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Introduction 

Starting in the early 70’s, the increasing use of homogeneous 

enantioselective catalysis has been accompanied by the 

development of covalently immobilized analogues.[1] Stemming 

from the exploration of alternative anchoring strategies, chiral 

derivatives and support materials, a large number of effective 

insoluble polymer-bound (IPB) catalysts or ligands are thus known 

at present to convincingly demonstrate the viability of the approach 

at the proof-of-concept level and clarify some important design 

elements required for the attainment of high catalytic activity and 

enantioselectivity.  

Nonetheless, the hesitation to adopt this strategy for practical-

scale applications seems still strong.[1b] Arguably this reluctance is 

partially dictated by cultural motivations, but it is also reasonable 

to say that the lack of evidence for decisive practical advantages in 

the use of the supported catalysts concurs to sustain it.[1h,2] In this 

regard, a common concern for most of the disclosed IPB systems is 

about their preparation, which often appears too complex or poorly 

efficient for any realistic scale-up planning. Even when this is not 

the case, the limited efforts put in studying catalyst recycling can 

be another problem that hampers a clear-cut answer to the question 

whether the repeated use of IPB systems can actually pay back for 

their generally more onerous obtainment.  

To further complicate this judgment, within some limits the 

repeated use of an IPB catalyst may have an overall outcome 

analogous to the reduction of the loading of a homogeneous one, 

i.e. the increase of the productivity P (defined as the moles of 

product obtained per mole of catalyst) and the decrease of the ee 

values.[3] Provided some reduction of the stereochemical purity of 

the product can be tolerated at the synthesis stage, the use of 

diminished amounts of the soluble system may then be considered 

an equally valid option for process intensification, as opposite to 

the development of supported analogues. Under these 

circumstances, it is clear that for the field to improve its credibility 

proper comparison protocols have to be implemented and 

thoroughly used in this kind of studies. 

The general considerations stated above hold true when the 

specific area of ligands and organocatalysts derived from the 

Cinchona alkaloids 1-4 (Figure 1)[4] is considered. In fact, by 

ingeniously exploiting the polyfunctional nature of the alkaloid 

core and alternative immobilization techniques, a large array of 

IPB alkaloid architectures have been reported,[1a-h,3,5] some of 

which are summarized in the Figure 2. However, with a few 

exceptions where the native alkaloids (or simple derivatives 

thereof) were effectively coupled to commercially available 

functional resins (e.g. 5 and 6),[5d-f] the preparation of most of the 

disclosed materials appears largely unpractical. Typically, this was 

a consequence of the lengthy reaction schemes and repeated 

purifications in the synthesis of anchorable alkaloid derivatives (e.g. 

10)[3] or the low immobilization yield and the limited alkaloid 

loading attained in the actual immobilization step (e.g. 8 and 

9).[5a,5c] As pointed out also by Kacprzak and Lindner in a work on 

Cinchona alkaloid-based chiral stationary phases,[6] the 

development of IPB alkaloid derivatives for practical uses would 

therefore require a stronger emphasis on the efficiency of their 

preparation.  

 

Figure 1. Structure, acronyms, and numbering scheme of the Cinchona 
alkaloids discussed in this work.  
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Figure 2. Typical anchoring positions for Cinchona alkaloid derivatives and selected IPB material architectures (AlkO = QD, QN, DHQD, or DHQN – see 
Figure 1). 

With this aim we recently developed a new protocol for the 

access to the dimeric alkaloid derivatives linked to gel-type or 

macroporous polystyrene supports.[5g] That strategy proved highly 

effective in many respects, including a scalable preparation of the 

anchorable derivatives and their efficient coupling to preformed 

resins in a click-chemistry step. Moreover, the resulting materials 

11 turned out to be remarkable organocatalysts in the asymmetric 

dimerization of ketenes described by Calter and co-workers,[7] 

affording chiral Weinreb -ketoamides in 90-97% ee in the course 

of 20 reaction cycles.[5g]  

Nonetheless, the relatively complex structure of 11 appears not 

strictly required for the aforementioned reaction because simpler 

monomeric 9-O alkaloid derivatives, like the propionate esters 

(Prop) and the trimethylsilyl (TMS) or tert-butyldimethylsilyl 

(TBDMS) ethers are equally effective organocatalysts.[7a,b,7f] In 

addition, whilst polystyrene resins provide the IPB systems in the 

form of reasonably robust beads, in the case of immobilized bis-

oxazoline (Box) ligands we[8] and the group of Nagashima[9] 

recently found that the switch to cross-linked silicone supports 

could present some advantages in terms of handling and catalytic 

performances.  

