Received: 3 December 2019

Revised: 17 January 2020

Accepted: 28 January 2020

DOI: 10.1002/a0c.5602

FULL PAPER

Applied
O'r)gpalr‘msometallic Wl LEY

Chemistry

Dual catalytic performance of arene-ruthenium amine
complexes for norbornene ring-opening metathesis and
methyl methacrylate atom-transfer radical polymerizations

Thais R. Cruz' |
Patrik D.S. Gois® |
Beatriz E. Goi' |

'Faculdade de Ciéncias e Tecnologia,
UNESP - Univ. Estadual Paulista, CEP
19060-900, Presidente Prudente, SP, Brazil

Instituto de Quimica de Sao Carlos,
Universidade de Sao Paulo, CEP
13560-970, Sao Carlos, SP, Brazil

3Instituto de Quimica, Universidade
Federal de Uberlandia, P.O. Box 593,
Uberlandia, 38400-089, Minas Gerais,
Brazil

4Departamento de Quimica, Universidade
Federal do Triangulo Mineiro, CEP
38025-440, Uberaba, MG, Brazil

Correspondence

Valdemiro P. Carvalho-Jr, Faculdade de
Ciéncias e Tecnologia, UNESP - Univ.
Estadual Paulista, CEP 19060-900,
Presidente Prudente, SP, Brazil.

Email: valdemiro.carvalho@unesp.br

Benedito S. Lima-Neto, Instituto de
Quimica de Sao Carlos, Universidade de
Sao Paulo, CEP 13560-970, Sao Carlos, SP,
Brazil.

Email: benedito@iqsc.usp.br

Funding information
FAPESP, Grant/Award Numbers:
2017/06329-5, 2018/06340-1

Eliada A. Silva® |
Antonio E.H. Machado®"
Benedito S. Lima-Neto® |

Douglas P. Oliveira’ | Daniele M. Martins® |
| Pedro Ivo S. Maia®® |
Valdemiro P. Carvalho-Jr*

Arene ruthenium(II) complexes bearing the cyclic amines RuCl,(n°-p-cymene)
(pyrrolidine)] (1), [RuCly(n°-p-cymene)(piperidine)] (2), and [RuCl,(n®p-
cymene)(peridroazepine)| (3) were successfully synthesized. Complexes 1-3
were fully characterized by means of Fourier transform infrared, UV-visible,
and NMR spectroscopy, elemental analysis, cyclic voltammetry, computational
methods, and one of the complexes was further studied by single crystal X-ray
crystallography. These compounds were evaluated as catalytic precursors for
ring-opening metathesis polymerization (ROMP) of norbornene (NBE) and
atom-transfer radical polymerization (ATRP) of methyl methacrylate (MMA).
NBE polymerization via ROMP was evaluated using complexes 1-3 as pre-
catalysts in the presence of ethyl diazoacetate (EDA) under different [NBE]/
[EDA]/[Ru] ratios, temperatures (25 and 50°C), and reaction times (5-60 min).
The highest yields of polyNBE were obtained with [NBE]/[EDA]/
[Ru] = 5000/28/1 for 60 min at 50°C. MMA polymerization via ATRP was con-
ducted using 1-3 as catalysts in the presence of ethyl-a-bromoisobutyrate
(EBiB) as initiator. The catalytic tests were evaluated as a function of the reac-
tion time using the initial molar ratio of [MMA]/[EBiB]/[Ru] = 1000/2/1 at
95°C. The increase in molecular weight as function of time indicates that com-
plexes 1-3 were able to mediate the MMA polymerization with an acceptable
rate and some level of control. Differences in the rate of polymerization were
observed in the order 3 > 2 > 1 for the ROMP and ATRP.
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1 | INTRODUCTION

Living polymerization techniques have been traditionally
employed for the synthesis of block copolymers through
a combination of distinct polymerization methods where
two or more monomers are polymerized sequentially or
simultaneously via tandem catalysis. Ring-opening
metathesis (ROMP) and atom-transfer radical (ATRP)
polymerizations are two of the most widely used poly-
merization methods in synthetic polymers that can be
combined to synthetize new polymeric materials with
controlled design and architecture.!'*8!

As a direct result of this interest in ROMP and ATRP
applications, several active ruthenium catalysts were
developed for these catalytic reactions. The ruthenium-
based catalyst systems have been demonstrated to be
effective for initiating the ROMP of a variety of cyclic ole-
fins and as mediators for ATRP of vinyl monomers.'***!
Among these catalysts, arene-ruthenium compounds are
of great importance in both reactions. Ruthenium
complexes bearing p-cymene with different types of
ligands such as phosphines,'*®! Schiff bases,'”'®! and
N-heterocyclic carbenes!’®??! with a general formula of
[RuCl,(p-cymene)(L)] have been investigated as ROMP
or ATRP catalysts. In our research group, noncarbene
ruthenium-based complexes have been studied for ROMP
and ATRP.[224! Many of these compounds have
exhibited good activity, forming polymers and copoly-
mers in high yields, with different thermal and morpho-
logical characteristics. Among these precatalysts,
ruthenium amine compounds have produced polymers
from norbornene (NBE) and norbornadiene (NBD) by
ROMP and controlled methyl methacrylate (MMA) and
styrene (St) polymerization via ATRP. The electronic
combination of a transition metal with a o-donor amine
has been a convenient modular approach to tune the
reactivity of such initiators when varying its moiety.

