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8. Computational Studies
8.1 Computational Methods

8.1.1 Conformational sampling

Conformational sampling was performed using Grimme’s CREST program!!-'2, which
used metadynamics (MTD) with genetic z-matrix crossing (GC) performed at
theGFN2-xTB!3-15  extended semiempirical tight-binding level of theory with
opt=vtight option. The isolated conformers were used for further density functional

theory (DFT) calculations.

8.1.2 Density functional theory (DFT) calculations

Geometry optimizations were carried out using Gaussian 16 rev. B.01 software!® in the
gas phase using the global-hybrid meta-NGA (nonseparable gradient approximation)
MNI15 functional'” and the def2-SVP!®! basis set for all atoms. Truhlar’s MN15
functional was chosen to study the present system, as this functional has been employed
in the studies of a range of organometallic systems with good accuracy?’->’” Minima and
transition structures on the potential energy surface (PES) were confirmed as such by
harmonic frequency analysis, showing respectively zero and one imaginary frequency.
To improve on the accuracy of the corrected Gibbs energy profile, single point (SP)
calculations on the gas phase optimized geometries were performed at MN 15 with def2-
TZVP!819 basis set for all atoms in the implicit C-PCM continuum solvation model?®-2
to model the effect of toluene : DMF (0.48 : 0.02) mixed solvent that was used
experimentally, on the potential energy surface. Following our previous work®’, a
linearly interpolated dielectric constant (&) value of 1.8764 for the solvent mixture,
toluene : DMF =0.48 : 0.02, was used (2.38 x 0.48 + 36.7 x 0.02). We use simple linear
interpolation for generality to other solvent mixtures for future work. To verify the
results, and since pure toluene solvent can be used to achieve the same transformation
(albeit with reduced yield and selectivity (Table S7), we separately run single point
(SP) calculations on the gas phase optimized geometries at MN15/def2-TZVP?? in the
implicit SMD solvation model for toluene. We note that the values produced from both

levels of theory are consistent with each other and give the same conclusion.
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Gibbs energies were evaluated at the reaction temperature of 80 °C, using Grimme’s
scheme of quasi-RRHO treatment of vibrational entropies3!, using the GoodVibes
code’?. Vibrational entropies of frequencies below 100 cm™! were obtained according
to a free rotor description, using a smooth damping function to interpolate between the
two limiting descriptions®!. The free energies reported in Gaussian from gas-phase
optimization were further corrected using standard concentration of 1 mol/L33, which
were used in solvation calculations, instead of the gas-phase latm used by default in
the Gaussian program.

Unless otherwise stated, the final corrected Gibbs energy C-PCM(toluene-DMF)-
MN15/def2-TZVP//MN15/def2-SVP is used for discussion. The Gibbs energies in
SMD(toluene)-MN15/def2-TZVP//MN15/def2-SVP are included in square brackets.
All Gibbs energy values in the text and figures are quoted in kcal mol-!.

Optimized structures and molecular orbitals are visualized using PyMOL software4.

8.2 Model reactions

Scheme S1 shows the model reaction that we used for computational studies of the
reaction mechanism for the present reaction. Using pyridine-3-sulfonic acid (reaction
on the left), no anti-Markovnikov product was observed and the Markovnikov product
was formed in 73% yield with 99% ee. On the other hand, using 3,5-difluorophenol
(reaction on the right), only anti-Markovnikov product was formed and no

Markovnikov product was observed.

5 mol % Ni(cod), 65 m:lal// Ni( god 3
mol % rac-Benzl

6 mol % (R,R)-BenzP
Phy(S)P O 20 mol % pyridine-3-sulfonic acid o 20 mol % 3,5-difluorophenol
MN A+ PP J\/\/ S)Ph,
N

H tolDMF (0.48 mL/0.02 mL, H 2 tol/DMF (0.48 mL/0.02 mL)
t(30°c,12h ) 1 900 18h

73% yield, 99% ee 90% yield

4

Scheme S1. Model reaction used in computational modelling.

