
"This document is the Accepted Manuscript version of a Published Work that appeared in final form in ACS Catalysis, copy-
right © 2020 American Chemical Society, Inc. after peer review and technical editing by the publisher. To access the final 
edited and published work see https://doi.org/10.1021/acscatal.0c04497 " 
Development of Immobilized SPINOL-Derived Chiral Phosphoric Acids 
for Catalytic Continuous Flow Processes. Use in the Catalytic Desym-
metrization of 3,3-Disubstituted Oxetanes 
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ABSTRACT: A family of C2-symmetrical 1,1′-spirobiindane-7,7′-diol (SPINOL) derivatives containing polymerizable styryl units 
has been prepared through a highly convergent approach. Radical co-polymerization of these monomers with styrene has allowed the 
synthesis of a family of immobilized SPINOL-derived chiral phosphoric acids (SPAs) where the combination of the restricted axial 
flexibility of the SPINOL units and the existence of extended and adaptable chiral walls adjacent to them leads to enhanced stere-
ocontrol in catalytic processes. The optimal immobilized species (Cat f) brings about the catalytic desymmetrization of 3,3-disubsti-
tuted oxetanes in up to 90% yield with up to >99% enantioselectivity, exhibiting a very high recyclability (no decrease in conversion 
or enantioselectivity after sixteen, 16-hour runs). To exploit these characteristics, a continuous flow process has been implemented 
and operated for the sequential preparation of 17 diverse enantioenriched products. The suitability of the flow setup for gram scale 
preparations (20 mmol scale), the stability of Cat f for long periods of time with intermittent use in flow, and its deactivation/reacti-
vation by treatment with pyridine/hydrochloric acid in dioxane have been demonstrated. Density Functional Theory has been em-
ployed to provide a rational justification of the deep effect on enantioselectivity arising from the presence of sterically bulky substit-
uents at the 6,6´-positions of the SPINOL unit. The main structural features of Cat f have subsequently been incorporated to the 
design of a simplified homogeneous analog available in a straightforward manner (Cat g) that performs the benchmark desymmetri-
zation reaction with similar yields and enantioselectivities as Cat f, providing a convenient alternative for cases when single use in 
solution is sought.  
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Among the different families of successful organocatalysts, 
chiral phosphoric acids stands out for the unique peculiarity of 
combining a Lewis basic site with a Brønsted acid site within 
the same catalytic unit.1-5 Moreover, since the first pioneering 
works of Akiyama,6 Terada and Uraguchi7 in 2004, the high 
versatility of BINOL-derived chiral phosphoric acids (BPAs) as 
Brønsted acid-Lewis base catalysts translates in over 500 pub-
lications.2-4, 6-20 Drawbacks in the use of BPAs in asymmetric 
catalysis can be ascribed to the conformational flexibility of the 
BINOL scaffold that may hamper enantioselection,21 or to the 
unaffordable cost in derivatives like TRIP, where this problem 
has been solved through the introduction of very bulky substit-
uents in the 2,2' positions.12 A conceptual, synthetic evolution 
of BINOL, 1,1′-spirobiindane-7,7′-diol or SPINOL (1), first in-
troduced by Birman in 1999,22 and its derivatives found initial 
application as ligands in asymmetric metal catalysis.23-24 From 
2010 on, a new generation of SPINOL-derived phosphoric ac-
ids (SPAs) has been developed.25-26 Over the last decade, both 
the number of synthetic procedures for the preparation of SPAs 
and their catalytic applications have sensibly grown, leading to 
the characterization of diverse chiral SPAs and their application 
in different catalytic processes resulting in over 100 publica-
tions.27 The most significant advantage of SPAs over BPAs lays 
in the structural rigidity of the C2-symmetric chiral spirocyclic 
backbone: the configuration of the quaternary carbon in 
SPINOLS is blocked. Thus, conformational mobility is com-
pletely restricted and racemization in solution becomes virtu-
ally impossible. Thus, the chemical robustness and conforma-
tional rigidity of SPAs enables different electronic and steric 
factors compared to those of BPAs. Following pioneering work 
by Birman,22 a considerable amount of work involving the use 
in catalysis of structures with spirocyclic backbones has been 
reported.24, 28-36 Thus, asymmetric syntheses of SPINOL and 
SPIROL derivatives (2-5) have been achieved by the Tan,30 
Ding,29,35 Nagorny,34 and Lu/Hayashi/Dou groups36 (Figure 1). 

 
Figure 1. Development of SPINOL and SPIROL derivatives. 
Most notably, Lu, Hayashi, Dou and coworkers reported in 
2019 a highly diastereo- and enantioselective synthesis of 3,3’-
diaryl-SPINOLs (5) and could show that the derived phospho-
ramidite ligands showcased higher enantioselectivities than 
those containing the non-substituted SPINOL skeleton in sev-
eral different types of catalytic asymmetric processes.36 In ad-
dition, it has been shown27 that bulky substituents at the 6,6´-
positions on the SPINOL skeleton in derived phosphoric acids 
are essential for the achievement of optimal enantiocontrol with 
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SPINOL-derived ligands and organocatalysts. This is not a triv-
ial detail, since the introduction of such substituents always re-
quires additional synthetic steps leading to increased production 
costs that could hamper large scale application. This limitation, 
however, could be efficiently mitigated by immobilization of 
the catalyst onto solid supports. If correctly planned, this strat-
egy could allow the easy recovery and recycling of the catalyst 
(thus extending its useful life span) and easy product isolation 
without paying a penalty in catalytic activity.37,38 Moreover, cat-
alytic processes based on immobilized catalysts often present 
the remarkable advantage of allowing implementation in con-
tinuous-flow.39-56 As a consequence of these advantages, inter-
est in the immobilization of homogeneous chiral catalysts onto 
diverse solid supports has spread in recent years,57-61 chiral 
phosphoric acids clearly illustrating this tendency.  

