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Abstract: The ligand-dependent selectivities in Ullmann-type reactions of amino alcohols with iodobenzene
by �-diketone- and 1,10-phenanthroline-ligated CuI complexes were recently explained by the single-electron
transfer and iodine atom transfer mechanisms (Jones, G. O.; Liu, P.; Houk, K. N.; Buchwald, S. L. J. Am.
Chem. Soc. 2010, 132, 6205.). The present study shows that an alternative, oxidative addition/reductive
elimination mechanism may also explain the selectivities. Calculations indicate that a CuI complex with a
negatively charged �-diketone ligand is electronically neutral, so that oxidative addition of ArI to a �-diketone-
ligated CuI prefers to occur (and occur readily) in the absence of the amino alcohol. Thus, coordination of
the amino alcohol in its neutral form can only occur at the CuIII stage where N-coordination is favored over
O-coordination. The coordination step is the rate-limiting step and the outcome is that N-arylation is favored
with the �-diketone ligand. On the other hand, a CuI complex with a neutral 1,10-phenanthroline ligand is
positively charged, so that oxidative addition of ArI to a 1,10-phenanthroline-ligated CuI has to get assistance
from a deprotonated amino alcohol substrate. This causes oxidative addition to become the rate-limiting
step in the 1,10-phenanthroline-mediated reaction. The immediate product of the oxidative addition step is
found to undergo facile reductive elimination to provide the arylation product. Because O-coordination of
a deprotonated amino alcohol is favored over N-coordination in the oxidative addition transition state,
O-arylation is favored with the 1,10-phenanthroline ligand.

1. Introduction

The Cu-catalyzed carbon-heteroatom cross-couplings have
been shown to be highly useful in modern synthetic chemistry
for the preparation of medicinally active compounds and
agrochemicals.1 These reactions originally required fairly harsh
conditions such as high temperatures, use of high-boiling
solvents, and stoichiometric quantities of copper.2 Recently, by
the use of chelating ligands such as �-diketones,3 diamines,4,5

amino acids,6 and others,7-9 many carbon-heteroatom coupling
reactions can now be conducted under mild conditions with Cu
as the catalyst. However, most of the reported Cu-catalyzed

coupling reactions proceed well only when relatively simple
reactants are used, whereas their application to the synthesis of
complex molecules remains challenging.10,11 An important, yet
relatively less examined, subject in the field of Cu-catalyzed
cross-couplings is how to control the reaction selectivity for
the substrates carrying multiple nucleophilic groups.12-14

In this context, Buchwald et al. recently reported Cu-catalyzed
cross-couplings in which selective N- or O-arylation can be
achieved when different ligands are used (Scheme 1).14 The
�-diketone ligand (L1) causes selective formation of the N-
arylated product in DMF at room temperature, whereas the 1,10-

(1) Recent reviews: (a) Ley, S. V.; Thomas, A. W. Angew. Chem., Int.
Ed. 2003, 42, 5400. (b) Kunz, K.; Scholz, U.; Ganzer, D. Synlett 2003,
2428. (c) Deng, W.; Liu, L.; Guo, Q. Chin. J. Org. Chem. 2004, 24,
150. (d) Beletskaya, I. P.; Cheprakov, A. V. Coord. Chem. ReV. 2004,
248, 2337. (e) Corbet, J. P.; Mignani, G. Chem. ReV. 2006, 106, 2651.
(f) Evano, G.; Blanchard, N.; Toumi, M. Chem. ReV. 2008, 108, 3054.
(g) Carril, M.; SanMartin, R.; Domı́nguez, E. Chem. Soc. ReV. 2008,
37, 639. (h) Ma, D.; Cai, Q. Acc. Chem. Res. 2008, 41, 1450. (i)
Monnier, F.; Taillefer, M. Angew. Chem., Int. Ed. 2008, 47, 3096. (j)
Monnier, F.; Taillefer, M. Angew. Chem., Int. Ed. 2009, 48, 6954.

(2) (a) Ullmann, F. Ber. Dtsch. Chem. Ges. 1903, 36, 2382. (b) Goldberg,
I. Ber. Dtsch. Chem. Ges. 1906, 39, 1691.

(3) For �-diketone type ligands in Cu-catalyzed cross coupling reactions,
see: (a) Buck, E.; Song, Z. J.; Tschaen, D.; Dormer, P. G.; Volante,
R. P.; Reider, P. J. Org. Lett. 2002, 4, 1623. (b) Shafir, A.; Buchwald,
S. L. J. Am. Chem. Soc. 2006, 128, 8742. (c) Xi, Z.; Liu, F.; Zhou,
Y.; Chen, W. Tetrahedron 2008, 64, 4254. (d) Lv, X.; Bao, W. J.
Org. Chem. 2007, 72, 3863. (e) Altman, R. A.; Buchwald, S. L. Org.
Lett. 2007, 9, 643. (f) Xia, N.; Taillefer, M. Angew. Chem., Int. Ed.
2009, 48, 337.

(4) (a) Klapars, A.; Antilla, J. C.; Huang, X.; Buchwald, S. L. J. Am.
Chem. Soc. 2001, 123, 7727. (b) Antilla, J. C.; Klapars, A.; Buchwald,
S. L. J. Am. Chem. Soc. 2002, 124, 11684. (c) Antilla, J. C.; Baskin,
J. M.; Barder, T. E.; Buchwald, S. L. J. Org. Chem. 2004, 69, 5578.
(d) Jiang, L.; Job, G. E.; Klapars, A.; Buchwald, S. L. Org. Lett. 2003,
5, 3667. (e) Klapars, A.; Huang, X.; Buchwald, S. L. J. Am. Chem.
Soc. 2002, 124, 7421. (f) Kang, S.-K.; Kim, D.-H.; Park, J.-N. Synlett
2002, 427.

(5) (a) Gujadhur, R. K.; Bates, C. G.; Venkataraman, D. Org. Lett. 2001,
3, 4315. (b) Goodbrand, H. B.; Hu, N.-X. J. Org. Chem. 1999, 64,
670. (c) Kiyomori, A.; Marcoux, J. F.; Buchwald, S. L. Tetrahedron
Lett. 1999, 40, 2657. (d) Altman, R. A.; Buchwald, S. L. Org. Lett.
2006, 8, 2779. (e) Wolter, M.; Klapars, A.; Buchwald, S. L. Org. Lett.
2001, 3, 3803. (f) Altman, R. A.; Shafir, A.; Choi, A.; Lichtor, P. A.;
Buchwald, S. L. J. Org. Chem. 2008, 73, 284. (g) Wolter, M.;
Nordmann, G.; Job, G. E.; Buchwald, S. L. Org. Lett. 2002, 4, 973.
(h) Jones, K. L.; Porzelle, A.; Hall, A.; Woodrow, M. D.; Tomkinson,
N. C. O. Org. Lett. 2008, 10, 797. (i) Altman, R. A.; Koval, E. D.;
Buchwald, S. L. J. Org. Chem. 2007, 72, 6190. (j) Tao, C.-Z.; Li, J.;
Fu, Y.; Liu, L.; Guo, Q.-X. Tetrahedron Lett. 2008, 49, 70.
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phenanthroline type ligand (L2) promotes selective O-arylation
in toluene at 90 °C. To explain the intriguing ligand-directed
selectivities, a computational study was recently conducted on
the simplified model reactions of iodobenzene with MeOH and
MeNH2 promoted by �-diketone- and 1,10-phenanthroline-

ligated CuI complexes.15 The experimental selectivities were
proposed to originate from the steps involving aryl halide
activation. The calculations indicated that the �-diketone ligand
promoted N-arylation via the single-electron transfer (SET)
mechanism, whereas the phenanthroline ligand promoted O-
arylation via the iodine atom transfer (IAT) mechanism.16-18