8.3 Conformational Considerations

The bisphosphine ligated Ni-complex where the olefin coordinates via C=C double
bond was conformationally sampled to locate the most stable species. We note that, due
to the chiral nature of the bisphosphine ligand, the C=C bond can coordinate in two

different orientations. The DFT optimized structures of these two coordination modes
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are shown in Figure S1. Using each of these structures (INT1 and INT1’) as an initial
guess and running the CREST conformational sampling, the results both converge to
the same most stable structure, INT1 after DFT optimization; in other words, CREST
only locates one form of the conformer as the most stable structure on the GFN2-xTB
potential energy surface, despite having two different initial guess structures. We note
that in an initial guess structure where the O atom of the substrate is coordinated to Ni
center in INT1, the optimized structure has O that is uncoordinated (Figure S1). The
amide O atom in INT1 has a non-covalent interaction with the C—H bond of the tert-
butyl group on the ligand. On the other hand, in INT1’, the amide O atom interacts with
Ni center to form an elongated Ni—O bond of 2.44 A. Interestingly, despite this, INT1’
is higher in Gibbs energy than INT1 by 4.5 [4.0] kcal/mol.

INT1 INTT’

AG = 0.0 [0.0] AG =4.5[4.0]

N\

INT1o0

AG = 26.7 [26.4]
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Figure S1. DFT-optimized structures of different conformers of substrate bound to the Ni catalyst. Gibbs
energies are given in C-PCM(toluene-DMF)[SMD(toluene)]-MN15/def2-TZVP//MN15/def2-SVP level

of theories.

We also try to start from a square planar guess structure where the amide O atom
coordinates to the Ni center directly. The optimized structure, IN1o, is much higher in
energy, by 26.7 [26.4] kcal/mol, than INT1, thus, it is thermodynamically less favorable

to form O-coordinated INT1o.

8.4 Reactivity with pyridine-3-sulfonic acid

As a note, for structures involved in the reaction with pyridine-3-sulfonic acid, the
suffix “A” is added after the number. For example, TS1 leading from INT1 in this
reaction will be denoted TS1A and TS1’ leading from INT1” will be denoted as TS1A”’.

8.4.1 Protonation step

After conformational sampling, we see that for substrate INT1, pyridine-3-sulfonic acid
can protonate either the terminal carbon of the olefin, via TS1A_Cterm, or the internal
carbon of the olefin, via TS1A_Cin (Figure S3). Alternatively, it can also protonate
either carbon of the olefin coordinated in INT1’, via TS1A’_Cterm or TS1A’_Cterm.
We located all these TSs and found that protonation of the terminal carbon via
TS1A_Cterm has the lowest barrier, at 9.5 [11.0] kcal/mol, whereas the protonation of

internal carbon via TS1A’ Cin has a higher barrier, at 11.6 [13.0] kcal/mol (Figure
26



S4). This barrier difference of 2.1 [2.0] kcal/mol (AAG¥) translates to a d.r. of about 20

: 1 at the reaction temperature of 80°C, using simple transition state theory.

It is worth noting that the protonation from the approach direction of least steric
hinderance (methyl group instead of tert-butyl group) is more favourable than from the
other direction (tert-butyl group instead of methyl group). For example, comparing
TS1A_Cterm and TS1A_Cin, the former has a lower barrier than the latter; similarly,
comparing TS1A’_Cin and TS1A’_Cterm, the former has a lower barrier than the
latter. In both TS1A_Cterm and TS1A’_Cin, protonation occurs from the right hand
side, whereas in TS1A_Cin and TS1A’_Cterm, protonation occurs from the left hand
side. Structurally, protonation from the right hand side (TS1A_Cterm and TS1A’_Cin)
preserves the planar structure of Ni coordination whereas protonation from the left hand
side (TS1A_Cin and TS1A’ Cterm) distorts the square planar geometry, thus

introducing more strains, resulting in elevated activation barriers.

Looking at the conformers of the transition states, we observe favorable interaction
between C—H bond of on the tert-butyl group and the amide oxygen atom in many TS
structures. It is also possible that the amide N-H bond coordinates to Ni-center to
stabilize the transition state. The lowest energy TS, TS1A_Cterm, may undergo an
inner-sphere protonation where an oxygen atom on the sulfone group coordinates to Ni-

center at a distance of 2.92A, while another oxygen atom carries out deprotonation.

TS1A_Cterm TS1A_Cterm_c2

AGE=9.5[11.0] AGE=9.8[11.3]
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TS1A_Cterm_c3

TS1A_Cterm_c4

AGE=10.1[11.0]

AGH=12.5[13.1]

TS1A_Cin

TS1A’_Cterm

AGE=16.9[18.0]

AG=19.2[20.1]
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TSIA’ Cin

TSIA' Cin_c2

AGE=11.6 [13.0]

AGE=13.0[13.7]

TS1A' Cin_c3

AGE=14.0 [15.4]
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Figure S2. DFT-optimized structures of different conformers of first C—C bond formation transition
states (TSs) using pyridine-3-sulfonic acid as the proton source. Gibbs energies relative are given relative
to the ground state of INT1. Gibbs energies are given in C-PCM(toluene-DMF)[SMD(toluene)]-

MN15/def2-TZVP//MN15/def2-SVP level of theories.

