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Synthesis of indenyl ruthenium triazolato complexes by [3 + 2]
cycloaddition of activated nitrile and alkynes to indenyl
ruthenium azido complexes: crystal structures of

[(°-CoH)Ru(PMe,Ph),{N3C»(CO,Me),}] and
[(°-CoH7)Ru(dppe){N;C,H(CN)}|

KEISHAM SARIJIT SINGH7, KEVIN A. KREISEL{,
GLENN P. A. YAP{ and MOHAN RAO KOLLIPARA*f

tDepartment of Chemistry, North-Eastern Hill University, Shillong — 793022, India
iDepartment of Chemistry and Biochemistry, University of Delaware,
Newark, DE 19716, USA

(Received in final form 24 March 2006)

The indenyl ruthenium(II) azide complexes [(nS-C9H7)Ru(L2)N3], L, =(PMe,Ph), (1), dppe (2)
and dppm (3), (where dppe=Ph,PCH,CH,PPh, and dppm =PPh,CH,PPh,) were readily
prepared by the reaction of NaNs with corresponding chloro complexes [(n°-CoH7)Ru(L,)CI].
The azido complexes undergo [3 4 2] dipolar cycloaddition reactions with activated alkynes
and nitrile (NCCH=CHCN) to yield new indenyl ruthenium triazolato complexes
[(n°-CoH7)Ru(Lo)(N3Co(CO>R)5)], Lo = (PMesPh)s, R =Me (4), Et (5); L, =dppe, R =Et (6),
L,=dppm, R =Et (7) and [(7’-CoH7)Ru(L,)(N;C;HCN)], L, = (PMe,Ph), (8), L, =dppe (9),
L, =dppm (10). The complexes were fully characterized on the basis of microanalyses, IR and
NMR spectroscopy. The structures of representative complexes 4 and 9 have been determined
by single-crystal X-ray methods.

Keywords: Indenyl; Dimethylacetylenedicarboxylate; Diethylacetylenedicarboxylate;
Dimethylphenylphosphine; Azide; Ruthenium; Fumaronitrile; Cycloaddition; X-ray structure

1. Introduction

The chemistry of azides has attracted the attention of many chemists, since they play an
important role in organic chemistry [1-6]. One of the most useful synthetic applications
of azides is the preparation of 1,2,3-triazoles via 1,3-dipolar cycloaddition reactions of
azides with substituted acetylene compounds. Organic azides are particularly important
for synthesizing heterocyclic compounds [3, 7]. By analogy, coordinated azide groups
in metal azides have been reported to undergo cycloaddition reactions [§8, 9]. Azido
complexes react with nitriles [10-22] and isonitriles [11, 12, 23-25] to produce metal-
nitrogen and metal-carbon bonded tetrazolates, respectively. Similar reactions with
alkynes produce triazolates [10, 15, 19-21]; alkenes, however, react very slowly and
mostly afford decomposition products [10, 20].
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A survey of the literature indicated that cycloaddition reactions have been mostly
reported for nickel(IT) [10], palladium(II) [26] and platinum(II) [18], although a few
reports are available for other transition metals like rhodium(I) and iridium(I)
[20, 27, 28]. Cycloaddition of coordinated azide in half sandwich complexes remain
unexplored except for a few recent reports on chelating phosphine complexes [29, 30].
However, to the best of our knowledge, such reactions have not been studied in indenyl
ruthenium bisphosphine complexes. This article describes some studies on cycloaddi-
tions of half sandwich ruthenium azido complexes. The study reveals that the reaction is
favourable in neutral rather than cationic complexes. Reactions with varying bulkiness
of the phosphine coordinated to the metal have been carried out. Cycloaddition readily
takes place with [(°-CoH7)Ru(PMe,Ph),N;] but with the more sterically bulky complex
[(7°-CoH,)Ru(PPhs),N;] cycloaddition does not occur. Thus, cycloaddition reactions of
azides depend on the charge and steric bulkiness of the phosphines. Here, we report
the synthesis of a series of indenyl triazolato complexes via [3+2] cycloaddition
reactions of activated nitrile and alkynes with the indenyl ruthenium azido complexes
[(7°-CoH7)Ru(L,)N;3] where L, = (PMe,Ph), (1), dppe (2) and dppm (3). The reactions
gave [(n-CoH7)Ru(L,)(N3Co(CO2R),)], Ly = (PMeoPh),, R =Me (4), Et (5); L, =dppe,
R=Et (6), L2 = dppm, R=EFt (7) and [(775-C9H7)RH(L2)(N3C2HCN)], L2 = (PMezph)z
(8), L, =dppe (9), L, =dppm (10). The complexes were characterized analytically and
spectroscopically. The structures of the representative complexes 4 and 9 have been
established by single crystal X-ray methods.