 
Figure 2. Immobilized chiral phosphoric acids. 
Thus, Rueping62 and Blechert63 already envisioned the potential 
advantages of immobilization of chiral phosphoric acids onto 

stationary phases (Structures 6 and 7 in Figure 2). Later on, the 
Pericàs laboratory developed immobilized CPAs 8 and 9 and 
demonstrated their practicality for long-time operable, highly 
enantioselective processes in continuous flow.64-66 Structures 10 
and 11 correspond to more recent developments exemplifying 
the continued interest for the immobilization of CPAs.67,68 We 
report in this manuscript the synthesis of a family of 3,3’-diphe-
nyl-SPINOL bearing polymerizable substituents at either C4-
C4' or C6-C6', their immobilization by copolymerization, the 
preparation of the corresponding CPAs (Cat b-Cat f) and the 
use of these catalytic species for the desymmetrization of 3-sub-
stituted oxetanes with benzothiazole thiols (up to 90% yield and 
>99% ee) has been tested both in batch and in flow. These ex-
perimental studied are complemented by a theoretical (DFT) 
analysis of the factors governing the enantioselectivity of the 
desymmetrization process that opens new perspectives for the 
design of even more efficient catalysts of this type. Finally, a 
minimalistic homogeneous analog (Cat g) incorporating the 
key elements suggested by the DFT study has been prepared 
and evaluated. 

 
Figure 3. Immobilized SPINOL-derived chiral phosphoric ac-
ids prepared in this study. 
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For comparison purposes, we designate the homogeneous 6,6'-
bis(9-anthryl) SPA as Cat a (Figure 3). We will discuss here 
the preparation of Cat f as a most representative example of our 
modular approach to these catalytic species (Scheme 1). On the 
other hand, full details for the preparation of Cat b-Cat e can 
be found in the Supporting Information. 
For the preparation of polystyrene immobilized SPAs (Cat b-
Cat f) in high enantiomeric purity, the method of Lu, Hayashi 
and Dou was used as an efficient entry to the key SPINOL in-
termediates 12, S1 and S4.36 Diol 12 can be sequentially func-
tionalized at 6,6' and 4,4'. Functionalization at 6,6' was used for 
the introduction of specific substituents, in order to to improve 
enantioselectivity control (in Cat e and Cat f), or to introduce 
a polymerizable styryl substituent (in Cat c). Alternatively, 
SPINOLs S1 and S4, possessing innate bromo substituents at 
4,4' and 6,6', were used to access Cat b and Cat d, respectively. 
Except for Cat d, all the prepared immobilized species are 
bonded to the polymer backbones through p-phenylene linkers. 
In the case of Cat d, easy diformylation at 4,4' by means of a 
Duff reaction dictated a Wittig strategy for the generation of a 
p-styrylene linker.  
The starting material for the preparation of Cat f, 3,3'-diphen-
ylSPINOL (12) was prepared in multigram amount with high 
enantiomeric purity (>99% ee) as a single diastereomer follow-
ing the reported procedure.36 To direct the introduction of 6,6' 
aryl substituents, the phenolic units were first protected as 
MOM ethers (13, 90% yield). Then, double ortho lithiation (n-
BuLi, THF, 0 ºC to rt) followed by treatment with perfluorotol-
uene at -78 ºC, selectively led to the 6,6'-bis(arylated) product 
14 in 93% yield.69 The standard deprotection of the MOM 
ethers in 14 (HCl in dioxane), followed by regioselective dibro-
mination at 4,4' with NBS in dichloromethane afforded 16 in 
64% yield (2 steps). At this stage, the phenolic units were re-

protected as MOM ethers (17, 82% yield), and the protected in-
termediate was reacted with catechol in the presence of K2CO3 
to increase the structural complexity of the aryl substituents at 
6,6' (18, 90% yield).70 The deprotection of the MOM ethers in 
18 required rather harsh conditions, diol 19 being obtained in 
42% yield. Interestingly, monocrystals of 19 could be grown 
from a mixture of iodobenzene and hexane. X-ray diffraction 
(see Supporting Information) confirmed the structure and con-
figuration of the compound, showing two molecules of 19 per 
unit cell that display p-p stacking between the heteroaromatic 
wings at the 6,6’ positions, with interplane distances of 3.5-3.6 
Å. As discussed below, the logic of the transformation leading 
to the pentacyclic substituents in 6,6' was precisely that of cre-
ating a deep chiral groove around the active phosphoric acid site 
that will favor enantiocontrol in catalytic processes mediated by 
Cat f. It is also worth mentioning here that the apparently an-
tieconomic protection/deprotection sequences of the phenolic 
units are necessary for: a) the selective introduction of the per-
fluoroaryl substituents at 6,6'; b) the subsequent bromination at 
4,4'; c) the aromatic nucleophilic substitutions leading to the 
formation of the pentacyclic substituents at 6,6' and d) the ulti-
mate Suzuki coupling with 4-vinylphenylboronic acid in the 
presence tetrakis(triphenylphino)palladium (0) leading to the 
introduction of the polymerizable units in 20 (19% yield, two 
steps). Unfortunately, attempts to improve the yield of the Su-
zuki coupling with the use of Pd2(dba)3/S-Phos proved unsuc-
cessful. The polystyrene-supported SPINOL 21 was then pre-
pared by copolymerization with styrene and DVB induced by 
AIBN, and Cat f was generated by reaction of 21 with POCl3. 
The functionalization of the polymer was determined by phos-
phorus elemental analysis providing a value of fp = 0.17 
mmol/g, very appropriate for catalytic purposes. 
 