In this study, we report the application of [RuCl,(p-
cymene)(amine)| complexes, with amine = pyrrolidine
(1), piperidine (2), or perhydroazepine (3), as catalyst
precursors for ROMP of NBE and ATRP of MMA under
different conditions of temperature, reaction time, and
[Ru]/[monomer]/[initiator] ratio. The purpose was to
observe the influence of the p-cymene ligand on the reac-
tivity of ruthenium catalysts bearing different cyclic
amines, interpreting the subtle changes in the electronic
and steric parameters of the catalytic systems to obtain
resources to understand the features that influence
ROMP and ATRP efficiency. To the best of our knowl-
edge, this is the first study in the literature that systemati-
cally investigated the effect of different cyclic amines on
the efficiency of arene-ruthenium compounds as promis-
ing dual catalysts for ROMP and ATRP.

2 | EXPERIMENTAL

2.1 | General remarks

Unless otherwise stated, all syntheses and manipulations
were performed under nitrogen atmosphere following
standard Schlenk techniques. Solvents were distilled from
appropriate drying agents and deoxygenated prior to use.
MMA was washed with 5% NaOH solution, dried over
anhydrous MgSO,, vacuum distilled from CaH,, and
stored under nitrogen at —18°C before use.
2,2,6,6-tetramethyl-1-piperidinoxyl (TEMPO), ferrocene
(Fc), (NBE, ethyl diazoacetate (EDA), pyrrolidine (pop),
piperidine (pip), perhydroazepine (pep), alpha-terpinene,
and ethyl 2-bromoisobutyrate (EBiB) were obtained from
Aldrich and used as acquired. The [RuCl,(p-cymene)],
and [RuCly(p-cymene)(piperidine)] complexes were
prepared following the literature and their purity was
checked by satisfactory elemental analysis and spectro-
scopic examination (NMR, Fourier transform infrared
[FT-IR] spectroscopy and Electron Paramagnetic Reso-
nance [EPR]).1#0411

2.2 | Analyses

Elemental analyses were performed with a Perkin-Elmer
(Waltham, Massachusetts, USA) CHN 2400 instrument.
Infrared spectra were obtained on a Perkin Elmer Fron-
tier instrument equipped with a diamond Attenuated
total reflection module. The electronic spectra were
recorded on a Shimadzu (model UV-1800, Nakagyo-ku,
Kyoto, Japan) spectrophotometer, using 1 cm path length
quartz cells. The 'H and C{'H} NMR spectra were
obtained in CDCl; at 298 K on a Bruker (Billerica, Massa-
chusetts, USA) DRX-400 spectrometer operating at 400.13
and 100.62 MHz, respectively. The chemical shifts are
listed in parts per million downfield from Tetra-
methylsilane (TMS) and are referenced from the solvent
peaks or TMS. The conversions were determined from
the concentration of residual monomer measured by gas
chromatography (GC) using a Shimadzu GC-2010 gas
chromatograph equipped with a flame ionization detector
and a 30 m (0.53 mm internal diameter, 0.5 pm film
thickness) SPB-1 Supelco (Bellefonte, Pennsylvania, USA)
fused silica capillary column. Anisole was added to poly-
merization and used as an internal standard. Analysis
conditions: injector and detector temperature 250°C; tem-
perature program 40 °C (4 min), 20°C/min until 200°C,
200°C (2 min). The molecular weights and the molecular
weight distribution of the polymers were determined by
gel permeation chromatography using a Shimadzu Prom-
inence LC system equipped with a LC-20 AD pump, a
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DGU-20A5 degasser, a CBM-20A communication mod-
ule, a CTO-20A oven at 40°C, and a RID-10A detector
equipped with two Shimadzu columns (GPC-805: 30 cm,
@ = 8.0 mm). The retention time was calibrated with
poly(methyl methacrylate) standards using HPLC-grade
Tetrahydrofuran (THF) as an eluent at 40°C with a flow
rate of 1.0 ml/min. Electrochemical measurements were
performed using an Autolab PGSTAT204 potentiostat
with a stationary platinum disk and a wire as working
and auxiliary electrodes, respectively. The reference elec-
trode was Ag/AgCl. The measurements were performed
at 25°C + 0.1 in CH,CI, with 0.1 mol/L of n-BuyNPFg.

2.3 | General procedure for the
preparation of Ru complexes

An oven-dried 50 ml Schlenk flask equipped with a mag-
netic stirring bar and capped with a rubber septum con-
taining 0.350 g (0.57 mmol) of the [{RuCly(p-cymene)},]
was purged of air by applying three vacuum/argon cycles
before the addition of dry 30 ml of CH,Cl, and 2 equivalents
of the desired amine (pop, pip or pep). Immediately after
the addition, an orange solution formed and the reaction
mixture was stirred for 4 hr at 65°C under reflux. Finally,
the solvent was evaporated under vacuum till dryness. The
residue was washed with ether (20 ml) and dried under
high vacuum, affording an orange precipitate.

2.3.1 | [RuCl,(p-cymene)(pop)] (1)

Yield 332 mg (77%). Anal. caled for Ci4H,3CLNRu: C
44.57, H 6.14, N 3.71%; found: C 44.34, H 5.95, N 3.68%.
UV-VIiS Anax/NM (max [M Y, cm™]): 338 (0.33), 408 (0.26).
FT-IR (CsI, cm™): vN-H (3267), vC-H sp® (3042), vC-H
sp’ (2963, 2861), vRu-Cl (346, 311). 'H NMR (400 MHz,
CDCls, 8/ppm): 1.30 (d, J = 7.2 Hz, 6H, -CH (CHs),, p-
cym), 1.61-1.92 (m, 4H, CH,, pop), 2.24 (s, 3H, CHj, p-
cym), 2.68 (s, 1H, NH, pop), 2.77-2.91 (m, 2H, pop),
3.62-3.72 (m, 2H, CH,, pop), 3.02 (sept, J = 7.2 Hz 1H,
CH-(CH,),), p-cym), 5.26 (s, 4H, p-cym CH,,). >°C NMR
(100 MHz, CDCly): 18.37, 22.0, 24.57, 30.92, 55.16, 78.67,
82.80, 93.47, 104.28 ppm. EPR: no signal was observed.

