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Abstract: Hydration of internal aryl alkynes to provide aryl carbonyl compounds is a class of important reactions and has been widely
investigated. However, the hydration of asymmetric internal aryl alkynes without directing groups usually gave aryl ketone or a mixture of aryl
ketone and a-aryl ketone. High regioselectivity to a-aryl ketone is a great challenge and has not been reported. Herein, we found that CuBr
and p-fluoro aniline had an excellent synergistic effect in catalyzing the hydration of internal aryl alkynes without directing groups to a-aryl
ketones with regioselectivity up to more than 90%, which is much higher than those reported. The reaction mechanism was proposed and the
reason for the high selectivity was clarified by combination of density functional theory (DFT) calculation, Condensed Dual Descriptor (CDD)
study, and experimental results. It was demonstrated that the formations of a-aryl ketone and aryl ketone were promoted by different catalytic

active species, CuBr and CuBr[p-fluoro aniline], respectively. CuBr enlarged the difference of electron population on the two trple-bond

carbon atoms, resulting in a-aryl ketones as the main products.
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1. Experimental Procedures

1.1 General experimental details.

All the reagents were purchased from Beijing innoChem Science & Technology Co., Ltd. and used as received. H
and 3C Nuclear Magnetic Resonance (NMR) were recorded on a Bruker Avance Il HD NMR Spectrometer (400 MHz
for 'H and 100 MHz for 13C) at ambient temperature in CDCl3 (d, 99.8% + 3% v/v TMS) or DMSO-de. The sample was
analyzed by a gas chromatography (GC, HP 4890) equipped with a flame ionization detector (FID), and n-decane was
used as the internal standard. The HRMS spectra were recorded on GTC Premier Spectrometer (WATERS) using El
ionization method. X-ray diffraction data were collected on a Rigaku Raxis Rapid IP diffractometer, using graphite
monochromatized Mo-K a radiation (A = 0.71073 A).

1.2 General procedures for synthesis of the aryl-alkyl internal alkynes.

Substrates 1d-1g were prepared via Sonogashira reaction: a dry teflon tube was charged with aryl iodide or aryl
bromide (10 mmol), Pd(Ph3P),Cl; (5 mol%), Cul (10 mol%). The mixture was vacuumed and flushed with N, for three
times. Pentyne or cyclohexylacetylene (12 mmol), triethylamine (10 mL), and THF (40 mL) were then added. The
mixture was stirred at 100°C for 4h, and then cooled down to room temperature. The obtained mixture was
concentrated under vacuum to remove most of the THF and then diluted with diethyl ether, washed with water and
saturated brines, and dried with anhydrous magnesium sulfate overnight. The desired product was purified by flash
column chromatography on silica gel. The characterization of the product was shown in supporting information
include H NMR and 3C NMR.

1.3 General procedures for hydration of internal alkynes.

A Teflon tube was charged with the desired amounts of catalyst, amines, alkynes and H,0 (1 mL) and placed in an
autoclave. The autoclave was purged with N; to remove the air. The reaction mixture was stirred at the required
temperature for the required time. After reaction the reactor was placed in ice water. The product was extracted
with CH,CI; for five times, and then the organic phase was collected and dried with anhydrous magnesium sulfate
overnight. The reaction mixture was purified by flash column chromatography on silica gel to afford the desired
product. The characterization of the product was shown in supporting information include *H NMR, 3C NMR and
HRMS.

2. Computational details.

2.1 Transition states exploration.

All calculations were performed with Gaussian 09 package.5!’ Structure optimization and frequency analysis were
conducted at M06-2x/TZVP level with Grimme’s DFT-D3 dispersion correction®?? at 393.15 K and 1 atm to obtain
thermal correction to Gibbs Free Energy (Gcor). All minima (reactants, products, and intermediates) have no imaginary
frequencies and all transition state structures have only one imaginary frequency, which vibrational mode
corresponds to the motion along the reaction coordinate. More accurate single point energies (E.) were calculated at

MO06-2x/def2-TZVP level with Grimme’s DFT-D3 dispersion correction based on the optimized structures. Intrinsic
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reaction coordinate (IRC) calculations were performed to confirm that a given transition state connects a particular
couple of consecutive minima. Solvent effect was taken into account by SMD models?3 at M05-2x/6-31g* level with
water as the solvent. The solvation energy (Eso) is the difference of the single point energy in liquid phase and gas
phase. The total relative free energy (AG) of each transition state, reactants, products, or intermediate is the

summation of Ee, Geor, and Esol.

2.2 CDD (Condensed Dual Descriptor) calculations.

Stable structures of the alkynes and the alkyne-CuBr complexes were optimized at the B3LYP/6-311g* level using
Gaussian 09 package.>!” The structures are listed in section 2.4.3. Hirshfeld atomic charge was calculated based on
the wave function of the optimum structures using the Multiwfn code.5?* Then the CDDs%® were calculated manually

based on the Hirshfeld atomic charges. The more detailed description is provided by other authors.51%520
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3. Results and Discussion

3.1 Reported results

Table S1 summarized the results for the hydration of typical aryl-alkyl internal alkynes. Both aryl ketone or a-aryl
ketone could be produced as major product. High yield of aryl ketone could be obtained, but high selectivity to a-aryl

ketone has not been achieved. This work got high yield of a-aryl ketone as well as high selectivity (>90%).