8.4.2 Competing transition states

We further analyze the factors influencing the selectivities by comparing the frontier
molecular orbitals (FMOs), non-covalent interactions and distortion-interaction
analysis in the lowest energy competing TSs, TS1A Cterm, TS1A Cin,
TS1A’ Cterm and TS1A’_Cin. The results are shown in Figure S3 and Table S8.

TS1A_Cterm TS1A_Cin

barrier | AGt=9.5[11.0] AGE=16.9[18.0]
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Figure S3. DFT-optimized structures, frontier molecular orbitals (HOMO and LUMO) and non-covalent
interaction (NCI) plots for the lowest barrier transition state for the first C—C bond formation transition
states (TSs) using pyridine-3-sulfonic acid as the proton source.
Distortion-interaction®3-3%, analysis is applied to key TSs to discern the factors affecting
regioselectivity. The transition state structures are decomposed by dividing the acid and
the olefin-bound Ni-species as components. Single point calculations at C-
PCM(toluene-DMF) solvent correction were applied performed at M06-2x/def2-TZVP
level of theory to obtain distortion and interaction energies. The distortion energy is
given by:

Euist =E1s fragt T E15frag2 = (Eeqfragt T Eeq frag2)
where 78S,fragl,2 represent individual fragments in their distorted transition state
geometries; and eq,fragl,? represent individual fragments in their optimized,
equilibrium ground-state geometries; the interaction energy is given by:

Eini =E7s = (E15fiagi + E75frag2)
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which accounts for the stabilizing interactions (e.g., electrostatic, orbital, dispersion)
between the distorted fragments in the TS.
Thus, the total activation energy is given by:

A Et=E g+ Ej.
Note that this single point activation energy and the activation energy differences AAE*
between the major and minor TSs may be different from the Gibbs energy differences
AAG! that is computed fully (including vibrational frequencies analysis) at C-
PCM(toluene-DMF)-MN15/def2-TZVP//MN15/def2-SVP level of theory.

Table S8. Distortion-interaction analysis for the protonation step using pyridine-3-

sulfonic acid.

Transition State AE* Ejig E;,;

TS1A_Cterm -5.4 37.1 -42.5
TS1A_Cin 3.0 48.5 -45.5
TS1A’_Cterm 5.7 49.5 -43.8
TS1A’_Cin -2.7 39.6 -42.3

This analysis shows that TS1A_Cterm has the lowest barrier and is more stable than
TS1A_Cin by 8.4 kcal/mol, which results from much lower distortion energy, by 11.4
kcal/mol, when the two components approach each other despite the interaction energy
that is 3.0 kcal/mol less stabilised. For the protonation of INT1’, TS1A’ Cin has a
lower barrier by 8.4 kcal/mol than TS1A’_Cterm, due to the former having much lower
distortion energy, by 9.9 kcal/mol, although the interaction energy is slightly less stable,
by 1.5 kcal/mol. Thus, the protonation from the approach direction of least steric
hinderance (methyl group instead of tert-butyl group) is more favourable
(TS1A_Cterm and TS1A’_Cin) than from the other direction (tert-butyl group instead
of methyl group, TS1A_Cin and TS1A’_Cterm).

In terms of regioselectivity outcome, TS1A_Cterm is favoured over TS1A’_Cin, by
AAE*=2.7 kcal/mol, primarily due to the smaller distortion in the former than the latter,

by 2.5 kcal/mol, whereas the interaction E;,, is similar in both TSs.
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8.4.3 Oxidative addition of O—H of pyridine-3-sulfonic acid to Nickel

The possibility of oxidative addition of O—H of pyridine-3-sulfonic acid to nickel was
explored, however, in the process of TS search and the optimization of a potential Ni—
H species, it was shown that such Ni—H species could not be formed and that the H
atom on Ni-center will add to olefin C=C bond upon geometry optimization, even if we

started with a guess Ni—H structure.

8.4.4 Reductive elimination step

TS2A

AGY=-139[-11.0]

Figure S4. DFT-optimized structures of the reductive elimination step, TS2A.

8.5 Reactivity with 3,5-difluorophenol

For the reaction with 3,5-difluorophenol additive, the suffix “B” is added after the
number. For example, TS1 leading from INT1 in this reaction will be denoted TS1B
and TS1’ leading from INT1’ will be denoted as TS1B’.