2.3.2 | [RuCly(p-cymene)(pip)] (2)

Yield 300 mg (67%). Anal. caled for C;sH,sCI,NRu: C
46.04, H 6.44, N 3.58%; found: C 45.95, H 6.34, N 3.52%.
UV-ViS  Amax/DM  (emax M™%, cm™]): 338 (0.36);
406 (0.26). FT-IR (CsI, cm™): vN-H (3246), vC-H sp”
(3049), vC-H sp® (2947, 2867), vRu-Cl (346, 310). 'H

e W LEY-L 202
NMR (400 MHz, CDCl,, 8/ppm): 1.30 (d, J = 6.0, 6H, CH
(CHz3),, p-cym), 1.38-2.19 (m, 7H, CH, + NH, pip), 2.22
(s, 3H, CH;, p-cym), 1.87-2.97 (qd, J = 7.6 Hz, J = 1.6 Hz,
2H, CH,, pip), 3.02 (sept, J = 6.0 Hz, 1H, p-cym CH-
(CHa),), 3.82 (d, J = 10 Hz, 2H, CH,, pip), 5.28 (d,
J = 5.0 Hz, 2H, p-cym CH,,), 5.33 (d, J = 5.0 Hz, 2H,
p-cym CH,,). *C NMR (100 MHz, CDCls, 8/ppm): 18.21,
21.95, 23.90, 28.88, 30.82, 55.65, 77.96, 83.09, 92.68,
104.54 ppm. EPR: no signal was observed.

2.3.3 | [RuCly(p-cymene)(pep)] (3)

Yield 315 mg (68%). Anal. caled for C;¢H,;CLLNRu: C
47.41, H 6.71, N 3.46%; found: C 47.78, H 6.48, N 3.41%.
UV-ViS  Amax/M  (emax  [M7Y, cm™]): 340 (0.34);
408 (0.26). FT-IR (CsI, cm™): vN-H (3246), vC-H sp”
(3054), vC-H sp* (2933, 2846), VRu-Cl (346, 310). '"H NMR
(400 MHz, CDCl3, 8/ppm): 1.31 (d, J = 7.2, 6H, p-cym CH
(CHs),), 1.49-1.71 (m, 9H, CH, + NH, pep), 2.21 (s, 3H,
CHs;, p-cym), 3.04 (sept, J = 7.2 Hz, 1H, CH,), 3.82 (d, 2H,
CH, pep), 5.29 (d, J = 6.4 Hz, 2H p-cym CH,,), 5.33 (d,
J = 6.4 Hz, 2H p-cym CH,,). *C NMR (100 MHz, CDCl,,
8/ppm): 18.33, 22.04, 25.74, 30.81, 31.00, 57.92, 78.21,
82.95, 92.67, 104.43 ppm. EPR: no signal was observed.

2.4 | Crystal structure determination
Orange crystals of 3 were grown by slow evaporation
from a CH,Cl, solution at room temperature. The data
collections were performed using Mo-Koa radiation
(i = 71.073 pm) on a Bruker Apex II Duo diffractometer.
Standard procedures were applied for data reduction and
absorption correction.[*?**! Structure solution and refine-
ment were performed with the SHELX program pack-
agel****! and all non-hydrogen atoms were refined with
anisotropic displacement parameters. Hydrogen atoms
were placed at calculated positions and treated with the
“riding model” option of SHELXL. The methylene groups
from the hexamethyleneimine of one of the molecules in
the asymmetric unit are disordered with occupancies
0.807:0.193. The C-C and C-N bond distances for the
disordered part were fixed using the DFIX command of
SHELX. More details on data collections and structure
determination are given in Table 1. ORTEP-3 was
employed for molecular graphics.'*°!

2.5 | Computation details

The structures of the compounds under study were opti-
mized and their vibrational frequencies were calculated
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TABLE 1 Crystal data and structure refinement for complex 3
Parameters 3
Empirical formula Cy6H,,CILNRu
Formula weight 405.35
Temperature (K) 296(2)
Wavelength (A) 0.71073
Crystal system Monoclinic
Space group P2,/n
a (A) 12.8893(7)
b(A) 14.9977(7)
c(A) 18.6020(10)
B() 95.688(2)
vV (A)? 3578.2(3)
Z 8
Dea1c (mg/m) 1.505
Absorption coefficient (mm™") 1.166
0 range for data collection (°) 1.748-26.401

0.506 x 0.305 x 0.089
71224

Number of independent reflections/  7323/0.0255
Rint

Data/restraints/no. of parameters 7323/14/392

Final R indices [I > 2sigma(I)] R, =0.0263,
WwR, = 0.0506

R indices (all data) R, =0.0347,
WR, = 0.0574

GOF 1.145

Largest difference peak and hole
(eA™)

CCDC code

0.466 and —0.385

1966839

using the density functional theory (DFT) at the level of
the functional M06,1*®! implemented in Gaussian 09,1”!
using the basis set DGDZVP.!*¥! The presence of the
solvent in the optimizations was simulated using the
IEFPCM model.*’! From the analysis of the thermody-
namic parameters obtained by the analysis of the vibra-
tional spectra of the complexes and their different
possible intermediates, it was possible to evaluate the
ROMP mechanism initiated by the complexes 1-3.

