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Abstract

Ruthenium(ll) complexes of Schiff base derived framcloalkylamines (cycloalkyl =
cyclopentyl (a), cyclohexyl (b), cycloheptyl {c), and cyclooctyl) 1d) were synthesized:
[RuCl(CyPen-Salen)(PRJ3] (2a), [RuCl(CyHex-Salen)(PRk] (2b), [RuCIl(CyHep-
Salen)(PP¥,] (2c), and [RuCI(CyOct-Salen)(PBH| (2d). The Schiff base-Rucomplexes
2a-d were characterized by elemental analysis, FTIR; W&/ *H-, *C- and**P-NMR, and
cyclic voltammetry. The complex@s-d were evaluated as catalytic precursors for ROMP of
norbornene (NBE) and for ATRP of methyl methaceldfMMA). The syntheses of
polynorbornene (polyNBE) via ROMP with complex2sd as pre-catalysts were evaluated
under different reaction conditions ([HCIJ/[Ru], PRA])/[Ru], [NBE]/[Ru], and temperature).
The highest yields of polyNBE were obtained witiBE/[HCI]/[Ru] = 5000/25/1 molar ratio
in the presence of 5 pL of EDA for 60 minutes at60 MMA polymerization via ATRP was
conducted using the complex2a-d in the presence of ethgHoromoisobutyrate (EB) as
initiator. The catalytic tests were evaluated &sretion of the reaction time using the initial
molar ratio of [MMA]/[EBIB]/[Ru] = 1000/2/1 at 85 °C. The linear correlatioyf
In((MMA] o/[MMA]) and time indicates that the concentratiohradicals remains constant
during the polymerization and that the ATRP of MMWediated by2a-d proceeds in a
controlled manner. Molecular weights increased ditye with conversion, however, the

experimental molecular weights were higher thartlleeretical ones.
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1. Introduction

Schiff bases have been playing an important patihéndevelopment of coordination
chemistry. Schiff base metal complexes have beadiext extensively because of their
attractive chemical and physical properties and thigle range of applications in numerous
scientific areas [1-4]. Concurrently, complexesrlmeaSchiff base ligands are recognized as
homogeneous or heterogeneous catalysts in varigasic reactions. Schiff base complexes
play a central role in various homogeneous catalygiactions and the activity of these
complexes varies with the type of ligands, coortiamasites and metal ions. Furthermore,
such complexes have recently attracted much attenfor oxidation, epoxidation,
hydrogenation, miscellaneos, and polymerizatioctreas [5,6].

In particular, notable works were conducted in kethg polymerization reactions
catalyzed by various metal complexes containingfBlbases ligands. Aluminum complexes
of a series of tridentate Schiff base ligands wletend to catalyze the polymerization of
ethylene [7]. A number of pyridyl bis(imide) compés and phenoxy imine complexes are
used as catalysts in the polymerization of ethylgh®]. Pyridine bis(imine) complexes of
iron(lll) and cobalt(ll) show significant activityn the polymerization of ethylene and
copolymerization of ethylene with 1-hexene [10]. eTkalicylaldiminato complexes of
zirconium were found to be effective catalysts thykene polymerization and promoted
radical decomposition in certain cases [11]. Pobtfiglmethacrylate) was prepared in
presence of Cr(lll) and Ni(ll) salen complexes adalysts for the controlled radical
polymerization of methyl methacrylate (MMA) monomidr2]. Verpoort et al. reported a
detailed discussion on catalytic activity in therattransfer radical polymerization (ATRP)
and ring opening metathesis polymerization (ROMPJasious substrates using Schiff bases

Ru catalysts [13]. The critical points of these k#oshowed that the efficiencies of catalysts
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were directly affected by the steric and electrgpioperties of the ligands. Therefore, the
efforts in the easy synthesis of new catalystsianestigation of their activity in ROMP and
ATRP reactions are an ongoing interest for thelgsi,scommunity.

Herein, we report the facile preparation and euamoaof novel ruthenium(ll)
complexes of bidentade Schiff bases derived fronloeykylamines, where the cycloalkyl is
cyclopentyl @a), cyclohexyl @b), cycloheptyl 2c), and cyclooctyl 2d) (Fig. 1), as pre-
catalysts for ROMP of norbornene (NBE) and ATRPrathyl methacrylate (MMA) under
different conditions of temperature, reaction timed monomer concentration. Ethyl
diazoacetate (EDA) was used as carbene source @diARand ethyl 2-bromoisobutyrate
(EBiB) was used as initiator for ATRP. The goal waslteerve the ring size influence and its
effects on catalytic activity of the studies conxgle, discussing the-donor ability and steric
hindrance, obtaining resources to understand ttterfathat influence the efficiency of both
reactions. Moreover, base Schiff ligands bound uthenium impart good stability and
tolerance towards various organic functionalitesis,and moisture, widening thus the area of

their applications.
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Fig. 1. lllustration of the Schiff base ruthenium(ll) colaxes @a-d).



2. Experimental

2.1. General remarks

All reactions and manipulations were performed umdgogen atmosphere following
standard Schlenk techniques. 1,2-dichloroethaneE{D@as dried with CaGlovernight,
filtered, distilled and degassed by three vacuutnegen cycles under nitrogen before use.
Methyl methacrylate (MMA) was washed with 5% NaOeélusion, dried over anhydrous
MgSQy, vacuum distilled from CaHand stored under nitrogen atil8 °C before use.
RuCk.xH.0, 2,2,6,6-tetramethyl-1-piperidinoxyl (TEMPO), redtutylammonium
hexafluorophosphate n{Bu;NPFs;), norbornene (NBE), ethyl diazoacetate (EDA),
cyclopentylamine, cyclohexylamine, cycloheptylamingy/clooctylamine, salicylaldehyde,
and ethyl 2-bromoisobutyrate (HB were used as acquired. The [RyPh)s] complex
was prepared following the literature and its puritas checked by satisfactory elemental

analysis and spectroscopic examinatiR{*H} and *H-NMR, FTIR and EPR) [14].