8.5.1 Protonation step
Similar to the protonation by pyridine-3-sulfonic acid discussed in the previous section,
for INT1, the protonation of olefin can occur at either carbon of the C=C bond, via

TS1B _Cterm and TS1B_Cin, Figure S5; for INT1’, via TS1B’ Cterm and
36



TS1B’_Cin, Figure S5. As for pyridine-3-sulfonic acid, the protonation from the right
hand side has lower barriers than from the left hand side (approach of least steric
hinderance). Using 3,5-difluorophenol, the protonation of internal olefin on INT1’, via
TS1B’_Cin, has the lowest barrier, at 24.3 [25.2] kcal/mol. On the other hand, the
protonation of terminal olefin has a barrier of 30.1 [30.6] kcal/mol, via TS1B_Cterm.
This barrier difference of 5.8 [5.4] kcal/mol (AAG?) translates to a d.r. of about 2200~
3900 : 1 at the reaction temperature of 80°C, using simple transition state theory,
indicating that protonation by 3,5-difluorophenol predominantly occurs on terminal

carbon of the C=C bond of the substrate.

TS1B_Cterm TS1B_Cin

AG=30.1[30.6] AGH=31.7[31.1]

TS1B_Cin_c2 TS1B_Cin_c3

AGE=31.7[31.9] AGE=31.7[33.1]
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TS1B_Cin_c4 TS1B’_Cterm

AG* =34.2[35.6] AG* =32.2[33.0]

TS1B'_Cterm_c2 TS1B'_Cterm_c3

AGY=34.0[35.6] AGY=32.2[33.0]
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TS1B’_Cin

TS1B'_Cin_c2

AGH=24.31[25.2]

AGE=26.4[27.7]

TS1B'_Cin_c3

AGt=31.8[32.3]
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Figure S5. DFT-optimized structures of different conformers of first C—C bond formation transition
states (TSs) using 3,5-difluorophenol as the proton source. Gibbs energies relative are given relative to
the ground state of INT1. Gibbs energies are given in C-PCM(toluene-DMF)[SMD(toluene)]-

MN15/def2-TZVP//MN15/def2-SVP level of theories.

8.5.2 Competing transition states

We further analyze the factors influencing the selectivities by comparing the frontier
molecular orbitals (FMOs), non-covalent interactions and distortion-interaction
analysis in the lowest energy competing TSs, TS1B_Cterm, TS1B_Cin,
TS1B’_Cterm and TS1B’_Cin. The results are shown in Figure S6 and Table S9.

TS1B_Cterm TS1B_Cin

barrier AGt=30.1[30.6] AGY=31.7 [31.1]
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barrier
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Figure S6. DFT-optimized structures, frontier molecular orbitals (HOMO and LUMO) and non-covalent

interaction (NCI) plots for the lowest barrier transition state for the first C—C bond formation transition

states (TSs) using 3,5-difluorophenol as the proton source.

As before, distortion-interaction’>-*¢ analysis is applied to key TSs to discern the factors

affecting regioselectivity. The transition state structures are decomposed by dividing

3,5-difluorophenol and the olefin-bound Ni-species as components. Single point

calculations at C-PCM(toluene-DMF) solvent correction were applied performed at

MO06-2x/def2-TZVP level of theory to obtain distortion and interaction energies. The

results are given in Table S9.

Table S9. Distortion-interaction analysis for the protonation step using 3,5-

difluorophenol.
Transition State AE* E it E;,
TS1B_Cterm 15.2 66.1 -50.9
TS1B_Cin 18.1 75.7 -57.6
TS1B’_Cterm 19.4 72.0 -52.6
TS1B’_Cin 10.0 70.2 -60.2
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This analysis shows the protonation of INT1’ via TS1B’_Cin has the lowest barrier,
and is more stable than TS1B’_Cterm by 9.4 kcal/mol, which results from both lower
distortion energy, by 1.8 kcal/mol, and the much more stablized interaction energy, by
7.6 kcal/mol. For the protonation of INT1, TS1B_Cterm has a lower barrier by 2.9
kcal/mol than TS1B_Cin, due to the former having much lower distortion energy, by
9.6 kcal/mol, although the interaction energy is slightly less stable, by 6.7 kcal/mol. As
before, the protonation from the approach direction of least steric hinderance (methyl
group instead of tert-butyl group) is more favourable (TS1B_Cterm and TS1B’_Cin)
than from the other direction (tert-butyl group instead of methyl group, TS1B_Cin and
TS1B’_Cterm).