2.6 | ROMP procedure

In a typical ROMP experiment, 1.1 pmol of complex was
dissolved in CHCIl; (2 ml) with an appropriate amount of
monomer (NBE), followed by addition of carbene source
(EDA). The polymerization was performed for different
periods of time (5-60 min). The reaction mixture was

stirred at 25 or 50°C in a silicon oil bath. At room temper-
ature, 10 ml of methanol was added and the precipitated
polymer was filtered, washed with methanol, and dried
in a vacuum oven at 40°C up to constant weight. The
reported yields are average values from catalytic runs
performed at least three times and the listed values are
the arithmetic averages. The isolated polyNBEs were
dissolved in THF for GPC data.

2.7 | ATRP procedure

In a typical ATRP experiment, 12.3 pmol of complex was
placed in a Schlenk tube containing a magnet bar and
capped by a rubber septum. Air was expelled by three
vacuum-nitrogen cycles before appropriate amounts of
monomer (MMA), initiator (EBiB), and toluene (1 ml)
were added. All liquids were handled with dried syringes
under nitrogen. The tube was capped under N, atmo-
sphere using Schlenk techniques, then the reaction mix-
ture was immediately immersed in an oil bath previously
heated to the desired temperature. The polymerizations
were conducted at 95°C. The samples were removed from
the tube after certain time intervals using degassed
syringes. The polymerization was stopped when the
reaction mixture became very viscous. The reported con-
versions are average values from catalytic runs performed
at least twice.

3 | RESULTS AND DISCUSSION

Ligand-ruthenium arene compounds are of great impor-
tance owing to their ease of synthesis, exceptional stabil-
ity, and catalytic variety. In this study, amine-ruthenium
arene complexes were synthesized from one-pot synthesis
between the desired amine and [RuCl,(p-cymene)], in
CH,CI, (Scheme 1). After 4 hr of reaction, the solution
containing the product was evaporated under vacuum
and complexes 1-3 were obtained as a fine orange precip-
itate. The isolated products reached good yields (67-77%)

al 2 amine
(pop, pip or pep)

Ruugy
CH,Cl, - 'ICl
o Q Yl

Complex =

SCHEME 1
bearing cyclic amines 1-3

Synthesis protocol of the arene-Ru'" complexes
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and their compositions and structures have been well
described by elementary analysis, X-ray diffraction
(XRD), FT-IR, UV-visible (UV-Vis), NMR, and computa-
tional studies. Additional characterizations of complex
[RuCl,(p-cymene)(pip)] (2) was discussed in order to
complete the early presented studies and to better under-
stand its reactivity in the current purpose.*’!

Complexes 1-3 exhibited almost identical FT-IR,
UV-Vis, and NMR spectra, which is consistent with the
fact that they have similar structures of n°-p-cymene-Ru
(IT)Cl,-amine. Typical vibration bands in the FT-IR spec-
tra of the complexes confirm the presence of amine and
p-cymene ligands in the isolated compounds (Supporting
Information Figure S1). The bands in the region
3247-3054 cm™' are attributed to v(N-H) and v(C-H)
stretching of the amine and aromatic ring, respectively.
Two bands observed around 345 and 310 cm™' were
attributed to w(Ru-Cl) asymmetric and symmetric
stretching vibrations, respectively, suggesting two
cis-positioned CI~ ligands. The 'H NMR spectra of
complexes 1-3 recorded in CDCl; solutions are shown in
Supporting Information Figure S2. The presence of the
p-cymene ligand was confirmed by the appearance of
singlet and doublet peaks related to the methyl and iso-
propyl groups at around 2.2 and 1.3 ppm, respectively. In
addition, the signal of the CH from the isopropyl is
observed as a septet at 3.02 ppm. Interestingly, the signals
of the aromatic hydrogen atoms appear in the range from
5.26 to 5.30 ppm, showing a shielding effect caused by
the ruthenium(IT) metal center when compared to the
chemical shifts of typical aromatic hydrogen atoms. All
the complexes show multiplets in the region of
1.4-4.0 ppm due to the presence of the methylene groups
from the cyclic amines. In the ">C{'"H} NMR spectra, all
the chemical shifts are observed in the expected regions
(Supporting Information Figure S3).

The solid-state structure of [RuCl,(p-cymene)(pep)]
(3) was determined by single crystal XRD analysis. The
complex crystallizes in the monoclinic P2;/n space group.
The asymmetric unit contains two molecules, one of
them with a considerable disorder for CH, groups (occu-
pancies 0.807:0.193). The disordered part of the molecule
is not discussed in this study because of the inherent
uncertainties. The molecular structure of complex 3 along
with atom labeling scheme is shown in Figure 1. Selected
bond parameters are presented in Table 2. The crystal
structure of this complex consists of an arene ring bonded
to the ruthenium along with two chlorido and one amine
ligands. The p-cymene ligand is bonded to the ruthenium
atom in n°-fashion with Ru(II) metal ion at 1.6633(10) A
from centroid of the ring, where the Ru-C(;_¢)(p-cymene)
bond lengths are in a relatively narrow range of 2.162(2)-
2.196(2) A. The complex adopts a typical three-legged

Organometalllc WI LEY. 50f12
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FIGURE 1
(pep)] (thermal ellipsoids at 50% of probability). Only one of the