2. Experimental

All solvents were dried and distilled prior to use [31]. RuCls - 3H,0O, dimethylacetylene-
dicarboxylate, diethylacetylenedicarboxylate and fumaronitrile were commercially
available and used as received. NMR spectra were recorded on Bruker AMX
400 MHz spectrometer at 400.13 (‘H), 161.97 (*'P) or 100.61 MHz ('*C) with SiMey or
85% H3PO, as internal references; coupling constants are given in Hz. IR spectra
(KBr pellets) were recorded on a Perkin Elmer 983 spectrophotometer. Elemental
analyses were carried out at the SAIF Shillong, using a Perkin Elmer 2400 CHN/S
system. Precursor complexes [(°-CoH;)Ru(PMe,Ph),Cl] [32], [(n>-CoH-)Ru(dppe)N;]
[29] and [(n>-CoH,)Ru(dppm)N;] [29] were prepared following literature
methods. The following atom labelling scheme is used for 'H and '*C {'"H} NMR
spectroscopic data.

The parameter AS(C-3a,7a) has been used to correlate '*C{'H} chemical shifts
and capacity of indenyl complexes. AJ(C-3a,7a) is defined as the difference
between §(C-3a,7a) of the indenyl complex and A§(C-3a,7a) of sodium indenyl
(§=130.70 ppm) [33].
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2.1. Synthesis

2.2.1. Preparation of [(ﬂs-C9H7)Ru(PMe2Ph)2N3] (1). To a solution of
[(7°-CoH7)Ru(PMe,Ph),Cl] (100mg, 0.153mmol) in 30cm® of ethanol, was added
NaNj (49 mg, 0.76 mmol). The resulting solution was refluxed for 3 h; the colour of the
solution changed from orange to bright red as the reaction progressed. The solution was
cooled to room temperature then the solvent removed using a rotary evaporator.
The residue was extracted with CH,Cl,, filtered to remove NaCl and excess NaN3, and
concentrated to ca 5cm?. Addition of excess hexane gave red crystals that were collected
and washed with hexane. Yield 87%. Anal. Calcd for C,sH,9N3P>Ru (%): C, 56.87;
H, 5.42; N, 7.86. Found: C, 55.87; H, 5.16; N, 8.12. IR (cm™): V() 2015 (vs). "HNMR
(CDCly): 81.32 (vt, 6H, |*Jp.u+*Jpul=9.0Hz, PMe,+P'Me,), 1.50 (vt, 6H,
I*Jp_u+ *Jp_ul =9.1 Hz, PMe, +P'Mey), 4.48 (d, 2H, *Jyy=3.4, H-1,3, indenyl),
4.56 (t, 1H, *Jyy=2.2, H-2, indenyl), 7.08-7.52 (m, 4H, H-4,7 & H-5.6), 7.25-7.52
(m, 10H, 2Ph)."*C{'H} NMR (CDCly): § 16.19 (vt, |'"Jp.c+ Jp c|=28.87,
PMe, +P'Mey), 18.82 (vt, |"Jp_c + *Jp_c| =28.47 Hz, PMe, + P'Mey), 62.21 (s, C-1,3,
indenyl), 87.07 (s, C-2, indenyl), 109.07 (s, C-3a,7a, indenyl), 122.94-129.85 (m, Ph).
AS(C-3a,7a) = —21.63.>'"P{'H} NMR (CDCls): §22.91.

2.1.2. Prepal‘ation of [(nS-C9H7)Ru(L2){N3C2(C02R)2}]; L2 = (PMezph)z, R = Me (4);
L, = (PMe,Ph),, R = Et (5); L, = dppe, R = Et (6); L, = dppm, R = Et (7). General
procedure: To a round bottomed flask charged with the corresponding azido complex
(1) (133mg, 0.25mmol), (2) (164mg, 0.25mmol) or (3) (160mg, 0.25mmol) was
added dimethylacetylenedicarboxylate (177 mg, 1.25mmol) or diethylacetylenedicar-
boxylate (212mg, 1.25mmol) and CH,Cl, (20 cm?). The mixture was stirred at room
temperature for 12h, and then the solution reduced to ca 3cm® using a rotary
evaporator. To this solution 40cm® of hexane was added and then the solution
was reduced to 10 cm’. Resulting yellow to orange solids were centrifuged, washed with
hexane (2x20cm?) and dried under vacuum to give the N(2)-bound triazole
complexes 4-7.