The mechanisms involving either oxidative addition/reductive
elimination19 or σ-bond metathesis20 were suggested to be dis-
favored.

In our study on the same N- versus O-selectivity problem in
Cu catalysis, NH2(CH2)5OH was used as the model compound
to describe the experiments. Our calculations surprisingly
provided some different results that support the oxidative
addition/reductive elimination mechanism instead of the SET
and IAT mechanisms. It was found that the oxidative addition/
reductive elimination mechanism may also explain the selectivi-
ties observed experimentally. In this explanation, the experi-
mental selectivities originate not from the steps involving aryl
halide activation, but from the steps involving nucleophile
coordination and oxidative addition. Thus, the goal of the pres-
ent study was to report how an alternative mechanistic pro-
posal may explain the fascinating N- and O-selectivities in Cu
catalysis.

2. Methods

All calculations were performed using Gaussian03 suite of
programs.21 Density functional theory method B3LYP was used,22

because this method has been shown to be a good method for
studying Cu-mediated organic transformations.23,24 Geometry
optimizations were conducted without any constraint using standard
Pople all-electron basis set 6-31G(d) for all the atoms except I and
Cs atoms, which were described by the effective core potentials
(ECPs) of Hay and Wadt with a double-valence basis set
(Lanl2DZ).25 The polarization functions were added for Cu (�(f)
) 3.525) and I (�(d) ) 0.334).26 For compounds that had multiple
conformations, efforts were made to find the lowest-energy confor-
mation by comparing the structures optimized from different starting
geometries.

Frequency calculations at the same level of theory were
performed to verify the stationary points to be real minima (zero

(6) (a) Zhang, H.; Cai, Q.; Ma, D. J. Org. Chem. 2005, 70, 5164. (b) Ma,
D.; Cai, Q.; Zhang, H. Org. Lett. 2003, 5, 2453. (c) Ma, D.; Cai, Q.
Synlett 2004, 128. (d) Cai, Q.; Zhu, W.; Zhang, H.; Zhang, Y.; Ma,
D. Synthesis 2005, 496. (e) Pan, X.; Cai, Q.; Ma, D. Org. Lett. 2004,
6, 1809. (f) Ma, D.; Cai, Q. Org. Lett. 2003, 5, 3799. (g) Altman,
R. A.; Anderson, K. W.; Buchwald, S. L. J. Org. Chem. 2008, 73,
5167. (h) Wang, Z.; Bao, W.; Jiang, Y. Chem. Commun. 2005, 2849.
(i) Kim, J.; Chang, S. Chem. Commun. 2008, 3052. (j) Diao, X.; Wang,
Y.; Jiang, Y.; Ma, D. J. Org. Chem. 2009, 74, 7974. (k) Yang, C.;
Fu, Y.; Huang, Y.; Yi, J.; Guo, Q.; Liu, L. Angew. Chem., Int. Ed.
2009, 48, 7398. (l) Deng, W.; Wang, Y.-F.; Zou, Y.; Liu, L.; Guo,
Q.-X. Tetrahedron Lett. 2004, 45, 2311. (m) Deng, W.; Zou, Y.; Wang,
Y.-F.; Liu, L.; Guo, Q.-X. Synlett 2004, 1254. (n) Deng, W.; Liu, L.;
Zhang, C.; Liu, M.; Guo, Q.-X. Tetrahedron Lett. 2005, 46, 7295.

(7) For diol type ligands in Cu-catalyzed C-X cross couplings, see: (a)
Yang, M.; Liu, F. J. Org. Chem. 2007, 72, 8969. (b) Zeng, L.; Fu, H.;
Qiao, R.; Jiang, Y.; Zhao, Y. AdV. Synth. Catal. 2009, 351, 1671. (c)
Kwong, F. Y.; Klapars, A.; Buchwald, S. L. Org. Lett. 2002, 4, 581.
(d) Jiang, D.; Fu, H.; Jiang, Y.; Zhao, Y. J. Org. Chem. 2007, 72,
672.

(8) (a) Taillefer, M.; Ouali, A.; Renard, B.; Spindler, J.-F. Chem.sEur.
J. 2006, 12, 5301. (b) Cristau, H.-J.; Cellier, P. P.; Spindler, J.-F.;
Taillefer, M. Org. Lett. 2004, 6, 913. (c) Li, F.; Hor, T. S. A.
Chem.sEur. J. 2009, 15, 10585. (d) Quali, A.; Laurent, R.; Caminade,
A. M.; Majoral, J. P.; Taillefer, M. J. Am. Chem. Soc. 2006, 128,
15990. (e) Quali, A.; Spindler, J.-F.; Cristau, H.-J.; Taillefer, M. AdV.
Synth. Catal. 2006, 348, 499.

(9) (a) Kwong, F. Y.; Buchwald, S. L. Org. Lett. 2003, 5, 793. (b) Maiti,
D.; Buchwald, S. L. J. Org. Chem. 2010, 75, 1791. (c) Jiang, Q.; Jiang,
D.; Jiang, Y.; Fu, H.; Zhao, Y. Synlett 2007, 1836. (d) Rao, H.; Jin,
Y.; Fu, H.; Jiang, Y.; Zhao, Y. Chem.sEur. J. 2006, 12, 3636. (e)
Wang, D.; Ding, K. Chem. Commun. 2009, 1891. (f) Cortes-Salva,
M.; Nguyen, B.-L.; Cuevas, J.; Pennypacker, K. R.; Antilla, J. C. Org.
Lett. 2010, 12, 1316.