Table S1. Typical results of the hydration of aryl-alkynes without directing group

. Product
Entry Substrates Catalytic Systems Ayl a-Aryl Refs.
[(IPr)JAUOH, HSbFs . .
1 MeOH/Water >0% 1% 51
5 [(IPr)]JAuOH, AgSbFs 66% 15% 2

1,4-Dioxane/water

PtCl4-CO . .
3 < > _ THF /water 35% 55% s3

1b Ga(OTf)3 9

4 HOAc/H,0 8% .

. AiaSgA 20% S5
2

. CuBr, p-F-aniline 88% This work

H,0
. AU:/]PehSﬁTfZ 15% 15%
D=
o AusPhosOTT 60% 40% s6
1x

o AuS'\I;IP;%sFl;Isz 60% 40%

0 5urfac|:a(r)1t, HCl 60% S7
2

" Au-HS/S?jl'gPMO(Et) 95% S8
2

< >7: Cu(OTf), 9
12 . EtOAC 2% >
a

3 AgOSOzC8|:17(')H20, PFOS 74% S10
2

1 CuBr, p-F-aniline 92% This work

H20
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3.2 Effect of the amount of p-fluoroaniline

Table S2. Effect of the amount of p-fluoroaniline

Entry Amount of p-fluoroaniline (mmol) Yields Selectivity
1 0.1 n.r. -
2 0.2 6% 95%
3 0.5 74% 94%
4 1.0 99% 93%

Reaction conditions: 1a (1 mmol), CuBr (0.1 mmol), p-fluoroaniline, H,0 (1

mL), 120°C, 12 h
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3.3 Synthesized substrates characterization

/A

1,4-di(pent-1-yn-1-yl)benzene (1d). *H NMR (400 MHz, CDCl3) 6 7.29 (s, 4H), 2.37 (t, /= 7.0 Hz, 4H), 1.61 (h, J=7.3
Hz, 4H), 1.03 (d, J = 14.7 Hz, 6H). 3C NMR (100 MHz, CDCls) § 131.33, 123.22, 91.68, 80.57, 22.19, 21.46, 13.52.

O—=0

(Cyclohexylethynyl)benzene (1e). *H NMR (400 MHz, CDCls) & 7.39 (dd, J = 7.7, 1.9 Hz, 2H), 7.33 — 7.15 (m, 3H),
2.58 (tt, /= 9.0, 3.7 Hz, 1H), 1.90 — 1.24 (m, 10H). 3C NMR (100 MHz, CDCls) 6 131.58, 128.13, 127.38, 124.22, 94.44,
80.60, 32.77, 29.71, 25.99, 24.93.

1-(pent-1-yn-1-yl)naphthalene (1f). 'H NMR (400 MHz, CDCl3) & 8.35 (d, J = 8.3 Hz, 1H), 7.77 (dd, J = 22.8, 8.1 Hz,
2H), 7.67 — 7.29 (m, 4H), 2.53 (t, J = 7.0 Hz, 2H), 1.83 = 1.61 (m, 2H), 1.12 (t, J = 7.4 Hz, 3H). 3C NMR (100 MHz, CDCls)
6 133.58, 133.27, 130.03, 128.21, 127.89, 126.48, 126.35, 126.22, 125.25, 121.88, 95.38, 78.82, 22.45, 21.79, 13.71.

g7
@j/\/
—
N

3-(pent-1-yn-1-yl)quinolone (1g). *H NMR (400 MHz, CDCl3) 6 8.88 (d, J = 2.0 Hz, 1H), 8.21 — 7.99 (m, 2H), 7.77 —
7.61 (m, 2H), 7.51 (t, J = 7.5 Hz, 1H), 2.45 (s, 2H), 1.68 (s, 2H), 1.08 (s, 3H). 13C NMR (100 MHz, CDCls) & 152.50, 146.54,
137.83,129.53,129.31, 127.36, 127.33, 127.02, 118.23, 93.88, 78.11, 22.08, 21.52, 13.56.

2-(pent-1-yn-1-yl)thiophene (1h). *H NMR (400 MHz, CDCls) & 7.29 (s, 4H), 2.37 (t, J = 7.0 Hz, 4H), 1.61 (h, J = 7.3
Hz, 4H), 1.03 (d, J = 14.7 Hz, 6H). 13C NMR (100 MHz, CDCls) § 131.33, 123.22, 91.68, 80.57, 22.19, 21.46, 13.52.
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3.4 Products characterization

=

1-phenylpropan-2-one (2a). *H NMR (400 MHz, CDCl3) § 7.44-7.12 (m, 5H), 3.69 (s, 2H), 2.15 (s, 3H). 3C NMR (100
MHz, CDCls) § 206.3, 134.3, 129.4, 128.8, 127.0, 51.1, 29.2. In consistence with literature.>?

:

1-phenylbutan-2-one (2b). 'H NMR (400 MHz, CDCl3) 6 7.34-7.20 (m, 5H), 3.68 (s, 2H), 2.47 (q, J = 7.3 Hz, 2H),
1.03 (t, J = 7.3 Hz, 3H). 3C NMR (100 MHz, CDCls3) 6 208.9, 134.5, 129.4, 128.7, 126.9, 49.8, 35.2, 7.8. In consistence

with literature.312

:

1-phenylpentan-2-one (2c). 'H NMR (400 MHz, CDCl3) § 7.39-7.12 (m, 5H), 3.66 (s, 2H), 2.41 (t, J = 7.3 Hz, 2H),
1.57 (h, J = 7.4Hz, 2H), 0.86 (t, ] = 7.4 Hz, 3H). 3C NMR (100 MHz, CDCl3) 6 208.3, 134.41, 129.4, 128.7, 126.9, 50.2,

43.9,17.2, 13.6. In consistence with literature.>!3

|

1,1’-(1,4phenylene)bis(pentan-2-one) (2d). *H NMR (400 MHz, CDCl3) § 7.16 (s, 2H), 3.66 (s, 2H), 2.43 (t, J = 7.3 Hz,
2H), 1.58 (q, J = 7.4 Hz, 2H), 0.86 (t, J = 7.4 Hz, 3H). 3C NMR (100 MHz, CDCl3) § 208.25, 133.04, 129.69, 49.66, 43.94,
17.16, 13.60. HRMS (MALDI): calculate for CigH2,02 [M+Na]* m/z 269.151201, found 269.151274.