For L, =PMe,Ph, R =Me (4), yield =91%. Anal. Calcd for C3;H35N304P,Ru (%):
C, 54.97; H, 5.17; N, 6.20. Found: C, 55.23; H, 4.98; N, 5.86. IR (cm™'): Vic=0) 1732
(v8), vin=ny 1438(s), vicoy 1295 (m). "HNMR (CDCly): § 1.12 (t, 12H, Jyy1y = 4.64), 3.89
(s, 6H, (CO,Me),), 4.67 (d, 2H, Jyp =2.28), 4.95 (br, 1H, unresolved), 6.94 (m, 2H,
H-4,7), 7.15 (m, 2H, H-5.6), 7.25-7.40 (m, 10H, Ph). *C{'H} NMR (CDCls): § 15.36
(vt, |"p_c+Ip_c| =29.8 Hz), 19.22 (vt, |'Jp_c+ Jp_c| =29.7Hz), 51.58 (s, (OCH3)),
64.27 (s, (C-1,3)), 89.85 (s, C-2), 109.06 (s, C-3a,7a), 124.07 (s, C-4,7), 125.93 (s, C-5,6),
127.88-130.47 (m, Ph), 139.81 (s, C(CO,Me)), 141.18 (s), 162.98 (s, (CO»,)).
AS(C-3a,7a) = —21.64.

I'P{'H} NMR: (CDCl;): §22.835.

For L, = (PMe,Ph),, R = Et (5), yield =89%. Anal. Calcd for C33H39N304P>Ru (%):
C, 56.19; H, 5.53; N, 5.96. Found: C, 55.84; H, 5.53; N, 5.96. IR (cm_l): Vic—0) 1732
(v8), vineny 1438(s), vcoy 1295 (m). '"HNMR (CDCl5): 1.13 (vt, 6H, *Jyy=9.16 Hz,
PMe, + P'Mey), 1.35 (vt, 6H, [“Jp y+*Jp | =14.24, PMe, +P'Mey), 1.57 (t, 6H,
JH,H:4.68, Me, (COzEt)z) 4.32 (qt, 4H, 3JH,H=7.12HZ, —CHz—, (COzEt)z), 4.67
(d, 2H, Jyy g =2.24, H-1,3) 4.9 (br, 1H, H-3), 6.94 (m, 2H, H-4,7) 7.15 (m, 2H, H-5,6),
7.21-7.51 (m, 10H, Ph).
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BC{'H} NMR: (CDCls): §14,29 (s, CH;), 15.30 (vt, |"Jp_c+Jpc| = 13,88, PMe, +
P'Mey), 19.34 (vt, |'Jp_c+ *Jp_c| = 14.48, PMey, + P'Mey), 60.34 (s, -CH»—, (CO,Et),),
64.24 (s, C-1,3-indenyl), 89.82 (s, C-2, indenyl), 109.08 (s, C-3a,7a, indenyl), 124.11
(s, C-4,7), 125.93 (s, C-5,6), 127.89-130.53 (m, Ph), 140.0 (s, C(CO,Et)), 141.01
(t, "Jp.c+Jp.c=20.6Hz, Ph), 162.64 (s, (CO,)). A8(C-3a,7a)=—21.62. *'P{'H}
NMR (CDCls): §22.85.

For L,=dppe, R=Et (6), yield =84%. Anal. Calcd for C43H41N304P>Ru (%):
C,62.46; H,4.96; N, 5.08. Found: C, 62.98; H, 5.16; N, 5.36. IR (cm_l): Vic—0) 1732 (vs),
vn=N) 1438(s), vicoy 1295 (m). 'HNMR (CDCly): §1.18 (t, 6H, Jy p=7.12, 2CH3),
2.39-2.48 (m, 2H, P(CH,),P), 3.10-3.19 (m, 2H, P(CH,),P), 4.05 (qt, 4H, Jiy 11 =7.12),
4.72 (d, 2H, Jyu=1.92), 4.88 (br, 1H, unresolved), 6.86 (m, 4H, C-4,7 and C-5,0),
7.01-7.40 (m, 20H, Ph). "*C{'H} NMR: (CDCl): §13.78 (s, CHj;), 2881
(t, Jp_c=22.73 Hz, P(CH,),P), 59.58 (s, -CH,—, (CO,EY)), 66.41 (s, C-1,3, indenyl),
108.90 (s, C-3a,7a), 125.11 (s, C-4,7), 127.58 (s, C-5.6), 129.31-133.31 (m, Ph), 141.16
(t, C(CO,EY)), 161.91 (s, (CO,)). AS (C-3a,7a)=—21.80. *'P{'"H} NMR: (CDCI,):
891.16.

For L,=dppm, R=Et (7), yield=86%. Anal. Calcd for C42H39N;04P>,Ru (%):
C,62.06;H,4.80; N, 5.17. Found: C, 61.84; H, 4.533; N, 4.78. IR (cm_l): Vic=0) 1732 (vs),
V(N=N) 1438(S), V(co) 1295 (m) 1I‘I NMR (CDC13) 51.89 (t, 6H, JH—H = 708, 2CH3), 4.06
(qt, 4H, Jy13=7.08), 4.87 (m, 3H, indenyl), 5.18-5.32 (m, 2H, P(CH,)P), 6.98-7.81
(m, 24H, Ph). *C{'H} NMR: (CDCl5): § 14.21 (s, CH3), 49.57 (t, Jc_p = 21.53, P(CH,)P),
59.64 (s, -CH,—, (CO,EY)), 65.40 (s, C-1,3), 89.42 (s, C-2), 108.75 (s, C-3a,7a), 124.91
(s, C-4,7), 125.18 (s, C-5,6), 127.57-136.34 (m, Ph), 139.11 (s, C(CO,EY)), 161.96
(s, (CO,)). AS(C-3a,7a) = —21.95. *'P{'"H} NMR: (CDCl5): § 14.64.