Scheme 1. Synthesis of the polystyrene-supported SPA Cat f. 
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From a practical perspective, is it important to highlight that 

the preparation of 19 can be significantly shortened by obviat-
ing the isolation of some of their precursors. Thus, 16 can be 
advantageously prepared from 14 in 70% yield (two steps), 
while 19 can be reached from 16 in 59% yield (three steps). In 
this manner, the overall yield for the preparation of 19 from 12 
more than doubles from 16.6% in the step-by-step procedure to 
34.5% in the optimized one, while three chromatographic puri-
fications are avoided. 

As a benchmark of the catalytic performance of the PS-
supported SPAs Cat b-Cat f, we selected the desymmetrization 
of 3,3-disubstituted oxetanes. This scaffold is increasingly used 
in drug design,71 and the desymmetrizing ring-opening of these 
prochiral structures could be relevant to their use as prodrugs. 
The reaction of 3-phenyloxetan-3-ol (22a) with benzo[d]thia-
zole-2-thiol (23a) was used for the selection of the optimal im-
mobilized catalytic species and for solvent optimization (Table 
1). It is to be mentioned that this reaction had been previously 
studied by Sun and coworkers with homogeneous CPAs as cat-
alysts,72 6,6'-bis(9-anthryl) SPA providing in that case the best 
results in terms of yield and enantioselectivity. As already men-
tioned, we have now used this compound (designated as Cat a) 
as a reference for the immobilized species. 
Table 1. Catalyst and solvent optimization in the desymmetri-
zation of 22a with 23a mediated by Cat a-Cat f.a 

 

Entry Solvent  Catalyst Yield [%] ee [%] 

172 CH2Cl2 Cat a 91 97  

2 CH2Cl2 Cat b 85 20 

3 CH2Cl2 Cat c 85 63 

4 CH2Cl2 Cat d 87 72 

5 CH2Cl2 Cat e 90 83 

6 CH2Cl2 Cat f 81 90 

7 toluene Cat e 92 76 

8 Et2O Cat e 90 81 

9 1,2-DCE Cat e 90 82 

10 CHCl3 Cat e 90 86 

11 CHCl3/toluene (1:9) Cat e 86 86 

12 CHCl3 Cat f 92 95 

13 CHCl3/toluene (1:9) Cat f 88 87 

14b CHCl3 Cat f 92 98 

15b,c,d CHCl3 Cat f 95 97 

16b,c,d,e CHCl3 Cat f 90 97 

aStandard conditions: 22a (30 mg, 0.2 mmol), 23a (42 mg, 0.25 
mmol), Cat a-f (10 mol%; for the immobilized SPAs, calculated 
according to the determined functionalization) in the specified sol-
vent (1 mL). shaking at room temperature for 48 h. Under these 
conditions, 23a is only partially soluble. bReaction under more di-
lute conditions (4 mL CHCl3) to favor solubility of 23a. cReaction 

performed at 60 ºC. dReaction time was 16 h (overnight). e5 mol% 
catalyst was used. 

For the initial screening, the reaction of 22a with 23a was 
performed in dichloromethane in the presence of Cat b-Cat f 
and compared with the results reported for Cat a under identical 
conditions (entries 1-6). Although yields were satisfactory in all 
cases, it became clear from these results that a combination of 
bulky substituents at 6,6' and rotational mobility of these sub-
stituents was required for high enantioselectivity (entries 2 and 
3). Thus, Cat c, in spite heavy substitution at 6,6' (the polymer 
backbone), did not behave as an efficient catalyst from the per-
spective of enantiocontrol, probably because of the lack of flex-
ibility of this critical region of the molecule. This result directed 
our interest towards the catalysts immobilized through the 4,4' 
positions. Among them, the most promising results were those 
achieved with Cat e and Cat f (entries 5 and 6), while the in-
creased conformational adaptability of the catalytic units with 
respect to the polymer backbone that could be present in Cat d 
thanks to the p-styrylene linker does not appear to play any sig-
nificant positive effect (entry 4). For this reason, special atten-
tion was paid to the optimization of reaction conditions with 
these two ligands.  

It is important to point out that, from a chronological perspec-
tive, Cat e was designed and prepared first, with the aim of ex-
ploring the combination of steric and electronic effects by the 
perfluoroaryl substituents at 6,6' on enantioselectivity, already 
pointed out by Cat d (entry 4). At a later stage in the project, 
the susceptibility of those perfluoroaryl substituents towards 
nucleophilic aromatic substitution was used as a vehicle for the 
preparation of Cat f where, as discussed below, the pentacyclic 
heteroaryl substituents at 6,6' play a fundamental role on the 
catalytic performance. 

The use of Cat e in combination with different solvents was 
studied in detail. The use of more benign solvents (THF, 2-me-
thyltetrahydrofuran, ethyl acetate, acetone, 1,4-dioxane, metha-
nol) was studied first, but none of these solvents led to measur-
able conversion in the studied process. When using toluene, di-
ethyl ether or 1,2-dichoroethane (entries 7-9) the results were 
similar to those achieved with dichloromethane, and only with 
the use of chloroform (entry 10) some improvement in enanti-
oselectivity (86%) was noticed. Interestingly, very similar re-
sults were recorded when a 9:1 mixture of toluene and chloro-
form was used as the solvent (entry 11). 