Ellipsoid plot of the complex [RuCI2(p-cymene)

two molecules in the asymmetric unit is shown

piano stool conformation with one N and two Cl atoms
as the legs. The Ru(1)-N(1) bond length for the heterocy-
clic N-donor is 2.174(2) A, while the Ru-Cl bond lengths
are found to be 2.4164(7) and 2.4179(7) A for Ru(1)-
CI(1) and Ru(1)-CI(2), respectively. The Cl-Ru-Cl bond
angle is 86.82(3)°, while the Cl-Ru-N bond angles are
81.80(6)° and 82.35(6)° for N(1)-Rul-Cl1 and N(1)-Rul-
Cl2, respectively. Ideally, the sum of all three L-M-L
angles should be equal to 270°, considering each L-M-L
angle as 90°, for a perfect octahedral complex. In the case
of complex 3 this sum is 251°, which indicates a prismatic
geometry. Since all the complexes display similar spectral
properties, complexes 1 and 2 are assumed to have the
same structure as 3. In fact, the crystal structure of
[RuCly(n®-p-cymene)(piperidine)] (2) was previously
reported,*! showing similar bond lengths and angles to
those of 3. However, computational studies were per-
formed to compare their structures and other properties.
The structural optimization obtained from computa-
tional studies confirms a minimum energy configuration
is reached with “piano stool” geometry for all the com-
plexes (Supporting Information Figure S4). The theoreti-
cal end experimental bond lengths and angles for
complex 3 showed discrepancies lower than 3.15%
(Table 2), which allows a more reliable approximation of
the predicted bond lengths and angles for complexes
1 and 2. Minimal changes in angles and bond lengths can
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TABLE 2 Experimental for complex 3 and calculated selected bond lengths (A) and angles (°) for complexes 1, 2, and 3
Discrepancy

Geometric Theoretical (1) Theoretical (2) Theoretical (3) Experimental® theoretical/experimental

parameters (Mo6)° (Mo6)° (Mo06)° 3) (3) (%)

Rul-Cnt® 1.7229 1.7305 1.7217 1.6633(10) 3.51

Rul-Cl1 2.4639 2.4596 2.4626 2.4164(7) 1.91

Rul-CI2 2.4590 2.4596 2.4616 2.4179(7) 1.81

Ru-N1 2.2052 2.1895 2.1767 2.174(2) 0.12

Cl1-Rul-Cl2 90.758 88.281 88.180 86.82(3) 1.57

Cnt-Rul-CI1 124.182 126.213 127.152 129.86 —2.08

Cnt-Rul-CI2 128.220 127.517 126.518 127.46 -0.74

Cnt-Rul-N1 129.791 133.630 134.384 131.63 2.09

*Values for one of the two crystallographically independent molecules.
®Isolated molecule (in parenthesis, values for the solvated compound).
“Cnt = centroid of the p-cymene six-membered ring.

be observed between complexes 1 to 3. A correlation
between the size of the cyclic amine ring and the geomet-
ric parameters can be observed. It is worth highlighting
the Ru-N1 bond length, which decreases with the
increasing number of -CH, groups in the amine ring.
This characteristic must be related to the higher o-donor
contribution, which establishes a more effective N — Ru
bond. The similarity between the binding parameters cor-
roborates with the spectroscopic data that predict very
similar molecular structures for the three complexes.

The absorption spectra of complexes 1-3, recorded in
the 200-800 nm range from CHCI; solution (Figure 2),
show a high absorption band with A, at 226 nm
(e = 1.04 L mol™' cm™) attributed to intraligand transfer
of the amine and p-cymene. It is also possible to observe

two bands with A,y at 338 (¢ = 0.33 L mol™* cm™) and
408 nm (e = 0.26 L mol™* cm™), probably assignable to
d — n" charge transfer transitions. The spectra profiles of
complexes 1-3 are very similar, suggesting quite similar
geometric structures for these compounds.

The calculated transitions show good agreement with
the experimental values of electronic absorption and the
molecular orbitals associated with the transitions present
in complexes 1-3 are shown in Supporting Information
Figure S5. The band at 337 nm comes from two major
transitions, HOMO-2 — LUMO and HOMO-1 — LUMO
+1, while three transitions are responsible for the band
at 408 nm, HOMO-2 — LUMO+1, HOMO-1 — LUMO,
and HOMO — LUMO+1. All of these involve molecular
orbitals associated with metal-to-ligand charge transfer

0.25
1.0
0.8 2
2
=
§ <
< 0.6
=
Rt
=) 600
2
<« 0.4
0.2- — Complex 1
: - = - Complex 2
- = Complex 3
0.0 prorotero s I...-..-..-]-N.:‘_ I ;
200 300 400 500 600 700 800 FIGURE 2 Electronic spectra of complexes
1-3 from CHCI3 solution at 25°C
A (nm) ([Ru] = 0.1 mmol/L)
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(MLCT) from the ruthenium center to the p-cymene
ligand, while a shoulder at 454 nm is assigned to the
HOMO — LUMO transition.