In terms of regioselectivity outcome, TS1B’_Cin is favoured over TS1B_Cterm, by
AAE*= 5.2 kcal/mol, primarily due to the much better stabilization interactions, by 9.3
kcal/mol in TS1B’_Cin than in TS1B_Cterm, despite the larger distortion in

TS1B’_Cin than in TS1B_Cterm, by 4.1 kcal/mol.

8.5.3 Oxidative addition of O—H of 3,5-difluorophenol to Nickel

Similarly, the possibility of oxidative addition of O—H of 3,5-difluorophenol to nickel
was explored. Again, in the process of TS search and the optimization of a potential
Ni—H species, it was shown that such Ni—H species could not be formed and that the H
atom on Ni-center will add to olefin C=C bond upon geometry optimization, even if we

started with a guess Ni—H structure.

8.5.4 Reductive elimination step

TS2B’

AGH=5.9[7.4]

45



Figure S7. DFT-optimized structures of the reductive elimination step, TS2B’.

8.6 Estimation of product ratio under Kinetic control

Under kinetic control, the product ratio of two pathways can be estimated using the
ratio between the reaction rates of each pathway. The barrier difference AAG* between
two transition states gives a kinetic preference for the major product over the minor
product. This can be estimated using simple transition state theory, without Boltzmann

weighting of all the conformers via the following:
The Eyring equation

k— klZTe—Aci/RT

gives the rate constant under simple transition state theory (TST) assumptions.

Under kinetic control, as we compare the barrier heights difference between competing

transition states, the ratio of the rates between two pathways is given by:

1
ki e AGL/RT

_ e—AAGi/RT

kp  ¢—AGL/RT

where ky is the rate constant of pathway X (X=A or B); 4G is the activation barrier
for pathway X; and 44Gy/ is the difference in the barrier heights; and R is the gas

constant, 7 the temperature. Note that the Eyring Equation pre-exponential factor
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cancels when comparing the ratio of the rate constants. Thus, using the calculated
AAGy* value (difference of barrier heights between competing TSs) at the reaction

temperature (e.g., 80°C = 353.15K), we are able to obtain the ratio of competing rates.

8.7 Optimized structures and absolute energies
Geometries of all optimized structures (in .xyz format with their associated gas-phase
energy in Hartrees) are included in a separate folder named DFT optimized structures.

All these data have been uploaded to https://zenodo.org/records/15683959 (DOI:

10.5281/zenodo.15683959).

Absolute values (in Hartrees) for SCF energy, zero-point vibrational energy (ZPE),
enthalpy and quasi-harmonic Gibbs free energy (at 60°C/333.15 K) for optimized
structures are given below. Single point corrections in SMD THF using B3LYP-
D3BJ/def2-TZVP level of theory are also included.

SP SP
ZPE T.S/ qh- CPCM(tol
Structure E/au H/au q ( SMD(tol
/au au G/au uene- uene)
DMF)

516.592  0.189 51638 0.060 516.444 - 517.231917

substratel 634 856 655 904 73 517.2216598 3
804.018 0.192 803.80 0.062 803.867 - 804.728720

HPPh2 129 71 916 175 969 804.7180776 2
2131.11 0364 2130.7 0.072 2130.79 - 2132.11448

NiCOD2 1086 727 223 916 436 2132.101668 9
505.014 0.089 50491 0.046 504.960 - 505.648157

difluorophenol 972 438 475 048 808 505.6431965 2
870.896 0.104 g§70.77 0.051 870.829 - 871.725660

sulfonic_acid 284 466 902 952 978 871.7189721 4
803.445 0.181 803.24 0.059 803.305 804.199916

PPh2_anion_opt 716 289 856 17 954 -804.182809 4
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4206.114602

4206.113239

4206.109129

4206.137644

4206.102639

4206.098504

-4206.11161

505.137821
4

871.259234
2

3334.40341
6

3334.39499
1

3334.35700
9

4206.14715
8

4206.13734
2

4206.13690
8

4206.13697
2

4206.13501
6

4206.13202
5

4206.16090
5

4206.12481
2

4206.12102
3

4206.13318
7
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TS1A'_Cin_c2

TS1A' Cin_c3

INT4A

INTSA

TS2A

INT6A

TS1B_Cin

TS1B_Cin_c2

TS1B_Cin_c3

TS1B_Cin_c4

TS1B_Cterm

TS1B'_Cterm

TS1B' Cterm_c2

TS1B'_Cterm_c3

INT2B’

