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Abstract

In this paper, an N-heterocyclic carbene—cobalt complex (NHC-Co®*) was immobilized onto the
surface of multi-walled carbon nanotubes (MWCNTS) via direct grafting amination approach for
the first time. The resultant composite (Co-NHC@MWCNTS) was characterized by FT-IR,
TGA, XRD, ICP-OES, FE-SEM, TEM and CHN analysis. It was demonstrated that Co-
NHC@MWCNTSs can act as an efficient and inexpensive catalyst for Heck reactions in normal
conditions which provided the corresponding products in moderate to good yields. More
importantly, this phosphine and palladium-free catalyst can be reused for at least six successive
runs without any discernible decrease in its catalytic activity and no remarkable changes were

observed in catalyst structure.
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Introduction

The formation of C-C bonds is a fundamental reaction in organic synthesis for its many vast
applications in the synthesis of natural products, numerous drugs and high-performance modern
materials. The Mizoroki-Heck coupling have received considerable attention as one of the most
important C-C bonds forming reaction [1]; therefore, a number of efficient catalytic systems
have been developed for this transformations [2]. The standard Heck reaction contains palladium
salt and phosphine ligands suffers from limitations that have so far precluded many industrial
applications [3]. In addition to, due to the high cost and toxicity of palladium; researchers are
interested in Heck reaction catalyzed by inexpensive transition metals such as Ni [4], Cu [5] Fe
[6] and Co [7-8]. To overcome other disadvantages of traditional methods such as using
expensive, toxic and unrecoverable phosphine ligands and complicated recovery, several types of
nitrogen-based ligands such as N-heterocyclic carbenes (NHCs) metal complexes have been
developed by immobilizing them on solid supports [9-10].

Multi walled carbon nanotubes (MWCNTS) are one of the hottest nano materials in the
synthesis, characterization, and applications because of their unique thermal, mechanical and
chemical properties [11-15]. Furthermore, MWCNTSs can be used as wonderful catalyst support
because of high surface area and their insolubility in the most solvents. In this regard, diamines
are more favorite molecules, which could behave as a medium to attach miscellaneous
compounds to MWCNTSs. Actually, the diamines consist of two amino groups (—NH,): one could
attach on MWCNTSs, and one is available for bonding to other functional groups [16-18].
Actually, the described method is one of the most remarkable pre-functionalized strategies,

which allows the covalent binding of different groups on the surface of MWCNTS. Inspired by



the widespread successful applications of NHCs catalytic systems [19] and disadvantages of
palladium complexes, we decided to improve more cost-effective and environmentally
heterogeneous palladium-free catalyst for C—C coupling reaction by immobilizing first-row
transition metal-NHCs complex on MWCNTS.

Recently, cobalt-catalyzed organic synthesis have attracted much attention; because cobalt is
readily available, non-toxic, low-cost, stable in air and exhibits powerful catalytic activities [20-
22]. Studies on the structure of Co-NHC complex have been reported [23]; but, to the best of our
knowledge, olefin arylation reactions employing such complexes did not report previously. In the
field of C—C bond formation using cobalt catalysts, the reductive coupling reaction of alkyl
halides with aryl Grignard are active topics in organic synthesis [24-25] However, the reactions
between aryl halides and olefins in the presence of a base (Heck reaction) using a cobalt catalyst
are rare and as we know, only a few reports refer to the application of cobalt catalysts in this
coupling reaction [26-29]. For example, in 2009, Qi et al. reported Heck reaction using cobalt
nanoparticles during long reaction time at extremely high temperature (150 °C, Scheme 1a) [26].
Application of uniform Co—B amorphous alloy nanoparticles as catalyst in C—C coupling
reaction was also described by Zhu and his co-workers in 2012 (at 120 °C using DMF/water as
solvent and during 12-24 h, Scheme 1b) [27]. These reported cobalt catalysts have various
advantages such as good mechanical and excellent chemical stabilities and better economic and
ecological properties in compared to palladium catalysts. In contrast, they exhibited lower
activity in Mizoroki—Heck reaction in expanded range of aryl halides, in spite of spending high
temperature and long reaction time. Therefore, to overcome these problems, more convenient
approaches using a cobalt catalyst are required. In continuation of our recent investigations on

the application of heterogeneous catalytic systems in cross-coupling reaction [30-32]; in this



report, NHC-Co(II) complex was supported on MWCNTS via direct grafting amination approach
for the first time and its catalytic activity was demonstrated by employing the Mizoroki—Heck
coupling reaction. Using our catalytic system, the reaction conditions can be improved and
accelerated the Heck reaction without using palladium and phosphine under mild conditions in
present poly ethylene glycol as green solvent (Scheme 1c).
Scheme 1

2. Experimental
2.1. Catalyst preparation

The Co-NHC@MWCNTSs catalyst was prepared using multistep synthesis process which
demonstrated in Scheme 2. Detailed procedures are included in the supporting information.

