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| A density functional theory study at the level of B3LYP/6-311 G (d.p) is carried out on the Suzuki-Miyaura cross-coupling of aryl |
| chlorides and arylboronic acids, in this work. The results on the structure parameters are in good agreement with the experimental
findings in some aspects. However, discrepancies still arise in reasonable range. A static analysis of the reactants is obtained through the
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calculation in order to explain the feasibility of reaction in stereo-hindrance and electronic effect.

INTRODUCTION

Palladium-catalyzed Suzuki-Miyaura cross-coupling
reaction between organoboron compounds and other various
organic electrophiles', which is tolerant to extremely sensitive
functional groups such as ester, aryl halides and arene diazonium
tetrafluoroborate salts® etc., is one of the most important methods
for the formation of C-C bonds** for the syntheses of natural
products and pharmaceutical agents® in mild condition, even
in water®. This reaction has been subjected in several experi-
mental investigations to determine its reliable and widely
applications in organic syntheses™ and the 2010 chemistry
Nobel prize was awarded for it (eqn. 1)'°.
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The mechanism of the Suzuki-Miyaura cross-coupling re-
action has been reported massively, even though is still not
fully understood (Fig. 1). Fig. 1 schematically presents the
whole catalytic cycle when the reaction proceed. The progress
of cross-coupling reaction mainly consists of three steps'!, (I)
Oxidative addition, (II) transmetalation and (III) reductive
elimination. The oxidative addition and reductive elimination
are so common in transition-metal catalyzed reactions that the
related researches are well explainable'>". Or possibly the
whole catalytic-cycle process of the cross-coupling reaction
has been investigated with computational methods almost'**.
Nevertheless, the investigation on the spontaneousness, heat
effect and the characteristic of these reactions is carried out rarely
and comparatively less study is known about the feasibility of
the reaction on a model system supported by experiment.
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Fig. I.n=12

In this work, we use density functional theory to investi-
gate the feasibility of the Suzuki-Miyaura cross-coupling
reaction on a classic synthesis for Suzuki biaryl, aryl chlorides
and aryl boronic acids, of which high synthetic interest and
versatility are believed to proceed well documented™. And
the catalyst is not on the carpet in our calculation because
of the specific structure of the palladium complexes are
undefined.

EXPERIMENTAL

To investigate the feasibility of the Suzuki-Miyaura
reaction depicted in eqn. 2, the specific structure of catalyst
we chose was not definite. However, the synthesis catalyzed
by the palladium complexes was remarkable and the results
regarding conversion and selectivity were maximal, K,CO;
and PEG-400 as base and solvent, respectively. The reactions
were carried out at 140 °C with I, and TBAB (entries 2a, 2b)
as the additive.

tPresented at International Conference on Global Trends in Pure and Applied Chemical Sciences, 3-4 March, 2012; Udaipur, India
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As can be seen from Table-1, a range of aryl chlorides
and aryl boronic underwent the reaction in good to yield and
different location of the group R, had effect on the yield. In all
cases, the isolated yield was part of excellent ranging from 57
to 97 %. All reactions conducted on 0.5 mmol scale in 2 mL
of solvent using 0.2 equiv. I, or 1.0 equiv. TBAB (entries 2a,
2b) as additive.

TABLE-1
SUBSTRATE SCOPE OF THE SUZUKI CROSS-
COUPLING REACTION OF ARYL CHLORIDES

WITH ARYLBORONIC ACIDS*
. Phenylboronic Yield
Entry Aryl chlorides acid t(h) (%)

B(OH), 48 64

==

2a mcoc@—a OB(OH)z 48 5T

2 BOH, 48 OF
e O

2c @B(CH) > 48 63
cl
2d OzN@G OB(OH)Q 35 9

a) Reaction conditions: chlorobenzene (0.5 mmol), arylboronic acid
(1.5 equiv.), base (K,CO;, 2.0 equiv.), additive (I,, 0.2 equiv.), PEG-
400 (2 mL), temperature (140 °C); b) Isolated yield; c) Additive
(TBAB, 1.0 equiv.)

Computational details: All calculations were performed
with the Gaussian 98% software at the B3LYP/6-311 G (d, p)
level, by means of DFT*?, The geometries of the reactants
and products were fully optimized without symmetry restriction
normally. The analysis in the stability of molecular geometries
above, evaluating of the thermal and entropic contributions,
which were needed to derive the enthalpies, Has and Gibbs
free enthalpies, Gas, at 298.15 K, were obtained through the
calculation of vibration frequency in the rigid-rotor harmonic-
oscillator approximation. Due to its high accuracy and
convincing results, this method became up to our grade level
of calculating.