When Cat f was used (entries 12, 14-16) in chloroform, yield 
and enantioselectivity even outperformed those recorded with 
the homogeneous reference Cat a. Thus, with 0.05M initial 
concentration of 22a, enantioselectivity achieved 98% (entry 
14). Interestingly, the reaction time in CHCl3 could be signifi-
cantly shortened by performing the reaction at 60 ºC, the reac-
tion being completed overnight under these conditions (entry 
15), and the catalyst loading could be decreased to 5 mol% 
without decrease in enantioselectivity (entry 16). On the other 
hand, with Cat f the use of 9:1 mixture of toluene and chloro-
form had a negative effect on the performance of the reaction 
(entry 13), so that advantages derived from the use of this more 
benign solvent are counterbalanced by a significant decrease in 
enantioselectivity.  

Once we had established that Cat f exhibited optimal charac-
teristics in the target desymmetrization of 22a with thiol 23a, 
we next studied the recyclability of this catalyst under the most 
productive conditions (those of entry 16 in Table 1). In this 
manner, sixteen consecutive cycles of sixteen hours could be 
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run without substantial loss of yield and enantioselectivity. Af-
ter each cycle the resin was simply separated by filtration and 
immediately reused in the next reaction cycle. Table S1 shows 
that there are negligible fluctuations in the results obtained for 
yields and enantioselectivity between the 1th and the 16th reac-
tion cycles. The cumulative turnover number (TON) achieved 
in these sixteen runs was 280. 

Previous experience in our laboratory with immobilized 
CPAs has shown that the only significant deactivation mode is 
deprotonation by basic components in reaction mixtures. Fortu-
nately, this is a reversible process and previously studied immo-
bilized CPAs have shown to be easily reactivated by treatment 
with acid.64,65 Although Cat f did not show any sign of deacti-
vation during the recycling experiment, we decided to force the 
base-induced deactivation of the catalyst to confirm the possi-
bility of a subsequent reactivation. To this end (Scheme 2), a 
sample of Cat f was deactivated by treatment with excess pyri-
dine for 6 h. Then, the use of this deactivated catalyst in the 
reaction of 22a with 23a under the standard conditions of Table 
1 led to only 15% conversion, although enantioselectivity kept 
high (93%). Interestingly, the employed catalyst sample could 
be reactivated by treatment with 2M HCl in dioxane and reused 
in the reaction after washing with chloroform. In this manner, 
complete conversion of 22a and 96% enantioselectivity in the 
formation of 24aa were recorded. 

Scheme 2. Deactivation/reactivation of the polystyrene-sup-
ported SPA Cat f. 

 
In view of the excellent recyclability depicted by Cat f and 

its compatibility with rather high temperatures, with the derived 
consequence of short reaction times, we decided to explore the 
desymmetrization as a genuine flow process, bypassing any in-
termediate scope development in batch. For the flow experi-
ments, 2.0 g of Cat f (f = 0.17 mmol/g, 0.34 mmol) were loaded 
in a size adjustable, jacketed tubular reactor. The feed of the 
reactor could be selected through a three-way valve from the 
appropriate mixture of 22 and 23 (they are unreactive to one 
another in the absence of Cat f) to the reaction solvent (chloro-
form) for resin cleaning between distinct operations. At the re-
actor outlet, a back-pressure regulator was intercalated to secure 
uneventful operation near the boiling point of chloroform (Fig-
ure 4) 

As an initial step, the parameters of reaction temperature, 
concentration of 22a, and combined flow rate were optimized 
for the simultaneous achievement of high yield and enantiose-
lectivity in the reaction with 23a leading to 24aa. Full data for 
the optimization process can be found in the Supporting Infor-
mation (Table S3). In summary, work at 60 ºC is highly recom-
mended for high yield with no penalty in enantioselectivity, and 
two sets of [22a]/flow rate conditions seem to be equally suita-

ble: a) Work with 0.05 M 22a in chloroform at 1 mL/min (resi-
dence time = 8 min) leads to a conversion of 92% and enanti-
oselectivity of 97%, and b) Work with 0.1 M 22a in chloroform 
at 0.5 mL/min (residence time = 15 min) leads to a conversion 
of 98% and enantioselectivity of 95%. In all these experiments, 
a 25 mol% excess of 23a was used. As a general comment, the 
productivity of the experiments under any of the two optimal 
sets of experimental conditions is remarkable (ca. 8 
mmol24aa.mmolCat f-1.hour-1) and can be further increased till ca. 
14 mmol24aa.mmolCat f-1.hour-1 at the expense of a somewhat 
lower instant conversion. 

 
Figure 4. Schematic representation of the flow system for the 
desymmetrization of oxetanes mediated by the PS-supported 
SPA Cat f. 