2.2. Analyses

Elemental analyses were performed with a PerkineEI®@HN 2400 at the Elemental
Analysis Laboratory of Institute of Chemistry - USESR measurements from solid sample
were conducted at 77 K using a Bruker ESR 300Crapys (X-band) equipped with a TE102
cavity and an HP 52152A frequency counter. The F3pRBctra in Csl pellets were obtained
on a Bomem FTIR MB 102. Electronic spectra wererged on a Varian model Cary 500
NIR spectrophotometer, using 1 cm path length quzetls. The'H and*'P{*H}NMR spectra

were obtained in CDglat 298 K on a Bruker DRX-400 spectrometer opegaéin400.13 and



161.98 MHz, respectively. The obtained chemicaftshivere reported in ppm relative to
TMS or 85% HPO,. Conversion was determined from the concentraiiaesidual monomer
measured by gas chromatography (GC) using a Shim&i2-2010 gas chromatograph
equipped with a flame ionization detector and ax8(0.53 mm I.D., 0.um film thickness)
SPB-1 Supelco fused silica capillary column. Areselas added to polymerization and used
as an internal standard. Analysis conditions: toge@nd detector temperature, 250 °C;
temperature program, 40 °C (4 min), 20 °C Thimtil 200 °C, 200 °C (2 min). The molecular
weights and the molecular weight distribution oé tholymers were determined by gel
permeation chromatography using a Shimadzu Proroenéf system equipped with a LC-
20AD pump, a DGU-20A5 degasser, a CBM-20A commuigoanodule, a CTO-20A oven
at 40 °C and a RID-10A detector equipped with twortadzu column (GPC-805: 30 cm, & =
8.0 mm). The retention time was calibrated witmdead monodispersed polystyrene using
HPLC-grade THF as an eluent at 40 °C with a flote @& 1.0 mL min'. Electrochemical
measurements were performed using an Autolab PG3UApotentiostat with a stationary
platinum disk and a wire as working and auxiliatgcerodes, respectively. The reference
electrode was Ag/AgCIl. The measurements were paddrat 25 °C £ 0.1 in Gi&l, with 0.1

mol L™ of n-Bu;NPF.

2.3. General Procedure for the Preparation of SeBtse Ligand¢la-d)

To prepare the Schiff base ligantisd, a solution of salicylaldehyde in methanol was
slowly added over a solution of the respective agilylamine in methanol. The mixture was
stirred at room temperature for 16 h and the prodias obtained as a yellowish orange oil.
Any modifications are described below for each tieac

Schiff-Base Liganda: Salicylaldehyde (0.48 g, 4.0 mmol), cyclopentyiiaen(0.34 g,
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4.0 mmol), and methanol (15 mL) afforded 0.60 g»%3®f the title compound as a yellow
oil. Refractive index 1.5626; (a) UV—Vidmaxmn) ("M), &naxn) [M ™ M ™ Amax) (317), Emax)
[9600]; (b) IR (KBr): vy, (cm™): vC=N (1629),vC-0O (1277); (c)'H NMR: (CDCk, 400
MHz): 13.8 (s, 1H, OH), 8.32 (s, 1GH=N), 7.27-7.31 ((dd®Jyn = 1.6 Hz, dd 3y~
=0.8 Hz, 1H, salicyl-ring), 7.22-7.24 (dt4 4 = 1.6 Hz, 1H, salicyl-ring), 6.93-6.96
(dt, 334 = 6 Hz,%Jyn = 0.4 Hz, 1H, salicyl-ring), 6.85-6.88 (ttlly 4 = 0.8 Hz 1H,
salicyl-ring), 3.75-3.82 (m, 1H, CEf™), 1.90-1.99 (m, 2H, C}*"¥), 1.81-1.88 (m, 2H,
CH,"*™) 1.65-1.77 (m, 4H, CHi*™)*C NMR (CDCE) & 162.3, 161.3, 131.8, 130.9,
118.4, 116.9, 70, 34.7, 24.5.

Schiff-Base Ligandb: Salicylaldehyde (0.48 g, 4.0 mmol), cyclohexylam{0.39 g,
4.0 mmol), and methanol (15 mL) afforded 0.68 g»®3®f the title compound as a yellow
oil. Refractive index 1.5678; (a) UV—Viginaxn) (M), &naxm) [M ™ ¢ Amaxy (317), &naxq)
[9700]; (b) IR (KBr): vy (cmiy): vC=N (1629),vC-O (1274), (c)'H NMR: (CDCk, 400
MHz): 13.83 (s, 1H, OH), 8.37 (s, 1K&H=N), 7.31-7.27 (dd>Jyn = 1.6 Hz, ddJu
=0.8 Hz, 1H, salicyl-ring), 7.23-7.25 (dilly4 = 1.6 Hz, 1H, salicyl-ring), 6.94-6.98
(dt, 3Jyn = 6 Hz,%J4n = 0.4 Hz, 1H, salicyl-ring), 6.85-6.89 (tilyy = 0.8 Hz, 1H,
salicyl-ring), 3.22-3.3Qm, 1H, CH®¥), 1.80-1.87 (m, 4H, CH®), 1.50-1.70 (m, 3H,
CH,'®) 1.27-1.45 (m, 3H, C#*); *C NMR (CDCE) & 162.1, 161.4, 131.9, 131.1,
118.9, 118.3, 117.04, 77.3, 77.02, 76.7, 67.4,,25153.

Schiff-Base Ligand.c: Salicylaldehyde (0.48 g, 4.0 mmol), cycloheptyilaen(0.45 g,
4.0 mmol), and methanol (15 mL) afforded 0.69 g»%3®f the title compound as a yellow
oil. Refractive index 1.5652; (&) UV—Vidaxmn) ("M), &naxn) [M ™ M ™]: Amax) (316), Emax)
[9600]; (b) IR (KBr): vy (cmi™): vC=N (1621),vC-0 (1270); (c)'H NMR: (CDCk, 400
MHz): 13.85 (s, 1H, OH), 8.3 (s, 1GH=N), 7.25-7.32 (dd®Jy = 1.6 Hz, dd3Jyp =

0.8 Hz, 1H, salicyl-ring), 7.22-7.25 (dtll; 4 = 1.2 Hz, 1H, salicyl-ring), 6.95-6.98 (dt,
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3Jun = 6.4 Hz,%34n = 0.4 Hz, 1H, salicyl-ring), 6.85-6.89 (td}yn = 0.8 Hz, 1H,
salicyl-ring), 3.37-3.46 (m, 1H, CFFPY), 1.82-1.90 (m, 2H, CH*™"), 1.72-1.82 (m, 4H,
CH,™®"¥) 1.50-1.70 (m, 6H, CH*"¥); 1*C NMR (CDCk) & 161.66, 161.39, 131.92, 131.02,
118.91, 118.29, 116.99, 77.34, 77.08, 76.83, 7BG20, 28.54, 24.24.