RESULTS AND DISCUSSION

Fig. 2 showed the geometrical structures of the reactants
and products, which were optimized involved in the reaction,
the reaction enthalpies AH, the Gibbs free energies of reaction
A/G and the charge of all atoms calculated at the B3LYP 6-
311 G (d, p) level of theory listed below Table-2.

In the Table-2, the A,G and the A,H of all the series of the
reaction were less than zero, therefore, the Suzuki-Miyauya
reaction on this model might take place spontaneously, without
any catalysts and were exothermic. From the charge of atoms

specially focused on the C-3, it was fact that the lower the
negative charge density, the higher reactivity the reaction. It
confirmed that the reaction was electrophilic substitution one
according to the mechanism we mentioned before.

Fig. 2. Structures of reactants optimized by B3LYP 6-311 G (d, p) are
shown. Colour code: C gray, N blue, O red, Cl green.

TABLE-2

PROPERTIES OF REACTANTS IN

THERMODYNAMIC FUNCTION
. AH (kJ AG (kJ  C-3 Charge

Entry Aryl chlorides mol™) mol™) (au?)
1 OCI -104.004 -96.0832 -0.215565
2a HﬁOC‘@*CI -112.568  -110.809 -0.189809
NO,
2b @—Cl -122.624  -121.655 -0.169609
O,N

2c GCI -118.247  -116.735 -0.210852
2d OZN@CI -110.279  -116.425 -0.178788

Reactivity comparison

Entry 1 and entry 2b: Obviously we summarized that
the details of calculation of 1 (p-chloro toluene) and 2b
(o-nitro chloro benzene) agreed with the results of experiment
well, relatively, the larger A/G and 64 % yield of 1 compared
to the less A;G and 97% yield of 2b. As it known,
stereohindrance and electronic effect played a great role in
progress of the reaction, but which one dominated the progress
was not well understood. So we summed up that p-chloro
toluene had the methyl in the position of -p, so the stereo-
hindrance decreased relatively, but couldn't be ignored and
also prevented the progress. On the other hand, the electronic
effect promoted the reaction readily, on account of electronic
rich of methyl. Everything taken into account, in contrary to
the calculation and experiment, electronic effect was more
important in the reaction than the stereohindrance. Effective
persuasive messages were obtained when considered the 2b
in the two effects, also the o-nitro chloro benzene had the nitro
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in the ortho position, so the influence of stereo-hindrance is
more and the progress proceeded hardly in theory. But the
o-nitro promoted the reaction because of decreasing the
electronic density of C-3 as a meta-position directing group.
So, the electronic effect was still in the highest light rather
than the stereo-hindrance effect.

Entries 1, 2a, 2b and 2c: It was proved that there was
nothing else byproduct came up but only what was expect. So
after 48 h the whole progresses of the reaction in entries 1, 2a,
2b and 2¢ completed but different level of yields obtained. We
confirmed through the charge C-3 was the higher the electronic
charge of C-3, the higher reactivity of the reaction had, for
example, the charge of C-3 of 1, 2a, 2¢ were -0.2156 au,
-0.1898 au and -0.2109 au, respectively. All of them were
higher than -0.1696 au, the charge C-3 of 2b, in accord with
the related isolated yield, 64, 57, 63 and 97 %, respectively.
And so did the related magnitudes of A.G, were -96.0832 kJ
mol’, -110.809 kJ mol-1, -118.247 kJ mol" of 1, 2a, 2¢ and
the smallest -122.624 kJ mol™of 2b. The results of experiment
corresponded with the calculation.

Entries 2a and 2d: The charge of C-3 in 2a was -0.1898
au compared with -0.1788 au of C-3 in 2d, on the basis of the
discussion of B, 2d would get more reactivity in the progress
than 2a in yield, which fitted the experiment well, 90 % in
25 h of 2d than 57 % in 48 h of 2a. The A,G of each of them
also satisfied us in experiment and calculation, -110.809 kJ
mol ™ of 2a than -116.425 kJ mol™ of 2d.

Conclusion

In summary, the calculation of this computational study
with B3LYP/6-311 G (d, p) DFT fits the results of present
experiment well in some aspects. Although it is just an analysis
in static state through the thermodynamic function and the
charge on the optimized geometry, not in dynamics through
the kinetics of the reaction.

The electronic effect plays a great role in Suzuki-Miyauya
reaction on this kind model but not the stereo-hindrance effect
and it is suggested that the result of this kind reaction in case
of no catalyst in it. This work gives us a piece of information
in advancing the Suzuki-Miyauya reactivity in aspects of
choosing aryl chlorides with different kinds of substitutent
groups.

REFERENCES

1. A. Suzuki, Proc. Jpn. Acad., Ser. B, 80, 359 (2004).
X. Li, X.Y. Yan, H.H. Chang, L.C. Wang, Y. Zhang, W.W. Chen, Y.W.
Li and W.L. Wei, Org. Biomol. Chem., 10, 495 (2012).