In order to evaluate the electrochemical properties of
complexes 1-3, the redox potentials of the complexes
were measured by cyclic voltammetry. The measurement
was carried out from CH,Cl, solutions at 25°C using n-
BuyNPF¢ 0.1 M as supporting electrolyte. The cyclic
voltammograms of 1-3 are shown in Figure 3 and results
are summarized in Table 3. The E;/, values for complexes
1-3 were quite similar, revealing that the difference in
the number of methylene groups (CH,) in the amine
ligands does not make a significant contribution to the
electron density in the {(p-cymene)RuCl,} moiety. On
scanning anodically and reversing the scan direction, all
complexes showed waves corresponding to the Ru™/!
interconversion. The electrochemical reversibility of the
Ru™™ redox pair for ruthenium-catalyzed ATRP is
extremely important to support the reversible-
deactivation radical polymerization mechanism. Thus,
the electrochemical reversibility of complexes 1-3 was
initially evaluated by calculating the potential difference
(AE,) values and comparing them with the AE, of the
ferrocene as the reference obtained under the same
experimental conditions. Since complexes 1-3 showed
AE, values lower than that of ferrocene, the electrochem-
ical processes are characterized as reversible. Another cri-
terion for reversibility is that the anode/cathode peak
current ratio should be close to 1 and independent of the
scan rate. This reversibility criterion was calculated for
complexes 1-3 at different scanning rates (Supporting
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FIGURE 3 Cyclic voltammograms of complexes 1-3 from
CH2CI2 solution at 25°C. Scanning anodically from 1.0 to 1.6 V at
scan rate of 100 mV/s. [Ru] = 1.0 mmol/L; [n-

Bu4NPF6] = 0.1 mol/L
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Information Figure S6, left), and the I,,/I,, values
were quite close to that expected for a reversible process
(Iap/Ip = 1). The graphs of I, and I, as a function of the
square root of the scanning velocity are shown in
Supporting Information Figure S6 (right). For a reversible
process, the potential sweep velocity affects the I,, and a
linear relationship between I, and v/ is expected.
Dependence of the current as a function of the square
root of the sweep speed was evaluated for complexes 1-3,
and a linearity between I, and v'/> was obtained. There-
fore, the cyclic voltammograms of complexes 1-3 are
typical for reversible diffusion-controlled processes.

3.1 | ROMP reactions

Initially, the catalytic activity of the arene-Ru'’ com-
plexes bearing cyclic amines was evaluated in different
[NBE]/[EDA]/[Ru] molar ratios in ROMP reactions. The
polymerizations were also performed at 25 and 50°C and
in the time range 5-60 min (Scheme 2).

The dependence of yield as a function of time
(5-60 min) for ROMP of NBE using complexes 1-3 as cat-
alytic precursors is shown in Figure 4. The influence of
time was evaluated using [NBE]/[Ru] = 5000 and [EDA]/
[Ru] = 28 in CHCI; at 25°C. The increase in time
(5-60 min) produced higher yields of polyNBE, reaching
64% yield in 60 min for complex 3. The polyNBE obtained
using theses complexes showed an increase in the molec-
ular weight (M,,) as the reaction time increased, followed
by a decrease in polydispersity index (PDI) values
(Supporting Information Figure S7).

The activity of complexes 1-3 was also tested at
50°C under the same conditions. Although the yields
presented a subtle increase, the polyNBEs exhibited
bimodal molecular weight distributions (Supporting
Information Figure S8). In general, a low temperature
favors the thermodynamics of polymerization, but
discourages the kinetics of the induction period.
Furthermore, the use of a minimum temperature is
necessary to promote the formation of active species
(Ru-carbene). Considering that the catalytic activity of
complexes 1-3 remained practically the same at 50°C, it
is possible to infer that the induction period has no tem-
perature dependence to initiate the ROMP. The catalytic
activity was shown to be sensitive to the [EDA]/
[Ru] ratio, with an increase in the yield up to [EDA]/
[Ru] = 28, followed by an abrupt drop for [EDA]/
[Ru] > 28, when using [NBE]/[Ru] = 5000 for 60 min
at 25°C (Supporting Information Figure S9); no reaction
was observed in the absence of EDA. Considering that
complexes 1-3 have a similar profile when reacted with
EDA, it is possible to suggest that the three complexes
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TABLE 3 Cyclic voltammetry results for complexes 1-3
Compound Eq.p (V) Eop (V) Ei " (V) AE,’ (V) Lp/lep
1 1.31 1.21 1.26 0.10 1.03
2 1.34 1.25 1.29 0.09 1.05
3 1.34 1.24 1.29 0.10 1.06
Ferrocene 0.58 0.34 0.46 0.24 1.09

“E\j2 = (Bap + Eep)/2.
°AE, = Eqp - Ecp-

[RuCl,(p-cymene)(amine)]
CHCls, 25 or 50 °C

5-60 min

SCHEME 2 ROMP of NBE catalyzed by complexes 1-3

have the same pathway in the formation of Ru-carbene
in the induction period. With an excessive amount of
EDA ([EDA]/[Ru] > 28), the decreasing in the yields
and molecular weight values can be associated with
secondary reactions (Supporting Information
Figure S10).2*! Consequently, the large amount of EDA
interferes in the dynamic of the ROMP reaction (initia-
tion and propagation) and as a result low yields and
broad PDIs are obtained. The effect of the [NBE]/
[Ru] ratio on the yield of the isolated polymers follows
an increase in the yield values to [NBE]/[Ru] = 5000,
followed by a decreasing of the yields to saturation
curve profile (Supporting Information Figure S11), when
using [EDA]/[Ru] = 28 for 60 min at 25°C. The yield
rose to 18-64% when the [NBE]/[Ru] ratio was
increased from 1000 to 5000. For [NBE]/[Ru] > 5000, a
decrease in the yield and molecular weight was
observed (Supporting Information Figure S12) and this
can be associated with the cage effect, which hinders
the approach of the monomer to the metal center.!**!