(10) Representative total syntheses involving Cu-catalyzed C-N cross
couplings: (a) Nicolaou, K. C.; Sun, Y.-P.; Guduru, R.; Banerji, B.;
Chen, D. Y.-K. J. Am. Chem. Soc. 2008, 130, 3633. (b) Wang, X.;
Porco, J. A., Jr. J. Am. Chem. Soc. 2003, 125, 6040. (c) Dias, L. C.;
De Oliveira, L. G.; Vilcachagua, J. D.; Nigsch, F. J. Org. Chem. 2005,
70, 2225. (d) Shen, R.; Lin, C. T.; Porco, J. A., Jr. J. Am. Chem. Soc.
2002, 124, 5650. (e) Nicolaou, K. C.; Kim, D. W.; Baati, R.; O’Brate,
A.; Giannakakou, P. Chem.sEur. J. 2003, 9, 6177. (f) Nakamura, R.;
Tanino, K.; Miyashita, M. Org. Lett. 2003, 5, 3583. (g) Evano, G.;
Schaus, J. V.; Panek, J. S. Org. Lett. 2004, 6, 525. (h) Su, Q.; Panek,
J. S. J. Am. Chem. Soc. 2004, 126, 2425. (i) Shen, R.; Inoue, T.;
Forgac, M.; Porco, J. A., Jr. J. Org. Chem. 2005, 70, 3686. (j) Wang,
J.; Schaeffler, L.; He, G.; Ma, D. Tetrahedron Lett. 2007, 48, 6717.
(k) He, G.; Wang, J.; Ma, D. Org. Lett. 2007, 9, 1367. (l) Ma, D.;
Xia, C.; Jiang, J.; Zhang, J. Org. Lett. 2001, 3, 2189.

(11) Representative total syntheses involving Cu-catalyzed C-O cross
couplings: (a) Pospı́šil, J.; Müller, C.; Fürstner, A. Chem.sEur. J.
2009, 15, 5956. (b) Toumi, M.; Couty, F.; Evano, G. Angew. Chem.,
Int. Ed. 2007, 46, 572. (c) Cai, Q.; He, G.; Ma, D. J. Org. Chem.
2006, 71, 5268. (d) Xing, X.; Padmanaban, D.; Yeh, L.-A.; Cuny,
G. D. Tetrahedron 2002, 58, 7903.

(12) Maiti, D.; Buchwald, S. L. J. Am. Chem. Soc. 2009, 131, 17423.
(13) Altman, R. A.; Hyde, A. M.; Huang, X.; Buchwald, S. L. J. Am. Chem.

Soc. 2008, 130, 9613.
(14) Shafir, A.; Lichtor, P. A.; Buchwald, S. L. J. Am. Chem. Soc. 2007,

129, 3490.

(15) Jones, G. O.; Liu, P.; Houk, K. N.; Buchwald, S. L. J. Am. Chem.
Soc. 2010, 132, 6205.

(16) Johnson, C. R.; Dutra, G. A. J. Am. Chem. Soc. 1973, 95, 7783.
(17) (a) Kochi, J. K. J. Am. Chem. Soc. 1957, 79, 2942. (b) Jenkins, C. L.;

Kochi, J. K. J. Am. Chem. Soc. 1972, 94, 856. (c) Jenkins, C. L.;
Kochi, J. K. J. Am. Chem. Soc. 1972, 94, 843.

(18) Cohen, T.; Lewarchik, R. J.; Tarino, J. Z. J. Am. Chem. Soc. 1974,
96, 7753.

(19) (a) Cohen, T.; Cristea, I. J. Am. Chem. Soc. 1976, 98, 748. (b) Cohen,
T.; Wood, J.; Dietz, A. G., Jr. Tetrahedron Lett. 1974, 15, 3555.

(20) Van Allen, D. Ph.D. Dissertation, University of Massachusetts,
Amherst, MA, 2004.

(21) Frisch, M. J. Gaussian 03, reVision C02; Gaussian, Inc.: Wallingford
CT, 2004.

(22) (a) Becke, A. D. J. Chem. Phys. 1993, 98, 5648. (b) Lee, C.; Yang,
W.; Parr, R. G. Phys. ReV. B 1988, 37, 785.
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imaginary frequency) or transition states (one imaginary frequency)
and to provide free energies at 298.15 K. Transition states were
located using the Berny algorithm. Intrinsic reaction coordinates
(IRC)27 were calculated for the transition states to confirm that the
saddle point connected the correct reactant and product on the
potential energy surface. Single-point energy calculations were
performed on the stationary points by using a larger basis set, that
is, LANL2DZ for I and Cs, 6-311+G(d,p) for C, H, O, N, Cl, and
Br atoms, and 6-31G(d) for Cu.

Solvent effect was calculated by using self-consistent reaction
field method with CPCM solvation model28 and Bondi radii.29

The solvent parameters for MeCN (ε ) 36.64) was used for
reactions with L1 ligand because no parameters are available in
Gaussian03 for DMF (ε ) 36.7).30 Toluene (ε ) 2.37) was used
as solvent for reactions with L2 ligand. Note that in the present

study we carried out solution-phase calculations on the gas-phase
geometries, because the solution-phase optimization failed to
converge for many structures in our work. A similar treatment
(i.e., solution-phase energy calculations on gas-phase geome-
tries) was also used in many other recent computational stud-
ies.31

Single-point energies corrected by Gibbs free energy corrections
and solvation corrections to free energies were used to describe
the reaction energetics throughout the study. All the solution-phase
free energies reported in the paper correspond to the reference state
of 1 mol/L, 298 K.

3. Results and Discussion

3.1. Model Reaction. An oxidative addition/reductive elimi-
nation pathway that involves a CuI/CuIII catalytic cycle has been
proposed in many previous studies.32-38 Here, the cross-
coupling between 5-amino-1-pentanol (1) and iodobenzene was
chosen as the model reaction (eqs 1 and 2). The 1,10-
phenanthroline ligand (L2′) was used to replace 3,4,7,8-
tetramethyl-1,10-phenanthroline to reduce the computational
cost.

