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Abstract. A chiral ligand for the rhodium-catalyzed 
asymmetric 1,4-addition of arylboronic acid to a coumarin 
substrate that could markedly reduce catalyst loading was 
developed using interplay between theoretical and 
experimental approaches. Evaluation of the transition states 
for insertion and for hydrolysis of intermediate complexes 
(which were emphasized in response to the experimental 
results) using DFT calculations at the B97D/6-31G(d) with 
the LANL2DZ basis set for rhodium revealed that: a) the 
electron-poor nature of the ligands; and b) CH–π interactions 
between the ligand and coumarin substrates played 
significant roles in both acceleration of insertion and 
inhibition of ArB(OH)2 decomposition (protodeboronation).  

The computationally-designed ligand, incorporating above 
information, decreased the catalyst loading up to 0.025 
mol% (S/C = 4,000), which is less than one one-hundredth 
relative to past catalyst loadings of typically 3 mol%, with 
almost complete enantioselectivity. Furthermore, the gram-
scale synthesis of the urological drug, (R)-Tolterodine (L)-
tartrate, was demonstrated without the need of intermediary 
purification. 

Keywords: Asymmetric 1,4-addition; DFT calculations; 
Transition states; Chiral phosphine ligand; Pharmaceutical 
molecule 

Introduction 

The development of an efficient catalytic reaction 
requires many screenings of existing catalysts or 
many tests of modified catalysts for activity. When 
the modification or a de novo design of a catalyst is 
attempted, success will depend on a chemist’s 
intuition as well as knowledge, experience, and the 
experimental results. Computational chemistry could 
aid in these approaches,[1] but a computationally-led 
design for the development of effective catalysts is 
not commonplace because: a) specialized skills are 
required to carry out the necessary calculations 
correctly and b) sufficiently accurate calculations are 
not always affordable.[2] This is particularly the case 
in organometallic systems which are very 
complicated due to the complex and multistep 
catalytic cycles.[3] Furthermore, because compromises 
of a calculation method are necessary at present, it is 
important to validate the calculation results by 
comparison with reference data.[2b,4] Recently, the 
interplay between theoretical and experimental 
approaches has been reported to contain profound 
insight into catalytic reactions, including transition 
metal catalysts.[5,6] This interplay method has the 
potential for reactivity prediction of catalytic 

reactions because it can be performed with 
computationally-deep considerations of the catalytic 
cycle, including transition states based on 
experimental results. Therefore, the method would 
enable computationally-led rational design of the 
catalyst for improving catalytic activity or selectivity. 
In particular, some successful examples of 
improvement of stereoselectivity by computationally-
led design of catalysts were reported.[1,7] In contrast, 
only a few results have been reported for the 
improvement of catalytic activity using 
computational ligand design with this interplay 
method. Schoenebeck designed and synthesized 
bisphophines-bearing CF3 groups to enhance the 
reductive elimination of Ph-CF3 from palladium, 
although that in itself was not the catalytic reaction.[8] 
Yoshizawa and Nishibayashi demonstrated activity 
improvement of a molybdenum catalyst for ammonia 
synthesis using the interplay method.[9] Introduction 
of electron-donating methoxy groups to a ligand 
designed by calculations accelerated the 
molybdenum-catalyzed nitrogen fixation to give ca. 
1.5 times the amount of ammonia. Anderson and 
Straker et al. reported excellent computational ligand 
design.[10] They developed a highly reactive rhodium 
catalyst for the enantioselective and 
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diastereoselective cycloisomerization of ynamide-
vinylcyclopropanes to [5.3.0]-azabicycles. The 
computationally-designed ligand, bearing fluorine 
groups, improved the reaction time (e.g., 1 h → 5 
min) and enantioselectivity of the catalytic reaction. 
The above examples show that the interplay method 
is very useful for rational catalyst design, but the 
examples, thus far, have not yet used the interplay 
method to reduce catalyst loadings. Therefore, we 
will use the interplay method to develop the ligand 
for practically usable catalyst at scales viable for the 
pharmaceutical industry. 
We were interested in rhodium-catalyzed asymmetric 
1,4-addition of arylboronic acids to enone substrates 
(the so-called Hayashi–Miyaura coupling)[11,12] 
because the C-C bond formation reaction produces 
chiral 1,4-adducts (1), which include many useful 
chiral synthetic intermediates.[13] Even though many 
effective chiral rhodium catalysts for the reaction 
have been developed, it is hard to utilize the reaction 
for industrial scale syntheses.[14] Although some 
examples of gram or kilogram scale reactions have 
been reported, the catalyst loading was over 1 mol% 
in all cases.[14,15] Because a rhodium complex is very 
expensive, the large amount of rhodium complex 
typically required does not justify the cost in 
industrial synthesis. The rhodium-catalyzed 
asymmetric 1,4-addition to 6-methylcoumarin (2a) 
with phenylboronic acid (3a) is a typical example of 
an unfavorable reaction for industrial scale use. The 
reaction gives (R)-6-methyl-4-phenylchroman-2-one 
(1aa), which can be converted readily to Detrusitol® 
((R)-tolterodine (L)-tartrate), an important urological 
drug (Scheme 1).[16] Since the reaction using 
rhodium/(R)-SEGPHOS catalyst was demonstrated 
by Hayashi,[17] the same reaction was reported by us 
using the rhodium/(R)-MeO-F12-BIPHEP catalyst,[18] 
by Carnell using a rhodium/chiral diene ligand,[19] 
and by Mino using the rhodium/(R)-BICMAP (2,2ʼ-
diphenylphosphino-1,1ʼ-bi-5,6-dihydrobenzofuran) 
catalyst.[20] Although the reactions gave (R)-1aa in 
high yield with high enantioselectivity, over 99% ee, 
the catalyst loadings were 3 to 6 mol% (S/C = 33 to 
17) in all above examples. Similar examples using 
coumarin (2b) instead of 2a also required high 
catalyst loadings.[17-20,21,22] Furthermore, the typically 
required amount of 3a is 10 equivalents because 
consumption of 3a by protodeboronation[12c] arises 
from the low reactivity of 2a. 

