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Abstract: Platelet, tubular and herring-bone carbon nanofibres were doped with Pd under
various conditions. The catalysts were analysed as to the Pd-content and as to the size
distribution of the Pd particles. The Pd-doped carbon nanofibres were screened for their catalytic

activity in the Suzuki-Miyaura cross coupling and in the Heck reaction.
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1. Introduction

Both the Suzuki-' and Heck-Mizoroki® reactions have become part of the standard repertoire in
organic synthetic chemistry. Starting with the seminal work of Jeffery® on the use of 'ligandless'
palladium as catalysts for these reactions, a large amount of research work has been devoted to
the development of catalytic systems using palladium 'immobilized' on solid surfaces.* Within
this context, palladium on carbon (Pd/C) has been used extensively.” More recently, defined
carbon structures such as carbon nanotubes,” have been investigated as supporting surfaces for

palladium (Pd) and other catalytic metals. In the following, the authors describe a study of using
carbon nanofibres (CNFs) as support for Pd.
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Schematic representation (adopted) of the three basic types of carbon nanofibers
used in this study

2. Results and Discussion

The structure of CNF has been recognized as nano — sized monocrystals of graphite. CNFs are
commonly classified into 3 types, depending on how the graphene sheets line up to the fiber axis:
platelet type CNFs have the graphene sheets lined up vertically to the fiber axis, while in the
tubular type CNFs graphene sheets are parallel to the axis. In the herringbone type CNFs, the
graphene sheets show an inclination to the fiber axis. The platelet type CNFs have dense
lamination and largely characteristics of a crystal. Tubular type CNFs possess an inside cavity. In
herringbone type CNFs, the surface area is large, and surface edges are mainly exposed. Usually,
the CNFs have a diameter in the nm scale and a length in the pm ~ nm scale. For the most part,
CNFs are structurally strong and chemically stable.’

Herringbone type CNF has been thought to be suitable as a catalyst support medium and has

7¢% Endo and co-workers®® have shown that it

been reported to be a good absorbant of hydrogen.
is possible to dope certain CNF materials with metals selectively along the edges. There have
been reports of better reactivity and selectivity in certain cases in hydrogenation reactions with
Ni, Pd, Pt or Ru supported on CNF when compared to these metals supported on silica or
alumina.” Nevertheless, very little had been done on studying the use of metal doped CNFs as

catalysts in C-C coupling reactions when the present work was started.

Doping Experiments of CNFs with Palladium

In the experiments detailed below, the following CNFs were used: platelet CNFs, synthesized
from carbon monoxide (in a mixture with hydrogen) over an iron catalyst at 600 °C, tubular
CNFs from ethylene (in a mixture of hydrogen) over an Fe-Ni (6 : 4) alloy catalyst at 630 °C,
and herringbone CNF synthesized over a Cu-Ni (2 : 8) alloy catalyst at 580 °C.'"” Two main
methods of doping were adopted: a) doping by permeation at rt; b) doping in ethylene glycol
under microwave irradiation.'""'* Specifically, the following doping procedures were employed:
1.) doping with PdCI, / 1.5N HCI under silent conditions at rt and subsequent reduction with
either NaBH,4, sodium formate or hydrazine [abbreviated below as permeation]; 2.) doping with
PdCl, / 1.5N HCI in the presence of polyvinylpyrrolidone K-30 (PVP) in ethanol under silent
conditions at rt and subsequent reduction with NaBH, [abbrev. permeation/PVP]; 3.) doping by



the microwave-polyol method'' in absence [abbrev. microwave]; and 4) in presence of PVP
[abbrev. microwave/PVP]. The prepared materials were analysed by TEM, ICP-mass, elemental

analysis and wet-chemical analysis to determine the Pd-content, and the Pd particle size

distribution.
I
Herringbone type CNF doped Platelet type CNF doped
with the microwave-polyol method with the permeation method

Overall, it was noted that when the carbon material was doped using the permeation method
(PdCIl,/HCI resulting in 0.1M H,PdCly) at rt, followed by reduction with NaBH4, 0.9 w% — 2.7
w% Pd with a size distribution of 2-5 nm could be found on the platelet type CNF, and 2.4 w% —
4.8 w% Pd with a size distribution of 5-15 nm on the tubular-type CNF. The lower values of
0.9/2.4 w% Pd could be found in the presence of PVP during the permeation, the higher values
of 2.7/4.8 w% Pd in the absence of PVP during the permeation. Using the microwave-polyol
method in the absence of PVP, the platelet type CNF could be doped with 4.5w% to 4.7w% Pd
of 15-25 nm particle size. In the presence of PVP 1.6 w% to 1.9 w% Pd could be found on the
platelet type CNF with a particle size of 15-25 nm. Under the same conditions (no PVP), the
tubular CNF was doped with 3.2 w% to 3.8 w% Pd with a particle size distribution of 5-20 nm.
Here, no significant doping could be achieved when using the microwave-polyol method in the
presence of PVP. Herring-bone CNF could be doped with 3.2 w% to 3.7 w% Pd (particle size
15-25 nm) using the microwave polyol method in the presence of PVP, and with 1.8 w% to 2.0
w% in absence of PVP. Similarly, activated carbon (Darco KB, 100 mesh, wet powder) was

doped with Pd.