Evaluating the catalytic activity for ROMP of NBE,
the following order of reactivity was observed when the
activity of the complexes was compared: 3 > 2 > 1. This
order of activity could be predominantly associated with
steric reasons, although the higher Ru — olefin syner-
gism, given by the o-donor characteristic of the amine
ligands, also plays as an important role in ROMP activity.

A kinetic study of complexes 1-3 in presence of EDA
was monitored by UV-Vis in CHCl; solution at 25°C to
measure the rate of formation of the metathetical species
using a  [EDA]/[Ru] = 28 molar ratio
([Ru] = 1.0 x 10~> mol/L and [EDA] = 1.26 x 10~ mol/L)
(Supporting Information Figure S13). Analyzing the
kinetic behavior of complexes 1-3 in the presence of
EDA, great similarity was observed in the absorption
spectra profiles over the time. The increase of absorbance
followed by bathochromic displacement of the band at
338 nm in the accumulated spectra could be attributed to
a change in the coordination sphere of the complexes.
The changes in absorption spectra of complexes 1-3 are
associated with coordination of the EDA to the Ru center.
The kinetic studies also showed a linear correlation of
In(A; - Ajne) as a function of time (Supporting Informa-
tion Figure S13, insert) with pseudo first-order rate
constants (kops) equal to 6.2 x 1073, 4.0 x 107>, and
4.4 x107%s ! for 1, 2, and 3, respectively.

70

& Complex 1
60

s Complex 2
50 = Complex 3

5 15 30
Time (min)

FIGURE 4 Dependence of yield as a
function of time for ROMP of NBE with
complexes 1-3. [NBE]/[Ru] = 5000 and [EDA]/
[Ru] = 28 (5 pl of EDA) in CHCI3 at 25°C

60



ARENE-RUTHENIUM AMINES COMPLEXES AS DUAL CATALYSTS FOR ROMP AND ATRP

Ap

Organometalllc WI LEY. 9 of 12

SCHEME 3 Proposal of ROMP
mechanism using complexes 1-3 as
precatalysts

Ru ”’Cl

In the ROMP experiments in the presence of a 20-fold
excess of p-cymene, the yields of polyNBE were less than
2% of polyNBE, whereas almost no change can be
observed in the activity when performed in the presence
of amine using [NBE]/[EDA]/[Ru] 5000/28/1 for
60 min at 25°C. Probably the presence of p-cymene in
solution suppresses the leaving of the arene ligand,
preventing the ROMP reaction. These experiments sug-
gest that the ROMP reaction using complexes 1-3
depends on the lability of the p-cymene ligand, consider-
ing that the polymerization was inhibited in presence of
this molecule. This result is agreement with previous
reports using similar compounds, which suggest the
labilization of the arene ligand from the ruthenium cen-
ter in the presence of diazocompound.*>!!

To better understanding the differences in activity
between [RuCl,(p-cymene)(amine)] systems, the mecha-
nism from the induction period (metal carbene forma-
tion) up to initiation step was examined. Since
mechanisms of homogeneous catalysis are usually hard
to elucidate due to difficulty in monitoring and control-
ling the intermediate species that arise, as occurs in the
ROMP reaction, it is important to emphasize that the
research proposed here is based on the combination of
theoretical and experimental results. This approach is
more likely to succeed, providing the most plausible path
for this reaction. In the two limiting cases, this substitu-
tion could take place in an associative or dissociative
fashion. As these complexes 1-3 are six-coordinated
species, theoretically the ROMP could occur via a disso-
ciative mechanism. An analysis of the thermodynamic
parameters calculated from quantum-mechanical data
corroborates the dissociation of the p-cymene, as
suggested by experiments in the presence of this ligand.
The obtained values suggest that the mechanism should
involve the initial loss of p-cymene coordinated to the
initial complex, followed by coordination of EDA to the
Ru center to generate a 1l4-electron intermediate
(Scheme 3 and Table 4). The EDA coordination to the
saturated 18-electron [RuCl,(p-cymene)(amine)]

N, N, N
Step I I H Step IT | H 5 4
ED

Chemistry
Step 111 O

o RU rmme-

c
Cl/ e

wRu=
nw [GLa

cl / \>: Cl/ yo

: [e)

3N

Complex = 1 2 3

complexes did not converge, suggesting that the
{Ru = CHCO,Et} bond should not be formed, while the
dissociation of p-cymene takes place to generate a
14-electron metal carbene intermediate, followed by trap-
ping with the olefinic substrate (Supporting Information
Figure S14). In addition, considering that the path that
involves the formation of the metathetically active
{RuCl,(amine)(=CHCO,Et)} via a dissociative mecha-
nism involves several concerted reactions, it is very likely
that the overall thermodynamic parameters for the pro-
cess are favorable. Considering the overall equation
[RuCl,(p-cymene)(amine)] + EDA + NBE —
{RuCl,(amine)(=CHCO,Et)(NBE)} + p-cymene and
based on the thermodynamic parameters calculated for
the individual reactions via the dissociative mechanism,
the calculated thermodynamical parameters for the
overall reaction can be estimated (Table 4). These data
suggest that the formation of the {RuCl,(amine)
(=CHCO,Et)(NBE)} via a dissociative mechanism is ther-
modynamically favorable in all cases (Scheme 3).
Comparing the yields for ROMP of norbornene with
the complexes of type [RuCl,(L)(amine)], where
L = PPh; or p-cymene, a similar behaviour using the
same amines is observed.'>*>*! However, the phosphine-
amine complexes produced higher yields. It was demon-
strated by calculation and kinetic studies via FT-IR that

TABLE 4 Calculated thermodynamic parameters associated
with the reaction of EDA and NBE with complexes 1-3 at 298 K