These considerations prompted us to investigate the covalent 

immobilization of monomeric 9-O derivatives of 10,11-

dihydroquinidine (DHQD-H, 3) within insoluble elastomeric 

silicone films and their use as organocatalysts in the heterogeneous 

asymmetric dimerization of ketenes. In the course of this study, the 

problem of comparing the IPB systems with their soluble 

counterpart was also addressed, leading to the results presented in 

the following sections. 

Results and Discussion 

Preparation of anchorable DHQD derivatives  

Cinchona alkaloids had been coupled to linear 

poly(methylhydrosiloxane) (PMHS) by the groups of Siegel and 

Bergbreiter.[10] However, the main goal of these investigations was 

the preparation of soluble materials, some of which were obtained 

by direct hydrosilylation of the alkaloid’s 10,11-double bond. By 

contrast, the cross-linked structure of the IPB materials explored in 

the present work suggested the introduction of a spacer group 

between the chiral moiety and the terminal alkene-anchoring site. 

Similarly to Siegel and co-workers,[10a] synthetic efficiency 

considerations suggested to embed it into the 9-O substituent. This 

led to the design of the three DHQD derivatives 16, 17, and 18, 

which can be considered the anchorable variants of the soluble 

Prop, TMS, or TBDMS organocatalysts noted above. 

The synthesis of the silyl ethers 17 and 18 required the initial 

preparation of the corresponding chlorosilanes 13 and 15, achieved 

as depicted in the Scheme 1 by reacting dichlorodimethylsilane 

with the Grignard reagents obtained from the halides 12 or 14.[11] 

Besides using cheap chemicals, a practical advantage of this route 

was that pure-enough 13, 14, and 15 could be obtained in 

acceptable (yet not optimized) yields by a simple and scalable 

procedure that involved high-vacuum distillation as the purification 

technique. 

 

Scheme 1. Synthesis of the chlorosilanes 13 and 15. Reagents and 
conditions: (i) Mg, Et2O; (ii) Me2SiCl2, THF, 50% from 12; (iii)(a) acetone, 
Et2O; (b) 37% HCl, ZnCl2, 50% from 12; (iv)(a) Mg, THF, 70°C; (b) 
Me2SiCl2, cat. CuCN, THF, 43% from 14. 
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Scheme 2. Synthesis of the anchorable alkaloid derivatives 16, 17, and 18. Reagents and conditions: (i) 1.3 equiv. 10-undecenoyl chloride, CH2Cl2, r.t., 48 h, 
75%; (ii) 1.3 equiv. 13, 2 equiv. Et3N, 30 mol% DMAP, DMF, r.t., 48 h, 62%; (iii) 1.3 equiv. 15, 4.5 equiv. Et3N, 10 mol% DMAP, DMF, r.t., 72 h, 53%. 

Next, the synthesis of the anchorable alkaloid derivatives was 

carried out as shown in the Scheme 2. For the preparation of the 9-

O undecenoic ester 16 a modification of the reported procedure for 

the analogous Prop derivative was used,[7a] consisting in the 

reaction of DHQD (3) with commercially available 10-undecenoyl 

chloride without any additional base. Similarly, 17 and 18 were 

prepared by reacting 3 with the chlorosilanes 13 and 15 under the 

conditions reported for the synthesis of the corresponding TMS and 

TBDMS ethers.[7a,12] After chromatographic purification, fractions 

of 16, 17, and 18 were obtained in fair to good yields, as clear oils 

that gave a single spot by TLC. The identities of the three alkaloid 

derivatives were confirmed by electrospray mass spectrometry and 

by 1H and 13C NMR. In the case of the known ester 16 the 

spectroscopic constants proved identical to the published ones,[10a] 

including the occurrence of single sets of sharp resonances in both 
1H and 13C NMR. On the contrary, the spectra of the new silyl 

ether 18 were somewhat more complicated, showing two distinct 

sets of sharp resonances (ratio ~ 76 : 24) in 1H and 13C NMR. 