2.1.3. Preparation of [(5°-CoH,)Ru(L,){(N3C;HCN)}|; L, = PMe,Ph, (8); dppe (9);
dppm (10). To a round bottomed flask charged with the corresponding azido complex
1 (133mg, 0.25mmol), 2 (164 mg, 0.25mmol) or 3 (160mg, 0.25 mmol) was added
fumaronitrile (160 mg, 1.25mmol) and CH,Cl, (20cm?®). The mixture was stirred at
room temperature for 16 to 18 h and reduced to ca 5cm’ using a rotary evaporator.
To this solution 40 cm® of n-pentane was added and then the solution reduced to 10 cm®.
Resulting yellow solids were centrifuged and washed with pentane (2 x 20cm®) and
dried under vacuum to gave the N(2)-bound triazole complexes 8-10. Yield (%),
reaction time, colour, analytical and spectroscopic data are as follows:

For L, =PMe,Ph (8), yield =83%. Anal. Calcd for CrsH3oN4P,Ru (%): C, 57.42;
H, 5.12; N, 9.57. Found: C, 57.16, H, 4.87; N, 9.86. IR (cm_l): Vic=N) 2220 (vs).
'"HNMR (CDCls): §1.19 (vt, 6H |*Jp_y + *Jp_u| =9.08 Hz, PMe, + P'Me,), 1.55 (vt,
6H |*Jp_11 + *Jp_ul =9.28 Hz, PMey, + P'"Mey ), 4.58 (d, 2H, Jyy_py =2.24), 4.90 (br, 1H,
indenyl), 6.93 (m, 4H, H-4,7 & H-5,6), 6.96-7.99 (m, 11H, CH & Ph). *C{'H} NMR:
(CDCly): 81620 (vt, 'Jp c+3Jp c=28Hz, PMe,+PMe,), 1891 (vt, |'"Jp c+
3Jp_c| =28.8 Hz, PMe, + P'Mey ), 64.34 (s, C-1,3), 89.82 (s, C-2), 109.28 (s, C-3a,7a),
113.87 (s, (CN)), 119.08 (s, C-4,7), 123.91 (s, C-5,6), 126.05-130.21 (m, Ph), 135.24 9s,
CH), 138.75 (s, C(CN)). A8(C-3a,7a)=—21.42. *'P{'H} NMR (CDCl5): §23.21.

For L, =dppe (9), yield =90%. Anal. Calcd for C3gH3,N4P>Ru (%): C, 64.43; H, 4.52;
N, 7.91. Found: C, 63.96; H, 4.25; N, 7.68. IR (cm™'): vcn 2220 (vs). '"HNMR
(CDCl3): §2.47-2.99 (m, 2H, P(CH,),P), 3.02-3.11 (m, 2H, P(CH,),P), 4.55 (d, 2H,
Ju_n =2.28), 4.62 (br, 1H, unresolved), 6.97 (s, |H, CH), 6.84 (m, 4H, H-4,7 & H-5,6),
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7.04-7.41 (m, 20, Ph). "*C{"H} NMR: (CDCls): §29.14 (t, Jo_p = 22.73, P(CH,),P), 66.33
(s, C-1,3, indenyl), 92.91 (s, C-2, indenyl), 108.96 (s, C-3a,7a), 115.16 (s, (CN)), 124.09 (s),
124.98 (s, C-4, 7), 125.99 (s, C-5,6), 127.62-132.699 (m, Ph), 134.20 (s, CH), 137.72
(s, C(CN)). A8(C-3a,7a) = —21.74. *'P{'H} NMR: (CDCl;): §92.07.

For L,=dppm (10), yield =89%. Anal. Caled for C;;H3,N4P,Ru (%): C, 64.00;
H, 4.32; N, 8.07. Found: C, 63.87; H, 3.98; N, 7.83. IR (cm_l): Vic=N) 2224 (vs).