(23) For previous examples supporting the use of B3LYP to study Cu
chemistry, see: (a) Mori, S.; Nakamura, E. Chem.sEur. J. 1999, 5,
1534. (b) Shang, R.; Fu, Y.; Wang, Y.; Xu, Q.; Yu, H.; Liu, L. Angew.
Chem., Int. Ed. 2009, 48, 9350. (c) Zhao, H.; Dang, L.; Marder, T. B.;
Lin, Z. J. Am. Chem. Soc. 2008, 130, 5586. (d) Cheng, L.; Wang,
J. P.; Wang, M.; Wu, Z. Dalton Trans. 2009, 3286. (e) Mayoral, J. A.;
Rodrı́guez-Rodrı́guez, S.; Salvatella, L. Chem.sEur. J. 2008, 14, 9274.
(f) Yoshikai, N.; Zhang, S.-L.; Nakamura, E. J. Am. Chem. Soc. 2008,
130, 12862. (g) Özen, C.; Konuklar, F. A. S.; Tujzujn, N. S.
Organometallics 2009, 28, 4964. (h) Poater, A.; Ribas, X.; Llobet,
A.; Cavallo, L.; Solà, M. J. Am. Chem. Soc. 2008, 130, 17710. (i)
Comba, P.; Knoppe, S.; Martin, B.; Rajaraman, G.; Rolli, C.; Shapiro,
B.; Stork, T. Chem.sEur. J. 2008, 14, 344. (j) Garcı́a, J. I.; Jiménez-
Osés, G.; Martı́nez-Merino, V.; Mayoral, J. A.; Pires, E.; Villalba, I.
Chem.sEur. J. 2007, 13, 4064. (k) Yamanaka, M.; Nakamura, E.
J. Am. Chem. Soc. 2005, 127, 4697. (l) Nakamura, E.; Mori, S.;
Morokuma, K. J. Am. Chem. Soc. 1997, 119, 4900. (m) Alcamı́, M.;
Luna, A.; Mó, O.; Yáñez, M.; Tortajada, J.; Amekraz, B. Chem.sEur.
J. 2004, 10, 2927. (n) Blomberg, M. R. A.; Siegbahn, P. E. M.;
Babcock, G. T.; Wikström, M. J. Am. Chem. Soc. 2000, 122, 12848.
(o) Brandt, P.; Södergren, M. J.; Andersson, P. G.; Norrby, P.-O. J. Am.
Chem. Soc. 2000, 122, 8013. (p) Mori, S.; Nakamura, E.; Morokuma,
K. J. Am. Chem. Soc. 2000, 122, 7294.

(24) Considering that the B3LYP functional was reported to be problematic
in treating some transition-metal systems, we also evaluated the effects
of density functionals in this study. All the selected species shown in
the following table were fully optimized with the same basis set as
B3LYP calculations. Solvation effects were calculated with different
functionals (the evaluation of different density functionals were also
performed in the previous theoretical study of ref 15). The results
show that for the oxidative addition/reductive elimination pathway,
different DFT methods give a consistent picture on the observed
selectivity. As shown in the table below, all the density functionals
predict that L1-Int3a′ is more stable than L1-Int3c, and L2-TS1a is
more stable than L2-TS4b. Therefore, the theoretical selectivity is
not dependent on the density functionals.

(25) (a) Krishnan, R.; Binkley, J. S.; Seeger, R.; Pople, J. A. J. Chem.
Phys. 1980, 72, 650. (b) Hay, P. J.; Wadt, W. R. J. Chem. Phys. 1985,
82, 299.

(26) Ehlers, A. W.; Bohme, M.; Dapprich, S.; Gobbi, A.; Hollwarth, A.;
Jonas, V.; Kohler, K. F.; Stegmman, R.; Veldkamp, A.; Frenking, G.
Chem. Phys. Lett. 1993, 208, 111.

(27) (a) Fukui, K. J. Phys. Chem. 1970, 74, 4161. (b) Fukui, K. Acc. Chem.
Res. 1981, 14, 363.

(28) (a) Cramer, C. J.; Truhlar, D. G. Chem. ReV. 1999, 99, 2161. (b)
Tomasi, J.; Mennucci, B.; Cammi, R. Chem. ReV. 2005, 105, 2999.

(29) Bondi, A. J. Phys. Chem. 1964, 68, 441.
(30) The �-diketone-mediated selective N-arylation of aminopentanol was

also observed when the solvent was butyronitrile with ε ) 20.7 (see
ref 14).

(31) (a) Gandon, V.; Agenet, N.; Vollhardt, K. P. C.; Malacria, M.; Aubert,
C. J. Am. Chem. Soc. 2009, 131, 3007. (b) Li, Z.; Zhang, S.; Fu, Y.;
Guo, Q.; Liu, L. J. Am. Chem. Soc. 2009, 131, 8815. (c) Poater, A.;
Ragone, F.; Correa, A.; Cavallo, L. J. Am. Chem. Soc. 2009, 131,
9000. (d) Lam, Y.-H.; Cheong, P. H.-Y.; Mata, J. M. B.; Stanway,
S. J.; Gouverneur, V.; Houk, K. N. J. Am. Chem. Soc. 2009, 131,
1947. (e) Xu, Z.-J.; Fang, R.; Zhao, C.; Huang, J.-S.; Li, G.-Y.; Zhu,
N.; Che, C.-M. J. Am. Chem. Soc. 2009, 131, 4405. (f) Rokob, T. A.;
Hamza, A.; Pápai, I. J. Am. Chem. Soc. 2009, 131, 10701. (g) Liang,
Y.; Zhou, H.; Yu, Z. J. Am. Chem. Soc. 2009, 131, 17783. (h) Liu,
Q.; Lan, Y.; Liu, J.; Li, G.; Wu, Y.; Lei, A. J. Am. Chem. Soc. 2009,
131, 10201. (i) Yang, X.; Hall, M. B. J. Am. Chem. Soc. 2010, 132,
120. (j) Zhang, S.; Fu, Y.; Shang, R.; Guo, Q.; Liu, L. J. Am. Chem.
Soc. 2010, 132, 638. (k) Wheeler, S. E.; McNeil, A. J.; Müller, P.;
Swager, T. M.; Houk, K. N. J. Am. Chem. Soc. 2010, 132, 3304. (l)
Dudnik, A. S.; Xia, Y.; Li, Y.; Gevorgyan, V. J. Am. Chem. Soc.
2010, 132, 7645. (m) Rousseaux, S.; Gorelsky, S. I.; Chung, B. K. W.;
Fagnou, K. J. Am. Chem. Soc. 2010, 132, 10692.

(32) The formation of ligated CuI(nucleophile) has been examined in the
recent mechanistic studies on CuI-catalyzed N-arylation of amides:
(a) Strieter, E. R.; Bhayana, B.; Buchwald, S. L. J. Am. Chem. Soc.
2009, 131, 78. (b) Strieter, E. R.; Blackmond, D. G.; Buchwald, S. L.
J. Am. Chem. Soc. 2005, 127, 4120.

(33) The formation of L2CuII species in CuI-catalyzed arylation of
nucleophiles using butadienylphosphine as ligand: Kaddouri, H.;
Vicente, V.; Ouali, A.; Ouazzani, F.; Taillefer, M. Angew. Chem., Int.
Ed. 2009, 48, 333.

(34) For characterization of the CuI precatalyst in Cu-catalyzed O-arylation
reactions, see: Ouali, A.; Taillefer, M.; Spindler, J.-F.; Jutand, A.
Organometallics 2007, 26, 65.

(35) The CuI/CuIII catalytic cycle was explicitly suggested in recent
experimental studies: (a) Tye, J. W.; Weng, Z.; Johns, A. M.; Incarvito,
C. D.; Hartwig, J. F. J. Am. Chem. Soc. 2008, 130, 9971. (b) Tye,
J. W.; Weng, Z.; Giri, R.; Hartwig, J. F. Angew. Chem., Int. Ed. 2010,
49, 2185.

