): vc=c=c 1922 (m) cm™". "H NMR (CH2Clz-d2, 25°C) &:
8.02- 6.62 (m, 55H, Ph), 4.09 (m, 2H, OCH>), 2.05 (s, 3H, CH3), 1.37 (s a, 15 H, n’-
CsMes) ppm; *'P{!H} NMR(CH2Clr-d>, 25°C) §: 144.3 (d), 51.3 (d) (}Jpp=40.3 Hz) ppm.

(6a) Yield: 60%. Anal. Calc. for Cg7H79BO2P2Ru (1330.38 g/mol): C, 78.54; H, 5.98.
Exp.: C, 78.40; H, 6.0. IR (ATR): ve—c—c 1916 (m) cm™". "H NMR (CH>Clr-d>, 25°C) &:
7.70- 6.85 (m, 60H, Ph), 4.49 (m, 2H, OCH>), 4.18 (m, 2H, OCH>), 1.51 (s, 15 H, n°*-
CsMes) ppm; *'P{'H} NMR(CH,Cl-d>, 25°C) &: 148.5 (s) ppm; *C {'"H} NMR(CH2Cl,-
d>, 25°C) 8: 299.1 (t, 2Jcp=17.9 Hz, Cy), 209.3 (t, *Jcp= 3.1 Hz, Cp), 165.4- 122.2 (Ph),
157.8 (s, Cy), 104.1 (t, 2Jep= 1.8 Hz’-CsMes), 70.5 (t, 2Jep= 6.3 Hz, OCH>), 9.9 (s, n°-
CsMes) ppm.

(6b) Yield: 49%. Anal. Calc for Cs2H77BO2P2Ru (1268.31 g/mol): C, 77.65; H, 6.12.
Exp.: C, 77.5; H, 6.0. IR (ATR): vc=c=c 1927 (m) cm™. '"H NMR(CH2Clx-d>, 25°C) &:
8.00- 6.85 (m, 55H, Ph), 4.36 (m, 2H, OCHa), 4.24 (m, 2H, OCHa), 2.01 (s, 3H, Me),
1.52 (s, 15 H, n°-CsMes) ppm; *'P{'H} NMR (CH2Clx-d>, 25°C) &: 147.9 (s) ppm.

2.2.6. [Ru(n’-CsHs)(N>CAriArz)(PPhs)L][PFs] [Ari = Ar> = Ph (7a), AriAr: = Ci2Hs
(7b)]
100 mg (0.13 mmol) of 1, an excess of the corresponding diazoalkane (0.26 mmol, 75

mg of C13H10N2, 76 mg of C13HsN2), NaPF¢ (44 mg, 0.26 mmol) and 7 mL of EtOH were

placed in a Schlenk flask. The mixture was stirred at room temperature for 24 h giving an



orange (7a) or green (7b) solid that was filtered and washed with EtOH (3 x 2 mL) and
dried under reduced pressure. Compound 7a was crystallised by slow diffusion of EtOH

into a CH»Cl, solution of the compound.

(7a) Yield: 80 %. Anal. Calc. for CssH47FsN2OP3Ru (1059.95g/mol): C, 62.32; H,
4.47. Exp.: C, 62.38; H, 4.50. IR (ATR): vN> 1931 (m) cm™". '"H RMN (CH:Cl>-d, 25°C)
8:7.85-6.67 (m, 40H, Ph), 4.79 (s, 5H, n°-CsHs), 4.06 (m, 2H, OCH,) ppm; *'P{'H} NMR
(CH2Cla-d>, 25°C) 8: 142.9 (d), 42.6 (d) (YJpp= 44.7 Hz), -144.5 (sept, Jpr = 710.3 Hz,
PF¢) ppm.

(7b) Yield: 78 %. Anal. Calc. for CssHasFsN2OP3Ru (1057.94g/mol): C, 62.44; H,
4.28. Exp.: C, 62.37; H, 4.21. IR (ATR): vN> 1942 (m) cm™. 'H NMR (CH:2Cla-d>, 25°C)
8: 7.95-6.33 (m, 38H, Ph), 4.93 (s, 5H, 1°-CsHs), 4.07 (m, 1H, OCH>), 3.79 (m, 1H,
OCHz) ppm; *'P{'H} NMR (CH,Cl-d>, 25°C) &: 141.2 (d), 41.8 (d) (*Jpp = 43.5 Hz), -
144.4 (sept, Jpr= 710.8 Hz, PF¢) ppm.