Reactivity of the Pd doped CNFs towards the Suzuki-Miyaura- and the Heck-Mizoroki

cross coupling reactions

The Pd doped CNFs produced above were utilized in Suzuki-Miyaura cross coupling reaction of
4-bromobenzaldehyde with arylboronic acids under different conditions. The relative turn-over
frequencies of the prepared catalysts were compared with palladium salts, palladium complexes
and commercially available Pd on carbon (10w% Pd on C, Kishida). Initially, the Suzuki
reaction of 4-bromobenzaldehyde with phenylboronic acid was studied in acetone, a solvent
which is not very conducible to this reaction. Here, it was found that Pd doped herringbone type
CNF prepared by the microwave/polyol method in the presence of PVP with subsequent washing

of the catalyst with ethanol to remove excess PVP from the catalyst's surface produced the



highest turn-over frequency (TOF) under these conditions. The TOF was found to be higher than
for PdO, PdCl,, Pd(OAc),, Pd(PPh;),Cl,, Pd(PPhs)s, commercial Pd/C, and Pd on activated
carbon, produced by the authors in the same manner as described above for the CNFs.

Next, the reaction was studied in ethanol as solvent. Here, again the Pd doped herringbone type
CNF prepared by the microwave/polyol method in the presence of PVP gave the best TOF
among the Pd on C studied, which included commercially available Pd on C and Pd on C
prepared under the conditions described above for the CNFs. However, the TOF could not
compare with the TOF found for PdCl, and for Pd(OAc), under these conditions. A typical

reaction is found below.
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microwave: microwave-polyol method for Pd(PVP)/CNF(H) (Microwave): TOF =21.0 h™!
H: herringbone structure
PVP: doping occured in the presence of PVP

Lastly, the Heck reaction of 4-bromobenzaldehyde with tert-butylacrylate was studied in DMF at
100 C. Here, the best TOF was found for Pd doped tubular type CNF produced by the
permeation method in presence of PVP. Slightly lower was the TOF of Pd doped activated
carbon produced by the permeation method in absence of PVP. Notable but lower TOF numbers
were found for Pd(OAc), and Pd(PPh;),Cl, under these conditions. Other Pd on CNF catalysts

and commercial Pd on C gave appreciably lower TOFs.
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T: tubular structure for PA(PVP)/CNF(T) (Permeation): TOF = 44.6 h™!

PVP: doping occured in the presence of PVP

In conclusion, selected Pd on CNF catalysts showed a good catalytic reactivity in Suzuki- and
Heck reactions. Specifically, Pd on herringbone CNF produced by the microwave/polyol method
in presence of PVP was found to be a good catalyst in the Suzuki reaction, while Pd on tubular
CNF produced by the permeation method in presence of PVP was found to be a good catalyst in

the Heck reaction.
3. References

1. ") Miyaura, N.; Yanagi, T.; Suzuki, A, Synth. Commun. 1981, 11, 513; !"" Suzuki, A.,
Pure Appl. Chem. 1991, 63, 419; ! Miyaura, N.; Suzuki, A. Chem. Rev. 1995, 95, 2457.

2. 4 Heck, R. F. J. Am. Chem. Soc. 1968, 90, 5518; ") Mizoroki, T.; Mori, K.; Ozaki, A.
Bull. Chem. Soc. Jpn. 1971, 44, 581; ) Dieck, H. A.; Heck, R. F. J. Am. Chem. Soc.
1974, 96, 1133; *¥ Heck, R. F., Org. React. 1982, 27, 345.



3. B4 Jeffery, T. Tetrahedron Lett. 1994, 35, 3051; ©°® Jeffery, T. Tetrahedron, 1996, 52,
10113.

4. ™1 On alumina (solventless): Kabalka, G. W.; Pagni, R. M.; Wang, L.; Namboodiri, V.
ECSOC 5, 2001, E0029; %%} on KF-alumina: Basu, B.; Das, P.; Bhuiyan, M. H.; Jha, S.
Tetrahedron Lett. 2003, 44, 3817; ! on alumina-based oxides: Gniewek, A.; Ziolkowski,
J. J.; Trzeciak, A. M.; Zawadzki, M.; Grabowska, H.; Wrzyszcz, J. J. Catal. 2008, 254,
121; (441 on modified mesoporous silica support: Bedford, R. B.; Singh, U. S.; Walton, R.
I.; Williams, R. T.; Davis, S. A. Chem. Mater. 2005, 17, 701; [l on Y-zeolite: Artok, L.;
Bulut, H. Tetrahedron Lett. 2004, 45, 3881.