 

Scheme 1. Synthesis of Detrusitol® via rhodium-catalyzed 

asymmetric 1,4-addition of 3a to 2a. 

This work demonstrates development of a chiral 
rhodium catalyst to drastically reduce the catalyst 
loading to 0.025 mol% (S/C = 4,000) in the 
asymmetric 1,4-adddition of 3a to coumarins 2 by 
computationally-led chiral ligand design using the 
interplay between theoretical and experimental 
approaches. Furthermore, a synthetic protocol for 
(R)-tolterodine synthesis from (R)-1aa is also 
demonstrated to utilize the industrial synthesis.[23] 

Results and Discussion 

Firstly, chiral ligands were screened for asymmetric 
1,4-addition of 3a to 2a in the presence of 0.1 mol% 
rhodium catalyst (S/C = 1000). The reactions of 2a 
with 1 equiv. of 3a were performed in 1,4-dioxane, 
which was a typical solvent for the reaction, with 
aqueous solution of NaHCO3 at 25 °C for 6 h using 
known chiral ligands for rhodium (rhodium/ligand = 
1.0) (Table 1). Conventional chiral ligands (BINAP, 
SEGPHOS, and MeO-BIPHEP) were useless for the 
1,4-addition reaction (entries 2-4). The electron-poor 
difluorphos[24] and chiral diene ligands were also not 
effective (entries 5 and 1). When highly electron-poor 
MeO-F12-BIPHEP was used, the reaction proceeded 
to give (R)-1aa in 23% yield with >99% ee (entry 6). 
However, the use of even more electron-poor MeO-
3,5-(CF3)2-BIPHEP decreased the yield of (R)-1aa to 
8% and with an inadequate enantioselectivity of 92% 
ee (entry 9). The results indicated that the electron-
poor nature of the chiral diphosphine is important for 
enhancing the catalytic activity of rhodium,[25] but 
that is not enough as a requirement for the 1,4-
addition reaction to progress. Next, we focused on 
both the yields and the residual quantity of 3a (Table 
1). A certain amount of 3a was always consumed 
regardless if the ligands were ineffective at catalyzing 
the 1,4 addition (entries 1–5).[12c] The consumption of 
3a was further accelerated using highly electron-poor 
phosphines. Although the reaction using MeO-F12-
BIPHEP or MeO-3,5-(CF3)2-BIPHEP gave only low 
yields of the 1,4-addition product, (R)-1aa, no 
residual 3a was observed in the reaction solution 
(entries 6 and 9). These results revealed that the 
reason for incomplete 1,4-addition was not only the 
low catalytic activity of the rhodium/diphosphine 
system, but also the disappearance of reagent 3a. 
However, increasing amount of 3a to 3.5 equiv. 
improved the yield to only 38% (entry 7). 
Furthermore, increasing reaction temperature to 50°C 
accelerated decomposition of 3a and gave no product 
of (R)-1aa (entry 8). Therefore, further improvement 
proved difficult using the known ligands. 

Table 1. Ligand Screening for Rhodium-catalyzed 
Asymmetric 1,4-Addition of 3a to 2a (S/C = 1,000) [a] 
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Entry (R)-Ligand Yield [%] ee [%] 3a[b] 

1 diene* 1 - ca. 80% 

2 BINAP 0 - ca. 80% 

3 SEGPHOS 0 - ca. 50% 

4 MeO-BIPHEP 0 - ca. 50% 

5 difluorphos 0 - ca. 90% 

6 MeO-F12-BIPHEP 23 >99 none 

7[c] MeO-F12-BIPHEP 38 >99 none 

8[d] MeO-F12-BIPHEP 0 - none 

9 MeO-3,5-(CF3)2-

BIPHEP 

8 92 none 

[a]Reaction conditions: 2a (4.32 mmol), [RhCl(C2H4)2]2 

(2.16 μmol, 0.1 mol% of Rh), (R)-ligand (4.32 μmol, 0.1 

mol%), PhB(OH)2 (4.32 mmol, 1.0 equiv.) and sat. 

NaHCO3 (5.8 mL) in 1,4-dioxane (4.3 mL) under argon 

atmosphere at 25 °C for 6 h, unless otherwise specified. 
[b]Remaining quantity of 3a was calculated by 1H NMR. 
[c]PhB(OH)2 (15.1 mmol, 3.5 equiv.). [d]At 50 °C. 