2.2.7. [Ru(i’-CsMes){N>C(C12Hs)}L:][PFs] (8)

To a solution of compound 3 (50 mg, 0.05 mmol) in 8 mL of EtOH, an excess of the
diazofluorene (24 mg, 0.12 mmol) and NaPFs (0.13 mg, 0.26 mmol) were added. After
stirring for 24 h the solvent was removed under reduced pressure giving an orange solid

that was filtered and washed with EtOH (3 x 2 mL) and dried under reduced pressure.

Yield: 78 %. Anal. Calc. for Cs1Hs7FsN202P3Ru (1158.26 g/mol): C, 63.20; H, 4.96
Exp.: C, 63.29; H, 5.02. IR (ATR): VN, 1928(m) cm™. '"H NMR (CH:Cl>-d, 25°C) §:
7.99- 6.86 (m, 38H, Ph), 4.36 (m, 4H, OCH>), 1.48 (s, 15 H, n°-CsMes) ppm; *'P{'H}
NMR (CH2Clz-d2, 25°C) 3: 143.0 (s), -144.4 (sept, Jer = 711.2 Hz, PF¢) ppm.

2.3. Crystal structure determination of [Ru(y’-CsHs)CI(PPhs3)(L)] (1) and [Ru(’-
CsHs)(N2CPhy)(PPhs3)L][PFs] (7a)

Crystallographic data were collected on Bruker DS Venture diffractometer at CACTI
(Universidade de Vigo) with graphite monochromated Mo Ka radiation (A = 0.71073 A)
and were corrected for Lorentz and polarization effects. APEX3 [13] software was used
for collecting data frames, indexing reflections, and determining lattice parameters,
SAINT [14] for integration of intensity of reflections and scaling, and SADABS [15] for
empirical absorption correction. The crystallographic treatment of the compounds was

performed with the SHELXL97 program [16]. The structure was solved by direct



methods. Non-hydrogen atoms were refined with anisotropic displacement parameters by

full-matrix least-squares calculations on F? using the program SHELXL with OLEX;

[17]. Hydrogen atoms were calculated in idealized positions and refined with isotropic

displacement parameters. The OLEX> solvent mask routine was used to remove the

intensity contributions from the disordered solvent molecules. Details of crystal data and

structural refinement are given in Table 1.

Table 1
Crystal data and structure refinement details for compounds 1 and 7a.

Compound 1 7a

Empirical formula C42H37C10P2Ru C55H47F6N202P3Ru

Formula weight 756.17 1105.99

Temperature (K) 100(2) 100(2)

Wavelength (A) 0.71073 0.71073

Crystal system Monoclinic Monoclinic

Space group P2i/c P2i/c

Unit cell dimensions

a(A) 15.5766(6) 14.3863(8)

b (A) 10.8239(4) 18.7028(10)

c(A) 21.4411(09) 19.0556(10)

a(®) 90 90

B(°) 109.624(2) 99.723(2)

v (®) 90 90

Volume (A%) 3405.0(2) 5053.5(5)

Z 4 4

Density (calculated) (Mg/m?) 1.475 1.454

Absorption coefficient (mm™) 0.667 0.473

F(000) 1552 2272

Crystal size (mm) 0.118 x 0.085 x 0.047 0.216 x 0.142 x 0.066

O range for data collection (°) 2.355-28.340 2.225-28.358

Index ranges 20<h<20 -19<h <18
-14<k<14 24<k<24
-28<[<28 -25<1<24

Reflections collected 63648 106161

Independent reflections 8487[R(int)= 0.0580] 12616[R(int)= 0.0448]

Data completeness 0.999 0.999

Absorption Correction Semi-empirical from equivalents Semi-empirical from equivalents

Max. and min. transmission 0.7457 y 0.6758 0.7457 y 0.6773

Refinement method
Data/restraints/parameters
Goodness-of-fit on F?
Final R indices [I > 26(I)]

R indices (all data)

Full-matrix least-squares on F2
8487/0/424

1.037

Ri=0.0319

wR2=0.0700

R;=0.0465

Full-matrix least-squares on F2
12616 /3 /696

1.056

R;1=10.0320

wR>=0.0670

R;=0.0423



wR2=0.0750 wR2=0.0704
Largest diff. peak and hole, e.A>  0.788 and -0.989 0.496 and -0.548

2.4. Computational methods

All calculations were performed by using B3LYP method in Gaussian09 [18] with the
ECP LANL2DZ basis set for Ru and cv-pVDZ for the remaining atoms. All minima and
transition structures were confirmed as critical points by calculating vibrational
frequencies.