Scheme 2

2.2. Characterization

The products of each step was characterized by FT-IR (Figure 1). The FT-IR spectrum of 4
is shown absorption bands at 2927 cm ™ (C—H), 3433 cm™* (N-H stretching vibration) and 1579
cm* (C=C), shifting peak (in a comparison of 2 with 4 spectrum) indicates a successful
modification of the NHC precursor [33]. Additionally, several signals (1130 and 608 cm ™) is
exposed the chloride group bonds of 4 clearly.

Fig. 1

The nitrogen content of the support was 6.1 %. According to this value, the amount of NHCs
ligand which is available in catalyst is 1.55 mmol/g. The Co loading of catalyst was measured by
ICP and it was about 2.2 % (0.35 mmol/g). The structural properties of catalyst was analyzed by
X-ray diffraction (XRD). The resulted curve was compared with the pure MWCNTSs. All peaks

demonstrate the structure of this Co (IT) complex (Fig. S1, supplemental data), the similar XRD



pattern observation were reported before for Co (1) complex [34]. The thermal stability of
compound 4 was also evaluated by the TGA, and the thermograms are given in Fig. S2.
According to these curves, the weight loss below 300 °C is 2 %. This observation can be
attributed to the formation of a stable cobalt complex. The degree of functionalization on the
MWCNTSs could be calculated from the weight loss between 200 °C and 800 °C on TGA and
elemental analysis. The observed total weight losses for catalyst is 67 %, on the basis of this
value, the amount of organic moieties was about 1.73 mmol/g of catalyst. A good agreement was
observed between elemental analysis and TGA data for these conversions. The morphology of
the surfaces of MWCNTs and catalyst were studied by field emission scanning electron
microscopy (FE-SEM). As can be seen the nanotubes are aggregated and has retained their
nanotube nature upon functionalization (Fig. S3). In Figure 2, the transmission electron
microscopy (TEM) images of catalyst 4 clearly show the immobilization of cobalt complex on
MWCNTSs. Moreover, the large metal nanoparticles which appear in TEM images could be
related to some aggregating [35].
Figure 2

3. Results and Discussion

To explore the activity of the nanocatalyst, we applied it in the Mizoroki—Heck cross-
coupling reaction. A model reaction of iodobenzene with methyl acrylate was used to optimize
the reaction conditions. The activity of the catalyst in different amounts, using various base,
solvent and reaction temperature was studied (Table 1). According to the optimization results
and the goals of green chemistry, all the reactions were carried out in poly ethylene glycol (PEG)

at 80 °C. Table 1



Encouraged by our initial studies; the generality and versatility of this catalyst have been
examined. The results are shown in Table 2. Aryl halides with electron-donating groups, in
comparison with aryl halides with electron-withdrawing groups, showed better conversions in
shorter reaction times. Table 2

Interestingly; as shown in Table 2, the supported NHC-cobalt (II) nanocatalyst was
compatible with a wide range of functional groups and exhibited good activity in the Mizoroki—
Heck reaction using PEG as a solvent in mild conditions. Our catalyst was successfully reused at
least six times without any significant losing of its activity (Table 3). The scale of the reaction
was increased to 10.0 mmol, keeping the reaction stoichiometry intact. The reaction was found to
proceed successfully, and the corresponding product was obtained in 78% vyield via described
method respectively. Table 3

The recovered catalyst was analyzed using TEM and FT-IR (Fig. S4, S5). According to
these results no remarkable changes were observed in catalyst structure. To explore the leaching
of the catalyst, the Heck coupling in model reaction was studied. After 30% of the coupling
reaction had proceeded, the catalyst was separated with a centrifuge and ICP analysis of the
remaining solution revealed that there was no cobalt in the reaction mixture. These results
suggested that the cobalt was not being leached out from the solid surface of the catalyst during
the coupling reaction and clearly demonstrated that this novel catalyst was heterogeneous in
nature.