Although abnormal consumption of 3a in Hayashi–
Miyaura coupling is known as protodeboronation of 
the arylboronic acid,[12c] it was evident that this was 
not simply hydrolysis of 3a with H2O because the 
abnormal consumption of 3a was not observed in the 
reaction with a highly reactive cyclohexenone 
substrate.[26] Therefore, we had an insight into the 
catalytic cycle of the asymmetric 1,4-addition of 3a 
to 2a according to the catalytic cycle proposed by 
Hayashi et al.[27] (Figure 1). The active species of 
[RhOH(ligand)]2 4, which is generated from 
[RhCl(ligand)]2 with base and H2O, undergoes 
transmetalation with 3a to give complex 5. The 
insertion reaction of 5 coordinated with 2a (5•••2a) 
forms the C-C bond asymmetrically. The hydrolysis 

of complex 6 gives (R)-1aa and regenerates the active 
species 4 in dimer form (4•••4). The low-reactivity of 
2a slows the reaction rate of insertion (kins), resulting 
in a change of the rate-determining step to 
insertion,[28] while hydrolysis of complex 5 is 
actualized (kins < khyd) to enhance the consumption of 
3a, unlike the reaction of cyclohexenone instead of 
2a. If the insertion reaction can be accelerated by an 
appropriate ligand, the reaction rate of insertion (kins) 
would be enhanced and the hydrolysis of complex 5 
(khyd) will be disturbed. However, finding the 
appropriate chiral ligand using random or intuitive 
screenings has limitations, as shown in Table 1. 
Therefore, the rational design of a ligand is essential 
for accelerating this catalytic reaction. 

 

Figure 1. Catalytic cycle of rhodium-catalyzed asymmetric 

1,4-addition of 3a to 2a. 

To design the effective ligand, the insertion step and 
hydrolysis of 5 were estimated by density functional 
theory (DFT) calculations. Although some theoretical 
consideration of enantioselectivity in rhodium-
catalyzed asymmetric 1,4-addtion were reported,[29] 
there are few reports evaluating the catalytic reaction 
rate by theoretical calculations.[30] Furthermore no 
examples were reported for hydrolysis of 
intermediate Rh-Ph complex 5. 
All structures, including transition states, were fully 
optimized and characterized using frequency 
calculations at the B97D functional[31] with the 6-
31G(d) basis set[32] for the organic molecules and the 
LanL2DZ[32] basis set (with effective core potentials) 
for rhodium using Gaussian 09, revision E.01.[33] The 
B97D functional was chosen by the results of 
comparison with other functions (B3LYP and 
M062X: See Supporting Information). Gibbs free 
energies (298.15 K, 1 atm) were initially computed 
for the gas phase. Relative Gibbs free energies in 
solvent were obtained using single-point energy 
calculations of the optimized structures at the same 
level with the SCRF method based on CPCM (1,4-
dioxane)[34] followed by the addition of thermal 
corrections, which were calculated using the 
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geometrical optimization mentioned above. As the 
initial calculation structures of Rh/MeO-F12-BIPHEP 
complexes, a partial X-ray structure of [RhCl(meo-
f12-biphep)]2 was used.[26a] 
The energy diagrams for both the insertion of 2a to 
complex 5, giving the (R)-product as a favorable 

enantiomer,[35] and the hydrolysis of complex 5, i.e., 
decomposition process of 3a, are summarized in 
Figure 2. The models used existing chiral ligands: 
(R)-MeO-F12-BIPHEP (black) or (R)-MeO-BIPHEP 
(blue). 

 

Figure 2.  Energy diagrams of insertion or hydrolysis of 5. Relative Gibss free energies (kcal/mol) obtained by single 

point energy calculations with the SCRF method based on CPCM (1,4-dioxane) are shown. The energies of TS≠ins 

described in plain text were for transition states giving R-products. The energies for transition states giving S-products 

were described in italic with dot line and #. 

The insertion, or the hydrolysis, of 5 proceeds via 
TS≠ins, or TS≠hyd, after coordination with the enone 
substrate (5•••sub), or H2O (5•••2H2O) (See 
Supporting Information, Figure S1). Although the 
activation energy of insertion had been calculated 
from the difference between complex 5 and TS≠ins,[29] 
it is necessary to carefully consider the starting point 
of insertion step to evaluate the reaction rate. After 
formation of 5 by transmetalation of PhB(OH)2 (3a) 
to rhodium in the presence of NaHCO3, 5 was 
stabilized by coordination with NaOB(OH)2 to give 
complex 5•••NaOB(OH)2,[30] which was the most 
stable complex in the 5•••donating molecules (2a, 
H2O, 1,4-dioxane, NaHCO3, and NaOB(OH)2) 
(Scheme 2). The most stable complex 
5•••NaOB(OH)2 would be the mutual short-lived 
resting-state in both insertion and hydrolysis 
processes, in other words, the complex is starting 
point of both insertion and hydrolysis. 

 