In order to obtain bond and atomic properties we have performed QTAIM [19] [20]
topological electron density analysis on the obtained wavefunctions by using the AIMALII

program [21].

3. Results and discussion

3.1. Synthesis of the half-sandwich complexes [Ru(i’-CsHs)CI(PPh3)(L)] (1), [Ru(’-
CsMes)CI(PPhs)(L)] (2) and [Ru(n*-CsMes)CI(L)3] (3)

Complexes 1 - 3 were prepared by substitution of PPh; by the phosphinite ligand
PhoPOCH2Ph from the correspondent precursor complex [RuCp’CI(PPh3):] (Cp” = Cp or
Cp*) (Scheme 1). The number of PPh3 ligands being substituted and the conditions of the
substitution depend on the Cp’ ligand. So, when Cp’ = Cp we were able to substitute only
one PPhs ligand, no matter the amount of phosphinite ligand nor the temperature of the
reaction would be. On the other hand, when Cp’ = Cp¥*, the first PPh3 ligand is easily
substituted at low temperature (-30°C) using a 1:1 mol ratio of the phosphinite ligand, and
when both the ratio and the temperature were increased (see Experimental) both PPh3
ligands were substituted. We have performed theoretical calculations to shed light on the
reasons of the different lability of the PPh; ligand in Cp’Ru(PPh;3).Cl when moving from
Cp to Cp* (see below).
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Scheme 1. Synthesis of compounds 1 -3, Cp’ =Cp (1), Cp* (2, 3)

Compounds 1 — 3 were obtained as yellow (1) or orange (2,3) solids stable in air and
in solution of common organic solvents. Analytical and spectrocopic data support the
proposed formulation. In the '"H NMR spectra of the mixed phosphine-phosphinite 1,2
compounds, the methylene protons of the phosphinite ligand L give rise to two multiplets
(at4.41 and 4.21 ppm for 1, and 4.14 and 3.95 ppm for 2) indicating their diastereotopic
nature. The 3'P{'H} NMR spectra display two doublets at 44.3 and 141.2 ppm for 1 (J =
58.1 Hz) and at 43.7 and 142.1 ppm (J = 57.8 Hz) for 2, corresponding to the phosphine
and phosphinite ligands, respectively. On the other hand, the '"H NMR spectrum of the di-
phosphinite complex 3 shows only one multiplet at 4.38 ppm assignable to the OCH>
protons of L and the *'P{'H} NMR spectrum displays one singlet at 139.6 ppm in
agreement with the more symmetric environment in this complex. Complex 1 was
recrystallised in CHCI3 giving yellow crystals suitable for X-ray diffraction analysis. The
compound presents a typical “piano stool” structure (Figure 1) in which the ruthenium
atom is surrounded by a pentacoordinated ciclopentadienyl ligand, two P atoms
corresponding to the phosphine and phosphinite ligands and a Cl atom. The more relevant
bond distances and bond angles are displayed on Table 2. Geometry around Ru atom is a
slightly distorted octahedral with the angles between the centroid of the Cp ligand and the
legs of the “piano stool” close to the theoretical value (125.3°), and the angles between
the legs close to 90°. The Ru-P bond lengths are similar to other half-sandwich ruthenium
complexes bearing phosphine and phosphite ligands [22][23][24][25] and significantly
differents each other, 2.2634(5) and 2.3053(5) A, in accordance with the different nature
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of'both phosphorous ligands, reflecting the more m-accepting capability of the phosphinite
ligand compared to the phosphine.

Figure 1. Structure of compound [Ru(n’-CsHs)CI(PPhs3)L] (1). Hydrogen atoms are
omitted for clarity.

Table 2

Selected bond distances (A) and angles (°) for compound 1.