The same flow system, with the same catalyst sample, was 
next used for the study of the scope of the desymmetrization 
process by reaction of 22a-n with 23a-d. For this study, we se-
lected 3,3-disubstituted oxetanes as substrates. Besides having 
been comparatively less studied, they offer the additional inter-
est of leading to products with a quaternary stereocenter. All the 
experiments were sequentially performed with 2 mmol of 22 
and 2.5 mmol of 23 in 20 mL CHCl3, operating the flow system 
at 0.5 mL/min. In this manner, every individual experiment 
lasted 40 minutes, and the packed bed reactor was rinsed for 20 
min with CHCl3 between individual experiments in order to re-
move traces of the previous product (Figure 5). In this manner, 
a family of fourteen different oxetanes 22a-n was submitted to 
the desymmetrization process in flow in combination with the 
mercaptobenzothiazoles 23a-d to produce the seventeen prod-
ucts depicted in Figure 5. The process tolerates well a variety of 
substituent types at C3 on the oxetane structure (aryl, het-
eroaryl, alkyl, alkenyl, alkynyl) defining in most cases tertiary 
alcohols at that position. In the same manner, substituents on 
the aromatic ring of 23 do not affect in a substantial manner the 
outcome of the reaction with the same oxetane (22a). 
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From the point of view of yield, it is important to remark that 
all the studied desymmetrization reactions are very clean, no 
significant byproducts being detected. Thus, although lower 
than optimal yields detected in some cases (>65%), it should be 
possible to increase them by simply adjusting flow rate in those 
particular examples. As for enantioselectivity, the results in Fig-
ure 5 tend to indicate that the differences between the steric re-
quirements of the C3 substituents on the oxetane ring play a 
fundamental role on the outcome of the reaction. In tertiary al-
cohol-type substrates, the presence of an aromatic substituent at 
C3 generally leads to very high ee, whereas in the parallel cases 
involving linear alkyl substituents, a certain chain length is re-
quired for high enantioselectivity (37% ee in 24ha, where  R1 = 
methyl, but 90% ee in 24ia, where R1 = butyl). 

The success of the desymmetrization in the case of product 
24ea, containing a terminal propargyl alcohol moiety, offers an 
additional interest. Thus, this type of substrates easily undergo 
copper-catalyzed alkyne-azide (CuAAC) reactions in continu-
ous flow,73 and the integration of these two constructive reac-
tions can lead to the telescoped, highly convergent preparation 
of modular enantioenriched triazoles. 

 
Figure 5. Oxetanes and benzothiazolethiols scope in the Cat f cat-
alyzed desymmetrization reaction. All yields shown refer to iso-
lated products. The reactions were performed with oxetane 22 (2 
mmol) and benzothiazolethiol 23 (2.5 mmol) in 20 mL chloro-
form, flowing for 40 minutes (flow rate = 0.5 ml/min) through a 
packed bed reactor at 60 ºC containing 2.0 g (0.34 mmol) of Cat f. 
When the circulation of a given reactants mixture was complete, 

chloroform was circulated through the reactor for 20 minutes at 0.5 
mL/min. Then the system is ready for the next reactant combina-
tion. 

As a final test of the practical value of the desymmetrization 
in continuous flow catalyzed by Cat f, we planned to use the 
same packed bed reactor employed for the scope in Figure 5 for 
the gram scale preparation of 24aa (two runs) and 24na. In a 
first preparative experiment (Scheme 3, a), starting from 20 
mmol of 22a and 25 mmol of 23a in chloroform (200 mL) the 
system was operated at 0.5 mL/min for ca. 400 minutes, till the 
reactants solution had completely circulated, and the packed 
bed reactor was then washed by circulating chloroform at 0.5 
mL/min for 20 minutes. Product purification by the usual pro-
tocol afforded 24aa (5.7g, 90% yield) with 95% ee. In the same 
manner, 22a (0.24 g, 92% conversion) was recovered. After 
keeping the employed sample of Cat f for 15 months, the flow 
preparation of 24aa was performed again under identical con-
ditions, starting from 18 mmol of 22a and 22.5 mmol of 23a in 
chloroform (180 mL) (Scheme 3, b). Gratifyingly, both yield 
and enantioselectivity of the previous run were reproduced. 
Subsequently, the preparation of 24na was also performed at 
the 20 mmol scale using one more time the same packed bed 
reactor (Scheme 3, c), a slight improvement in yield and the 
same enantioselectivity with respect to the smaller scale prepa-
ration in Figure 5 being recorded. Thus, all the data collected in 
our study, from recycling in batch to sequential scoping in flow 
and use at the multigram scale in flow point out to the important 
robustness of Cat f and its suitability for large scale production. 
In this respect it is worth mentioning that, setting apart the ini-
tial adjustment of flow parameters  (Table S3), the 0.34 mmol 
sample of Cat f used for the scope in Figure 5 and the prepara-
tive experiments in Scheme 3 accounts for a cumulative TON 
of ca. 243, without decreases in performance. 

Scheme 3. Continuous flow preparation of 24aa in gram scale 
using a multiply reused sample of Cat f. 

 

In order to rationalize the enantioselectivity performance of 
Cat f and the differences with the poorly behaving Cat b, we 
decided to undertake a theoretical study of the desymmetriza-
tion process. Early computational studies on organocatalytic re-
actions mediated by chiral phosphoric acids include Mannich 
reaction, 1,3-dipolar cycloadditions74a as well as desymmetriza-
tion processes.74b-c In particular, Seguin and Wheeler studied the 
desymmetrization of 3-substituted oxetanes catalyzed by 6,6'-
bis(9-anthryl)SPINOL phosphoric acid, reaching the conclu-
sion that competing noncovalent interactions are the main factor 
controlling enantioselectivity in that case.75 The main focus of 
the present computational study has been directed to establish-
ing the relevance of the pentacyclic substituents at the 6,6’-po-
sitions of Cat f in biasing the enantioselectivity of the oxetane 
desymmetrizations mediated by this species. Cat b and Cat f 
were selected for the computational study as they represent the 
two extremes in size of the substituents at the 6,6’-positions and 
of recorded enantioselectivity. Since the experimental studies 
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described in this manuscript indicate that the polymer backbone 
does not severely affect enantioselectivity with respect to ho-
mogeneous models (see Table 2 below), the truncated models 
25 and 26 of the real catalysts were used in the calculations 
(Figure 6). 