Schiff-Base Ligandd: Salicylaldehyde (0.48 g, 4.0 mmol), cyclooctylami(0.51 g,
4.0 mmol), and methanol (15 mL) afforded 0.82 g»®9®f the title compound as a yellow
oil. Refractive index 1.5631; (a) UV—Viginaxn) (M), &naxm) [M ™ ¢ Amaxc) (318), &naxq)
[10000]; (b) IR (KBr):vy (cmi™): vC=N (1624),vC-O (1278); (c)'H NMR: (CDCk, 400
MHz): 13.85 (s, 1H, OH), 8.3 (s, 1KGH=N), 7.27-7.32 (dd3Jyn = 1.2 Hz, dd3Jyn =
0.8 Hz, 1H, salicyl-ring), 7.22-7.25 (d%DH,H = 1.2 Hz, 1H, salicyl-ring), 6.93-6.97 (dt,
3Jun = 6.4 Hz, 1H, salicyl-ring), 6.84-6.88 (il = 0.8 Hz, 1H, salicyl-ring)3.40-
3.45 (m, 1H, CH®), 1.75-1.90 (m, 6H, CH¥*Y), 1.45-1.70 (m, 8H, CHY); *C NMR
(CDCl) & 161.7, 161.4, 131.9, 131, 118.9, 118.3, 117.043,777, 76.8, 70, 51.4, 35.6,

33.47, 27.54, 25.48, 23.6.

2.3. General Procedure for the Preparation of SeBdse Ru Complexe2atd)

Synthesis of the ruthenium(ll) Schiff base comptex@a-d) was accomplished
according to the following procedure: To a solut@inSchiff basela-d in methanol was
added dropwise a solution of NaOH in methanol dwedréaction mixture was stirred for 2 h
at room temperature. The deprotonated ligand nexivas transferred by cannula to a 50-mL
three-necked flask fitted with a reflux condensentaining the [RuG(PPh)3] precursor,
stirred mixture was refluxed for 4 h. A yellow pigtate was then filtered and washed with

methanol and ethyl ether and then dried in a vacuum



Complex2a: [RuCkL(PPh)s] complex (0.30 g, 0.31 mmol), Schiff ba%e (0.070 g,
0.37 mmol), NaOH (0.18 g, 0.45 mmol), and methd86ImL) afforded 0.25 g (80%) of the
titte complex as a yellow solid: anal. calculated €,9H4sCINOP,Ru was 68.01 C, 5.59 H
and 1.62% N; found: 68.34 C, 5.55 H and 1.60% N=M¥: Amaxn) (NM), &maxny [M ™ cmi :
Amax(1) (252), &max) [10020], Amax2) (370), &max(2) [625], Amaxa) (422), &maxz) [240]; IR (KBr):
vy (cm™): vC=N (1618),vC-O (1355);'H NMR: (CDCk, 400 MHz): 7.30-7.70 (m, 12H:
methaPPh and 1H:CH=N), 7.30-7.70(m, 6H, paraPPh), 7.21-7.30 (m, 12Hprtho-
PPh), 6.63-6.68 (m, 1H, salicyl-ring), 6.4-6.5 (ddy; 4 = 1.6 Hz, dd3Jyn = 1.2 Hz,
1H, salicyl-ring), 6.04-6.10 (m, 1H, salicyl-rind),85-5.80 (m, 1H, salicyl-ring}R.85-
3.92 (m, 1H, CH®™), 1.60-1.80 (m, 3H, CH°*"™), 1.29-1.38 (m, 4H, CH°*"™), 1.07-1.15
(m, 1H, CH™™) 13C NMR (CDC}k) & 166.12, 160.83, 135.16, 135, 134.84, 134.26, 134.2
134.16, 132.12, 132.04, 131.93, 131.91, 129, 12838.44, 127.62, 127.59, 127.55, 123.36,
121.99, 111.80, 75.92, 32.39, 23.43P{*H} NMR (CDCls: 8, ppm): 43.15 (s). EPR: no
signal was observed.

Complex2b: [RuChL(PPh)s] complex (0.30 g, 0.31 mmol), Schiff baske (0.075 g,
0.37 mmol), NaOH (0.18 g, 0.45 mmol), and methg86ImL) afforded 0.20 g (75%) of the
title complex as a yellow solid: anal. calculated €5,HsoCINOP,Ru was 68.29 C, 5.73 H
and 1.59% N; found: 68.41 C, 5.64 H and 1.61% N=MM: Amax(n) (NM), &maxny [M ™ cmi :
Amax(1) (252), &max1) [10050], Amax(2) (369), &max(2) [1766], Amax(z) (420), &max(z) [585]; IR (KBr):
vk (cm™): vC=N (1618),vC-0O (1342);'H NMR: (CDCk, 400 MHz):7.30-7.80 (m, 12H:
methaPPh and 1H:CH=N), 7.30-7.80(m, 6H, paraPPh), 7.08-7.30 (m, 12Hprtho-
PPh), 6.57-6.67 (m, 1H, salicyl-ring), 6.38-6.51 (dd, 4 = 1.2 Hz, dd3Jyn = 1.6 Hz,
1H, salicyl-ring), 5.99-6.12 (m, 1H, salicyl-rindy,76-5.89(dd, J = 0.8 Hz, 1H, salicyl-
ring), 3.18-3.33 (m, 1H, CFP), 1.44-1.57 (m, 4H, CH®Y), 0.78-1.05 (m, 4H, CH®Y),

0.65-0.78 (m, 2H, CH'®); °C NMR (CDCE) & 166.03, 160.74, 135.26, 135.10, 134.94,
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134.22, 131.98, 128.99, 127.59, 123.40, 122.28,68B11/7.24, 76.99, 76.73, 73.17, 33.20,
26.03, 25.84%'P{'H} NMR (CDCls: 3, ppm): 43.37 (s). EPR: no signal was observed.