Scheme 2.  Complex 5 with donating molecules.[a],[b] 
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Next, the insertion step was evaluated. Although the 
activation free energy for insertion (ΔG≠ins) was 
evaluated by (energy of TS≠ins) – (energy of 5•••sub), 
the kins would be evaluated using ΔG≠C-C (not ΔG≠ins) 
which was calculated by (energy of TS≠ins) – (energy 
of 5•••NaOB(OH)2). In the case of MeO-F12-BIPHEP 
(black in Figure 2), complex 5 was stabilized by 
NaOB(OH)2 (5•••NaOB(OH)2) at -18.66 kcal/mol. 
The ligand exchange of NaOB(OH)2 to 2a via 
unsaturated complex 5 to give 5•••sub increased the 
energy level to -8.52 kcal/mol. The insertion 
proceeded via TS≠ins to give intermediate complex 6. 
The ΔG≠ins was 11.42 kcal/mol, and it was larger than 
the case of highly-reactive cyclohexenone by 2.03 
kcal/mol (gray in Figure 2), indicating that substrate 
2a was a less reactive substrate than cyclohexenone. 
On the contrary, the ΔG≠ins[MeO-F12-BIPHEP, 2a] 
was smaller than that of MeO-BIPHEP by 2.71 
kcal/mol, indicating that the electron-poor nature of 
MeO-F12-BIPHEP accelerated the insertion 
reaction.[36] Furthermore, in the case of MeO-
BIPHEP, more stabilized 5•••NaOB(OH)2 increased 
ΔG≠C-C, as compared to that of MeO-F12-BIPHEP 
(27.61 vs. 21.56 kcal/mol). As a result, MeO-
BIPHEP was shown to be ineffective for insertion. 
The energy trends were in agreement with the 
experimental results in Table 1. 
Next, in view of the ΔG≠hyd, the favorable route for 
hydrolysis of 5 was the pathway involving 
bimolecular H2O (not unimolecular or termolecular 
H2O), revealed by the estimation of transition 
states.[37] In a similar way to ΔG≠C-C, ΔG≠hyd was 
calculated by (energy of TS≠hyd) – (energy of 
5•••NaOB(OH)2) to evaluate khyd. On calculating 
ΔΔG≠ (=ΔG≠C-C – ΔG≠hyd) to compare ΔG≠C-C and 
ΔG≠hyd values, the ΔΔG≠ value in the case of MeO-
F12-BIPHEP was 0.92 kcal/mol. The result indicates 
that the insertion reaction is more unfavorable than 

the hydrolysis of 5, in agreement with the 
experimental result (Table 1). Therefore, suppression 
of the hydrolysis of 5 in a real system would need a 
negative ΔΔG≠ value obtained by decreasing the 
ΔG≠C-C or increasing the ΔG≠hyd values. 
As is evident from the results (Table 1), the 
introduction of too strong electron-withdrawing 
groups to the ligand does not lead to an improvement 
in the reaction yield, and thus, the structures of the 
TS≠ins that give the favorable enantiomer were 
dissected to design the ligand that would decrease the 
ΔΔG≠ value. The structures of TS≠inss, bearing (a) 
(R)-MeO-BIPHEP, (b) (R)-MeO-F12-BIPHEP, and (c) 
(R)-MeO-3,5-(CF3)2-BIPHEP, are depicted in Figure 
3. Steric (or electronic) repulsion was observed 
between π-electron of 6-methylcoumarin and lone 
pair of the meta-fluorine on the pendant aryl groups 
of MeO-F12-BIPHEP, resulting in the aryl group 
being tilted away from 6-methylcoumarin (D(Rh-P-
Cipso-Cortho) = 51.2° for MeO-F12-BIPHEP vs. D(Rh-
P-Cipso-Cortho) = 41.4° for MeO-BIPHEP). The larger 
trifluoromethyl group in MeO-3,5-(CF3)2-BIPHEP 
further tilted the aryl group (D(Rh-P-Cipso-Cortho) = 
66.8°). In contrast, the attractive CH-π interaction 
between ortho- and meta-protons in the pendant 
phenyl group and the aromatic plane of 6-
methylcoumarin was observed in the MeO-BIPHEP 
system: this was because the C∙∙∙H distances were 
2.69 or 2.73 Å, respectively, which are shorter than 
sum of their van der Waals radii of C and H (2.9 Å). 
Although the activation energy for insertion (ΔG≠ins 
or ΔG≠C-C) of the MeO-BIPHEP case was larger than 
that of electron-poor MeO-F12-BIPHEP, the CH-π 
interaction ought to contribute to the stabilization of 
its transition state.[7e,38,39] In other words, if such an 
attractive interaction is introduced into an electron-
poor ligand system, it is expected that the activation 
energy will further decrease. 

 

Figure 3. Transition states of insertion of rhodium/(R)-ligand with 6-methylcoumarin giving (R)-1aa as a favorable 

enantiomer. 

We designed chiral ligands L1–L3 for the rhodium-
catalyzed 1,4-addition to coumarin substrates (Figure 
4). The pendant aryl groups of L1 (3-fluoro-4-
trifluoromethylphenyl group) and L2 (6-

(trifluoromethyl)-3-pyridinyl group), which were 
inspired by the consideration of the structure of TS≠ins 
as mentioned above, have a meta-proton in the 
expectation of a CH–π interaction with the 
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coumarin’s plane. The both pendant aryl groups for 
L1 (σ* = 1.21) and L2 (σ* = 1.20) show similar 
electron-withdrawing natures as compared with the 
3,4,5-trifluorophenyl group (σ* = 1.11) in MeO-F12-
BIPHEP.[40] It should be noted that there are no 
examples of tertiary phosphines bearing the above 
asymmetrical fluoroaromatic groups. Among them, 
no phosphorous compounds bearing the group for L1 
(3-fluoro-4-trifluoromethylphenyl group) had been 
reported. On the contrary, the pendant aryl of L3, 3,5-
difluoro-4-trifluoromethyl phenyl group, was chosen 
by conventional intuition that the electronic poor 
ligand would accelerate the insertion. The group has 
no meta-proton, but possesses a strong electron-
withdrawing ability (σ* = 1.46).[40] The effect of 
fluorine substituents in pendant aryls on 
enantioselectivity is expected to cause no problems 
because all energies of TS≠ins giving the (S)-product 
in both the MeO-F12-BIPHEP and MeO-BIPHEP 
cases (dotted line with # in Figure 2) were higher by 
over 4 kcal/mol than the TS≠ins giving the (R)-
product.[41] Before the syntheses of these ligands, the 
ligand effects on insertion or hydrolysis of 5 were 
estimated by DFT calculations in a similar manner as 
mentioned above. The structures of TS≠ins, giving (R)-
1aa, bearing (a) (R)-L1, (b) (R)-L2, (c) (R)-L3 are 
depicted in Figure 5. As expected, the attractive CH–
π interaction between the ortho- and meta-protons in 
the pendant aryl group and the aromatic plane of the 