Given the sample homogeneity, these observations are best 

explained as a consequence of the restricted rotation around the C9-

O and O-Si bonds of the hindered derivative 18. Interestingly, 

similar conclusions were reported for other Cinchona alkaloid 

TBDMS silylethers, which showed a ~ 75 : 25 ratio of rotamers by 
1H NMR.[12]  

Preparation of DHQD derivatives in cross-linked silicone 

elastomeric films 

Previous work in the immobilization of chelating Box ligands 

within elastomeric silicone films demonstrated the advantage of 

using highly active nanostructured solvated Pt catalysts in the 

hydrosilylation step.[8] However, the reduced coordinating ability 

of the monomeric derivatives 16-18, as well as literature 

precedents,[10a] suggested that commercial Pt catalysts could also 

fit the needs of the present work.  

To test this hypothesis, 17 was reacted in C6D6 with PMHS (x = 

y ~ 6, see Scheme 3), in the presence of a small amount of the 

commercial Karstedt catalyst (Si-H : 17 : Pt = 1000 : 200 : 1). 

After 5 h at 50°C, 1H and 13C NMR indicated a complete 

conversion, as evidenced by the disappearance of the olefin and 

allyl signals of the alkaloid’s side chain. In addition, the spectra of 

the final solution showed neither degradation of the alkaloid core, 

nor significant isomerisation of the terminal double bond of 17 to 

the hydrosilylation-refractory internal positions.[13] The covalent 

linking of the chiral unit to PMHS was also confirmed by the 

growth in the 13C spectrum of two broad resonances at 23.4 and 

17.9 ppm that, by comparison with literature values,[14] identified 

the CH2CH2Si fragment of the polymer-bound alkaloid. 

Whilst these initial experiments proved useful in validating the 

chemistry involved in the anchoring procedure, gelation and some 

gas evolution was noticed in the C6D6 sample shortly after the end 

of the NMR measurements. The poor solubility of the gelled 

material hampered a detailed investigation of the phenomenon, 

which was nonetheless likely to arise from side-reactions of the 

excess Si-H units of PMHS after the complete conversion of the 

vinyl groups of 17.[13,15]  

Because the observed phase separation made unfeasible the 

preparation of uniform elastomeric films by the previously 

developed two-step approach,[8] the investigation of a single-step 

procedure was decided instead. Toluene solutions of 16, 17, or 18, 

PMHS, low and high molecular-weight divinyl-terminated 

silicones (PDMS-DV lw and hw, respectively)[8] and the Karstedt 

catalyst were hence gently heated overnight under air, in a PTFE-

lined vessel (Scheme 3). 

 

Scheme 3. Preparation of the IPB alkaloid derivatives P1-P5. 

Table 1. Feed composition and characterization data for P1-P5. 

Feed Elastomeric film 

Alkaloid 
deriv. 

PMHS 
[x : y] 

Composition[a]  Loading 

[mmol g-1][b] 

16 6 : 6 3 : 1 : 1 (25) P1 0.28±0.007 

16 6 : 6 5 : 1 : 2 (30) P2 0.19±0.004 

16 0 : 26 3 : 1 : 1 (35) P3 0.57±0.004 

17 6 : 6 3 : 1 : 1 (25) P4 0.24±0.007 

18 6 : 6 3 : 1 : 1 (25) P5 0.26±0.04 

[a] Molar ratio Si-H : alkaloid deriv. : PDMS-DV lw (in parentheses wt% 
of PDMS-DV hw in the feed). [b] Alkaloid content from nitrogen elemental 
analysis (average of two determinations). 
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The evaporation of the solvent resulted in the casting of robust 

cross-linked films that were swollen with an excess of 1-

hexadecene in toluene and heated again to cap any residual Si-H 

group. Continuous extraction with THF and CH2Cl2 and drying 

under vacuum afforded the five material P1-P5 (Table 1) that were 

characterized by IR (Supporting Information) and microanalytical 

determination of the nitrogen content. The former technique ruled 

out significant amounts of unreacted Si-H and C=C units as 

demonstrated by the lack of appreciable absorptions at 2280-2400 

cm-1 and ~1600 cm-1, respectively, in all of the IPB materials.[16] In 

the case of P1, P2, and P3 the incorporation of the ester derivative 

in the elastomeric network was also confirmed by the presence of a 

weak carbonyl stretching around 1748 cm-1. IR spectroscopy 

proved less informative for P4 and P5 due to the lack of strong 

bands of the alkaloid and side-chain fragments in the spectral 

regions not obscured by the polysiloxane backbone. Nonetheless, 

nitrogen elemental analysis demonstrated a substantial 

incorporation of the chiral derivative for all of the prepared 

materials, with alkaloid contents ranging from 0.19 to 0.57 mmol g-

1 (Table 1). The comparison of the experimental loadings with the 

values calculated from the feed compositions revealed that the 

functionalization degree of the recovered films P1-P5 was more 

sensitive to the Si-H content of the PMHS precursor and Si-H : 