Complex2c: [RuChL(PPh)s] complex (0.30 g, 0.31 mmol), Schiff bage (0.080 g,
0.37 mmol), NaOH (0.18 g, 0.45 mmol), and methg86ImL) afforded 0.23 g (85%) of the
title complex as a yellow solid: nal. calculated @3;Hs,CINOP,Ru was 68.56 C, 5.87 H and
1.57% N; found: 69.19 C, 5.64 H and 1.64% N; UV=Vgaxn) (NM), &naxm) M+ cm™]:
Amax(1) (246), &max(1) [9500], Amax2) (370), &max2) [1268], Amax() (423), &max) [599]; IR (KBr):
vk (cm™): vC=N (1610),vC-0O (1337);'H NMR: (CDCk, 400 MHz): 7.30-7.69 (m, 12H:
methaPPh and 1H:CH=N), 7.30-7.69(m, 6H, paraPPh), 6.92-7.30 (m, 12Hprtho-
PPh), 6.60-6.73 (d°Ju 4 = 1.6 Hz, 1H, salicyl-ring), 6.47-6.56 ({4 = 1.6 Hz, 1H,
salicyl-ring), 6.09-6.20 (m, 1H, salicyl-ring), 8%5.85 (d,2J4 = 0.8 Hz, 1H, salicyl-
ring), 3.63-3.74m, 1H, CH'®*) 1.37-1.64 (m, 4H, CH*™), 1.27-1.36 (m, 4H, CHT*"¥),
1.03-1.15 (m, 4H, CH*"¥): %C NMR (CDCE) & 166.20, 161.6, 135.47, 135.30, 135.14,
134.24, 134.19, 134.14, 134.03, 132.13, 132.05,9631131.88, 128.97, 128.68, 128.52,
128.42, 127.64, 127.60, 127.56, 123.52, 122.78,751175.0, 33.32, 26.6, 25.85, 25.02;
31p{’H} NMR (CDCl3: 8, ppm): 42.48 (s). EPR: no signal was observed.

Complex2d: [RuChL(PPh)s] complex (0.30 g, 0.31 mmol), Schiff base (0.085 g,
0.37 mmol), NaOH (0.18 g, 0.45 mmol), and methd86ImL) afforded 0.21 g (75%) of the
titte complex as a yellow solid: anal. calculated €5;Hs,CINOP,Ru was 68.82 C, 6.00 H
and 1.54% N; found 69.03 C, 6.21 H and 1.62% N. W=Amax(n) ("M), &naxm [M ™ cmi :
Amax(1) (262), &max(1) [L10000], Amax2) (377), &max(2) [1528], Amax() (426), &maxz) [822]; IR (KBr):
vy (cm): vC=N (1611),vC-O (1336);'H NMR: (CDCk, 400 MHz): 7.23-7.72 (m, 12H:
methaPPh and 1H:CH=N), 7.23-7.72(m, 6H, paraPPh), 6.95-7.23 (m, 12Hprtho-
PPh), 6.60-6.67 (m, 1H, salicyl-ring), 6.52-6.58 (sdH,H = 1.6 Hz, 1H, salicyl-ring),

6.09-6.16 (m, 1H, salicyl-ring), 5.76-5.80 (m, 1Bhlicyl-ring), 3.62-3.76(m, 1H,
10



CHO™)  1.38-1.50 (m, 4H, CHY), 1.30-1.36 (m, 4H, CH*), 1.05-1.25 (m, 6H,
CH°); ¥C NMR (CDCE) & 166.13, 161.78, 135.12, 134.19, 134.03, 132.12,043
131.93, 128.99, 128.53, 128.44, 127.61, 123.50,8022111.81, 77.25, 77.00, 76.74, 74.85,
33.31, 26.57, 25.84, 25.03'P{*H} NMR (CDCls: 8, ppm): 42.57 (s). EPR: no signal was

observed.

4.3. ROMP procedure

In a typical ROMP experiment, 1.1 pmol of compleaswdissolved in CHGI(2 mL)
with an appropriate amount of monomer (NBE, 5.5 Miraad additive (HCI, 27.5umol),
followed by addition of carbene source (EDA, 4@0l). Usually the solution gelled for 1-2
min, but the reaction mixture was stirred for 6(hmat 25 or 50 °C in a silicon oil bath. At
room temperature, 5 mL of methanol was added aagdthymer was filtered, washed with
methanol and dried in a vacuum oven at 40 °C uwistant weight. The reported yields are
average values from catalytic runs performed atldaee times with 10% error at the most.

The isolated polyNBEs were dissolved in THF for Gia.

4.4. ATRP procedure

In a typical ATRP experiment, 12.3 umol of compleas placed in a Schlenk tube
containing a magnet bar and capped by a rubbeurse@ir was expelled by three vacuum-—
nitrogen cycles before appropriate amounts of margiMMA, 12.3 mmol), initiator (EBB,

24.6 umol), and DCE (1 mL) were added. All liquwdere handled with dried syringes under
nitrogen. The tube was capped under &timosphere using Schlenk techniques, then the

reaction mixture was immediately immersed in anbaith previously heated to the desired

11



temperature. The polymerizations were conducte86&C. The samples were removed from
the tube after certain time intervals using degasseinges. The polymerization was stopped
when the reaction mixture became very viscous.r€perted conversions are average values

from catalytic runs performed at least twice.
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3. Resultsand discussion
3.1. Synthesis and characterization

The bidentate Schiff baseslatd) were readily prepared by condensation of
salicylaldehyde with four different cycloalkylamme methanol (Scheme 1). When 1 mol of
salicylaldehyde and 1 mol of amine were reactee ctbrresponding products were obtained
under mild conditions; confirmation of these produwas demonstrated by spectroscopic
data. As the ligands predominantly exist in thekattomeric form in the solid state. Prior to
the complexation step an equivalent amount of Na®Oidethanol was added to the ligands to
convert this keto form to enolate form. This remsdére coordination of enolate oxygen.
Equimolar reactions between [Ru(Ph),] with the corresponding deprotonated Schiff

bases 1a-d) led to the ruthenium(ll) Schiff base comple®asd in high yields (Scheme 1).