6-methylcoumarin was observed in both (R)-L1 and 
(R)-L2 systems, and not observed in the (R)-L3 
system. 

 

Figure 4. Design of chiral diphosphine ligands bearing 

fluorofunctional groups. 

 

Figure 5. Transition states of insertion of rhodium/designed-ligand with 6-methylcoumarin giving (R)-1aa. 

The ΔG≠ins, ΔG≠C-C, and ΔG≠hyd values were calculated 
in a similar manner to Figure 2 (Table 2). As expected, 
the ΔG≠ins of (R)-L1 or (R)-L2 (10.61 or 11.27 
kcal/mol) were lower than that of MeO-F12-BIPHEP 
system (11.42 kcal/mol). In particular, ΔG≠ins of (R)-
L1 was decreased by 0.81 kcal/mol from that of 
MeO-F12-BIPHEP, whose energy difference 
corresponded to a 3.9-fold acceleration of insertion at 
25 °C.[42] It is obvious that the decrease of ΔG≠ins is 
due to the CH–π interaction contribution because 
rotation of the pendant aryl group of (R)-L1 to the 
opposite side, (i.e., no CH–π interaction as in the 
MeO-F12-BIPHEP system) increases the ΔG≠ins value 

to 12.54 kcal/mol (Figure 6)[43]. The stabilization by 
CH–π interaction of the TS≠ins giving the (R)-product 
resulted in the expansion of the energy difference 
from TS≠ins giving the (S)-product by up to 9.07 
kcal/mol (Figure 6). 

Table 2. Calculation Results for (R)-L1, (R)-L2, and (R)-
L3.[a] 

Ligand 5•••NaOB(OH)2 ΔG≠ins[b] ΔG≠C-C[c] ΔG≠hyd[d] ΔΔG≠[e] 

(R)-L1 -18.21 10.61 20.59 21.76 -1.17 
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(R)-L2 -17.44 11.27 21.79 23.28 -1.49 

(R)-L3 -17.35 11.46 22.24 22.40 -0.16 

[a]Relative free energies (kcal/mol) from complex 5 

obtained by single point energy calculations with the SCRF 

method based on CPCM (1,4-dioxane) are shown. [b]ΔG≠ins 

(kcal/mol) = (energy of TS≠ins) – (energy of 5•••2a). 
[c]ΔG≠C-C (kcal/mol) = (energy of TS≠ins) – (energy of 

5•••NaOB(OH)2). [d]ΔG≠hyd (kcal/mol) = (energy of TS≠hyd) 

– (energy of 5•••NaOB(OH)2). [e]ΔΔG≠ =ΔG≠C-C – ΔG≠hyd.). 

 

Figure 6. Comparison of ΔG≠ins in TS≠ins[(R)-L1]. 

The ΔG≠C-C of (R)-L1 (20.59 kcal/mol) also decreased 
by 0.97 kcal/mol compared to that of MeO-F12-
BIPHEP (21.56 kcal/mol), whose energy difference 
corresponded to a 5.1-fold acceleration of C–C 
formation at 25 °C.[42] ΔG≠hyd of (R)-L1 was increased 
to 21.76 kcal/mol; therefore, ΔΔG≠ was decreased to -
1.17 kcal/mol and the yield of the asymmetric 1,4-
addition was expected to improve. On the contrary, 
the ΔG≠C-C of (R)-L2 (21.79 kcal/mol) did not 
improve from the case of MeO-F12-BIPHEP. 
However, the ΔG≠hyd of (R)-L2 was increased to 
23.28 kcal/mol; therefore, the ΔΔG≠ was decreased to 
-1.49 kcal/mol beyond the case of (R)-L1. Although 
the improvement of the catalytic activity of 
rhodium/(R)-L2 was not expected, inhibition of 
hydrolysis of 5 was expected. On the other hand, 
ligand (R)-L3 was not expected for the asymmetric 
1,4-addition because the relatively high ΔG≠ins (11.46 
kcal/mol) and ΔG≠C-C (22.24 kcal/mol) values would 
decelerate the insertion step. To conclude the 
predictions from the computations, good results can 
be expected by the use of (R)-L1 or (R)-L2, 
particularly (R)-L1, for the asymmetric 1,4-addition 
of 3a to 2a. To test the theoretical predictions, the 
ligands (R)-L1, (R)-L2, and (R)-L3 were synthesized. 
The ligands were synthesized from known (R)-
tetrachlorophosphine intermediate 8, derived from 
(R)-7 (Scheme 3).[26a] The reaction of (R)-8 with the 
corresponding Grignard reagents gave the ligands (R)-
L1, (R)-L2, and (R)-L3 in moderated yields. 

 

Scheme 3. Syntheses of chiral ligands L1 – L3. 