5. B¥Wolfson, A.; Dlugy, C. Chem. Pap. 2007, 61, 228; *® Hu, M.-g.; An, Z.-w.; Du, W.-S.;
Li, J.; Gao, A.-A. Chin. J. Chem. 2007, 25, 1183; 9 Lysen, M.; Kohler, K. Synthesis
2006, 692.

6. % Zhou, L.; Zhang, W.-D.; Jiang, H. F., Science in China B, Chem. 2008, 51, 241; ("]
Sokolov, V. I.; Bumagin, N. A.; Rakov, E. G; Anoshkin, I. V.; Vinogradov, M. G
Nanotechnologies in Russia 2008, 3, 570; 1! Corma, A.; Garcia, H.; Leyva, A. J. Mol.
Catal. A 2005, 230, 97; [6d] Karousis, N.; Tsotsou, G.-E.; Evangelista, F.; Rudolf, P.;
Ragoussis, N.; Tagmatarchis, N. J. Phys. Chem. C 2008, 112, 13463.

7. "3 Ledoux, M. J. Phys. Chem. Chem. Phys. 2002, 4, 514; " Tanaka, J.; Yoon, S. H.;
Mochida, I. Carbon 2004, 42, 591; ' Tanaka, J.; Yoon, S. H.; Mochida, I. Carbon 2004,
42, 1291; (7d] Lim, S.; Shimizu, A.; Yoon, S. H.; Korai, Y.; Mochida, I. Carbon, 2004, 42,
1279; (7el Melechko, A. V.; Merkulov, V. I.; McKnight, T. R.; Guillorn, M. A.; Klein, K.
L.; Lowndes, D. H.; Simpson, M. L. J. Appl. Phys., 2005, 97, 041301.

g. %l Endo, M.; Kim, Y. A.; Ezaka, M.; Osada, K.; Yanigasawa, T.; Hayashi, T.; Terrones,
M.; Dresselhaus, M. S. Nano. Lett., 2003, 3, 723; (80] Steigerwalt, E. S.; Deluga, G. A.;
Cliffel, D. E.; Lukehart, C. M. J. Phys. Chem. B, 2001, 105 , 8097; * Bradley, J.-C.;
Babu, S.; Ndungu, P. Fullerenes, Nanotubes, and Carbon Nanostructures, 2005, 13, 227.

9. ¥ Pham — Huu, C.; Keller, N.; Roddatis, V. V.; Mestl, G.; Schlogl, R.; Ledoux, M. J.
Phys. Chem. Chem. Phys., 2002, 4, 514; " Park, C.; Baker, R. T. K. J. Phys. Chem. B
1998, 102, 5168; ) Gao, R.; Tan, C. D.; Baker, R. T. K. Catalysis Today 2001, 65, 19.

10. Yoon, S.-H.; Lim, S.; Hong, S.-H.; Qiao, W.-M.; Whitehurst, D. D.; Mochida, I.; An, B.;
Yokogawa, K. Carbon 2005, 43, 1828.

11, 1l Tsuji, M.; Kubokawa, M.; Yano, R.; Miyamae, N.; Tsuji, T.; Jun, M. S.; Hong, S.;
Lim, S.; Yoon, H. Y.; Mochida, I. Langmuir 2007, 23, 387, (1] Tsuji, M.; Hashimoto,
M.; Nishizawa, Y.; Kubokawa, M.; Tsuji, T. Chem. Eur. J. 2005, 11, 440.

12. 122 zhy, J. J.; Palchik, O.; Chen, S. G.; Gedanken, A. J. Phys. Chem. B 2000, 104, 7344;
(120] Zhao, J.; Chen, W.; Zheng, Y.; Li, X.; Xu, Z. J. Mat. Sci. 2006, 41,

4. Acknowledgements
This work was carried out with the financial support of a JST-CREST program. The authors
thank Prof. I. Mochida, Prof. S. H. Yoon, and Dr. S.-H. Hong, Kyushu University, for the non-



doped CNF materials, Prof. M. Tsuji and Mr. M. Kubokawa, Kyushu University, for their advice
on the doping under ultrasonication (microwave-polyol method) and for the possibility of using

their experimental set-up for these doping experiments.