1-cyclohexyl-2-phenylethan-1-one (2e). *H NMR (400 MHz, CDCl3) 6 7.40 — 7.09 (m, 5H), 3.71 (s, 2H), 2.45 (tt, J =
11.4, 3.4 Hz, 1H), 1.84 — 1.15 (m, 10H). 3C NMR (100 MHz, CDC|3) 6 211.13, 134.47, 129.36, 128.54, 126.80, 50.12,
47.85, 28.57, 25.84, 25.63. In consistence with literature.'*

(o)

1-(naphthalene-1-yl)pentan-2-one (2f). *H NMR (400 MHz, CDCl3) 6 7.95 — 7.72 (m, 3H), 7.57 = 7.29 (m, 4H), 4.07
(s, 2H), 2.37 (t, J = 7.3 Hz, 2H), 1.54 (h, J = 7.4 Hz, 2H), 0.80 (t, J = 7.4 Hz, 3H). 3C NMR (100 MHz, CDCl3) & 208.77,
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133.95, 132.30, 131.24, 128.78, 128.23, 127.97, 126.48, 125.88, 125.57, 123.95, 48.47, 43.43, 17.19, 13.63. HRMS
(EI): calculated for C1sH160 (M*), 212.1201; found 212.1203.

X

= (0]
N

1-(quinolin-3-yl)pentan-2-one (2g). *H NMR (400 MHz, CDCls) & 8.77 (s, 1H), 8.10 (d, J = 8.5 Hz, 1H), 8.00 (s, 1H),
7.79 (d, J=8.1 Hz, 1H), 7.70 (s, 1H), 7.55 (t, J = 7.5 Hz, 2H), 3.89 (s, 2H), 2.53 (t, /= 7.3 Hz, 2H), 1.65 (p, J = 7.4 Hz, 2H),
0.91 (t, J = 7.4 Hz, 3H). 13C NMR (100 MHz, CDCl3) § 207.04, 151.73, 147.22, 136.02, 129.29, 129.24, 127.56, 126.87,
46.86, 44.56, 17.20, 13.65. HRMS (MALDI): calculate for C14H1sNO [M+H]* m/z 214.122641, found 214.122668.

O O]

1-phenylethan-2-(4-acetylphenyl)-1-one (2j). *H NMR (400 MHz, CDCl5) & 8.00 (d, J = 7.5 Hz, 2H), 7.92 (d, J = 8.2
Hz, 2H), 7.57 (t, ) = 7.4 Hz, 1H), 7.46 (t, ) = 7.6 Hz, 2H), 7.35 (d, J = 8.2 Hz, 2H), 4.34 (s, 2H), 2.57 (s, 3H). 13C NMR (100
MHz, CDCls) 6 197.6, 196.7, 140.1, 136.4, 135.9, 133.4, 129.8, 128.8, 128.7, 128.5, 45.3, 26.6. HRMS (El): calculated
for C16H140; (M*), 238.0994; found 238.0997. In consistence with literature.5%®

o]
1-(4-hydroxyphenyl)ethan-2-(4-fluorophenyl)-1-one (2k). *H NMR (400 MHz, DMSO-d¢) 6 10.39 (s, 1H), 7.97-7.89
(m, 2H), 7.32-7.24 (m, 2H), 7.15-7.09 (m, 2H), 6.90-6.82 (m, 2H), 4.28 (s, 2H). *3C NMR (100 MHz, DMSO-d¢) 6 196.1,
162.7,160.3, 132.2, 132.2, 132.0, 131.9, 131.4, 128.3, 115.7, 115.5, 115.3, 43.7. CCDC 1438782.

Crystallographic analysis

02

Selected crystal data: Crystal System; monoclinic, Space Group; P21/n (No. 14), a = 7.940(2) A, b = 16.998(5) A, ¢ =
8.091(2) A, B =90.287(5)°, V = 1092.0(5) A3, Z = 4, R, = 0.0503, wR, = 0.1178.

O
1-(4-methoxyphenyl)ethan-2-(4-ethylphenyl)-1-one (21). *H NMR (400 MHz, CDCl3) 6 7.99 (d, J = 8.9 Hz, 2H), 7.16
(q, ) = 8.1 Hz, 4H), 6.91 (d, J = 8.9 Hz, 2H), 4.18 (s, 2H), 3.84 (s, 3H), 2.61 (q, J = 7.6 Hz, 2H), 1.21 (t, J = 7.6 Hz, 3H). 13C
NMR (100 MHz, CDCl3) 6 196.41, 163.49, 142.68, 132.13, 130.95, 129.76, 129.28, 128.15, 113.78, 55.44, 44.9, 28.46,
15.48. HRMS (EI): calculated for C17H180, (M*), 254.1307; found, 254.1311. In consistence with literature.5?!

0]

o
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1-phenylethan-2-(4-bromophenyl)-1-one (2m). 'H NMR (400 MHz, CDCl3) 6 7.99 (d, J = 7.3 Hz, 2H), 7.57 (t, ) = 7.4
Hz, 1H), 7.48-7.43 (m, J = 10.9, 8.2 Hz, 4H), 7.17-7.06 (m, 2H), 4.24 (s, 2H). 13C NMR (100 MHz, CDCls) & 196.95,
136.43, 133.47, 133.36, 131.74, 131.27, 128.73, 128.51, 120.97, 44.76. HRMS (El): calculated for Ci14H1:07°Br (M*),
273.9993; found, 273.9995; calculated for Ci4H1:0%'Br (M*), 275.9973; found, 275.9968. In consistence with

literature.1®

OO

1-(4-bromophenyl)-2-phenylethan-1-one (2m’). *H NMR (400 MHz, CDCls) 6 7.86 (d, J = 8.6 Hz, 2H), 7.58 (d, J =
8.6 Hz, 2H), 7.34-7.31 (m, 2H), 7.27-7.23 (m, 3H), 4.24 (s, 3H). 3C NMR (100 MHz, CDCl3) & 196.57, 135.30, 134.16,
131.96, 130.15, 129.37, 128.77, 128.36, 127.05, 45.54. HRMS (El): calculated for C14H1:07°Br (M*), 273.9993; found,
273.9996; calculated for C14H1:081Br (M*), 275.9973; found, 275.9970. In consistence with literature.51®