QP/@
R
N ) N- <>
O R-NH, N [RuCl,y(PPh3)5] O“v"Rlu“‘\\N/R
MeOH MeOH, Reflux av |
OH OH : P<

-0 O O

Ligand = la 1b 1c 1d

Complex = 2a 2b 2c 2d

Scheme 1. Synthesis protocol of Schiff basa-d and their ruthenium complex2a-d.
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In the 'H NMR spectra in CDGI for the synthesized ligandslatd) and their
complexes Za-d) are given in Section 2. The peaks in the ran@e21 ppm for ligand4a-d
and 0.65-2.0 ppm for complexéa-d, as multiplets, are assignable to thel,Gyroups
hydrogens from th&l-cycloalkyl substituent. Additionally, the peaksrahge 6.84-7.32 ppm
for ligandsla-d and 5.73-6.73 for complex@a-d, as multiplets, are assignable to the protons
of aromatic —E1 groups. In théH NMR spectra of ligand4a-d and complexega-d, the
chemical shifts observed around 8.3 ppm for frgarlds and at 7.22-7.50 for complegesd
as singlets are assigned to the proton of azonetkii=CH-) [15]. The peak due to the
azomethine showed a high field shift compared ¢oftbe Schiff base after complexation with
the metal ion indicating coordination through tlzeraethine nitrogen atom. A singlet for OH
has a distinct down-field resonance at 13.8 ppraraatteristic for the acidic proton involved
in a strong intramolecular hydrogen bond in thaids la-d [15]. These signals did not
appear in the complex@s-d as expected. Th#d NMR spectra for the complex@a-d were
dominated by multiplets between 6.92-7.80 ppm dudhte phenyl protons of two PPh
ligands coordinated in the Ru center which arealgfrelative to the multiplets around 6.92-
7.80 ppm from the aromatic signals for the Schif§é In thé*C NMR spectra, the carbon
peaks between 23.6-161.6 ppm for ligahdsl and 23.4-166.2 ppm for complexzsd were
observed.®'P NMR spectroscopy confirmed the presence of thhs BBands and their
magnetic equivalence revealed that the twozRiBands ardrans-positioned to each other in
the complexe&a-d since only a singlet around 43 ppm was found loc@nplexes, thereby
minimizing steric repulsion. This orientation iptgal for ruthenium Schiff base complexes
containing thetrans[Ru(PPh);] core [16]. The FTIR spectra of the liganda-d were
compared with that of the complex2a-d in order to confirm the coordination of ligand to
the ruthenium metal. The infrared spectra of figarlds show the characterisit¢O—H)
absorption bands around 2678 ¢mwhich disappears after complexation, the absamptio
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corresponding to the(C=N) vibration is around 1625 cfin the ligands, and it is shifted
approximately 12 cif to a lower wavenumber in the spectra of the corgse?a-d
confirming the coordination of azomethine nitrogen the metal. The coordination of
phenolic oxygen of the Schiff bases is supportedhieyappearance of new bands in 497-499
cm ! range due ta(Ru-O) stretching in the ruthenium complexes [17]. tidition, these
complexes exhibit one strong band in the rangedem*, which may be due to(Ru-N)
stretching suggesting coordination of azomethit®géen atoms [17].

Electronic spectra of ligands-d and their complexe2a-d have been recorded in the
200—-700 nm range in CHECANd their corresponding data are given in Tablehg. formation
of the complexe®a-d was also confirmed by electronic spectra (Fig.I2)the electronic
spectra of the free ligands and their complexes wiide range bands were observed due to
either ther—>T1t* and n—1t* of C=N chromophore or charge-transfer transitaising fromrt
electron interactions between the metal and ligavidch involves either a metal-to-ligand
electron transfer [18]. The electronic spectrah# ligandsla-d in CHCk (Fig. 3) showed
strong absorption bands in the ultraviolet regi@i6-318 nm), that could be attributed
respectively to thee—-1r* and n—Tt* transitions in the benzene ring or azomethinesNL
groups [19]. In the electronic spectra of the carps2a-d, these bands show hypsochromic
shifts relative to their free ligands, and they nii@yhidden under the electronic transition of
the PPB ligands. This displacement of the absorption bamidthe complexe®a-d most
likely originate from the metalation which increagbe conjugation and delocalization of the
whole electronic system and results in the enehlgnge of the intra-ligand transitions of the
conjugated chromophore. These results clearly ateithat the ligand coordinates to metal
center, which are in accordance with the resultthefother spectroscopic data. Furthermore,
the absorption bands in the visible region are eskat between 360 and 426 nm as a low

intensity bands These bands are considered tofesisethe MLCT transition [20].
15
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Fig. 2. Electronic spectra of the complex@a-d in degassed Ci€l, solution at room

temperature ([Ru] =0.1 mmorl).

The electrochemical activity of the complex@asd was studied by cyclic voltammetry
in scan rate of 100 mV~5in CH,Cl, solution containing 0.1Mh-Bu;NPF; supporting
electrolyte in the potential range 0 to 1.1 V. Tyelic voltammograms o2a-d are shown in
Fig. 3 and the voltammetric data are summarizedahle 2. On scanning anodically and
reversing the scan direction, similar anodic wavbich may be attributed to the Rl redox
couple and the redox-active phenolate moieties wbserved between 0.41-0.60 V and 0.7-
1.0, respectively, for all Schiff base Ru compleXégy. 3). Less intense corresponding
cathodic peaks were observed; and this may béuatidd to the instability and transient nature
of the RY' ions in solution. Overall there is a clear shiftle redox potentials towards more
negative values as the electron-donating abilityhef cycloalkyl substituents is increased

(Octyl > Heptyl > Hexyl > Pentyl). Modulation ofetelectron-donating ability, as well as the
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steric effect of the Schiff base ligands is subsatjy shown to have an effect on the activity

on ROMP and ATRP of the complexzsd.

Table 1. Infrared and electronic absorption data for bashifSligands 1la-d and their

ruthenium complexea-d.