4. Conclusions

In summary, cobalt supported on direct functionalization MWCNTSs as NHCs precursor was

fabricated for the first time. The prepared Co-NHC@MWCNTSs catalyst exhibited high catalytic

activity for the Mizoroki-Heck reaction. The current strategy is a novel, environmentally



friendly and economical way for the Heck reaction using significantly low cobalt loading. It
could be recycled and reused six times without obvious cobalt leaching. Further applications of
the catalytic system in other reactions are under investigation in our laboratory.
Acknowledgments

The authors thank Isfahan University of Technology (IUT), IR Iran.



References

[1] R.F. Heck, Acc. Chem. Res., 12 (1979) 146-151.

[2] A. Molnér, Chem. Rev., 111 (2011) 2251-2320.

[3] R.R. Bader, P. Baumeister, H.U. Blaser, Chimia, 50 (1996) 99-105.

[4] S. Ma, H. Wang, K. Gao, F. Zhao, J. Mol. Catal. A: Chem., 248 (2006) 17—20.

[5] S. G. Babu, N. Neelakandeswari, N. Dharmaraj, S. D. Jackson, R. Karvembu, RSC Adv., 3
(2013) 7774-7781.

[6] A.R. Hajipour, Gh. Azizi, Green Chem., 15 (2013) 1030-1034.

[7] Y. lkeda, T. Nakamura, H. Yorimitsu, K. Oshima, J. Am. Chem. Soc., 124 (2002) 6514—
6515.

[8] C. Gosmini, J.-M. Be"gouin, A. Moncomble, Chem. Commun., (2008) 3221-3233.

[9] A. Slamani, S. Demir, 1. Ozdemir, Catal. Commun, 29 (2012) 141-144

[10] M. Ghotbinejad, A.R. Khosropour, I. M. Baltork, M. Moghadam, S. Tangestaninejad, V.
Mirkhani, J. Mol. Catal. A: Chem. 385 (2014) 78-84.

[11] T.W. Ebbesen, H.J. Lezec, H. Hiura, J.W. Bennett, H.F. Ghaemi, T. Thio, Nature, 382
(1996) 54-56.

[12] Z. Liu, X. Lin, J.Y. Lee, W. Zhang, M. Han, L.M. Gan, Langmuir, 18 (2002) 4054-4060.
[13] Z. Zarnegar, J. Safari, Z.M. Kafroudi, Catal. Commun, 59 (2015) 216-221.

[14] E. Kim, H.S. Jeong, B. M.Kim, Catal. Commun, 46 (2014) 71-74.

[15] S. Tangestaninejad, M. Moghadam, V. Mirkhani, I. Mohammadpoor-Baltork, M.S. Saeedi,
Appl. Catal., A., 381 (2010) 233-241.

[16] J.L. Stevens, A.Y. Huang, H. Peng, I.W. Chiang, V.N. Khabashesku, J.L. Margrave, Nano
Lett., 3 (2003) 331-336.

[17] J. Shen, W. Huang, L. Wu, Y. Hu, M. Ye, Compos. Sci. Technol. 67 (2007) 3041-3050.

8



[18] X. He, F. Zhang, R. Wang, W. Liu, Carbon, 45 (2007) 2559-2563.

[19] S.K. Movahed, R. Esmatpoursalmani, A. Bazgir, RSC Adv., 4 (2014) 14586-14591.

[20] G. Cahiez, A. Moyeux, Chem. Rev., 110 (2010) 1435-1462.

[21] O. Schuster, L.R. Yang, H. G. Raubenheimer, M. Albrecht, Chem. Rev. 109 (2009) 3445—
3478.

[22] R.E. Giudici, A.H. Hoveyda, J. Am. Chem. Soc., 129 (2007) 3824—-3825.

[23] K. Matsubara, A. Kumamoto, H. Yamamoto, Y. Koga, S. Kawata, J. Organomet. Chem.,
727 (2013) 44-49.

[24] T. Punniyamurthy, S. Velusamy, J. Igbal, Chem. Rev. 105 (2005) 2329.

[25] P. Shukla, Y-Ch. Hsu, C. H. Cheng, J. Org. Chem., 71 (2006) 655-658.

[26] H. Qi, W. Zhang, X. Wang, H. Li, J. Chen, K. Peng, M. Shao, Catal. Commun., 10 (2009)
1178-1183.

[27] Z. Zhu, J. Ma, L. Xu, L. Xu, H. Li, ACS Catal., 2 (2012) 2119-2125.