 

Figure 6. Structures 25 and 26, models for Cat b and Cat f, 
respectively, in the theoretical studies. 
Focusing first our attention onto the reactants, we were sur-
prised to find that the thiol tautomeric form of the reactant 
benzo[d]thiazole-2-thiol is not involved in the catalytic nucleo-
philic attack onto the 3-hydroxyoxetane structure. At the em-
ployed level of theory (M06-2X-D3/DGTZVP/SMD//M06-2X-
D3/DGDZVP) the results of the theoretical studies suggest that 
the tautomeric form of 23a, benzo[d]thiazole-2(3H)-thione, 
keto-23a, is thermodynamically preferred over the thiol form by 
DG = -8.4 kcal·mol-1 at 333 K (Figure 7). The interconversion 
between enethiol and thione tautomers can take place in either 
intermolecular or intramolecular fashions. In the former case, 
the calculated barrier is very low, DG‡ = +6.0 kcal·mol-1, while 
the intramolecular process is not competitive at the considered 
temperature (DG‡ = +29.8 kcal·mol-1). It is thus suggested that 
only the thione form of 23a will be present in the reaction media 
and will likewise be the nucleophile acting in the desymmetri-
zation reaction.  

 
Figure 7. Free energy profiles for the intermolecular and the 
intramolecular tautomerization of benzo[d]thiazole-2-thiol 
(23a) into benzo[d]thiazole-2-thione (keto-23a) in CHCl3 at 
333K. Displacements associated to the imaginary frequencies 
in the relevant transition states are indicated by red dotted lines 
and related atomic distances in Å. 
Xie and coworkers were able to isolate tautomeric 2-(methyl-
thio)benzo[d]thiazole (27a) and 3-methylbenzo[d]thiazole-
2(3H)-thione (27b) prepared through different synthetic routes 

and characterize them by NMR spectroscopy.76 As expected, the 
thiol and thione tautomers present very different chemical shift 
in 13C{1H}NMR: d = 167.0 ppm for C-SH, and d = 188.4 ppm 
for C=S.76 To determine the tautomeric form of 23 present in 
solution, we measured the 13C{1H}NMR spectrum on a freshly 
prepared sample of the reagent. A chemical shift of 190.9 ppm 
was found for the considered carbon, strongly suggesting that 
27b is the largely predominant tautomer present in CHCl3 solu-
tion at 298 K (Figure 8). Moreover, a full geometrical optimi-
zation of a Van der Waals complex featuring the contact of a 
molecule of 23a with 25 triggers a barrierless proton exchange 
to form keto-23a. 

 
Figure 8. Tautomeric equilibrium of 23a in chloroform 

Interestingly, the benzo[d]thiazole-2(3H)-thione tautomer 
(keto-23a) exhibits nucleophilic character and easily undergoes 
nucleophilic attack to the oxetane partner in the presence of 
phosphoric acid catalysts. Figure 9 shows the calculated reac-
tion profile for the reaction of 22a with keto-23a catalyzed by 
the Cat b truncated model, 25. Mechanistic information from 
the intrinsic reaction coordinates (IRC) following the hypersur-
face downhill from the transition states suggests that proton 
transfer from the catalyst to the ether oxygen of the oxetane ring 
happens first, followed by a nucleophilic attack of the thione 
sulphur atom onto one of the enantiotopic carbon atoms a to 
oxygen in the oxetane ring (C2 or C4). The transition states for 
these desymmetrizing processes exhibit marked SN2 character-
istics, with O•••C•••S angle of nearly 180º. As already pointed 
out by Seguin and Wheeler,74 the shape of the oxetanol substrate 
provides a perfect interlocking match with the phosphoric acid 
catalyst via the formation of two complementary O-H•••O hy-
drogen interactions. The result is the formation of a stable Van 
der Waals adduct between oxetanol 22a and 25 (I0_1 in Figure 
9). We also investigated the possible involvement of a similar 
Van der Waals complex of 25 with keto-23a in the early stages 
of the reaction; however, its higher endergonic nature (com-
pared to I0_1) discarded it as a competent reaction intermediate. 

To get a more comprehensive scenario of the possible transi-
tion states involved in the desymmetrization process, we con-
sidered four different geometric catalyst-to-reactants ap-
proaches, including two (R)- and two (S)-stereodifferentiating 
pathways. In this respect, Figures 9 and 10 show the lowest en-
ergetically demanding pathways leading to (R)- and (S)-stereo-
isomers in processes mediated by 25 and 26, respectively (data 
concerning redundant transition structures and minima thereof 
are included in the computational section of Supporting Infor-
mation). Calculations at the M06-2X-
D3/DGTZVP/SMD//M06-2X-D3/DGDZVP level estimate the 
reaction barrier for the process mediated by 25 as +25.5 
kcal·mol-1 for the (R)-directing TS1d_R and +26.3 kcal·mol-1 
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for (S)-directing TSb_S, Figure 9. This results in a calculated 
enantioselectivity at 333 K of 78:22 (65:35 without BSSE cor-
rections) in favor of the R enantiomer (eeR = 55% with BSSE 
corrections and eeR = 29% without BSSE corrections). These 
data are in excellent agreement with the experimental results 
obtained with Cat b at the same temperature (eeR = 20%). 

 
Figure 9. Free energy profiles for the desymmetrization of 22a 
with keto-23a catalyzed by the Cat b model (25). The values 
are reported in kcal·mol-1. I0_1 represents the resting states of 
the catalyst. Relevant hydrogen bonds distances are reported in 
black (in Å). Relevant distances associated to displacements of 
the imaginary frequency for transition states are reported in ma-
genta (in Å).  