The electronic properties of ligands L1, L2, and L3 
were estimated using the νCO values of cis-
[RhCl(CO)(ligand)] complexes, which were easily 
synthesized according to the typical method (Table 
3).[44] The νCO values revealed that the electronic 
properties of the ligands L1 – L3 were approximately 
as expected. The electronic ability of L1 (2036 cm-1) 
were identical with MeO-F12-BIPHEP, and that of L2 
were slightly more electron-poor (2038 cm-1). More 
electron-poor nature of L3 (2044 cm-1) was equal to 
MeO-3,5-(CF3)2-BIPHEP. 

Table 3. Electronic Properties of Chiral Ligands[a] 

Ligand CO (cm-1) 

MeO-BIPHEP 2014[b] 

MeO-F12-BIPHEP 2036[b] 

L1 2036 

L2 2038 

L3 2044 

MeO-3,5-(CF3)2-BIPHEP 2044[b] 

[a]The νCO values of [RhCl(phosphine)(CO)] in CHCl3. [b]ref. 

44. 

Similar to the experiments carried out for Table 1 data, 
asymmetric 1,4-addition reactions of 3a to 2a using 
the ligands L1 – L3 were performed (Table 4). As 
predicted by the calculations described above, ligands 
(R)-L1 and (R)-L2 improved the yield of (R)-1aa, and 
ligand (R)-L3 deteriorated the yield as compared to 
MeO-F12-BIHEP (entries 1, 9, 10 in Table 4 vs. entry 
6 in Table 1). Especially, the yield of the reaction 
using ligand (R)-L1 was increased up to 53% yield of 
(R)-1aa without loss of enantioselectivity (entry 1). 
The reaction conditions were further investigated by 
using the most effective (R)-L1 ligand. The yields of 
(R)-1aa were influenced by the organic solvent. 
Although the reactions in Et2O or CH2Cl2 did not 
progress much (entries 2 or 3), xylene and toluene 
solvents improved the yields slightly, up to 65%, with 
>99% ee (entry 4 and 5). Fortunately, toluene is a 
more suitable solvent for an industrial synthesis than 
1,4-dioxane which is a suspected carcinogen.[45] 
When the amount of 3a was increased to 3.0 equiv., 
the yield of (R)-1aa was over 90% (despite S/C = 
2,000) with the longer reaction time of 36 h (entry 6), 
in contrast with the case using MeO-F12-BIPHEP 
(Table 1, entry 7). The reaction using 0.033 mol% 
(S/C = 3,000) or 0.025 mol% (S/C = 4,000) 
proceeded using 3.5 equiv. 3a to give 91% or 76% 
yield of (R)-1aa with >99% ee, respectively (entries 7 
or 8). In view of cost in industrial application, 3.5 
equiv. of 3a would be the maximum value, and S/C = 
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2,000 or more is the amount of rhodium catalyst 
needed to satisfy the requirements for industrial 
synthesis.[46] Therefore, we judged that the 
appropriate catalyst and reaction conditions could be 
discovered. 

Table 4. Rhodium-catalyzed Asymmetric 1,4-Addition of 
3a to 2a using Ligands L1 – L3 [a] 

 
Entry Ligand S/C Solvent Yield [%] ee [%] 3a[b] 

1 (R)-L1 1,000 dioxane 53 >99 none 

2 (R)-L1 1,000 Et2O < 1  ca. 90% 

3 (R)-L1 1,000 CH2Cl2 6 >99 ca. 90% 

4 (R)-L1 1,000 xylene 60 >99 none 

5 (R)-L1 1,000 toluene 65 >99 none 

6[c] (R)-L1 2,000 toluene 92 >99 none 

7[d] (R)-L1 3,000 toluene 91 >99 none 

8[e] (R)-L1 4,000 toluene 76 >99 none 

9 (R)-L2 1,000 dioxane 33 >99 none 

10 (R)-L3 1,000 dioxane 2 99 ca. 50% 

[a]Reaction conditions: 2a (4.32 mmol), [RhCl(C2H4)2]2 

(2.16 μmol, 0.1 mol% of Rh), (R)-ligand (4.32 μmol, 0.1 

mol%), 3a (4.32 mmol, 1.0 equiv.) and sat. NaHCO3 (5.8 

mL) in organic solvent (4.3 mL) under argon atmosphere at 

25 °C for 6 h, unless otherwise specified. [b]Remaining 

quantity of 3a was calculated by 1H NMR. [c]2a (4.32 

mmol), [RhCl(C2H4)2]2 (1.08 μmol, 0.05 mol% of Rh), (R)-

L1 (2.16 μmol, 0.05 mol%), 3a (13.0 mmol, 3.0 equiv.) 

and sat. NaHCO3 (5.8 mL) in toluene (4.3 mL) for 36 h. 
[d]2a (6.48 mmol), [RhCl(C2H4)2]2 (1.08 μmol, 0.033 mol% 

of Rh), (R)-L1 (2.16 μmol, 0.033 mol%), 3a (22.7 mmol, 

3.5 equiv.) and sat. NaHCO3 (8.7 mL) in toluene (6.5 mL) 

for 48 h. [e]2a (8.64 mmol), [RhCl(C2H4)2]2 (1.08 μmol, 

0.025 mol% of Rh), (R)-L1 (2.16 μmol, 0.025 mol%), 3a 

(30.2 mmol, 3.5 equiv.) and sat. NaHCO3 (11.6 mL) in 

toluene (8.6 mL) for 60 h. 