Ru-CT 1.8633(10) Ru-P(2) 2.3053(5)
Ru-Cl 2.4445(5) P(1)-O(1) 1.6194(15)
Ru-P(1) 2.2634(5) o(1)-C(1) 1.441(2)
CT-Ru-Cl 123.47(3) Cl-Ru-P(1) 89.321(18)
CT-Ru-P(1) 125.55(4) Cl-Ru-P(2) 94.132(18)
CT-Ru-P(2) 120.83(4) P(1)-Ru-P(2) 94.882(19)

CT: Centroid of the Cp ligand

3.2. Theoretical studies

The experimental results shown in the previous paragraph indicate that the nature of
the carbocyclic ligand (Cp’ = Cp or Cp*) determines the number of phosphine ligands
that can be substituted by the phosphinite ligand L in the complexes [RuCp’CI(PPhs)-].
Figure 2 shows the proposed substitution mechanism, which involves four steps. This
mechanism is the same for both molecules. First, one PPhs ligand separates from the
molecule. Then, the first phosphinite group is incorporated. The third step is the
separation of the second PPh; ligand and the last one the incorporation of the second

phosphinite group.
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Figure 2. Proposed mechanism for phosphine ligands substitution.

Table 3 contains the values for the energy barriers as well as the differences of energy

between reagents and products for every step and for both molecules.

Table 3

Barriers and differences of energy (AE = Eproducts - Ereagents) in kcal-mol™!

Molecule Step 1 Step 2 Step 3 Step 4

Cp’=Cp 12 1 16 2
Barrier

Cp’=Cp* 7 5 3 4

Cp’=Cp 11 -16 13 -17
AE

Cp’=Cp* -1 -6 2 -9

From Table 3 it could be concluded that when Cp’ = Cp* all the steps involve small

barriers and the products are more stable than reagents for all the steps except for step 3



for which the difference is only 2 kcal-mol™!. Therefore, this reaction should take place
through the four steps quickly. However, when Cp’ = Cp, steps 1 and 3 exhibit higher
barriers. The highest value corresponds to step 3 and it should be the rate-determining
state.

In order to explain the different energy values found for both mechanisms we have
also analysed the nature and strength of the bonds involved in the reactions, considering
the value of the electron density at the bond critical points, p(rc). We have found that the
bonds Ru-P that break during steps 1 and 3 are stronger when Cp’ = Cp: p(rc) = 0.084 au
vs p(rc) = 0.078 au for step 1 and p(rc) = 0.085 au vs p(r¢) = 0.078 au for step 3. All bonds
involving Ru (with C, Cl and P atoms) are longer in the reagent of step 3 when Cp’ = Cp*
so L ligands can avoid the steric effect from methyl substituents of the ring. In addition,
the atomic charges of Ru atoms (0.546 au vs 0.514 au) and of atoms next to it are smaller

in molecule with Cp’ = Cp*, also decreasing repulsion effects.

3.3. Reaction of complexes 1-3 with alkynols. Synthesis of the half-sandwich allenylidene
complexes [Ru(’-CsHs){=C=C=CPh:}(PPhs)(L)][PFs] 4) and [Ru(p’-
CsMes){=C=C=CPhR}(L)(L’)][BPh4] [L" = PPhs (5), L (6); R = Ph (a), R = Me (b)]

Transition metal allenylidene complexes can be prepared by reaction of a metallic
complex with alkynols via dehydration of a y-hydroxyvinylidene intermediate [2].
Reaction of complexes 1-3 with alkynols HCCC(OH)Ph> and HCCC(OH)PhMe in the
presence of NaPF¢ or NaBPha, gave the correspondent cationic allenylidene complexes 4
— 6 except for the case of the reaction of 1 with HCCC(OH)PhMe in which a mixture of
unidentified products was obtained (Scheme 2). Compounds were obtained as purple
solids stable in air but they slowly decompose in solution. The IR spectra of the
complexes 4 — 6 show a typical absorption at 1914-1928 cm™ attributable to the ve-c=c of
the allenylidene ligand [26]. The *C{'H} NMR spectra confirm the presence of this
ligand displaying a low-field triplet at 298.2 (4), 299.7 (5a), and 299.1 (6a) attributable
to the C, of the allenylidene chain. Resonances of Cg and C, atoms appear at 206.5 (4),
211.0 (5a), 209.3 (6a) and 144.0 (4), 158.9 (5a), 157.8 (6a), respectively. In the case of

complexes Sb and 6b, their instability in solution precluded running these spectra.
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Scheme 2. Synthesis of the allenylidene complexes 4 — 6.