"HNMR (CDCls, 400.13 MHz): §4.83 (br, 3H, H-2, H-1,3, indenyl), 4.90-4.99 (m, 2H,
P(CH,)P), 6.94-7.38 (m, 25H, CH, H-5,6, H-4,7, Ph). ">*C{'H} NMR: (CDCl5): §49.59
(t, Jo_p=21.3Hz, P(CH,)P), 65.27 (s, C-1,3), 89.80 (s, C-2, indenyl), 109.42 (s, C-3a,7a),
115.10 (s, (CN)), 124.18 (s, C-4,7), 125.70 (s, C-5,6), 127.69-131.21 (m, Ph), 134.21
(s, CH), 138.04 (s, C(CN)). A§(C-3a,7a)=—21.28. *'P{'"H} NMR: (CDCI5): § 15.08.

2.2. Crystallography

X-ray quality crystals were grown by slow diffusion of hexane into an acetone solution
of 4 and by diffusion of hexane into a dichloromethane solution of 9. X-ray diffraction
data were measured at 120(2) K on a Bruker AXS Apex CCD area detector employing
graphite-monochromated Mo-Kao radiation (A =0.71073 A). Absorption correction
were made by modelLing a transmission surface by spherical harmonics employing
equivalent reflections with 7>20(I) (SADABS) [34]. The structures were solved by
direct methods and refined by full-matrix least-squares procedures based on F> [35, 36].
Non-hydrogen atoms were refined anisotropically and hydrogen atoms were refined
using a riding model. A summary of crystallographic parameters and refinement details
is given in table 1 and selected bond lengths and angles are tabulated in table 2.

3. Results and discussion

3.1. Reaction of ruthenium azido complexes with dimethylacetylenedicarboxylate
or diethylacetylenedicarboxylate

Reaction of [(7>-CoH,)Ru(PMe,Ph),Cl] with sodium azide in refluxing ethanol for
2-3h gave the red azido complex [(1°-CoH;)Ru(PMe,Ph),N5] (1). The IR spectrum
shows a strong stretch at 2015cm ™' corresponding to vN,. Treatment of 1 with excess
dimethylacetylenedicarboxylate in dichloromethane or acetone at room temperature
for 12-15h gave the N(2)-bound 4,5-bis-(methoxycarbonyl)-1,2,3-triazolato complex
[(7°-CoH7)Ru(PMe,Ph),{N;C»(CO>Me),}] (4) in good yield (scheme 1). Under similar
conditions, treatment of azido complexes 1-3 with diethylacetylenedicarboxylate
afforded corresponding N(2)-bound 4,5-bis-(ethoxycarbonyl)-1,2,3-triazolato com-
plexes [(n*-CoH7)Ru(L)2{N3Co(CO,E1),}] [Lo=2PMe,Ph (5), dppe (6), dppm (7)] in
84-91% vyield (scheme 1). The complexes are soluble in chlorinated solvents but
insoluble in non-polar solvents and are stable in air.

It has thus been shown that cycloadditions can be extended to indenyl ruthenium
bisphosphine complexes. Although the triazolato complexes [(7°-CoH;)Ru(PMe,Ph),
{N3C5(CO5R),}] were readily generated from 1 and acetylenes, attempts to
synthesize the corresponding triazolato complexes of bis(triphenylphosphine) have
been unsuccessful. This may be due to the bulky nature of triphenylphosphine.
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Table 1. Summary of crystal data and refinement details.

4 9

Empirical formula C31H35N304P2RL1 C38H32N4P2RU
Formula weight 676.63 707.69
Space group . P1 R3
Unit cell dimensions (A, °)

a 10.723(7) 38.649(3)

b 11.445(7)

¢ 14.349(9) 11.4503(19)

o 69.535(6) 90

B 72.113(6) 90

V. 68.407(6) 120
v (A%) 1501.4 (16) 14813 (3)
4 2 18
Calculated density (Mgm ™) 1.497 1.428
Absorption coefficient (mm ™) 0.670 0.607
F(000) 696 6516
Crystal size (mm?) 0.41 x 0.37 x 0.22 0.39 x 0.31 x 0.20
0 range for collection (°) 1.99 to 28.17 1.83 to 24.99
Limiting indices —14<h=<13; —45<h<45;

—l4<k<15; —45 <k <45;
—18</<18 —13</<13

Reflections collected/unique
Completeness to 0 (%)
Max. and min. transmission
Data/restraints/parameters
Goodness-of-fit on F*

Final R indices [/>20([)]

R indices (all data)

Largest diff. peak and hole (e A™%)

16785/6790 [R(int) = 0.0561]
92.1

0.8667 and 0.7709
6790/0/376

1.053

R, =0.0436, wRy=0.1160
Ry =0.0476, wR>=0.1193
1.223 and —1.047

46738/5787 [R(int) = 0.0573]
99.9

0.8882 and 0.7977
5787/0/406

1.027

R;=0.0303, wR,=0.0996
R;=0.0329, wR,=0.1021
1.599 and —0.274

Table 2. Selected bond lengths (A), angles (°) and slip parameter A* (A)

for 4 and 9.