We carried out the asymmetric 1,4-addition of various 
coumarin substrates 2 with 3.0 equiv. of arylboronic 
acids 3 in the presence of 0.05 mol% of rhodium/(R)-
L1 catalyst (S/C = 2000) (Table 5). The arylboronic 
acids bearing electron-donating groups (3b–3d) gave 
high to moderate yields of the corresponding (R)-1 
with >99% ee (entries 1-3). In contrast, the yield of 
the reaction with arylboronic acid bearing an electron-
withdrawing group (3e) was low because 
decomposition of 3e was too fast (entry 4). The 
reaction activity of non-substituted coumarin (2b) was 

similar to that of 2a (entries 5–7). Although the 
reactions of 7-methoxycoumarin (2c) or 6-
ethoxycoumarin (2d) with 3a using conventional 
ligand had been known to be very less reactive,[17,20] 
the corresponding products were produced in 73% or 
60% yield, respectively (entries 8, 9). However, the 
reaction of 6-hydroxycoumarin (2e) with 3a did not 
proceed at all because phenolic hydroxyl groups 
deactivate the rhodium catalyst.[47] 

Table 5. Rhodium-catalyzed Asymmetric 1,4-Addition of 
Some Coumarin Derivatives using (R)-1[a] 

 
Entry 2a Ar of 3 Yield [%] ee [%] 

1 2a 4-Me-C6H4 3b 71  (R)-1ab >99 

2 2a 3-Me-C6H4 3c 82  (R)-1ac >99 

3 2a 3,5-Me2-C6H3 3d 87  (R)-1ad >99 

4 

O O2b 

4-Cl-C6H4 3e 25  (R)-1ae >99 

5 2b 3a 95  (R)-1ba 99 

6 2b 3b 76  (R)-

1bb 

>99 

7 

O OMeO

2c 

3c 82  (R)-1bc 99 

8 

O O

EtO

2d 

3a 

73  (R)-1ca >99 

9 

O O

HO

2e 

3a 

60  (R)-1da >99 

10 2a 3a 0  (R)-1ea - 

[a]Reaction conditions: 2a (4.32 mmol), [RhCl(C2H4)2]2 

(1.08 μmol, 0.1 mol% of Rh), (R)-L1 (2.16 μmol, 0.1 

mol%), 3a (13.0 mmol, 3.0 equiv.), and sat. NaHCO3 (5.8 

mL) in organic solvent (4.3 mL) under argon atmosphere at 

25 °C for 36 h. 

Although the amount of both the rhodium/(R)-L1 
catalyst and 3a for the catalytic synthesis of (R)-1aa 
could be largely reduced, it is important to follow the 
transformation reaction to a drug molecule for 
industrial synthesis.[23] Hayashi et al. reported the 
synthesis of (R)-tolterodine as follows: reduction of 
(R)-1aa, which was prepared from 2a with 10 equiv 
of 3a in the presence of 3.0 mol% of rhodium/(R)-
SEGPHOS catalyst in 1,4-dioxane, using 
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diisobutylaluminum hydride; followed by 10 mol% of 
Pd-catalyzed reductive amination with 
diisopropylamine in MeOH under H2 atmosphere (50 
psi) to produce (R)-tolterodine.[17] This method is 
problematic for industrial application because of the 
large amounts of rhodium catalyst and 3a used, but 
also because of the large amount of palladium catalyst 
used for reductive amination. The large amount of 
palladium under a hydrogen atmosphere may increase 
the danger for a serious accident on the industrial 
scale. Furthermore, it is desirable for chromatographic 
purifications to be avoided in the industrial process, 
particularly silica-gel column chromatography.[17,48] 
We tried the transformation of (R)-1aa to (R)-
tolterodine to 1) avoid using hydrogen gas in a 
catalytic reductive amination reaction and 2) avoid 
purification of the synthetic intermediates (Scheme 4). 
The reduction of 15.07 g (>99% ee) of (R)-1aa with 
DIBAL was carried out in a similar manner to ref. 17. 
After extraction and removal of the organic solvent, 
crude product 9 was obtained in 16.74 g. The 
reductive amination of 9 with diisopropylamine 
without H2 gas succeeded when using Ir catalyst and 
HCO2H. The reaction could be performed using crude 
product 9 in the presence of only ca. 0.1 mol% of 
Cp*IrCl[8-quinolinolate] catalyst[49] to give 20.76 g of 
crude product 10. According to 1H NMR 
spectroscopy, after extraction and removal of the 
organic solvent, the conversion yield of 10 from (R)-
1aa was 70%. Finally, a portion of crude product 10 
(1.07 g) without further purification was reacted with 
(L)-tartrate. The generated solid was filtered and 
washed with cooled EtOH, followed by drying under 
vacuum to give 0.94 g of pure Detrusitol® ((R)-
Tolterodine (L)-tartrate) with >99% ee. Although the 
total yield of 60% from (R)-1aa to Detrusitol® was 
not very high, the synthetic method -- without using 
hydrogen gas and without the need of intermediary 
purification -- will enable large to industrial scale 
syntheses. 

 

Scheme 4. Gram-scale synthesis of Detrusitol® ((R)-

tolterodine (L)-tartrate) from (R)-1aa. 