(36) Theoretical studies supporting the CuI/CuIII cycle through oxidative
addition/reductive elimination: (a) Zhang, S.-L.; Liu, L.; Fu, Y.; Guo,
Q.-X. Organometallics 2007, 26, 4546. (b) Kleeberg, C.; Dang, L.;
Lin, Z.; Marder, T. B. Angew. Chem., Int. Ed. 2009, 48, 5350.

(37) CuIII was suggested to be formed during the coupling of aryl halides
with amides/amines, see: Bethell, D.; Jenkins, I. L.; Quan, P. M.
J. Chem. Soc., Perkin Trans. 2 1985, 1789.

(38) Some CuIII complexes have been characterized recently: (a) Bertz,
S. H.; Cope, S.; Dorton, D.; Murphy, M.; Ogle, C. A. Angew. Chem.,
Int. Ed. 2007, 46, 7082. (b) Bertz, S. H.; Cope, S.; Murphy, M.; Ogle,
C. A.; Taylor, B. J. J. Am. Chem. Soc. 2007, 129, 7208. (c) Gärtner,
T.; Henze, W.; Gschwind, R. M. J. Am. Chem. Soc. 2007, 129, 11362.
(d) Bartholomew, E. R.; Bertz, S. H.; Cope, S.; Murphy, M.; Ogle,
C. A. J. Am. Chem. Soc. 2008, 130, 11244. (e) Xifra, R.; Ribas, X.;
Llobet, A.; Poater, A.; Duran, M.; Solà, M.; Stack, T. D. P.; Benet-
Buchholz, J.; Donnadieu, B.; Mahı́a, J.; Parella, T. Chem.sEur. J.
2005, 11, 5146. (f) Huffman, L. M.; Stahl, S. S. J. Am. Chem. Soc.
2008, 130, 9196.
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3.2. Selective N-Arylation in eq 1.
3.2.1. Equilibrium between Different CuI Complexes. Before
oxidative addition, a number of CuI complexes may exist in
equilibrium through ligand exchange in the reaction solution.32-36

A similar treatment was reported in our previous study on Cu-
catalyzed amidation reactions.36a

As shown in Scheme 2, we name the L1-ligated CuI complex
with I- as L1-Int1a (Note: Int denotes intermediate). This
complex can exchange I- with the amino group of the substrate
to form L1-Int1b. The amino-coordinated complex L1-Int1b
can isomerize to the alcohol-coordinated complex L1-Int1c.
Both L1-Int1b and L1-Int1c can be deprotonated to generate
L1-Int1e and L1-Int1f. Finally, L1-Int1a can also exchange
I- with iodobenzene to produce an η2 complex L1-Int1d. Our
calculations indicate that the most stable species in these CuI

complexes is L1-Int1b. As shown later, although L1-Int1b is
not the direct starting material for oxidative addition, the fact
that L1-Int1b has the lowest energy still determines how the
energy barrier should be calculated.

Figure 1 shows the optimized structures for the CuI complexes
involved in Scheme 2. It is found that all the three-coordinated
CuI complexes adopt the distorted T-shape structure, except for
L1-Int1a that adopts the Y-shape geometry. Note that we have
also tried to locate the four-coordinated complex in which both

the amino and alcohol groups of the amino alcohol substrate
coordinate to the Cu center (Scheme 3). However, the four-
coordinated complex does not correspond to a local minimum,
because the alcohol group dissociates automatically from Cu
during the optimization.

3.2.2. Oxidative Addition. All the CuI complexes in Scheme
2 can react with iodobenzene to start the oxidative addition step.
It is necessary to examine all these possible oxidative addition
processes, because a more stable starting material (intermediate)
may not lead to a more favorable transition state (Curtin-
Hammett Principle).

To save space we use L1-Int1b as an example to explain
how the transition state for the oxidative addition process is
located. This particular CuI complex can form different η2-
coordinated intermediates with iodobenzene depending on the
orientation of the phenyl ring relative to the L1 ligand (Scheme
4). Subsequently, two isomeric transition state structures (L1-
TS1a, L1-TS1a′) can be identified for oxidative addition (Figure
2). Our calculations indicate that the free energies of the two
isomeric transition states are close to each other. Nonetheless,
because L1-TS1a′ has a lower free energy, this transition state
is selected for all the remaining parts of the study.

Note that in Scheme 4, the formation of the η2 intermediate
with iodobenzene (for instance, L1-Int2a′) is a highly unfavor-
able step with a free energy change of +17.5 kcal/mol. By
comparison, the free energy change from the η2 intermediate
L1-Int2a′ to the oxidative addition transition state L1-TS1a′ is
only +7.9 kcal/mol. This phenomenon indicates that the
concerted oxidative addition from the η2-coordinated intermedi-
ate is energetically feasible. Therefore, we identified the
transition state from L1-Int1d (Scheme 5 and Figure 3), in
which the amino alcohol nucleophile is temporarily removed
from the CuI center during oxidative addition. Although L1-
Int1d is less stable than L1-Int1b by 4.1 kcal/mol, L1-TS1b
has a free energy of only +13.8 kcal/mol. Thus, compared to
L1-TS1a′ (+25.4 kcal/mol), oxidative addition through L1-
TS1b is much more favorable.

The above results show that an energetically more stable
starting material (intermediate) may not lead to a more favorable

Scheme 2 a

a Values in parentheses are free energies in kcal/mol.
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transition state in the reaction path. To derive a more accurate
mechanism, it is important to examine all the possible inter-
mediates and transition states for the transformation in eq 1
(Figure 4). Comparing the energy profiles for different oxidative
addition processes, we find that the formation of other η2

intermediates L1-Int2b, L1-Int2c, L1-Int2d, and L1-Int2e is
considerably more unfavorable than that for L1-Int2a′. Their
subsequent oxidative addition transition states (L1-TS1c, L1-
TS1d, L1-TS1e, and L1-TS1f) also have very high free energies.
It is therefore concluded that the most favorable transition state
for oxidative addition is L1-TS1b that does not involve the amino

alcohol nucleophile. Note that some previous experimental studies
also proposed that arylhalide activation may occur before nucleo-
phile coordination in Ullmann-type reactions.39,40

3.2.3. Removal of HI and Reductive Elimination. Oxidative
addition through L1-TS1b produces a four-coordinated CuIII

intermediate L1-Int3b (Figure 4). This intermediate must be
coordinated by the amino alcohol nucleophile to produce a five-
coordinated CuIII complex before it can generate the final N- or
O-arylation product (Figure 5). Our calculations show that this
coordination step is a highly endergonic process and the major
contribution to the free energy comes from the entropy
changes.41 The formation of the amine-coordinated intermediate
(L1-Int3a′) is more favorable than the formation of the alcohol-
coordinated intermediate (L1-Int3c) by 3.8 kcal/mol.

Note that an alternative pathway for the nucleophile coordi-
nation is that one of the ligand, either one of the oxygens from
L1 or the I- anion, is removed to leave a vacant position.
However, this alternative pathway is calculated to be even more

Scheme 4 a

a Values in the parentheses are free energies in kcal/mol.