Complex 4 Complex 9
Ru-CENT 1.897(3) 1.903(3)
Ru-P(1) 2.3171(13) 2.2406(7)
Ru-P(2) 2.2495(12) 2.2831(7)
Ru-N(2) 2.095(3) 2.093(2)
N(1)-N(2) 1.335(3) 1.327(3)
N(2)-N(3) 1.341(3) 1.346(3)
C(10)-C(11) 1.398(4) 1.379(4)
C(14)-0(3) 1.186(4)
C(12)-0(2) 1.180(4)
C(12)-N(4) 1.147(4)
A 0.1235 0.1120
N(2)-Ru-P(1) 92.12(7) 87.48(6)
P(1)-Ru-P(2) 94.95(6) 84.11(3)
N(2)-Ru-P(2) 89.23(7) 91.63(6)
N(1)-N(2)-N(3) 112.2(2) 112.8(2)
N(1)-C(10)-C(11) 107.5(2) 108.4(2)
N@3)-C(11)-C(10) 108.0(2) 108.1(2)

A" =daye (Ru-C(4), C(5)) — daye (Ru-C(1), C(3)).
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— i
CO5R

L, = (PMe,Ph),; R = Me (4)

L, = (PMe,Ph),; R = Et (5)
\ \ L, = dppe; R,R = Et (6)

Ru— | NaN; Ru—pN. | Le=dpPmRR=EL(7)

2 AN

NCCH=CHCN
-HCN (j@
T
Ru—N\
CN
L/ \|_ N

L, = (PMe,Ph), (8); dppe (9); dppm (10)

2

RCO,C,CO4R

Scheme 1. Synthetic pathways.

Further, cycloaddition reactions are favoured with neutral azido complexes but
reaction with cationic arene ruthenium azido complexes was unsuccessful under
variable reaction conditions. The formation of the yellow triazolato complexes is
readily confirmed by the disappearance of the azido stretch and appearance of a vc—o,
stretch at 1726cm ™. Apart from Vic—0), IR spectra show medium stretches in the
regions 1238-1286 and 1437-1446cm ™" due to v o) and vn—n), respectively.
"HNMR spectra of all complexes exhibit a doublet for H-1,3 and a triplet for H-2
(occasionally unresolved) of the indenyl ligand. In the case of 4 and 5 protons of
PMe,Ph appear around §1.13 and 1.35, indicating the non-equivalence of the two
methyl groups. The spectrum suggests two sets of X3AA'X] patterns for the MePP'Me’
groups. Further, the proton NMR spectrum of 4 exhibits a singlet at §3.89 for the
protons of the methoxycarbonyl group while for 5-7 a quartet at §4.32 [Py n=7.12]
is assignable to the -CH,— protons of ethoxycarbonyl groups (~CO,Et). These patterns
suggest the complexes are N(2)-bound isomers. It is notable that N(1)-bound isomer
would exhibit two resonances for its anisochronous methoxy- and ethoxycarbonyl
groups. Evidence is available in the literature to indicate that either two isomers N(1)
and N(2) are formed simultaneously [10, 15, 20] or the N(2) isomer is formed exclusively
[10, 15, 20, 21]. In the present case, the complexes formed are exclusively N(2)-bound
isomers. The formation of N(2)-bound isomer is supported by the spectroscopic
data and confirmed by the X-ray analysis of complexes 4 and 9. *'P{"H} NMR spectra
of the bisphosphine complexes 4 and 5 showed single resonances at §22.83 and §22.85
while 6 and 7 showed signals at ca § 91.16 and 14.64, respectively, very close to reported
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values [29, 32]. "*C{"H} NMR of the complexes was also studied. Indenyl carbon
resonances have been assigned and are in accordance with the proposed »’-coordination
[37, 38]. Kohler proposed a correlation between capacity of the indenyl ligand with
BC{'H} chemical shift of indenyl C-3a,7a carbons. An upfield shift of C3a,7a
relative to indene indicates n°-coordination while a downfield shift is indicative of
n’-coordination [39]. Later Baker proposed the parameter A§(C-3a,7a) as an indicator
of indenyl distortion [33]. Calculated values for the complexes are in the range § —21.28
to —21.95. These are indicative of slight distortion of the n’-indenyl ring and are
consistent with results of the X-ray diffraction study.

3.2. Reaction of azido complexes with fumaronitrile

Treatment of the azido complexes with fumaronitrile leads to [3 4 2] cycloaddition
of fumaronitrile to the ruthenium azido group and affords yellow triazolato
complexes 8-10 (scheme 1). The formation of the triazolato complexes is readily
confirmed by the disappearance of the azido stretch frequency and appearance of
Vic=N) in the region 2220-2224 cm™! for 8-10. In principle, the cycloaddition reaction
can take place via C=C or C=N. The reaction of coordinated azide in Ni(II) with
CH,=CHCN gave a triazolinato complex [7]. A pathway via direct cyclization of
HC=CCN with azide resulting in the formation of triazolate has also been noted [40].
In addition to the expected resonances in the region of §4.7 and 4.8 arising from the
H-1,3 and H-2 protons of the indenyl ligand, the '"H NMR spectrum showed resonances
in the region §6.93-7.99 assignable to the CH proton and protons of phenyl groups.
3P{'H} NMR spectra showed a single resonance at §23.21, 92.07 and 15.08 for 8, 9
and 10 respectively, values which are comparable to those reported [29, 30].