Figure 10 shows the calculated reaction profile for the reac-
tion of 22a with keto-23a catalyzed by the Cat f truncated 
model, 26. The first substantial difference between catalysts 25 
and 26 is that the latter binds the substrates in a somewhat 
stronger manner than the former, as it can be seen in the coor-
dination of the oxetanol at I0_1 in Figure 10. Thus, 26 binds the 
oxetanol exergonically with a net gain of up to -13.2 kcal·mol-

1, while 25 binds oxetanol with a net gain up to -3.9 kcal·mol-1 
(as comparison, an intermediate situation is seen for Cat a, with 
a net gain of up to -6.5 kcal·mol-1, see Supporting information). 
Consequently, while 25 expels easily the products at the end of 
the desymmetrization (the value of -13.4 kcal·mol-1 in Figures 
9 and 10 refers to the separation of the product and catalyst at 
infinite distance), the product of the desymmetrization prefers 

to remain bound to catalyst 26 than to be separated from it. Cat-
alyst-product adduct resides at -26.3 kcal·mol-1 in the free en-
ergy profile of Figure 10. In the case of 26 the system must pay 
an energetic penalty of +12.9 kcal·mol-1 to free the catalytic site 
and allows the release of the (R)-product (again, an intermediate 
situation is seen for Cat a, whose catalyst-product adduct re-
sides at -18.6 kcal·mol-1 and the system has to pay a penalty of 
+5.2 kcal·mol-1 to free the catalytic site, see Supporting Infor-
mation). 

Secondly, 26 displays an enhanced reactivity towards the 
desymmetrization of 22a with 23a: the lowest free energy bar-
rier stands out at +20.3 kcal·mol-1, five kcal·mol-1 lower than 
that shown for catalysis carried out by 25. Thus, the results of 
these calculations suggest that Cat f will kinetically outperfom 
even Cat a, whose activation barrier stands out at +21.5 
kcal·mol-1 (see Supporting Information) and correctly repro-
duces the experimental enantioselectivity recorded for Cat f at 
333 K, of up to ee ~ 98% (calculated ee is 100% with and with-
out BSSE correction). The predominance of R product arises 
from TS1d_R, represented in Figure 10 in side and bottom 
views. For comparison, calculations at the same level of theory 
also correctly predicts ee ~ 100% for Cat a (see Supporting In-
formation). 

 
Figure 10. Free energy profiles for the desymmetrization of 22a 
with keto-23a catalyzed by the Cat f  model (26). The values are 



 

reported in kcal·mol-1. I0_1 represents the resting states of the cat-
alyst. Relevant hydrogen bond distances are represented in black 
(in Å). Relevant distances associated to displacements following 
the imaginary frequency for transition states are represented in ma-
genta (in Å). 

The stronger binding towards the substrates seen for 26, com-
pared to 25, can be rationalized considering that the extended 
heteroaromatic wings do not only create a deep chiral groove of 
steric nature around the catalytic center but, even more im-
portantly, they also offer extra differential stabilization via non-
covalent interactions and p-p stacking. Figure 11a represents 
dginter isosurfaces mapping the non-covalent interactions be-
tween the anionic catalyst (Fragment 1, [(RO)2PO2]-) and the 
protonated activated complex of the substrates (Fragment 2, 
Oxetanol + keto-23a + H+) via Independent Gradient Model 
(IGM), developed by Henon and coworkers77 and implemented 
by Lu and coworkers in MULTIWFN.78 We found over 1300 
weak interactions in TS1d_R of 26 including strong interfrag-
ment O-H•••O and N-H•••O hydrogen bonds, a plethora of 
F•••C, F•••O, F•••H, S•••O, S•••F and S•••C Van der Waals con-
tacts and other interactions assimilable to p-p stacking. The cu-
mulative effect of these weak interactions within 26 is so strong 
that the extended heteroaromatic conjugation of the wings is 
overcome, enabling the loss of planarity and the formation of a 
“templated” cradle around the catalytic center, reminiscent to 
the induced fit operating in enzymes.79  

Figure 11b displays a quantitative measurement of these 
weak interactions at transition states between anionic catalyst 
(Fragment 1) and the protonated activated complex of the sub-
strates (Fragment 2) for Cat a, Cat b (25) and Cat f (26): 
DPETS(R) and DPETS(S) represent the molar work (i.e., a differ-
ence of potential energies) that must be spent in order to sepa-
rate Frag. 1 and 2 at infinite distance in chloroform, with a die-
lectric constant e = 4.7113, for (R)-directing TS and (S)-direct-
ing TS, respectively. Figure 11b conveys two fundamental con-
cepts at glance: firstly, the Cat f model binds the (R)-activated 
complex 3.4 kcal·mol-1 stronger than Cat a and 19.6 kcal·mol-

1 stronger than Cat b model (25) at transition state in chloro-
form and, secondly, the fragments within (R)-stereoinducing 
transition state are tighter bound than those in (S)-stereoinduc-
ing transition state for Cat f (and Cat a) compared to Cat b (the 
difference between DPETS(R) and DPETS(S) is essentially negligi-
ble for 25, even more so considering that it is of the same order 
of magnitude as the differences between the (R)- and (S)-direct-
ing isolated fragments, DPEFrag#1 and DPEFrag#2, Figure 11). This 
is an unequivocal sign that cumulative weak interactions be-
tween Frag. 1 and 2 at (R)-stereoinducing TS1d_R of Cat f are 
competitively stronger than those within the fragments in (S)-
stereoinducing TS1c_S, causing an overall increased stabiliza-
tion of the former structure over the latter. 