FTIR (cm™) UV-Vis(nm)
Compounds
Ligand Complex Ligand Complex
1277v(C-0)  416v(Ru-N) 317 (-Tr¥) 252 (I—>Tt)
La/7a 1629v(C=N)  499v(Ru-O) 313 (n—T1r%)
2734v(0-H)  1355v(C-0) 370 (MLCT)
2952v(C-H)  1618v(C=N) 422 (MLCT)
1274v(C-0)  417v(Ru-N) 317 (-Tr) 252 (I—>Tt)
1b/2b 1629v(C=N) 497v(Ru-O) 313 (n—T1r)
2663v(0-H)  1342v(C-0O) 369 (MLCT)
2925v(C-H)  1618v(C=N) 420 (MLCT)
1270v(C-0)  416Vv(Ru-N) 316 (1) 246 (—>Tr*)
12 1621v(C=N) 497v(Ru-O) 273 (n—T1r")
2662v(0-H)  1337v(C-0O) 370 (MLCT)
2910v(C-H)  1610v(C=N) 423 (MLCT)
1278v(C-0)  414v(Ru-N) 318 (1) 262 (—Tr*)
1d/2d 1624v(C=N) 498v(Ru-0O) 320 (n—T1r")
2651v(0O-H)  1336v(C-0) 377 (MLCT)
2904v(C-H)  1611v(C=N) 426 (MLCT)
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Fig. 3. Cyclics voltammograms dfa-d in CH,Cl, at 25 °C. [Ru] = 10 mM;FBuyNPR] =

0.1 M. Scanning anodically from 0.0 up to 1.1 \6ean rates of 100 mV’s

Table 2. Cyclic voltammetr§ results for complexeza-d.

CVv
Complex
Epa (V) Epc (V) Ewa (V)  AE (V)
2a 0.599 0.462 0.530 0.137
2b 0.568 0.483 0.525 0.085
2c 0.529 0.408 0.468 0.121
2d 0.515 0.433 0.474 0.082

2 Conditions: CHCI,, n-Bu,NPF; (supporting electrolyte, 0.1 morll), [Ru] = 5 mmol L%, scan rate = 100 mV

s %), platinum disk and wire (working and auxiliaryeetrode), Ag/AgCl (reference electrod&),, is the half-

potential for the complexAE; is the cathodic-anodic peak separation.
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3.2. ROMP reactions

The reactivity of the complexeza-d as catalytic precursors was tested on ROMP of
NBE in CHCE with [NBE]/[Ru] = 5000, volume of EDA = fL at 25 °C for 60 min (Fig. 4).
In general, the complex@a-d presented low yields of polyNBE, the compRxwith lower
yield of 4% and2d with higher yield equal to 11% (Table 3). ROMPNBE with complexes
2a-d was also evaluated at 50 °C under the same consglitiThe increase of temperature
produced higher yields of polyNBE, with maximum lgie of up to 25% and PDI values
between 1.1 and 2.3. As the temperature increas&@ t°C, the yields practically doubled
with a significant increase in Mralues of the order from i@ 10* g mol* in relation to 25
°C. When comparing the reactivity at 25 and 50tP@, main difference was in the yields of
polymer, which the catalytic activity at 50 °C walsvays higher than that observed at 25 °C
for all complexes. Thus, the improvement in thelydic activity of the complexe®a-d at 50

°C shows that the induction period was favored.

Complex 2b

o25°C m50°C

Complex 2a
50 50

O254C ms0°C

40 40
£ 30 £30
= =
220 220
- -
10 H 10 HI
0 [ 0
[}] 10 2 50 150 300 10 25 S0 150 300
[HCI)/[Ru] [HCI)/[Ru]
Cuowplex 2¢ Complex 2d
50 50
O25°cC m50°0 25°C m50°
0 10 25°C m30°C
g 30
= =
20 =220
>_. -
10 HI HI 10
o 0
0 10 5 50 150 300 0 10 25 50 150 300
[HCI]R] [HCI)/[Ru]

Fig. 4. Dependence of yield on the [HCI])/[Ru] molar ratar ROMP of NBE with2a-d;

[NBE]/[Ru] = 5000 and 5 pL of EDA in C¥l, at 25 and 50 °C for 60 min.
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In order to optimize the induction period of themmexes2a-d in the ROMP
mechanism, a chemical activation of the catalytecprsors was attempted with the use of
HCI acid. This strategy has already been appliedte activation of ruthenium(ll) Schiff
bases catalysts, which the acid protonatesNHaom of the azomethine group [13c]. This
causes the partial labilization of the Schiff bagth generation of a vacancy at the ruthenium
center, and the initiation step occurs as monosmedded. The ROMP of NBE catalyzed by
the complexe&a-d in the presence of HCI is shown in Fig. 4, whéee [HCI])/[Ru] ratio was

investigated to find the optimal concentration cifla

Table 3. Yield values and SEC data from tR®OMP of NBEwith 2a-d at 25 and 50 °C

[NBE]/[Ru] = 5000 and 5 pL of EDA with 1.1 pmol obmplex in CHCI, for 60 min.

Complex [HCI)/[Ru] 25 °C 50 °C
Yield (%) M, (10°) PDI Yield (%) M, (10°) PDI
2a 0 4 4.1 1.2 8 98.8 2.3
10 22 38.2 1.5 34 94.0 3.0
25 29 49.2 1.2 43 87.3 1.3
50 21 78.6 1.2 38 62.1 1.2
150 16 60.2 1.4 24 97.0 3.7
300 6 5.4 2.9 15 15.0 2.0
2b 0 4 8.7 1.1 10 86.0 1.1
10 25 46.0 3.8 37 19.3 1.5
25 28 68.0 3.8 43 49.2 3.2
50 17 79.5 1.1 17 76.4 1.1
150 18 56.4 3.2 18 54.4 1.2
300 14 9.6 1.0 13 76.5 1.1
2c 0 8 2.4 2.0 15 68.0 1.3
10 26 37.2 2.6 32 60.0 3.6
25 31 64.5 2.3 43 32.5 1.6
50 14 48.9 3.8 23 70.8 1.5
150 11 61.2 3.1 18 71.0 1.1
300 0 - - 11 94.6 1.1
2d 0 11 54.0 1.1 25 96.1 1.1
10 31 56.6 2.6 35 48.4 3.1
25 34 10.8 3.0 44 72.6 1.1
50 21 23.1 1.4 45 83.7 1.3
150 13 34.5 2.7 36 90.1 2.8
300 0 - - 2 7.7 1.1
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The catalytic activity of the complexeza-d was sensitive with variation of the
[HCI)/[Ru] molar ratio at 25 and 50 °C (Table 3)t 25 °C, a considerable increase in the
yields of polyNBE as increasing the [HCI)/[Ru] @tup to 25 was observed, followed by a
drop for [HCIJ/[Ru] > 50. When polymerization was performed at 50 °Ghi presence of
acid, a similar profile was observed, although,hbkigvalues of polyNBE yields were
achieved with M values near the order of 21§ mol™. It is rationalized that this increase in
the catalytic activity oRa-d can be explained by the protonatiorNs&atom of the Schiff base
azomethine group, it creates a vacant site at abligemium center to formation of active
species. In addition, the steric hindrance in tifier@nt Schiff bases plays a decisive role in
the reactivity in the complexé&a-d. Besides that, the order of reactivity of the cterps in
ROMP increases frorfa to 2d. The lability of the azomethine group becomes niavered
as the steric hindrance increases, as cycloallbgtguent is increased from cyclopent2a)
to cyclooctyl @d). However, excess HCI acid ([HCI)/[R&] 50) in the mixture conducted a
decreasing in the polyNBE vyields. Perhaps, witheayvexcessive amount of HCI, the
chlorides should compete for a coordination sitéd be able to coordinate to the ruthenium
center, causing the degradation of the complexlution by full release of the Schiff base of
the coordinating sphere.