3. N. Miyaura and A. Suzuki, Chem. Rev., 95, 2457 (1995).

10

11.

12.
13.

14.

15.
16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.
217.

28.
29.
30.

T. Ishiyama, S. ABE, N. Miyaura and A. Suzuki, Chem. Lett., 4, 691
(1992).

J. Hassan, M. Sévignon, C. Gozzi, E. Schulz and M. Lemaire, Chem.
Rev., 102, 1359 (2002).

K.M. Dawood, Tetrahedron, 63, 9642 (2007).

K.C. Nicolau, P.G. Bulger and D. Sarlah, Angew. Chem., Int. Ed., 44,
4442 (2005).

G. Zeni and R.C. Larock, Chem. Rev., 106, 4644 (2006).

(a) N. Miyaura and A. Suzuki, Chem. Rev., 95, 2457 (1995); (b) A.
Suzuki, J. Organomet. Chem., 576, 147 (1999); (c) T. Ishiyama and N.
Miyaura, J. Organomet. Chem., 611, 392 (2000)
http://nobelprize.org/nobel_prizes/chemistry/laureates/2010/.

K. Tamao, T. Hiyama and E. Negishi, J. Organomet. Chem., 653, 1
(2002).

H.M. Senn and T. Ziegler, Organometallics, 23, 2980 (2004).

V.P. Ananikov, D.G. Musaev and K. Morokuma, J. Am. Chem. Soc.,
124, 2839 (2002).

H. von Schenck, B. Akermark and M. Svensson, Organometallics, 21,
2248 (2002).

T. Matsubara, Organometallics, 22, 4297 (2003).

E. Napolitano, V. Farina and M. Persico, Organometallics, 22, 4030
(2003).

D. Balcells, F. Maseras, B.A. Keay and T. Ziegler, Organometallics,
23, 2784 (2004).

L.J. Goossen, D. Koley, H. Hermann and W. Thiel, Chem. Commun.,
2141 (2004).

M. Sumimoto, N. Iwane, T. Takahama and S. Sakaki, J. Am. Chem. Soc.,
126, 10457 (2004).

Y.C. Chang, J.C. Lee and F.E. Hong, Organometallics, 24, 5686 (2005).
L.J. Goossen, D. Koley, H. Hermann and W. Thiel, Organometallics,
24, 2398 (2005).

S. Kozuch, C. Amatore, A. Jutand and S. Shaik, Organometallics, 24,
2319 (2005).

L.J. Goossen, D. Koley, H. Hermann and W. Thiel, J. Am. Chem. Soc.,
127, 11102 (2005).

L.J. Goossen, D. Koley, H. Hermann and W. Thiel, Organometallics,
25, 54 (2006).

K. Nagayama, F. Kawataka, M. Sakamoto, I. Shimizu and A.Yamamoto,
Chem. Lett., 367 (1995).

A. Jutand and S. Négri, Inorg. Chem., 22, 4229 (2003).

M.J. Frisch, G.W. Trucks, H.B. Schlegel, G.E. Scuseria and M.A. Robb,
J.R. Cheeseman, V.G. Zakrzewski, J.A.J. Montgomery, R.E. Stratmann,
J.C. Burant, S. Dapprich, J.M. Millam, A.D. Daniels, K.N. Kudin, M.C.
Strain, O. Farkas, J. Tomasi, V. Barone, M. Cossi, R. Cammi, B. Mennucci,
C. Pomelli, C. Adamos, S. Clifford, J. Ochterski, G.A. Petersson, P.Y. Ayala,
Q. Cui, K. Morokuma, D.K. Malick, A.D. Rabuck, K. Raghavachari,
J.B. Foresman, J. Cioslowski, J.V. Ortiz, B.B. Stefanov, G. Liu, A.
Liashenko, P. Piskorz, I. Komaromi, R. Gomperts, R.L. Martin, D.J. Fox,
T. Keith, M.A. Al-Laham, C.Y. Peng, A. Nanayakkara, C. Gonzalez,
M. Challacombe, PM.W. Gill, B. Johson, W. Chen, M.W. Wong, J.L.. Andres,
C. Gonzalez, M. Head-Gordon, E.S. Replogle and J.A. Pople, Gaussian,
Gaussian Inc., Pittsburgh, PA, (1998).

C. Lee, R.G. Parr and W. Yang, Phys. Rev., 37, 785 (1988).

A.D. Becke, J. Phys. Chem., 98, 5648 (1993).

PJ. Stephens, FJ. Devlin, C.E. Chabalowski and M.J. Frisch, J. Phys.
Chem., 98, 11623 (1994).