Figure 1. Optimized structures for the CuI complexes. Note that for clarity reasons, only the coordinating amino or alcohol group is shown, whereas the
remaining atoms of the amino alcohol substrate are not shown in this and the following figures.

Scheme 3
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unfavorable (For more details see Supporting Information). Also
note that in the above coordination step we only consider a
neutral nucleophile, because the base (e.g., Cs2CO3) used in the
transformation is not strong enough to deprotonate the amino
or alcohol group in a free amino alcohol substrate.42 Thus,
removal of H+ from the amino alcohol coordinated to CuIII must
take place before reductive elimination.

Note that the solubility of Cs2CO3 in DMSO is low.
Therefore, the energy levels of L1-Int3a′ and L1-Int3c are

estimated values. The possible pathway for the proton exchange
step is as follows (Figure 4): First, the I- anion on L1-Int3a′
or L1-Int3c is exchanged with a basic anion CsCO3

- (the energy
change of -5.3 kcal/mol is slightly overestimated due to the
low solubility of the Cs2CO3). Second, the resulting intermediate
L1-Int4a and L1-Int4b undergo an intramolecular proton
transfer reaction through L1-TS2a and L1-TS2b with relatively
low energy barriers. Finally, dissociation of CsHCO3 from the
CuIII center produces four-coordinated intermediates L1-Int6a
and L1-Int6b.43

Intermediates L1-Int6a and L1-Int6b are ready for reductive
elimination to produce the final N- and O-arylation products
and a CuI species that re-enters the catalytic cycle. Our
calculations (Figure 4) show that the reductive elimination from
either L1-Int6a or L1-Int6b is a very facile step with a fairly
low free energy barrier (+3.9 or +11.9 kcal/mol, respectively).

3.2.5. Comparison of N- and O-Arylations Mediated by
the Ligand L1. Comparing the energy profiles for the N- and
O-arylation pathways in Figure 4, we can draw the following
conclusions:

(39) (a) Ouali, A.; Spindler, J.-F.; Jutand, A.; Taillefer, M. AdV. Synth.
Catal. 2007, 349, 1906. (b) Cristau, H.-J.; Ouali, A.; Spindler, J.-F.;
Taillefer, M. Chem.sEur. J. 2005, 11, 2483. (c) Cristau, H.-J.; Cellier,
P. P.; Spindler, J.-F.; Taillefer, M. Chem.sEur. J. 2004, 10, 5607.
(d) Cai, Q.; Zou, B.; Ma, D. Angew. Chem., Int. Ed. 2006, 45, 1276.

(40) Casitas, A.; King, A. E.; Parella, T.; Costas, M.; Stahl, S. S.; Ribas,
X. Chem. Sci. 2010, 1, 326.

(41) During the transformations of L1-Int3bfL1-Int3a’ and L1-Int3bfL1-
Int3c, the major contribution to the free energy comes from the
entropy.

(42) The deprotonation of the free amino alcohol substrate by Cs2CO3 is
calculated to be highly endergonic, that is, +13.6 and +34.0 kcal/
mol for the alcohol and amine groups, respectively.

(43) Energy profiles for dissociation of HI via the CsCO3
- substitution/

nucleophile coordination pathway together with direct reductive
elimination on L1-Int5a/L1-Int5b are provided in Supporting Infor-
mation.

Figure 2. Optimized structures of the two isomeric transition states.

Scheme 5 a

a Values in the parentheses are free energies in kcal/mol.

Figure 3. Optimized structures for L1-Int1d, L1-TS1b, and L1-Int3b.
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(1) Oxidative addition is not the rate-limiting step for iodo-
benzene in L1-mediated arylation reactions. The optimal oxida-
tive addition transition state is L1-TS1b that does not involve
the amino alcohol nucleophile. The free energy barrier for
oxidative addition is only +13.8 kcal/mol as calculated from
the most stable CuI complex.

(2) Reductive elimination is a very facile step (in particular,
reductive elimination of an N-arylation precursor has an energy
barrier of only +3.9 kcal/mol), so that any isomerization reaction
between different reductive elimination precursors (e.g., the
isomerization from L1-Int6a to L1-Int6b through proton
transfer and coordinate atom exchange) will be disfavored. In
other words, once an N-arylation precursor (such as L1-Int3a′)
is produced, its fate can only be the formation of the N-arylation
product.

(3) The highest-energy species in the L1-mediated catalytic
cycle is the five-coordinated CuIII complex (i.e., L1-Int3a′ or
L1-Int3c). The nontrivial energetic difference between the
amine-coordinated one L1-Int3a′ and the alcohol-coordinated
one L1-Int3c of 3.8 kcal/mol can be used to explain why
N-arylation is more favorable than O-arylation in the presence
of L1 ligand. It is expected that the stronger binding of the
amine correlates with the selectivity with the anionic ligand,
and provides a means to rationalize the selectivity. However,
the details of how these binding energies translate to the
selectivity cannot be exactly calculated at the present time due
to the difficulty of modeling insoluble Cs2CO3 bases in organic
solvents.

Note that when examining the selectivity problem, we should
study the transition state instead of the intermediate. Unfortu-
nately, after many failed attempts we cannot locate the transition
state for the coordination step from L1-Int3b to L1-Int3a′ or
L1-Int3c. Nonetheless, the coordinate step is expected to have
a very late transition state, so that the transition state should
resemble L1-Int3a′ or L1-Int3c in both structure and free
energy. Similarly, the transition state of the substitution processe
of (L1-Int3a′f L1-Int4a) or (L1-Int3cf L1-Int4b) was also
expected to be resemble L1-Int3a′ or L1-Int3c structurally and
energetically. In other words, it is reasonable to use L1-Int3a′
and L1-Int3c to imitate the transition states in the N- and
O-arylation pathways.

3.3. Selective O-Arylation for eq 2.

3.3.1. Equilibrium between different CuI complexes. The equi-
librium between different CuI complexes with the L2 ligand
has also been examined for the transformation in eq 2 (Scheme
6). Our calculations indicate that any ionic species (such as L2-
Int1e) is highly unstable in toluene. Four-coordinated complexes
(i.e., L2-Int1b, L2-Int1c, and L2-Int1d) are less stable than
the three-coordinated complexes (i.e., L2-Int1a, L2-Int1f, and
L2-Int1g). Moreover, due to the stronger acidity of the OH
group than the NH2 group, L2-Int1g is considerably more stable
than L2-Int1f by 7.9 kcal/mol. Note that L2-Int1g is also found
to be the most stable complex in the equilibrium.

Scheme 6 a

a Values in the parentheses are free energies in kcal/mol.

Figure 5. Optimized structures for L1-Int3a′ and L1-Int3c.