3.4. Reaction of complexes 1-3 with diazoalkanes. Synthesis of the half-sandwich
diazoalkane complexes [Ru(n’-CsHs)(N2CAriAr:)(PPhs)L][PFs] [Ar; = Ar: = Ph (7a),
AriAr> = Ci2Hs (7b)] and [Ru(ip’-CsMes)(N2CAriAr;)Lo] [PFs] [AriAr: = Ci2Hs (8)]



Diazoalkane complexes [Ru(n’-CsHs)(N2CAr; Ar2)(PPhs)L][PFs] (7) were obtained, in
good yields, by treating half-sandwich compound [Ru(n’-CsHs)CI(PPhs)(L)] (1) with an
excess of the corresponding diazoalkane in the presence of NaPF¢, which labilises the CI°

ligand and facilitates the substitution reaction (Scheme 3).

o Tp —IPF6
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Ru > _N 7y
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Scheme 3. Synthesis of diazoalkane complexes 7ab [Arl = Ar2 = Ph, (a), ArlAr2 =
Ci2Hs, (b)], and 8.

Complexes 7 were obtained as orange (7a) or green (7b) solids, stable in air and in
common polar organic solvents. Spectroscopic and analytical data support the proposed
formulation. The IR spectra shows a medium-intensity band at 1942-1931 cm'! assignable
to vN; of the diazoalkane group [27]. This value also suggest 1! coordination mode for the
Arl1Ar2CN2 group, similar to that found in the solid state for 7a. Recrystallisation of
compound 7a by slow diffusion of EtOH into a CH2Cl> solution gave monocrystals
suitable for X-ray diffraction analysis. Figure 3 shows the ORTEP view of the cation of

compound 7a, and Table 4 shows selected bond lengths and angles.



Figure 3. Structure of the cation of compound [Ru(n’-
CsHs)(N2CPhy)(PPh3)L][PFs].EtOH (7a). Hydrogen atoms and phenyl rings of the PPhs

ligand are omitted for clarity.

Table 4
Selected bond distances (A) and angles (°) for compound [Ru(n°’-
CsHs)(N2CPhy)(PPh3)L][PFs].EtOH (7a).

Ru-CT 1.8814(9) Ru-P(2) 2.3364(4) N(1)-N(2) 1.1352)
Ru-N(1) 2.0226(16) P(1)-0(1) 1.6179(12) N(2)-C(7) 1.314(2)
Ru-P(1) 2.2728(5) o(1)-C(1) 1.4626(19)

CT-Ru-N(1)  123.47(5) N(1)-Ru-P(1)  93.49(4) Ru-N(1)-N(2)  148.13(13)
CT-Ru-P(1)  122.62(3) N(1)-Ru-P(2)  93.26(4) C(7)-NQ2)-N(1)  175.74(18)
CT-Ru-P2)  120.53(3) P(1)-Ru-P(2)  95.983(16)

CT: Centroid of the Cp ligand

Compound 7a consists of an hexafluorophosphate salt of a ruthenium complex in
which the ruthenium atom is surrounded by a n°-Cp ligand, two phosphorous atoms from
the phosphine and phosphinite ligands, and the diazo ligand bound to the metal in a 1!
end-on N coordination mode, in a half-sandwich piano-stool structure. The coordination
geometry can be considered octahedral being the angles between the centroid of the Cp
ligand and the legs (120-123°) and the angles between the legs (93-96°), close to the
theoretical values. The Ru-P bond lengths are significantly different, 2.2728(5) and
2.3364(4) A reflecting the different nature of both phosphorous ligands. The diazoalkane
unit configuration is bent with an angle Ru-N(1)-N(2) of 148.13(13)°, shorter than those

found for similar diazoruthenium complexes [28]. The optimized angles obtained from
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DFT calculations (152° and 172°, respectively) agree with the experimental ones (See
Supporting Information). As it was previously proposed [8] the acute character of the Ru-
N-N angle could be related to the metal-ligand overlap in the HOMO and lower occupied
orbitals showing interaction between the metal and the N-N unit. Specifically, the
diazoalkane moiety contributes 79% in the building of the HOMO whereas the metal
contribution is only 9%, as compared with 75% and 9% found for [Ru(Cp) {N2C(Ph)(p-
tolyl)} (PPh3){P(OMe)3}]" which exhibits a similar Ru-N-N angle (156°). Also, the
contribution to the HOMO-19 of diazoalkane (39%) and metal (15%) orbitals is similar
to those found for [Ru(Cp){N.C(Ph)(p-tolyl)}(PPhs){P(OMe)s}]": 34% and 15%,
respectively.