4203.36
5757

4203.36
2332

4203.39
806

4136.48
9952

4136.45
9567

4136.49
7856

3837.44
2905

3837.44
235

3837.44
6679

3837.44
1423

3837.44
8687

3837.44
3629

3837.44
4553

3837.44
3629

3837.48
4887

0.698
431

0.698
082

0.703
75

0.794
025

0.792
445

0.793
291

0.681
554

0.681
913

0.682
033

0.681
571

0.683
028

0.681
223

0.682

0.681
224

0.687
263

4202.6
057

4202.6
025

4202.6
324

4135.6
301

4135.6
014

4135.6
383

3836.7
006

3836.6
999

3836.7
044

3836.6
996

3836.7
057

3836.7
02

3836.7
021

3836.7
02

3836.7
368

0.156
484

0.158
433

0.159
134

0.164
318

0.165

0.168
104

0.156
631

0.157
39

0.152
954

0.152
833

0.151
342

0.155
481

0.152
253

0.155
481

0.155
675

4202.75
1453

4202.74
9226

4202.77
9735

4135.78
3115

4135.75
5049

4135.79
3237

3836.84
548

3836.84
4993

3836.84
7112

3836.84
2398

3836.84
772

3836.84
6011

3836.84
458

3836.84
601

3836.88
1432

4206.109454

4206.106621

4206.146428

4139.118573

4139.091769

4139.138406

3840.000637

3839.999114

3840.001244

3839.996732

3840.005238

3839.998488

3839.998042

3839.998488

3840.041245

4206.13215
4

4206.12832
5

4206.16853
6

4139.14416

4139.11757
6

4139.16389
4

3840.02227
9

3840.02094

3840.02122

3840.01670
7

3840.02650
2

3840.01934
4

3840.01765
3

3840.01934
5

3840.06180
4
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3837.45

3836.7

0.682 0.152  3836.85 - 3840.03422
TS1B'_Cin 7574 36 152 167 7526 3840.013494 5
3837.45 0.681 3836.7 0.152 3836.85 3840.02916
TS1B'_Cin_c2 5155 874 131 971 6155 -3840.00917 4
3837.44 0.681 3836.6 0.157 3836.84 - -
TS1B'_Cin_c3 1656 612 993 921 4441 3839.998821  3840.02013
3837.46 0.686 3836.7 0.154 3836.85 - 3840.04320
INT3B' 2239 306 154 204 8999 3840.021633 1
3837.48 0.688 3836.7 0.153 3836.87 - -
INT4B' 2346 084 34 141 6798 3840.039563  3840.06012
4136.49 0.795 41356 0.164 4135.78 - 4139.14799
INT5B' 0165 508 295 509 1562 4139.122521 5
4136.46  0.792 41356 0.166 4135.76 - 4139.12933
TS2B' 651 01 089 06 258 4139.103329 8
413648 0.793 41356 0.168 4135.78 - -
INT6B' 813 364 284 984 3697 4139.130793  4139.15707

9. Analytic data for the products

(R)-3-(diphenylphosphorothioyl)-N-phenylbutanamide (3a)

O\ O  P(S)Ph,
N)J\/\Me
H

General procedure A was used with N-phenylbut-3-enamide 1a (35.4 mg, 0.22 mmol,
2.2 equiv.) and diphenylphosphane 2a (18.6 mg, 0.1 mmol, 1.0 equiv.) at 80 °C for 12
h to afford 3a as foam (29.0 mg, 74% yield, 99% ee¢). 'H NMR (400 MHz, Chloroform-
d) 6 8.08-7.87 (m, 4H), 7.65 (s, 1H), 7.54-7.37 (m, 8H), 7.28-7.24 (m, 2H), 7.08 (t, J =
7.4 Hz, 1H), 3.62-3.49 (m, 1H), 2.70-2.44 (m, 2H), 1.17 (dd, J= 18.5, 6.8 Hz, 3H).3'P
NMR (162 MHz, Chloroform-d) 8 52.48.13C NMR (101 MHz, Chloroform-d) 8 168.95
(d, J=16.0 Hz), 137.66, 131.74 (dd, J = 4.7, 2.9 Hz), 131.43 (dd, J = 9.6, 6.0 Hz),

130.65, 128.92 (d, J=17.4 Hz), 128.84 (d, J = 23.1 Hz), 124.54, 119.85, 38.58 (d, J =
50
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