Oy O

2-phenyl-1-(4-(trimethylsilyl)phenyl)ethan-1-one (2n). *H NMR (400 MHz, CDCl3) 6 7.95 (d, J = 8.1 Hz, 2H), 7.59 (d,
J = 8.1 Hz, 2H), 7.26 (m, 5H), 4.25 (s, 2H), 0.26 (s, 9H). 13C NMR (100 MHz, CDCls) & 199.10, 148.67, 138.02, 135.97,
134.91, 130.78, 130.00, 128.88, 128.19, 46.88, 0.00. HRMS (El): calculated for Ci7H1502 (M*), 268.1283; found,
268.1280.

10
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3.5 Reaction free energy profiles

AG 386 52-2
kcal/mol

Figure S1. Computed reaction free energy profiles to produce a-aryl ketone over CuBr catalyst (red) and CuBr[p-fluoro aniline] catalyst
(black).

AG
kcal/mol

Figure S2. Computed reaction free energy profiles to produce aryl ketone over CuBr catalyst (black) and CuBr[p-fluoro aniline] catalyst
(red).

11
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3.6 CDD analysis

3.6.1 CDD values

Table S3. The values and differences of condensed dual descriptor (CDD) of the triple
bond carbons of the substrates

. cpD CDD(C2)-CDD(C1)
sites
Alkyne Alkyne + CuBr Alkyne Alkyne + CuBr
19C 0037 0,03 0.008 0.027
Tb.C2 0023 0.032 0.003 0.028
10C2 0047 0.003 0.009 0030
1.0 0017 oo 0.008 0,030
leC2 0079 0.037 0.02 0.029
i:g :8:8%? '8 'gff -0.004 0.016
ig:g 0035 QoL 0.015 0.027
e 0032 0.025 0.001 0.022
1ic2 0017 0.019 0006 0008
i:g; :8:8% -8.81113 0.008 0.030
itg Yo 0.008 0.023 0.018
116 0002 0021 0.021 0.017
2 D016 0ot 0.004 0.010
e s oo -0.001 0.001
o o3 o -0.009 0.001

From the table, it is easy to see that most of the CDD value turns positive, when the substrates coordinate with
CuBr, which makes the sites more easily be attacked by the nucleophile, p-fluoro aniline. Moreover, for most of the
substrates, the CDD difference (CDD(C2)-CDD(C1)) are enlarged with CuBr, which is proportional related to the

selectivity in Table 2.

12
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3.6.2 Structures for CDD modeling

2900 02O 0 0
HCNOCuUBrsSi S

1b 1b-CuBr

1d 1d-CuBr

13
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1f 1f-CuBr

1h 1h-CuBr

9

1i 1i-CuBr

14
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1j 1j-CuBr

1k 1k-CuBr

1l 1I-CuBr

im 1m-CuBr

1in 1n-CuBr

15
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P

1o 1o-CuBr

16



Electronic Supplementary Information

4. References

[s1]
[s2]
(s3]
[s4]
[S5]
[S6]
[s7]
(s8]
)

Nun, P.; Ramon, R. S.; Gaillard, S.; Nolan, S. P. J. Organomet. Chem. 2011, 696, 7.
Marion, N.; Ramédn, R. S.; Nolan, S. P. J. Am. Chem. Soc. 2009, 131, 448.

Baidossi, W.; Lahav, M.; Blum, J. J. Org. Chem. 1997, 62, 669.

Liang, S. Z.; Hammond, G. B.; Xu, B. Chem. Comm. 2015, 51, 903.

Venkateswara Rao, K. T.; Sai Prasad, P. S.; Lingaiah, N. Green Chem. 2012, 14, 1507.
Leyva, A.; Corma, A. J. Org. Chem. 2009, 74, 2067.

Nairoukh, Z.; Avnir, D.; Blum, J. ChemSusChem 2013, 6, 430.

Zhu, F. X.; Wang, W.; Li, H. X. J. Am. Chem. Soc. 2011, 133, 11632.

Hassam, M.; Li, W. S. Tetrahedron, 2015, 71, 2719.

[S10] Dong, Q.; Li, N.; Qiu, R.; Wang, J.; Guo, C.; Xu, X. J. Organomet. Chem. 2015, 799, 122.

[S11] Yoshimura, A.; Nguyen, K. C.; Klasen, S. C.; Saito, A.; Nemykin, V. N.; Zhdankin, V. V. Chem. Comm. 2015, 51, 7835.

[S12] Moteki, S. A.; Usui, A.; Zhang, T.; Solorio Alvarado, C. R.; Maruoka, K. Angew. Chem. Int. Edit. 2013, 52, 8657.

[S13] Gudla, V.; Balamurugan, R. Tetrahedron Lett. 2012, 53, 5243.

[S14] Armin H. Stoll, Arkady Krasovskiy, Paul Knochel. Angew. Chem. Int. Ed. 2006, 45, 606.
[S15] Nilsson, P.; Larhed, M.; Hallberg, A. J. Am. Chem. Soc. 2001, 123, 8217.

[S16] Yu, J. W.; Mao, S.; Wang, Y. Q. Tetrahedron Lett. 2015, 12, 1575

[S17] Gaussian 09, Revision D.01, M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, G. Scalmani, V.