3.3. Crystal structures

Molecular structures of 4 and 9 have been determined. ORTEP diagrams of the
complexes with atom labelling schemes are shown in figures 1 and 2. In 4 the ruthenium
atom is n-bonded to the indenyl group in n° fashion with the distance between
ruthenium and the centroid of the indenyl ring being 1.897(3) A. The geometry around
the ruthenium atom is distorted octahedral assuming the indenyl ligand occupies three

facial coordination sites; remaining coordination sites are occupied by the P atoms of

PMe,Ph and an N atom of the coordinated triazolato group. The complex adopts the
well-known piano stool geometry with P and N atoms forming the legs. The planar
five-membered triazolato ring is coordinated to Ru via N(2). N(1)-N(2) and N(2)-N(3)
distances of 1.335(3) and 1.350(3) A, respectively, are about the same, indicating
delocalization of electrons in the N(1)-N(2)-N(3) unit. As is seen in other indenyl
complexes, the structure shows asymmetric coordination of the metal to the five ring
carbons. Thus, Ru—C bond distances between ruthenium and C(4) and C(5) are longer
than those to allylic carbons C(1), C(2) and C(3) (table 2). The indenyl ligand exhibits a
pronounced “‘slip-fold”” (A) distortion [41] relative to planarity; the value of 0.1235 Ais
comparable to that found in other indenyl complexes [29, 42, 43]. This is indicative of a
slight distortion of the n°-coordinated indenyl ligand from planarity and is consistent
with solution '*C NMR. In contrast, the benzo ring of the indenyl group is planar and
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Figure 1. Molecular structure of [(7°-CoH;)Ru(PMe,Ph),{N;C5(CO>Me),}] (4). Thermal ellipsoids are
depicted at the 30% probability level. Hydrogen atoms are omitted for clarity.

shows significant delocalization of double bonds at the C(8)-C(9) (1.373(4)) A and
C(6)-C(7) (1.372(4)) A.

In 9, ruthenium is bonded to the indenyl ligand in n° fashion with a ruthenium to ring
centroid distance of 1.903(3) A. The five membered triazolato ring is coordinated to the
ruthenium atom via the N(2) atom. As was observed in 4 and other indenyl complexes,
the structure shows asymmetric coordination of the indenyl ligand (table 2). The slip
fold parameter (A) in this structure is 0.1120 A, which is comparable to that observed
in complex 4. The C=N bond length in the complex is 1.147(4) A, comparable to what is
observed in related complexes [30]. The Ru-N(2) bond distance in both complexes is
comparable (2.095(3) A for complex 4, 2.093(2) A for complex 9).

Supplementary material

Crystallographic data have been deposited at the Cambridge Crystallographic Data
Centre (CCDC), CCDC 289501 for 4, CCDC 289502 for 9. Copies of this information
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Figure 2. Molecular structure of [(n°-CoH7)Ru(dppe)(N;C,HCN)] (9). Thermal ellipsoids are depicted at the
30% probability level. The terminal phenyl groups are shown as pivotal atoms only. Hydrogen atoms are
omitted for clarity.

may be obtained free of charge from the director, CCDC, 12 Union Road, Cambridge
CB2 1EZ, UK (Fax: 444-1223-336033; Email: deposit@ccdc.cam.ac.uk or http://
www.ccdc.cam.ac.uk).

Acknowledgements

We thank the Sophisticated Instruments Facility (SIF), Indian Institute of Science,
Bangalore, for use of the NMR facility.

References

[1] R. Huisgen. Angew. Chem. Int. Ed. Engl., 2, 565 (1963).
[2] R. Huisgen. Angew. Chem. Int. Ed. Engl., 2, 633 (1963).
[3] R. Huisgen. J. Org. Chem., 41, 403 (1976).
[4] E.F. Scriven, K. Tumnbell. Chem. Rev., 88, 297 (1988).
[S] S. Patai. The Chemistry of Azide Groups, Interscience Publishers, New York (1971).
[6] T.L. Gilchrist, G.E. Gymer, A.R. Katritzky, J.A. Button. Adv. Heterocyl. Chem., 16, 33 (1974).
[7] G. Labbe. Chem. Rev., 69, 345 (1969).
[8] H.W. Fruhauf. Chem. Rev., 97, 523 (1997).
[9] Z. Dori, R.F. Ziolo. Chem. Rev., 73, 247 (1973).
[10] P. Paul, K. Nag. Inorg. Chem., 26, 2969 (1987).
[11] W. Beck, W.P. Fehlhammer. Angew. Chem. Int. Ed. Engl., 6, 169 (1967).