Figure 6. Optimized structures for reductive elimination transition states.
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3.3.2. Oxidative Addition. In principle, all the CuI complexes
in Scheme 6 can react with PhI to start the oxidative addition
process. However, it is important to point out that the experi-
mental transformation was carried out in toluene with a very
low dielectric constant. As a consequence, the involvement of
any charged species is strongly disfavored. Due to this reason,
in the following discussion we focus on the neutral species for
the L2-mediated cross-coupling (Figure 7).

As to oxidative addition, our calculations indicate that the
four-coordinated CuI complexes in Scheme 6 (i.e., L2-Int1b,
L2-Int1c, and L2-Int1d) cannot form η2 complexes with PhI.
On the other hand, η2 complexes L2-Int1d, L2-Int2a and L2-
Int2c can be readily located for the three-coordinated CuI species
(i.e., L2-Int1a, L2-Int1f, and L2-Int1g). From the η2 complexes
we next obtain the transition states for oxidative addition (Figure
7). Interestingly, L2-TS1a with an anionic oxygen ligand and
L2-TS1b with an anionic I- are found to have relatively low
free energies, whereas L2-TS1c with an anionic amide ligand
is found to considerably less stable (Figure 8).

Note that L2-TS1a and L2-TS1c are isomers of each other.
The energy difference between L2-TS1a and L2-TS1c can be
explained again by the stronger acidity of the RO-H group than
the RNH-H group, which is not fully compensated by the
binding with the Cu center. A similar behavior is observed for
the CuI complexes L2-Int2a (O-coordination, more stable) and
L2-Int2c (N-coordination, less stable). Interestingly, after oxida-
tive addition the CuIII complex L2-Int3a (O-coordination) is
found to be slightly less stable than its N-coordination isomer

L2-Int3c. These observations indicate that the oxidative addition
transition state is an early transition state, in which the Cu center
is electronically similar to CuI instead of CuIII.

3.3.3. Generation of the N-Arylation Precursor. The above
oxidative addition process generates CuIII complexes (i.e., L2-
Int3a, L2-Int3b, and L2-Int3c) that can undergo reductive
elimination to afford the O-arylation product, iodobenzene
starting material, and N-arylation product, respectively. As
shown in Figure 7, direct generation of the N-arylation precursor
L2-Int3c through oxidative addition to L2-Int2c is an excluded
pathway because of its very high energy barrier. This poses a
question as to how the N-arylation product can be generated in
the L2-mediated process?

Our proposition is that the N-arylation precursor L2-Int3c
can be generated through the ligand exchange reaction of L2-
Int3a or L2-Int3b. As an example, Figure 9 shows the
isomerization from L2-Int3a to L2-Int3c (The isomerization
from L2-Int3b to L2-Int3c is shown in the Supporting
Information). It is found that the isomerization has to proceed
through a necessary step involving protonation (of the Cu-bound
alkoxy anion) and deprotonation (of the neutral amino group)
of the CuIII-bound nucleophile. This step must be assisted by a
base and we assume that the base promotes the protonation/
deprotonation in an intramolecular fashion. The energy barrier
for the isomerization from L2-Int3a to L2-Int3c is calculated
to be +17.7 kcal/mol. This barrier is much higher than the
barrier for reductive elimination (+5.1 kcal/mol, see below),

Figure 7. Energy profiles for the transformation in eq 2 (values in the parentheses are free energies in kcal/mol).
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so that the O-arylation product is generated faster before the
O-arylation precursor isomerizes to the N-arylation precursor.

3.3.4. Reductive Elimination. Intermediates L2-Int3a and L2-
Int3c can undergo reductive elimination to produce the final
O- and N-arylation products and a CuI species that re-enters
the catalytic cycle. Our calculations (Figures 7 and 10) show
that the reductive elimination from either L2-Int3a or L2-Int3c
is a very facile step with a fairly low free energy barrier (+5.1
or +1.3 kcal/mol, respectively).

3.3.5. Comparison of N- and O-Arylations Mediated by
the Ligand L2. Comparing the energy profiles for the N- and
O-arylation pathways in Figure 7, we can draw the following
conclusions:

(1) Oxidative addition is the rate-limiting step for reaction
of iodobenzene with the amino alcohol substrate in L2-mediated
arylation reactions. The optimal oxidative addition transition
state is L2-TS1a that is O-coordinated with the deprotonated
amino alcohol substrate.

(2) On the other hand, the N-coordinated oxidative addition
transition state L2-TS1c has a very high free energy. Thus, direct
formation of the N-arylation precursor L2-Int3c through oxida-
tive addition is excluded. Instead, it is proposed that L2-Int3c
can be produced through the isomerization reaction of the
O-arylation precursor L2-Int3a.

(3) Reductive elimination is a very facile step and its free
energy barrier is even lower than that of the isomerization

Figure 8. Optimized structures for oxidative addition precursors and transition states.

Figure 9. Energy profile for isomerization from L2-Int3a to L2-Int3c (values in the parentheses are free energies in kcal/mol).
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reaction. As a result, most of the O-arylation precursor should
undergo reductive elimination to generate the O-arylation
product. This explains the experimental O-selectivity in the L2-
mediated cross-coupling.

3.4. Mechanistic Origin of the N- and O-Selectivities. The
calculation results through the above complicated analysis are
in good agreement with the selectivities observed experimentally
(Figure 11).14 Here we summarize the fundamental reasons for
the selectivities.

First, a CuI complex with a negatively charged L1 is already
electronically neutral. Oxidative addition of ArI to a L1-ligated
CuI prefers to occur (and occur readily) without the assistance
by the amino alcohol substrate. Thus, coordination of the amino
alcohol (in its neutral form) can only occur at the CuIII stage,
where N-coordination is favored over O-coordination. This
coordination step is fairly difficult and becomes a rate-limiting
step. Deprotonation and reductive elimination then takes place
rapidly, so that once the N-coordination occurs the N-arylation
product will be generated. This is the fundamental reason why
N-arylation is favored with L1.

Second, a CuI complex with a neutral L2 is still positively
charged and therefore, oxidative addition is unfavorable. Oxida-
tive addition of ArI to a L2-ligated CuI occurs with a lower
barrier from an alkoxide complex formed by a deprotonated

amino alcohol substrate, causing the oxidative addition transition
state to be much more crowded than that in the L1-case. Thus,
oxidative addition becomes the rate-limiting step, in which the
deprotonated amino alcohol prefers O-coordination than N-
coordination. Subsequent reductive elimination is a very facile
step, so that once the O-coordinated precursor is produced it
will generate the O-arylation product. This is proposed to be
the fundamental reason why O-arylation is favored with L2.

4. Discussion

4.1. Problems with the SET and IAT Pathways. In a recent
mechanistic study on the coupling reactions of iodobenzene with
MeOH and MeNH2 promoted by �-diketone- and 1,10-phenan-
throline-ligated CuI complexes, it was proposed that the arylation
should occur via the SET pathway for N-arylation, and via the
IAT pathway for O-arylation (Figure 12).15 Our re-examination
of the SET and IAT mechanisms using different model reactions
(namely, eqs 1-2) as the nucleophile provides some different
results.