1 2 3
Step I AG (kJ/mol) 101.99 165.24 109.18
AH (kJ/mol) 251.12 227.63 180.25
Step II AG (kJ/mol) —325.54 —280.07 —281.32
AH (kJ/mol) —386.63 —338.46 —344.79
Step III AG (kJ/mol) 291 —7.65 32.84
AH (kJ/mol) —45.11 59.86 —14.93
Overall AG (kJ/mol) —-130.73 —-122.61 —139.30
AH (kJ/mol) —180.61 —170.69 -191.56
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[RuCl,y(p-cymene)(amine)] CO-Me SCHEME 4 ATRP of MMA catalyzed by
EtO,C Br 12 | 2 B
A pmo EtO,C r complexes 1-3
Toluene, 95 °C n
CO,Me 10h
# Complex 1

# Complex 2

= Complex 3

Conversion (%)

Time (h)

FIGURE 5 Dependence of conversion on the reaction time for ATRP of MMA with complexes 1-3. [MMA]/[EBiB]/[Ru] = 1000/2/1
with 12 pmol of complex in toluene at 95°C

the phosphine-amine complexes react first with EDA,  via dissociative substitution, as here demonstrated, would
losing the phosphine ligands, followed by the reaction be difficult.

with monomer.*>**! As these phosphine-amine com-
plexes are 16-electron species, they undergo efficient sub- .
stitution processes. On the other hand, aé; the p-cymene 3.2 | ATRP reactions

ligand is a six-electron donor and the p-cymene-amine We investigated the catalytic activity of the arene-Ru"
complexes are 18-electron species, reactions with EDA complexes (1-3) in the direct ATRP of MMA. Initially,

TABLE 5 Conversion values and GPC data from the ATRP of MMA with 1-3: [MMA]/[EBiB]/[Ru] = 1000/2/1 with 12 pmol of
complex in toluene at 95°C

Complex Time® (hr) Conversion® (%) My ex,° (10° g/mol) M, theor” (10° g/mol) PDI¢
1 2 9.07 3.16 0.45 2.16
4 24.63 3.23 1.23 2.14
6 36.69 3.30 1.84 1.96
8 45.12 3.56 2.26 2.05
10 56.39 3.80 2.82 1.66
2 2 17.46 2.67 0.35 2.10
4 39.65 2.75 1.98 1.79
6 48.82 2.91 2.44 1.68
8 52.08 3.14 2.60 1.49
10 57.49 3.78 2.87 1.37
3 2 28.76 15.42 143 2.46
4 54.73 2391 2.74 1.95
6 67.34 30.16 3.37 1.61
8 70.19 34.60 3.51 1.53
10 77.53 34.97 3.88 1.98

3[MMA]/[EBiB]/[Ru] = 1000/2/1.°Determined by GC. “Determined by GPC in THF. ‘M, ;cor = [MMA]/[EBiB] X My, ppa X cONversion.
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the reaction conditions were varied and optimized. The
optimal temperature was found to be 95°C, whereas
lower temperatures resulted in a decrease in the conver-
sion without an increase in the quality of the polymer
obtained. The best [MMA]/[EBiB]/[Ru] ratio was deter-
mined as 1000/2/1 (Scheme 4). Figure 5 shows the con-
version results obtained with the three complexes and
the molecular weight data are summarized in Table 5.
Since ATRP is based on a redox equilibrium between a
dormant species and an active species, the redox pair
Ru™/Ru"" of the catalysts should be accessible as deter-
mined by cyclic voltammetry. MMA conversion values
for all complexes increased as a function of time with
complexes 1, 2, and 3 reaching 56%, 57%, and 77% within
10 hr, respectively.

The plot of In([MMA],/[MMA],) as a function of
reaction time shows an asymptotic relationship for all
catalysts, revealing that the radical concentration is not
constant during MMA polymerization. The polyMMA
molecular weights of the order of 10* g/mol obtained with
complexes 1-3 increased as a function of MMA conver-
sion (Table 5). The GPC curves of the polyMMAs show a
monomodal distribution and shift to higher values with
conversion (Supporting Information Figure S15);
however, the molecular weights are much higher than
those theoretically predicted in all cases, suggesting the
existence of considerable termination. It should be noted
that the values of the polydispersity index and molecular
weights are modest in comparison with those found in
the literature for other systems Although the control-
ling ability was poor, the sustained polymerization and
the M, growth with conversion demonstrate the revers-
ibility of atom transfer in the ATRP equilibrium.

4 | CONCLUSIONS

Complexes 1-3 were successfully synthesized and charac-
terized by elemental analysis, FT-IR, UV-Vis, and 'H
and *C{'H} NMR spectroscopy. The electrochemistry
properties of complexes 1-3 were investigated by cyclic
voltammetry and exhibited two successive single-electron
oxidation processes. Complexes 1-3 demonstrated better
catalytic activities as precatalysts in ROMP of NBE at
50°C with [NBE]/[Ru] ratio of 5000 in the presence of
5 pl of EDA for 5-60 min. Complex 3 exhibited better
performance in ROMP reactions. The catalytic activity of
complexes 1-3 in ROMP increased as the CH, group
increased in the cyclic amine. The polymerization of
MMA mediated by complexes 1-3 was performed using a
[MMA]/[EBiB]/[Ru] = 1000/2/1 molar ratio at 95°C.
These complexes display some activity as mediators for
the controlled radical polymerization of MMA following

Chemistry

an ATRP mechanism. Nevertheless, the level of control
achieved was modest and only slightly dependent on the
structure of the amine ligand.
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