11: 53 23 January 2011

Downl oaded At:

Cycloadditions 515

[12] W. Beck, W.P. Fehlhammer, P. Pollamann, H. Schachl. Chem. Ber., 102, 1976 (1969).

[13] S.S. Washburne Jr, W.R. Peterson. J. Organomet. Chem., 21, 427 (1970).

[14] K. Sisido, K. Nabika, T. Isida, S. Kozima. J. Organomet. Chem., 33, 337 (1971).

[15] T. Kemmerich, W. Beck, C. Spencer, R. Mason. Z. Naturforsch., B. Anorg. Chem. Biochem. Biophys.
Biol., 27B, 745 (1972).

[16] A.P. Gaughan, K.S. Browman, Z. Dori. Inorg. Chem., 11, 601 (1972).

[17] L. Busetto, A. Palazzi, R. Ros. Inorg. Chim. Acta, 13, 233 (1975).

[18] W. Beck, K. Schropp. Chem. Ber., 108, 3317 (1975).

[19] W. Rigby, P.M. Bailey, J.H. McCleverty, P.M. Maitlis. J. Chem. Soc., Dalton Trans., 371 (1979).

[20] T. Kemerich, J.H. Nelson, N.E. Takach, H. Boeheme, B. Jablonski, W. Beck. Inorg. Chem., 21, 1226
(1982).

[21] P.H. Kreutzer, J.C. Weis, H. Bock, J. Erbe, W. Beck. Chem. Ber., 116, 2691 (1983).

[22] J. Erbe, W. Beck. Chem. Ber., 116, 3867 (1983).

[23] P.M. Treichel, W.J. Knebel, R.W. Hess. J. Am. Chem. Soc., 93, 5424 (1971).

[24] P. Fehlhammer, L.F. Dahl. J. Am. Chem. Soc., 94, 3370 (1972).

[25] W.P. Fehlhammer, T. Kemmerich, W. Beck. Chem. Ber., 112, 468 (1979).

[26] W.P. Fehlhammer, W. Beck. Z. Naturforsch., Teil B., 38, 543 (1983).

[27] S.J. Blunden, M.F. Mahon, K.C. Molloy, P.C. Waterfield. J. Chem. Soc., Dalton Trans., 2135 (1994).

[28] K. Nomiya, R. Noguchi, M. Oda. Inorg. Chim. Acta, 298, 24 (2000).

[29] K.S. Singh, C. Théne, M.R. Kollipara. J. Organomet. Chem., 690, 4222 (2005).

[30] C.-W. Chang, G.H. Lee. Organometallics, 22, 3107 (2003).

[31] I. Vogel. A Text Book of Practical Organic Chemistry, 4th Edn, p. 264, ELBS, London (1984).

[32] P. Gamasa, J. Gimeno, C. Gonazalez-Bernardo, B.M. Martin-Vaca. Organometallics, 15, 302 (1996).

[33] T. Baker, T.H. Tulip. Organometallics, 5, 839 (1986).

[34] G.M. Sheldrick. SADABS: Single-crystal Software, Bruker Analytical X-ray Systems, Madison, WI,
USA (2002).

[35] G.M. Sheldrick. SHELXS-97: Program for Crystal Structure Solution, University of Gottingen,
Germany (1990).

[36] G.M. Sheldrick. SHELXTL: Program for Computing Molecular Graphics, University of Gottingen,
Germany (2001).

[37] Z. Zhou, C. Jablonski, J. Bridson. J. Organomet. Chem., 461, 215 (1993) and references therein.

[38] A. Ceccon, C.J. Elsevier, J.M. Ernsting, A. Gambaro, S. Santi, A. Venzo. Inorg. Chim. Acta, 204, 15
(1993).

[39] F.G. Kohler. Chem. Ber., 107, 570 (1974).

[40] R. Huisgen, G. Szeimies, L. Mobius. Chem. Ber., 99, 475 (1966).

[41] D.M.P. Mingos. In Comprehensive Organometallic Chemistry, G. Wilkinson, F.G.A. Stone,
E.W. Abel (Eds), Chapter 19, Vol. 3, Pergamon Press, Oxford (1982).

[42] K.S. Singh, Y.A. Mozharivskyj, C. Thone, M.R. Kollipara. J. Organomet. Chem., 690, 3720 (2005).

[43] V. Cadeirio, M.P. Gamasa, J. Gimeno, M. Gonzalez-Cueva, E. Lastra, J. Borge, S. Gracia-Granda,
E. Perez-Carreno. Organometallics, 15, 2137 (1996).