 

Conclusion 

In summary, we succeeded in the development of a 
chiral ligand for the rhodium-catalyzed asymmetric 
1,4-addition to a coumarin substrate with low catalyst 
loading. The ligand was designed through the 
interplay between theoretical and experimental 
approaches. The intimate theoretical calculations, 
including estimation of transition states, were based 
on experimental results and enabled rational ligand 
design. The resulting ligand (R)-L1 decreased the 
catalyst loading of rhodium catalyst to less than one 
one-hundredth of past catalyst loadings with almost 
complete enantioselectivity. To our knowledge, this 
study is the first successful example of drastically 
decreasing catalyst loading using the interplay 
between theoretical and experimental approaches. The 
L1 could be found out by using the interplay method 
because the unusual 3-fluoro-4-trifluoromethylphenyl 
group, which had never been used for the phosphine 
derivatives, was hard to notice by intuition without 
computationally assist. We are now trying the 
computationally-led design method to develop 
another effective catalyst in a different catalytic 
system.  

Experimental Section 

General experimental methods. 

All reactions were carried out under an argon atmosphere 
with dry solvents under anhydrous conditions, unless 
otherwise noted. All solvents were purchased from Kanto 
Chemical Co. and then were stored in Schlenk tubes under 
an argon atmosphere. H2O was purified by distillation prior 
to use. Reagents were purchased at the highest commercial 
quality and used without further purification, unless 
otherwise noted. Preparative column chromatography was 
carried out by using silica gel (Kanto Chemical Co. 60N, 
63-210 μm). 1H NMR spectra were measured at 400 MHz 
using tetramethylsilane (TMS) as an internal standard (δ 0 
ppm). 13C NMR spectra were measured at 101 MHz, and 
chemical shifts are given relative to chloroform-d (δ 77.16 
ppm). 19F NMR spectra were measured at 376 MHz, and 
chemical shifts are given relative to CCl3F using C6F6 as 
secondary reference (-162.9 ppm). 31P NMR spectra were 
measured at 162 MHz, and chemical shifts are given 
relative to 85% H3PO4 externally. IR spectra were 
measured at resolution 4.0 cm-1 or 0.1 cm-1 using JASCO 
FTIR-4200. 

Synthesis of (R)-(6,6’-dimethoxybiphenyl-2,2’-
diyl)bis[bis(3-fluoro-4-
trifluoromethylphenyl)phosphine] ((R)-L1). 

A flame-dried 10 mL screw-cap test tube was flushed with 
argon and charged with triphosgene (594 mg, 2.0 mmol) 
was added a solution of Aliquat®336 (47 mg, 0.12 mmol) 
in toluene (3.3 mL). And then, the solution was stirred at 
30 °C for 2 days. To the Schlenk flask containing (R)-7 
(278 mg, 1.0 mmol) under argon was added 7.5 mL of dry, 
deoxygenated CH2Cl2 and cooled to -78 °C. After cooling, 
the solution in screw-cap tube was added to Schlenk flask 
containing (R)-7 via syringe, and the solution was allowed 
to warm to r.t. The bright yellow solution was stirred for 2 
days. Concentration under vacuum gave the crude (R)-8. A 
flame-dried 100 ml three-necked, round-bottomed flask 
was flushed with argon and charged with magnesium 
turnings (365 mg, 15.0 mmol), LiCl (317 mg, 7.5 mmol) 
and 18.3 ml of Et2O. A solution of DIBAL in hexane (1.0 
M, 100 μL, 0.10 mmol) was added and stirred for 5 min. 
Then 4-bromo-2-fluorobenzotrifluoride (850μL, 6.0 mmol) 
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was added and the reaction mixture was stirred for 1 h. 
Then, a solution of (R)-8 (1.0 mmol) in 1.8 ml of THF was 
added dropwise over 5 min. The solution was stirred at 
40 °C for 4 h, and then saturated aqueous NH4Cl solution 
was added. After extracted with EtOAc (three times), the 
organic layer was dried over Na2SO4, filtrated, and 
concentrated under reduced pressure. The resulting solid 
was purified by silica gel column chromatography 
(Hexane/EtOAc = 8/1) to give (R)-L1 as a white solid (413 
mg, 0.45 mmol, 45% yield) (See Supporting Information 
for characterization details).  

Syntheses of the L2 and L3 were described in Supporting 
Information 

General procedure for rhodium-catalyzed asymmetric 
1,4-addition of phenylboronic acid to 6-methylcoumarin. 

A 20 mL Schlenk flask was flushed with argon and charged 
with [RhCl(C2H4)2]2 (0.42 mg, 1.08 μmol, S/C=2,000), (R)-
L1 (2.00 mg, 2.16 μmol), and toluene (0.8 mL) was stirred 
at room temperature for 10 min. This mixture was 
transferred to a 50 mL Schlenk flask flushed with argon 
and charged with 6-methylcoumarin (692 mg, 4.32 mmol), 
PhB(OH)2 (1.58 g, 13.0 mmol), toluene (3.5 mL) and sat. 
NaHCO3 aq. (5.8 mL) via cannula. The resulting mixture 
was stirred at 25 °C for 36 h. The reaction mixture was 
extracted with EtOAc. The organic layer were dried over 
Na2SO4 and concentrated under reduced pressure. The 
crude material was purified by silica gel column 
chromatography with hexane/EtOAc = 4 : 1 to give (R)-6-
methyl-4-phenylchroman-2-one ((R)-1aa) as a white solid 
(951 mg, 3.99 mmol, 92% yield, >99% ee) (See Supporting 
Information for characterization details). 
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