ROMP of NBE with the complexeZza-d was conducted varying the volume of EDA
(Fig. 5), the polymerizations were carried out Beping the optimal concentration of acid
found ([HCIJ/[Ru] = 25) at 25 ° C. No formation pblymer was observed in the absence of
EDA. An increase in polyNBE yields is observed hgreasing the volume of EDA up to 5
uL. For higher volumes of EDA>(10 uL), a decreasing in yields is observed. Ineganthe
M, values also follow this trend with an increasetlnd molecular weights up to 5 pL

followed by decreases to higher volumes of EDALQ pL) with PDI values ranging from 1.1
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to 3.0. (Table 4). The increase of polyNBE yieldthvincreasing volume of EDA up to|i.

is indicative of the coordination of EDA with asstve character. However, it should be
noted that a very excessive amount of EDA1Q pL) provokes a decreasing in the yields
values, probably due to competition with the monorioe coordination onto the initiator
active sites. Thus, it worth to mention that thégimpm EDA amount used as a carbene
source was of 5 uL for the complexzsd. Considering that these complexes have the same
profile when reacted with EDA, it is possible tdirah that the four complexes have the same

pathway in the formation of Ru carbene in the iniguncperiod.

50
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Fig. 5. Dependence of yield on the volume of EDA for ROMP NBE with 2a-d;

[NBE]/[HCI}/[Ru] = 5000/25/1 with 1.1 pmol of comgk in CHCl, at 25 °C for 60 min.
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Table 4. Yield values and SEC data from tiROMP of NBE with 2a-d at 25 °C

[NBE]/[HCI]/[Ru] = 5000/25/1 with 1.1 pmol of comgk in CHClI, for 60 min.

Complex  Volume of EDA  Yield (%) M(10°) PDI
2a 1 2 5.6 1.1
3 2 6.8 1.2
5 22 49.2 1.2
10 8 7.9 1.2
15 3 6.8 1.3
20 5 8.1 1.3
2b 1 4 6.8 1.2
3 15 71.2 1.2
5 28 68.0 1.8
10 6 21.8 1.2
15 3 7.0 1.5
20 3 8.9 1.4
2c 1 3 7.2 1.3
3 14 62.2 1.2
5 31 64.5 2.3
10 6 7.4 1.4
15 4 7.7 1.2
20 2 7.4 1.1
2d 1 4 5.9 1.1
3 15 60.7 1.1
5 36 10.8 3.0
10 14 76.5 1.1
15 8 19.6 1.2
20 6 7.9 1.2

The yields increase when increasing the [NBE]/[Rudlar ratio starting from 3000
with yields of 5, 8, 12, and 15% wifta, 2b, 2c, and2d, respectively, reaching yields at least
twice higher at 5000 for all complexes (Table 5ONRP is a process governed by
thermodynamic equilibrium, where the increase ofnamer concentration favors the

thermodynamic of polymerization providing highettymoer production [21].
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Table 5. Yield values and SEC data from tiROMP of NBE with 2a-d at 25 °C

[HCI)/[Ru] = 25/1 and 5 pL of EDA with 1.1 pmol abmplex in CHCI, for 60 min.

Complex [NBE]/[Ru] Yield (%) M (10 PDI
2a 3000 5 70.4 1.2
5000 22 49.2 1.2
2b 3000 8 73.4 1.3
5000 28 68.0 1.8
2c 3000 12 72.7 14
5000 31 64.5 2.3
2d 3000 15 69.8 1.2
5000 36 10.8 3.0

When comparing the catalytic activity of the conxele in ROMP reactions, it is
interesting to point out that the reactivity follswhis order2a < 2b < 2c < 2d. The electronic
and steric characteristics of the Schiff base liigawere able to tune the catalytic activity of
complexes for ROMP of NBE, highlighting the imparta of the Schiff base as ancillary
ligand. However, it is reasonable to attribute tthat steric effects on the Schiff base play a
determinant role for the release of the azometlgyraup, rate-determining step for the
formation of in-situ active species. Furthermohes induction period can be faster as using
acid (HCI).

From the UV-Vis experiments, the kinetic constasftshe reaction of the complexes
2a-d with HCI acid ([HCI])/[Ru] = 25) was calculated (Fi6). The deprotonation reaction of
the azomethine group was pseudo-first order withagant rate constantkf) of 2.7x 10,
45x% 10* 6.4x 10* and 2.5x 10° s to the complexa, 2b, 2c, and2d, respectively. A
decrease in thég,s values with the increase of the cycloalkyl substit is observed; it
confirms that the reaction between the comple2asl with the HCI acid is kinetically

favored as the steric hindrance is increased.
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Fig. 6. Time-dependent UV-vis absorption spectralpf, and3 in the presence of HCI in
CH,Cl, at 25 °C; [Ru] =0.1 mmol !); [HCIJ/[Ru] = 25. Insert Dependence of In(A-A;) on

the reaction time at 365 nm.