First, as to the SET mechanism, the previous study estimated
the energy barrier (using the combined MPWB1K38 and B3LYP
density functionals) by examining the energy difference between
L1′-CuI-I and L1′-CuII-NHMe (Figure 12).15 In our study it

Figure 10. Optimized structures for reductive elimination transition states.

Figure 11. Comparison of the N- and O-selective arylation reactions.
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is found that L1-CuI-I (i.e., L1-Int1a) is not the most stable
species among all the possible CuI complexes. Because the CuI

complexes are assumed to equilibrate with each other in the
reaction mixture, a more rigorous estimation of the energy
barrier should use the energy difference between L1-CuII-NHR
and the most stable species, that is, L1-Int1b. In our calculation,
the energy difference between L1-CuII-NHR and L1-Int1b is
as large as +53.1 kcal/mol (Figure 13). This large energy
difference may suggest that the SET mechanism should be
disfavored.

Second, as to the IAT mechanism, the previous study
estimated the energy barrier of the reaction by using the energy
difference between L2-CuI-I and L2-CuII-I(OMe) (Figure

12).15 In our study L2-CuI-I (i.e., L2-Int1a) is not the most
stable species among all the CuI complexes. Moreover, we doubt
the reliability of using the energy of the IAT product (i.e., L2-
CuII-I(OR) and phenyl radical) to estimate the IAT energy
barrier. To solve these problems, we have identified more
favorable formed CuI species, i.e. L2-Int1g and L2′-Cu-(OR)(I-
Ph) (Figures 12 and 14). We have also tried to estimate the
energy of the IAT transition state by scanning the energy of
the L2′-Cu-(OR)(I-Ph) complex at different Ph-I bond distances
(see Figure 15. Note: All the attempts to optimize the IAT
transition state have failed). According to our analysis, the
energy difference between the most stable CuI complex (i.e.,
L2-Int1g) and the IAT transition state should be larger than

Figure 12. Previously proposed SET and IAT mechanisms.

Figure 13. Comparison of the oxidative addition/reductive elimination mechanism and the SET mechanism in eq 1.
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+42.7 kcal/mol. This energy barrier may suggest that the IAT
mechanism should also be disfavored.

Finally, as to the oxidative addition/reductive elimination
mechanism, the previous study identified some transition states

Figure 14. Comparison of the oxidative addition/reductive elimination mechanism and the IAT mechanism in eq 2.

Figure 15. Estimation of the energy barrier of the IAT mechanism. To accomplish this goal the Ph-I distance of the L2′-Cu-(OR)(Ph-I) complex is fixed
at several values and the remaining geometry parameters are fully optimized.
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for oxidative addition with fairly high energies (>+43.2 kcal/
mol). In the present study we have located the transition states
that are calculated to have much lower free energies. For
instance, with the optimal transition state, the free energy barrier
for L1-mediated oxidative addition is only +13.8 kcal/mol,
whereas the free energy barrier for L2-mediated oxidative
addition is only +26.5 kcal/mol. These energy barriers are
considerably lower than the barriers for the SET (+53.1 kcal/
mol) and IAT (>+42.7 kcal/mol) mechanisms calculated in the
present study. As a result, our results favor the oxidative
addition/reductive elimination mechanism for the titled cross-
coupling reaction.

Finally, we have also examined the possible σ-bond metath-
esis pathway from L2-Int1g. The transition state of σ-bond
metathesis is calculated to have a very high energy barrier of
+41.5 kcal/mol. As a result, we exclude the σ-bond metathesis
pathway.

4.2. Concerning the Experiments Related to the SET or
IAT Mechanism. First, it is important to know that there have
been experimental evidence supporting the SET or IAT mech-
anism in some Cu-mediated coupling reactions.16-18,44 However,
these experiments were usually carried out with more active
reactants (such as diacyl peroxides and diazoniums) that can
readily cause the formation of organic radicals.16-18 Also, Hida
et al. once showed the involvement of Cu(II) species and
1-bromoanthraquinone radical in CuBr-mediated coupling be-
tween compounds 4 and 5 (eq 3).44 For this particular case, our
calculations indicate that the C-Br bond dissociation energy
(BDE) of compound 4 is +71.7 kcal/mol, which is value about
6 kcal/mol lower than the C-Br BDE of bromobenzene (+77.6
kcal/mol). This means that substrate 4 is not a common
bromobenzene derivative.

Second, there have also been experimental data disfavoring
the SET or IAT mechanism in some Cu-promoted coupling
reactions.19,45,46 For instance, the recent experiments of the
Hartwig group showed that the use of a radical clock (e.g., ortho-
allyloxy substituted aryl halide) as reactant did not lead to the
formation of any cyclized products corresponding to the initial
formation of an aryl radical and subsequent cyclization.35 Some
early experiments reported by Cohen et al. also showed that

the product distribution in the homocoupling of o-bromoni-
trobenzene is insensitive to the presence of tetrahydronfunan
(which is an efficient trap for aryl radicals).19a Furthermore, it
is difficult to explain the reactivity order ArI > ArBr . ArCl
by using the SET and IAT mechanisms. On the other hand, the
oxidative addition/reductive elimination mechanism is more
consistent with the observed reactivities. For example, for the
L2′-mediated coupling, our calculations show that the oxidative
addition barriers for PhI, PhBr, and PhCl are +26.5, +28.3,
and +32.6 kcal/mol. According to the standard transition state
theory, the large energy jump from PhBr to PhCl by +4.3 kcal/
mol means that PhCl should be about 103-fold less active than
PhBr.

To summarize this part, the SET or IAT mechanisms may
be involved in some Cu-mediated processes that involve more
active substrates. However, for common aryl iodides and
bromides, it is more likely that the reaction proceeds through
the oxidative addition/reductive elimination pathway.

5. Conclusion

The recent discovery of ligand-dependent N- or O-selective
arylation reactions by the Buchwald group is fundamentally
important to the field of Cu-catalyzed cross-couplings. Mecha-
nistic understanding of these intriguing selectivities may provide
important insights into the development of more powerful Cu
catalysts to solve other selectivity problems in complex target
synthesis. In a recent computational study the single-electron
transfer (SET) and iodine atom transfer (IAT) mechanisms were
proposed to explain the experimental selectivities. We propose
in the present study a different mechanistic explanation that
involves oxidative addition/reductive elimination pathway. In
this explanation, the experimental selectivities originate not from
the steps involving aryl halide activation, but from the steps
involving nucleophile coordination and oxidative addition.

It is important to point out that the results in both the present
work and the previous mechanistic study15 are obtained through
computation. These studies show how different mechanisms may
explain the intriguing experimental observations. Further ex-
perimental investigations are needed to clarify the mechanism.
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