Barone, B. Mennucci, G. A. Petersson, H. Nakatsuji, M. Caricato, X. Li, H. P. Hratchian, A. F. Izmaylov, J. Bloino, G. Zheng, J. L.
Sonnenberg, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, T. Vreven, J.
A. Montgomery, Jr., J. E. Peralta, F. Ogliaro, M. Bearpark, J. J. Heyd, E. Brothers, K. N. Kudin, V. N. Staroverov, T. Keith, R. Kobayashi,
J. Normand, K. Raghavachari, A. Rendell, J. C. Burant, S. S. lyengar, J. Tomasi, M. Cossi, N. Rega, J. M. Millam, M. Klene, J. E. Knox, J.
B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R. E. Stratmann, O. Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J. W.
Ochterski, R. L. Martin, K. Morokuma, V. G. Zakrzewski, G. A. Voth, P. Salvador, J. J. Dannenberg, S. Dapprich, A. D. Daniels, O.
Farkas, J. B. Foresman, J. V. Ortiz, J. Cioslowski, and D. J. Fox, Gaussian, Inc., Wallingford CT, 2013.

[S18] Lu, T. & Chen, F. J. Comput. Chem. 2012, 33, 580.

[S19] Manzetti, S. & Lu, T. J. Phys. Org. Chem. 2013, 26, 473.
[S20] Lu, T. & Manzetti, S. Struct. Chem. 2014, 25, 1521.

[S21] Ackermann, L. Mehta, V. P. Chem. Eur. J., 2012, 18, 10230.

[S22] Grimme, S. Antony, J. Ehrlich, S. Krieg, H. The J. Chem. Phys. 2010, 132, 154104.
[S23] A. V. Marenich, C. J. Cramer, D. G. Truhlar, The J. Phys. Chem. B 2009, 113, 6378

[S24] Lu, T. Chen, F. J. Comput. Chem. 2012, 33, 580

[S25] Morell, C. Grand, A. Toro-Labbé, A. J. Phys. Chem. A 2005, 109, 205

[S26] Mizushima, E. Sato, K. Hayashi, T. Tanaka, M. Angew. Chem. Int. Ed. 2002, 41, 4563
[S27] S. L. Shiand S. L. Buchwald, Nat. Chem., 2015, 7, 38

17



Electronic Supplementary Information

5. NMR Spectra
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IH NMR (CDCls)
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13C NMR (CDCls)
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6.1 The starting tri- and tetra-coordinated complexes.

S1
Atom X Y VA Structure
C -0.75140200 0.27900800 3.37944800
C 0.36236800 -0.11574700 2.51715500
C 1.36202800 -0.38622400 1.88575000
Cu -0.47195300  -0.96947400 0.56405200
Br -0.45575900  -2.50083400  -1.39077900
C 0.95546400 2.61934300 -0.08305400
C 2.24978700 3.11714100 -0.15610500
C 3.16372400 2.47589700 -0.96736000
C 2.82648000 1.36115000 -1.70950600
C 1.53321800 0.86933100 -1.63164600
C 0.58743200 1.50297800 -0.82659100
H 0.22725800 3.10449400 0.55682500
H 2.55399500 3.98575700 0.41247600
H 3.57650400 0.87465300 -2.31833700
H 1.25504800 -0.02774400  -2.17428100
N -0.71051800 0.94319800 -0.69369300 ' A J
H -1.42308600 1.62541400 -0.46118700 1 g M
H -0.99696900 0.42756900 -1.52087900 J ‘
F 4.42680800 2.94265700 -1.02194600 i Q 3 ls}r d
C -3.60842100  -0.37421900  -0.82661900 . 3
C -4.34155700 0.68050900 -1.34927200 M ol
C -4.90916600 1.59921100 -0.48517600 J
C -4.77607000 1.48697500 0.88434200 9
C -4.04094900 0.42810400 1.40192300
C -3.45448200  -0.50746100 0.55384800
H -3.14066000  -1.09965500  -1.48414500
H -4.47705900 0.79529000 -2.41657300
H -5.24536900 2.21745500 1.52952300
H -3.93385800 0.32441200 2.47570200
N -2.62621500  -1.53303600 1.07498400
H -2.90356600  -1.83095300 2.00183200
H -2.56028400  -2.33770300 0.45543000
F -5.61819300 2.62338800 -0.99093100
C 2.63509200 -0.57870000 1.24383200
C 3.66197300 0.33150100 1.50866700
C 2.85328300 -1.63396900 0.35412700
C 4.89284100 0.18827000 0.88757800
H 3.48050700 1.15343700 2.18908300
C 4.08780800 -1.76861400  -0.26063800
H 2.04903200 -2.32266800 0.12500300
C 5.10722100 -0.86028400 0.00181900
H 5.67975800 0.90488800 1.08396900
H 4.24866400 -2.58377600  -0.95433600
H 6.06743000 -0.96670400  -0.48695400
H -1.47781400 0.87347000 2.82177600
H -1.25977300  -0.59838700 3.78106200
H -0.38198400 0.87395800 4.21547600
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S2

Atom X Y Z Structure

C 5.18043800 -2.10470700 0.26149

C 3.84689500 -2.26207000 -0.07663

C 2.95247500 -1.19922000 0.090744

C 3.40800200 0.01912100 0.597321

C 4.74619300 0.16499500 0.931448

C 5.63263100 -0.89059500 0.765933

H 5.86886200 -2.92957400 0.130224

H 3.48650400 -3.20377500 -0.47048

H 2.71930000 0.84687300 0.718741 K ’ &
H 5.09467400 1.11317800 1.320011 “
H 6.67598600 -0.76845900 1.027663 { x ( J 7y "&"J
C 1.57023400 -1.41647500 -0.25869 w-@ P \
C 0.46644800 -1.83163700 -0.56307 J " *4‘\ "

Cu 0.27609200 0.36530000 -0.59453 N\ ‘d
Br 0.62564600 2.63717700 0.108501 J =]