Based on this, it is possible to infer that thdedénce in the reactivity of the studied
complexes is directly related to the steric chamastics of the Schiff base ligands, which are
modulated by their substituents. Upon metal-carlfermaation, a PPhleaves the complex,
followed by the coordination of NBE to the carbd®e-species. In order to confirm this
proposal, experiments in the presence of excesg Bhequiv.) at 25 °C for 60 min with
[NBE]/[HCI]/[Ru] = 5000/25/1 and L of EDA for the complexe&a-d, which no formation
of polymer was observed. This procedure confirnag the ROMP reaction did not occur,
although the carbene complex formation took pldde ROMP will only occur when the

PPh molecule undergoes discoordination from the netater (Scheme 2).
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Scheme 2. lllustration of possible reaction steps for ROBNBE with the complexe2a-d.

3.3. ATRP reactions

The complexe®a-d have properties that make them promising reagemtsise as

ATRP catalysts. They provide reversible or quasersible RU/Ru"

couples at easily
accessible potentials, as shown by the electrodandata. They have either a vacant
coordination site, which makes it possible for &dsaligand to enter the coordination sphere.
Thus, MMA polymerization via ATRP with complex8a-d were performed as a function of
time using EBB as initiator with [MMA]/[EBIB]/[Ru] = 1000/2/1 mtar ratio at 85 ° C. The
MMA conversion values increase exponentially asurection of time in all cases (Fig. 7).
MMA polymerization with2a achieved a maximum conversion of 47% of polyMMAdan
when catalyzed bgb, the conversion was increased by 20%, reachingpappately 70% in

17 h. However, a decrease in conversion valuesolasrved for the complex@s-d under

the same conditions.
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Fig. 7. Dependence of conversion and In([MMAMMA]) on the reaction time for ATRP of
MMA with 2a (m), 2b (e), 2c (A) and2d (V); [MMAYJ/[EB iB]J/[Ru] = 1000/2/1 with 12.3

pnmol of complex in CKHCI, at 85 °C.

Kinetics studies of MMA polymerization mediated the complexe®a-d show a
linear correlation of In([MMAY[MMA]) as a function of time (Fig. 7), with a pseo-first
order rate constankgy equal to 1.0% 107>, 1.78x 10>, 1.08x 10° and 1.15< 10° s * for
2a, 2b, 2c and2d, respectively. The linear semilogarithmic plot@dMMA] o/[MMA]t versus
time and the linear increase of molecular weighthweonversion, in conjunction with
moderate PDIs, illustrates a certain level of aanimparted by the complexé&a-b (Fig. 7
and 8). However, in repeated kinetic experimentdenuar weights were observed to be
somewhat higher than the theoretical values. Téamsbe attributed to the number of growing
radical chains being lower than expected, resulitmgn effective increase in the monomer
concentrationf(= 0.30-0.35). On the other hand, the moleculaghteof polyMMA obtained
with 2c-d showed non-dependence of the molecular weightierconversion, coupled with
PDI of ca. 2.0 clearly illustrating the lack of ¢osl during the polymerization. As observed,

MMA polymerization suggests that the level of cohtcan be slightly tuned by the
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substitution pattern of the ancillary ligand in tt@mplexe<a-d, as more sterically hindered

substituents were incorporated into the base Skgéhd, polymerization control decreased.

100 244
90
2.2
80+ AAQ
i R a
o 704 2.0 Vo
8 60+ WV\\
o 1.8 -y
% 50 ) OpQ
— o
—. 40 - 1.6 \
< - AY
= _--" \
304 —A_ -~ 144 O.
20 —__,— (=T6)
-7 124 o0+
10] - : 00BN 0-5----0
O---------- o
0 10

20 30 40 50 60 70 80
Conversion (%)

0 10 20 30 40

50 60 70 80

Conversion (%)

Fig. 8. Dependence of Mand PDI on the conversion for ATRP of MMA wia (m), 2b (e),
2c (A) and2d (V), [MMA]J/[EB iB]/[Ru] = 1000/2/1 with 12.3 umol of complex in GEl, at

85 °C.

4. Conclusion

The Schiff bases ligandsa-d and their respective complex2a-d were successfully
synthesized. The Schiff base'Reomplexe2a-d were characterized by FTIR, UV-Vit-,
13- and*'P-NMR, and cyclic voltammetry. Complex@s-d were moderately active as
catalytic precursors in ROMP of NBE and their cgtal activity was improved in the
presence of the HCI acid using [NBE]/[HCI]/[Ru] 8@)/25/1 ratio in the presence ofib of
EDA for 60 minutes. The kinetic studies were detaate to explain the reactivity difference
between the complex@a-d against the ROMP reactions, it follows this ordar< 2b < 2c
< 2d. The catalytic activity of the complex2a-d suggests that the steric effects on the Schiff

base play a determinate role for the release odtlenethine group, rate-determining step for
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the formation of in-situ active species, and timduiction period can be faster as using acid
(HCI).

MMA polymerization mediated by complexe®a-d was performed using
[MMAJ/[EBIB]/[Ru] = 1000/2/1 molar ratio at 85 °C.A linear -correlation of
In((MMA] o/[MMA]) as a function of time mediated by compleX&sd indicates some level
of control in the polymerization as compared to wa@rional radical polymerization.
However, better control levels were achieved witle ttomplexes2a-b, in which the
molecular weights increased linearly with the cosian with narrow polydispersity. On the
other hand, complexe&-d showed low efficiency in the control of MMA polymzation,
evidenced by non-dependence of the molecular weiglihe conversion and broad PDIs. It is
believed that the steric hindrance of the Schifeébgplayed a decisive role in the

reactivity/efficiency against the controlled polynzation of MMA.
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Fig S1. View of the optimized structure of compRax

Fig S2. View of the optimized structure of compRix
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Fig S3. View of the optimized structure of compl2g.

Fig $4. View of the optimized structure of compl2d.
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Highlights

A series of phosphine ruthenium(ll) complexes of Schiff base derived from
cycloakylamines (2a-2d) have been synthesized and characterized.

All Schiff-base ligands and their ruthenium complexes (2a-2d) were fully
characterized by *H and *C NMR spectra, UV-vis, and infrared spectrometry.
The molecular structures of ruthenium complexes (2a-2d) were further
confirmed by computational methods.

These ruthenium(l1) complexes of Schiff base are active catalysts for ROMP of
norbornene in the presence of HCI and for ATRP of methyl methacrylate in the

presence of ethyl-a-bromoisobutyrate (EBIB) as initiator.