 

 
Figure 11. a) IGM on computational densities for TS1d_R and 
TS1c_S structures in reactions mediated by Cat f model (26). 
Green and yellow Dginter surfaces represent non-covalent inter-
action regions between anionic catalyst (Frag#1) and proto-
nated activated complex of substrates (Frag#2) at 0.004 a.u. 
isovalue. The darker the red color of the atoms, the more they 
contribute to the Dginter isosurface (atoms in grey do not contrib-
ute). b) Energetics of the dissociation of Fragment 1 and Frag-
ment 2 at transition states. Values are in kcal·mol-1, being only 
valid for reactions in chloroform. 

At the light of the results of the theoretical study, where the 
role of the pentacyclic substituents at 6,6' on the enantioselec-
tivity recorded with Cat f in the catalytic desymmetrization of 
3,3-disubstituted oxetanes has been stressed, we considered the 
potential interest of developing a minimalistic, readily available 
analog of this species for work in homogeneous phase. Since 
substitution at 4,4' is required for immobilization, but does not 
seems to play an important role on enantioselectivity according 
to the calculated structures for the relevant transition states (see 
Figures 10 and 11), we conceived Cat g as the candidate struc-
ture fulfilling the above conditions. 

As shown in Scheme 4, Cat g could be prepared in only two 
steps from intermediate 14 in 45% yield (or in four steps, with 
38% overall yield, from 12) using transformations already opti-
mized in the preparation of other catalysts in this study. With 
Cat g in hands, its use in the catalytic desymmetrization of a 
representative family of oxetanes 22 was studied. We have col-
lected in Table 2 the results of this study. For comparison pur-
poses, the results obtained with Cat f in continuous flow have 
also been included. 



 

Scheme 4. Preparation of the monomeric phosphoric acid Cat 
g from intermediate 14. 

 
Table 2. Desymmetrization of 22 with 23 leading to 24 medi-
ated by the homogeneous catalyst Cat g.a 

 
Entry Product with Cat g 

Yield [%]; ee [%] 
with Cat fb 

Yield [%]; ee [%] 
1 24aa 87; 95 95; 95 
2 24ba 78; 98 80; 95 
3 24ca 83; >99 90; 99 
4 24da 86; 95 65; 79 
5 24ea 90; 73 85; 70 
6 24ga 84; 7c 75; 0 
7 24ha 87; 13d 80; 37 
8 24ia 90; 90 85; 90 
9 24ja 85; 92 92; 91 
10 24ka 88; 92 84; 90 
11 24ma 87; 97 95; 93 
12 24na 95; 78 95; 72 
13 24ab 96; 95 90; >99 
14 24ac 85; 85 88; 87 
15 24ad 80; 74 78; 92 

aStandard conditions: 22 (0.2 mmol), 23 (0.25 mmol) and Cat g (12 
mg, 5 mol%) in chloroform (4 mL) stirred at 60 ºC (oil bath temp) 
in a sealed vial for 16 h. bReaction conditions are those in Figure 5. 
cWhen the reaction was performed at rt for 16 h, yield was 82% and 
ee 4%. dWhen the reaction was performed at rt. for 16 h, yield was 
86% and ee 10%. 

To facilitate comparison with Cat f, the scope of the desym-
metrization with Cat g was studied in chloroform solution at 60 
ºC. Under these conditions, the parallelism with Cat f in terms 

of performance is remarkable. Thus, the preparations of 24ga 
and 24ha turned out to be poorly enantioselective, as it is the 
case with Cat f. For the rest of products 24, although some dif-
ferences can be noted in individual cases, the average yield and 
enantioselectivity recorded with the heterogeneous (Caf f) and 
the simplified homogeneous catalyst (Cat g) are essentially 
identical: 86.9% average yield with Cat g vs. 86.3% with Cat 
f, and 89.5% average ee with Cat g vs. 88.6% with Cat f. All 
together, these results tend to indicate that the pentacyclic sub-
stituents present at the 6,6' positions of Cat f, possess the power 
to impart optimal enantiocontrol characteristics to SPINOL-
derived phosphoric acids without the need of other structural 
characteristics. 

In summary, a family of chiral phosphoric acids derived from 
3,3’-diphenyl-SPINOL (SPAs) been successfully synthesized 
and immobilized onto cross-linked polystyrene using either the 
4,4' or the 6,6' positions. The resulting catalytic polymers effi-
ciently mediate the desymmetrization of 3-substituted oxetanes 
(22) with 3-mercaptobenzothiazoles (23). The optimal catalyst 
(Cat f) involves immobilization through positions 4,4', remote 
from the catalytic site, and presents two very extended heteroar-
omatic substituents at positions 6,6'. Cat f exhibits unlimited 
recyclability (to the extent of the attempted reuses) in batch and 
flow, providing the target desymmetrized products in high yield 
(up to 92%) and enantioselectivity and (up to >99% ee), high 
productivity being recorded under both types of experimental 
conditions. A DFT study on monomer models of Cat b and Cat 
f, the worst and the best-performing SPAs in this study, has 
demonstrated that the extended, geometrically adaptable het-
eroaromatic wings at the 6,6’ positions of the SPINOL skeketon 
in Cat f are key to improved kinetics and enantioselectivity in 
the desymmetrization process thanks to extended and cumula-
tively strong non-covalent interactions. The lessons learned 
from this theoretical study have guided the design of a readily 
available, minimalistic homogeneous analog (Cat g) with cata-
lytic performance similar to Cat f, that could represent an inter-
esting and economic alternative when single catalytic use in 
batch is considered. 
Notes 
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SPINOL derivatives containing polymerizable styryl units have been convergently assembled, converted to SPINOL-derived chiral phosphoric acids 
(SPAs) and immobilized onto cross-linked polystyrene. The optimal immobilized species brings about the catalytic desymmetrization of 3,3-disub-
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