C -3.69942700  -0.60666400 -1.19643

C -4.63616000  -1.19556300 -0.35669

C -4.60276200  -0.89455000 0.989984

C -3.67179400  -0.01976900 1.520299

C -2.73596800 0.55948200 0.67786

C -2.74914900 0.27065900 -0.68658

H -3.71723000  -0.82889300 -2.25753

H -5.38503900  -1.87802200 -0.73556

H -3.68257500 0.19547500 2.580376

H -1.98988200 1.24401500 1.06889

N -1.72406600 0.81010400 -1.51679

H -1.91179100 0.66696300 -2.5017

H -1.57147300 1.80376200 -1.3475

C -0.79331700  -2.51984200 -0.85516

H -1.54649300  -2.28773800 -0.10037

H -1.18760000  -2.22087400 -1.82676

H -0.62490600  -3.59734300 -0.86275

F -5.50584200  -1.46224300 1.807447
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Sla
Atom X Y Z Structure
C 3.57135500 1.81213500 0.67671000
C 2.27850700 1.71567400 1.17009900
C 1.19734600 2.11799200 0.38269600
C 1.42971600 2.60760400 -0.90680700
C 2.72438600 2.69744200 -1.39431700
C 3.79838200 2.30003800 -0.60373100
H 4.40410000 1.50171700 1.29492000
H 2.09507400 1.32382800 2.16193700
H 0.58827200 2.92415400 -1.51156400
H 2.89739100 3.08718100 -2.38954900
H 4.80844900 2.37541500 -0.98557300
C -0.14410300 2.01218700 0.89391200
C -1.23815200 1.99310700 1.42536000
Cu -1.35203900 0.49666900 -0.21276500
Br -3.43501200  -0.66258200  -0.29921700
C 2.09245900 -1.05670500  -0.77161900
C 2.86227600 -1.90925700 0.00787600
C 2.25992100 -3.00983000 0.58330200
C 0.91602600 -3.28415700 0.40924500
C 0.14951300 -2.42532500  -0.36302600
C 0.74228800 -1.31831500  -0.96681500
H 2.54786100 -0.18284500  -1.22546700
H 3.91552200 -1.72486800 0.17240200
H 0.47945200 -4.15205500 0.88460400
H -0.91454400  -2.59824900  -0.48649100
N -0.07047800  -0.40376500  -1.70899800
H 0.49144100 0.20269900 -2.29571500
H -0.75933300  -0.88299900  -2.28170100
C -2.50163700 2.08047900 2.15794500
H -3.31061100 2.35498400 1.48176000
H -2.75396500 1.11061400 2.58657600
H -2.41894800 2.82368100 2.95207100
F 3.00311300 -3.83870500 1.33806000

56



Electronic Supplementary Information

S2a
Atom X Y Z Structure
C 3.53668200 2.94390900 -1.36132100
C 2.23958600 2.57427600 -1.68309800
C 1.25277800 2.53423400 -0.69217500
C 1.58982100 2.87025500 0.62153900
C 2.88888000 3.24208600 0.93625500
C 3.86549200 3.27776900 -0.05111000
H 4.29220700 2.98152000 -2.13603600
H 1.97215300 2.32569800 -2.70323500
H 0.82294900 2.84422200 1.38477900
H 3.13817900 3.50605300 1.95630500
H 4.87815100 3.56926300 0.19626900
C -0.09379600 2.14740500 -1.01378500
C -1.25713500 1.90005200 -1.25025700
Cu -0.16232800  -0.14442200  -1.17557500
Br -1.22638600  -2.12683600  -2.18913200

-1.98793800  0.93943800 2.07586800
-3.22911400  1.49710800 2.35095000
-4.36225800  0.86796000 1.87312000
-4.28999700  -0.29659300 1.13236400
-3.04659800  -0.84647400 0.85836100
-1.88723900  -0.23978900 1.34234100
-1.08891400  1.42033300 2.44282300
-3.32375900  2.40875800 2.92562600
-5.19881400  -0.75744200 0.76878600
-2.96639000  -1.73885100 0.24820900
-0.61827400  -0.76697900 1.00450600
0.09845100  -0.59807900 1.70131400
-0.65122700  -1.75563800 0.77690900
-2.68341700  1.72726400 -1.51864900
-2.86248800  0.79748800 -2.06091700
-3.22633500  1.68351500 -0.57278300
-3.05716900  2.56731100 -2.10560700
-5.56818000  1.40501400 2.13802300
1.94612900  -2.54385900 0.20586300
2.26448400  -2.97779200 1.48534900
2.97687700  -2.13839500 2.32129300
3.38422900  -0.88141600 1.91626500
3.06477800  -0.45288000 0.63560900
2.35211500  -1.28236900  -0.22609000
1.36323500  -3.17338100  -0.45829000
196314200  -3.95519100 1.83804300
3.94442700  -0.25378600 2.59671800
3.36472100 0.53529800 0.30393900
1.93906500  -0.79512300  -1.49075100
2.58589600  -0.12023700  -1.88149300
1.73550200  -1.53207500  -2.15945800
3.28544500  -2.55675800 3.56208200

MIITZIIIITOOOO0OO0OO0OMIIIOIIZIIIITOOOOOO

57



Electronic Supplementary Information

6.2 The transition states

The coordinate of the optimized structure of the transition states are listed in the following tables. The number

marked under each of the structure is the imaginary vibrational frequency (cm™)

TS2-1
Atom X Y Z Structure
-4.95654400 2.01461000 -0.29438200
-3.68234000 1.68542700 -0.73174900
-2.83488400 0.91652900 0.07063700
-3.29930900 0.47054600 1.30934000
-4.56719400 0.81852500 1.75096100
-5.40119200 1.58948300 0.95110900
-5.60386600 2.60735600 -0.92868700
-3.33970000 2.01021300 -1.70665300

-2.65506400 -0.14310400 1.92843900 ] J J
-4.90919800 0.47434600 2.71876100 Q “ )
-6.39474300 1.84982300 1.29221400 W . ‘ } v |