[28] P. Zhou, Y. Li, P. Sun, J. Zhou, J. Bao, Chem. Commun., (2007) 1418-1420.

[29] S. lyer, V.V. Thakur, J. Mol. Catal. A: Chem. 157 (2000) 275-278.

[30] A.R. Hajipour, G. Azizi, Appl. Organomet. Chem, 29 (2015) 247-253.

[31] A.R. Hajipour and G. Azizi, Synlett, 24 (2013) 254-258.

[32] A.R. Hajipour, E. Boostani, F. Mohammadsaleh, RSC Adv., 5 (2015) 24742-24748.

[33] A.Z. Wilczewska, I. Misztalewska, Organometallics, 33 (2014) 5203—5208.

[34] D. Cincic, B. Kaitner, Cryst. Eng. Comm, 13 (2011) 4351-4357.

[35] M. Navidi, B. Movassagh, S. Rayati, Appl. Catal., A 452 (2013) 24-28



Legend for Scheme
Scheme 1 Heck reaction using various types of cobalt catalytic systems under different

conditions.
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Legend for Figure

Fig. 1. FT-IR spectra of products of catalyst preparation steps
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Fig. 2.TEM image of Co-NHC@MWCNTSs
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Table 1. Optimization of reaction conditions®

0O
! ogt Co-NHC@WMWCNTSs N-0Et
©/ ¥ /\ﬂ/ base, solvent i
O T°C
Entry Solvent Base (equiv.) Cat (mg) T (°C) Yield” (%)
1 PEG (200) K,COs3 (2) 10 100 71
2 PEG (200) KOH (2) 10 100 68
3 PEG (200) LiOH (2) 10 100 73
4 PEG (200) Li,COs (2) 10 100 78
5 PEG (200) Li,CO3 (3) 10 100 82
6 PEG (200) Li,CO3 (4) 10 100 86
7 PEG (200) Li,CO3 (1.5) 10 100 76
8 DMSO Li,COs (4) 10 100 74
9 NMP Li,COs (4) 10 100 69
10 Toluene Li,COs (4) 10 100 54
11 EtOH Li,COs (4) 10 100 58
12 PEG (200) Li,COs (4) 5 100 79
13 PEG (200) Li,COs (4) 20 100 89
14 PEG (200) Li,COs3 (4) 10 80 85
15 PEG (200) Li,COs(4) 10 60 61

*Reaction conditions: iodobenzene (1 mmol, 120 uL), MA (1.5 equiv., 136 uL), base, solvent (3

mL); °GC conversion.
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Table 2. Heck reactions of aryl halides with olefin catalysed by 4

SN Co-NHC@MWCNTs N X W
| ;) W > | P
R Li,CO5, PEG R
80°C
Entry X R Olefin Time (h) Yield®(%)
1 | H MA 5 85
2 I 4-OMe MA 5 92
3 | 4-NO, MA 5 87
4 I 3-NO; MA 5 81
5 Br H MA 6 77
6 Br 4-NO, MA 6 74
7 Br 4-OMe MA 6 80
8 Br 4-Cl MA 6 76
9 Br 4-CN MA 6 73
10 Br 4-COCHg3 MA 6 64
11 | H EA 5 82
12 I 4-NO, EA 5 77
13 | 3-NO, EA 5 79
14 I 4-OMe EA 5 81
15 Br H EA 6 72
16 Br 4-NO, EA 6 65
17 Br 4-OMe EA 6 63
18 Br 4-Cl EA 6 58
19 Br 4-CN EA 6 60
20 | H Styrene 8 78
21 I 4-OMe Styrene 8 82
22 | 4-NO, Styrene 8 74
23 Br H Styrene 10 67
24 Br 4-NO, Styrene 10 61
4GC conversion.
Table 3. Reusability of the catalyst

Run Yield ? (%) Run Yield® (%)

1 85 4 81

2 85 5 80

3 83 6 80

%Isolated yield

13



ACCEPTED MANUSCRIPT

Graphical abstract é\

&
&
G
G
v

14



Highlights

e The first time report of N-heterocyclic carbene—cobalt complex (NHC-Co2+) immobilized onto
the surface of multi-walled carbon nanotubes (MWCNTS) via direct grafting amination approach.

e The introduced catalyst is air stable, highly active and reusable without toxic ligands.

e This paper presents a facility and high efficiency strategy for the Heck reaction using green
solvents and mild conditions.

15