The N(1)-N(2) distance is 1.135(2) A, lying between N-N double and triple bond [29]
and the Ru-N(1) distance is 2.0226(16) A, significantly longer than those found for
similar complexes [28] suggesting an important contribution of the canonical form [Ru]-
N=N-C to the final configuration of the diazoalkane unit.

The IR spectra of compounds 7ab show a band at 1931 (7a) and 1942 (7b) cm’
attributable to the vn. of the diazenide ligands in agreement with the end-on coordination
mode of these ligands [30]. The 'H NMR spectra show, besides the resonances
corresponding to the aromatic protons, a singlet at 4.79 (7a) and 4.93 (7b) ppm attributed
to the Cp ligand and multiplets around 4 ppm attributed to the methylenic protons of the
phosphinite ligands. The 3'P{'"H} NMR spectra display two doublets in agreement with
an AX system as expected from the different nature of the phosphorous ligands.

In contrast, when Cp* compounds [Ru(n’-CsMes)CI(PPh3)(L)] (2) and [Ru(n’-
CsMes)CI(L)2] (3) were reacted with the same diazoalkanes, the results were different
(Scheme 3). In the case of compound 2 we obtained a mixture of unidentified compounds.
Reaction of compound 3 with the diazoalkane PhoCN3 also gave decomposition products.
However, when compound 3 was reacted with diazofluorene, we were able to isolate the
corresponding diazo derivative [Ru(n’-CsMes)(N2CAriArz)L2][PFe] [AriAr,= Ci2Hg (8)]
in a good yield.

The IR spectrum shows a band at 1928 cm™! attributable to the vn: of the diazenide
ligand and the '"H NMR spectrum shows, besides the resonances corresponding to the
aromatic protons, a singlet at 1.48 ppm attributed to the methyl groups of the Cp* ligand
and a multiplet at 4.36 ppm attributed to the methylenic protons of the phosphinite


soledad
Resaltado

soledad
Resaltado


ligands. The *'P{'H} NMR spectrum display a singlet in agreement with the proposed

formulation.

When a solution of compound 8 in CHCl; is set aside for 24 h, decomposition is
observed and yellow crystals corresponding to the azine compound 9 (Scheme 4) were
obtained. Formation of azine compounds from diazofluorene complexes was already

reported [31].

oon O C

S C=N=N=C
24 h, rt.
©)

Scheme 4. Obtention of the azine 9 from compound 8.

4. Conclusions

New  half-sandwich  ruthenium complexes [RuCpCIl(PPhs)(L)] (D),
[RuCp*CI1(PPhs)(L)] (2), and [RuCp*CI(L)2] (3), L = (PhoPOCH2Ph), were prepared by
substitution of PPhs ligands by L in [RuCp’Cl(PPhs);], Cp’ = Cp, Cp*. Complex
[RuCpCI(L)2] cannot be obtained probably due to the high energy barriers in the
substitution process as a DFT study shows. Reaction of complexes 1-3 with alkynols
HC=C(OH)(Ph)R, R = Ph, Me gave the corresponding alkynols except for complex 1 and
HC=C(OH)(Ph)(Me) in which case a mixture of unidentified products was obtained. On
the other hand, half-sandwich diazoalkane complexes [Ru(n’-
CsHs)(N2CAr1Ar2)(PPh3)L][PFg] [Ari = Ar, = Ph (7a), AriAr, = Ci2Hs (7b)] and [Ru(n’-
CsMes)(N2CArArz)L2][PFs] [AriArz = CioHg (8)] were obtained by reaction of
complexes 1 and 3 with the corresponding diazoalkanes. In the case of complex 7a
suitable crystals for an X-ray diffraction study were obtained. The structure shows an
important bending of the Ru-N-N angle, 148.13(13)°, and a DFT study shows that it could
be related to the metal-ligand overlap in the HOMO and lower occupied orbitals.

Supporting information



Computational data (cartesian coordinates of compound 7a): .xyz file; CCDC 2044080 and
CCDC 2044081 contain the supplementary crystallographic data for this paper. These data can
be obtained free of charge from the Cambridge Crystallographic Data Center via

www.ccdc.cam.ac.uk/data_request/cif.
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