-1.47206700 0.58541100 -0.38509400 y f ‘ 0 f)
-0.61133000 1.31050800 -0.94108000 J j‘ ‘

O

J d
3.13580700 1.70532100 -1.11450500 J/GJ
4,16998000 2.15297300 -0.30494300
4.35547500 1.55299200 0.92510000
3.55256400 0.51669900 1.36395600
2.51977900 0.07528500 0.55294000
2.31041100 0.66788500 -0.69103700
2.98176600 2.15824000 -2.08776000
4,82788300 2.95255100 -0.61708100
3.74160900 0.06310800 2.32754500
1.89703200 -0.75622700 0.86309800
1.20335200 0.25686600 -1.48157400
1.34618700 0.44094300 -2.46967600
1.00876400 -0.73961300 -1.36205100

-0.10734500 2.60772100 -1.38828100
0.79044400 2.90280600 -0.84424600
0.09423100 2.63244900 -2.46022200

-0.89737200 3.33151700 -1.16541600
5.35452900 1.98275600 1.71245900

-0.89246300 -1.35196300 -0.06271500

Br 0.50595300 -3.20685200 -0.14710000

232.55i
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TS2-2
Atom X Y Z Structure

(@)

-4.87292600 -1.09437100  -0.03264100
-3.68657000 -0.70763700 0.57269500
-2.45171300  -1.05831900 0.01844800
-2.44442400  -1.77285500  -1.18488300
-3.63242300  -2.14365400  -1.79926700
-4.85158700 -1.81266500  -1.22229300
-5.81874300  -0.82435100 0.42037200
-3.70658400  -0.12966300 1.48955900
-1.49357500  -2.02603500  -1.64136100
-3.60519800 -2.69280500  -2.73228600
-5.77796800  -2.10249400  -1.70114200
-1.19354700 -0.61366100 0.66443500
-0.27481500  -1.51180600 1.03937600
3.00845400  -2.14915300 0.82265600
411327000  -2.18297400  -0.01654800
431526800  -1.12603500  -0.88262000
3.46349700  -0.03822800  -0.92809600
2.36935000  -0.00907200  -0.07698900
2.13590100  -1.06806100 0.79182700 676.14i
2.82681000  -2.97163200 1.50545800
480825500  -3.01147800  -0.00865400
3.66602100 0.77859300 -1.60767600
1.71773300 0.85755000 -0.08172600
0.98321300  -1.03423900 1.66921700
1.18039000  -1.64521100 2.45983800
0.58747200 0.29583400 2.22458700
-0.35132700  -3.00915000 0.97220500
-1.33134600  -3.33967900 0.63701300
0.40231900  -3.40155300 0.28320600
-0.15396900  -3.44779100 1.95583100
-0.13926900  1.06555200 2.44726000
-0.84209000  0.58834800 1.71512000
0.12361300 1.92194900 2.05120500
537830900  -1.15348300  -1.69929800
-0.88743400  1.22514900 -0.27976600
Br 0.14574000 3.32867300 -0.20728300
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TS2-3

Atom X Y Z Structure

0] 0.36664400 2.90125200 0.31269300

C 1.59191400 0.68146200 0.65011300

C 0.36992700 -0.00777300 0.27989000

C -2.53363400 -0.92470700 0.76720200

C -3.85329100 -1.30740600 0.57725600

C -4.68334800 -0.48947800 -0.16444300

C -4.24153300 0.69850900 -0.71640100

C -2.92086900 1.06910600 -0.52581300

C -2.05375000 0.25331800 0.19988000 ‘

H -1.87827000 -1.53503400 1.37445600

H -4.24649800 -2.21822300 1.00830000 9 J 4 ’
H -4.92804000 1.31524900 -1.28045500 ()‘ (
H -2.54883200 1.99841800 -0.93882300 %
N -0.73055900 0.69897700 0.39168600 “‘J ‘”f )
H -0.46479800 1.83761800 0.40417900 9 9
C 0.35985300 -1.41202800 -0.24464700

H -0.52306600 -1.62799600 -0.84320400

H 1.26177400 -1.59359500 -0.82383700 1700.59i

H 0.38843700 -2.10552300 0.60026100

F -5.96242200 -0.85451600 -0.34572700

H 1.23139500 1.94116000 0.29500100

H 0.33452000 3.41843600 -0.49743600

H 1.55567200 0.95668100 1.70672100

C 2.90852700 0.14547400 0.22947000

C 3.88687000 -0.19467200 1.16556800

C 3.23014100 0.01628200 -1.12581000

C 5.13284600 -0.65967100 0.76625900

H 3.66472100 -0.09085900 2.22165500

C 4.46783500 -0.46277300 -1.52884300

H 2.49903700 0.31355100 -1.87099600

C 5.42732600 -0.80338000 -0.58295600

H 5.87535400 -0.91358900 1.51292400

H 4.69086400 -0.55461000 -2.58482400

H 6.39739900 -1.16747800 -0.89607800
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TS1-1
Atom X Y Z Structure
C -0.98337600 -1.87261800 -1.85568700
C -0.20942500 -1.05216300 -0.85167700
C 0.83658000 -1.37253700 -0.23200500
C 3.94827900 0.13559200 0.91960200
C 5.10907500 0.65532800 0.36565200
C 5.00921700 1.73042600 -0.49509300
C 3.79381300 2.30956200 -0.80977200
C 2.63675700 1.78886400 -0.25241400
C 2.71218800 0.70267300 0.61891100
H 4.00262400 -0.71793300 1.58671100
H 6.08000400 0.23460600 0.58933700
H 3.76366100 3.16029300 -1.47699100
H 1.67285300 2.23872300 -0.46014900
N 1.52157200 0.12070300 1.10999200
H 1.65405600 -0.35635100 1.99536700
H 0.75498800 0.79484100 1.18823600 o
F 6.13196200 2.23605400 -1.03677000 }“ \“J)
C -4.19479500 0.50086100 0.58132800 W\ AV
C -5.02311000 -0.41669700 1.20869000 9 9
C -5.63437500 -1.39777600 0.45115400 ~ ‘
C -5.44920200 -1.48595400 -0.91379600 Q
C -4.62334000 -0.56071700 -1.53798000 D J )
C -3.99997200 0.43881000 -0.79821900 &
H -3.68599900 1.26633000 1.15733600 970.20i
H -5.19117500 -0.38239000 2.27664500
H -5.94663300 -2.26684200 -1.47298200
H -4.46721300 -0.61755300 -2.60915700
N -3.08950400 1.34025400 -1.41652700
H -3.22425100 1.40703000 -2.41729700
H -3.11563400 2.26881800 -1.00431600
F -6.43474700 -2.29122200 1.06015700
C 1.94956600 -2.25591200 0.02296600
C 1.98241900 -3.06490500 1.16424800
C 3.00985600 -2.30388700 -0.88403200
C 3.05817700 -3.90736700 1.38937200
H 1.15413300 -3.02895700 1.86198700
C 4.08232100 -3.15715500 -0.65825700
H 2.98706300 -1.65983000 -1.75394900
C 4.11029000 -3.95339000 0.47786100
H 3.07678900 -4.53527500 2.27092900
H 4.90172700 -3.18829000 -1.36475100
H 4.94984100 -4.61319100 0.65618800
H -1.05665500 -1.32977300 -2.79901800
H -0.52735200 -2.84645900 -2.04604600
H -2.00303400 -2.02322800 -1.49754500
Cu -1.11318800 0.78808600 -0.50411400
Br -0.92921200 2.70984300 0.98311200
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TS1-2
Atom X Y VA Structure

O

-0.13017100  -0.73739700  2.99339800
-0.11769300  -0.04666000  1.65509400
0.86399500  -0.31004900  0.76928000
2.06935100  2.58612600  0.17509000
3.19245400  3.39869400  0.15442000
428821200  2.99865200  -0.58880500
430534600  1.82313500  -1.31457100
3.18040600  1.01099400  -1.28704000
2.07558500  1.40269500  -0.54874300
118059900  2.86626100  0.72886600
3.22653800  4.33324200  0.69744300
518631500  1.55385200  -1.88077500
3.16558100  0.07557600  -1.83329300
0.89762200  0.55326300  -0.47965400
-0.00970300  1.19171400  -0.40035600
0.80114300  -0.03787400  -1.31677800
537527300  3.78466700  -0.60955100
-3.95477300  0.03666500  -0.73809200
-4.45269100  1.31719900  -0.93126000
-4.71946200  2.10667800  0.17259900
-4.50081000  1.65875100  1.46089100
-4.00653900  0.37571000  1.64733200
-3.75048800  -0.44187500  0.55325900
-3.69517800  -0.58157500  -1.59022600
-4.62151800  1.70984200  -1.92493800
-4.70701900  2.31226000  2.29738900 986.50i
-3.81550500  0.01425800  2.65093700
-3.16140100  -1.73411800  0.73836400
-3.32902400  -2.09651700  1.66954400
-3.50472300  -2.40603800  0.05938700
-5.20442000  3.34446600  -0.01296500
-1.07542900  1.92041200  0.31328800
-1.98900600  1.95004800  0.00865200
-0.89374800  1.08569000  1.10629200
2.06018000  -1.19000400  0.87909400
295915100  -1.02148100  1.93094700
230832200  -2.17592200  -0.07780700
4.08675100  -1.82628400  2.02721100
277552700 -0.24535000  2.66468600
3.43572600  -2.97875700  0.02070100
1.60775600  -2.32210200  -0.89453600
432751300  -2.80548600  1.07200900
478213300  -1.68271100  2.84456800
3.61351000  -3.74486600  -0.72357300
520830300  -3.43085900  1.14570400
-1.15153100  -0.97393200  3.30011600
0.47148300  -1.65080500  3.04153000
0.25560100  -0.04664800  3.74952600
-1.12681900  -1.35528800  0.14897400
-0.85970800  -1.74051200  -2.24528800
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TS1-3
Atom X Y Z Structure

(@)

-1.08182700  -2.43086700  -1.42539700
-0.89501800  -1.08963600  -1.12795800
-1.48484100  -0.53875000 0.00817300
-2.26316600  -1.33907900 0.84051200
-2.42684800  -2.68709700 0.55527800
-1.83969400  -3.23237700  -0.57964300
-0.63080800  -2.85320800  -2.31404800
-0.29209300  -0.46227300  -1.77377300
-2.72620600  -0.90245600 1.71728000
-3.01999600  -3.30993700 1.21264900
-1.97687600 -4.28177600  -0.80784500
-1.31038800  0.90306000 0.32232600
-2.42744400  1.79935800 0.43977600
2.12570900 1.38278600 -0.50721100
3.38374400 0.80692400 -0.58889100
3.63700200  -0.33950000 0.13982000
2.68107900  -0.91985800 0.95179700
1.42589700  -0.33694500 1.03142200 1759.72i
1.13638900 0.80523700 0.28727700
1.89062100 2.28034500 -1.06690200
4.16349600 1.23377900 -1.20508200
2.92837600  -1.80772900 1.51794800
0.66828600  -0.76989800 1.67137000
-0.11239300  1.45369700 0.34567100
-0.21658000  2.55976100 0.01717400
-3.82537300  1.32803100 0.09658200
-4.30612500  0.75553100 0.89411200
-4.46207000  2.18902800 -0.11116000
-3.82307600  0.70539500 -0.79919000
4.85506800  -0.90349500 0.06490800
-2.36806600  2.39793800 1.35040800
-0.86139400  3.54816700 -0.67862900
-1.87314400  2.77434100 -0.30195000
-0.98477500  4.39368900 -0.23901000
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