alkaloid ratio than to the actual nature of the chiral derivative. 

Indeed, the use of different soluble precursors (16, 17, or 18) but 

the same Si-H : alkaloid molar ratio (3 : 1) and PMHS copolymer 

(x = y  ~ 6) in the preparation of P1, P4, and P5 resulted in rather 

similar anchoring levels (60, 55, and 59% of the corresponding 

theoretical values, respectively). On the contrary, the increase of 

the Si-H : alkaloid ratio to 5 : 1 or the switch to the use of pure 

methylhydrosiloxane homopolymer (x = 0, y ~26) caused a 

significant rise of the incorporation of the same chiral derivative 

(16) in the materials P2 and P3 (76 and 129% of the theoretical, 

respectively).  

Clearly, the attainment of a higher than expected loading for the 

latter was due to a significantly reduced incorporation of 

polysiloxane components in the film. This conclusion was 

confirmed by the mass recovery of purified insoluble materials that 

proved much lower for P3 than for the other cross-linked films 

(22% vs. 74-90% of the feed weight, respectively). Together with 

the trends in the functionalization degree, discussed above, these 

results affected also the absolute immobilization yield of the 

alkaloid precursor 16, 17, or 18 that was 28% in the case of P3 and 

45-56% for the other IPB systems P1, P2, P4, or P5. 

Homogeneous asymmetric ketene dimerization  

To test the suitability of the new chiral derivatives of this work 

in the asymmetric dimerization of ketenes, some homogeneous 

catalysis experiments were carried out first. With this aim, the 

soluble compounds 16, 17, and 18 were employed under the 

conditions described by Calter and co-workers for the in situ 

generation of ketenes from the acid chlorides 19a-c and one-pot 

opening of the intermediate -lactone dimers 20a-c to the 

corresponding Weinreb amides 21a-c (see also the Supporting 

Information).[7f]  

In the dimerization of methylketene from 19a (Table 2, entries 1, 

4, and 5) all of the three modified catalysts 16, 17, and 18 appeared 

capable of providing 21a with 94-98% ee, albeit in slightly reduced 

yields (56-64%) with respect to the published ones (65-79%).[7f] 

Interestingly, in the case of 17 the enantioselectivity level matched 

that reported for the corresponding TMS ether of quinidine (TMS-

1), thus suggesting that neither the introduction of the longer side 

chain in the silyl group nor the saturation of the alkaloid 10,11-

double bond had major impact on the reaction stereoselectivity.  

A similar comparison for the other two organocatalysts is less 

straightforward because published data refer to the use of Prop or 

TBDMS derivatives of the quinine pseudoenantiomer (2) that 

afford 69% ee and 94% ee, respectively, in the dimerization of the 

ketene from the acid chloride 19a.[7f]  

Table 2. Homogeneous and heterogeneous asymmetric catalytic dimerization of ketenes from acid chlorides.  

 

Run Catalyst Acid chloride t1 [h] t2 [h] Product Yield [%][a] Ee [%][b] 

1 16 19a 6 2 21a 57 94 

2 16 19b 6 2 21b 83 96 

3 16 19c 24 24 21c 52 97 

4 17 19a 6 2 21a 56 97 

5 18 19a 6 2 21a 64 98 

6 P1 19a 6 2 21a 58 94 

7 P1 19b 6 2 21b 88 96 

8 P1 19c 24 24 21c 79 95 

9 P2 19a 6 2 21a 60 95 

10 P3 19a 6 2 21a 64 93 

11 P4 19a 6 2 21a 53 94 

12 P4 19b 6 2 21b 69 99 

13 P4 19c 24 24 21c 67 99 

14 P5 19a 6 2 21a 57 98 

15 P5 19b 6 2 21b 62 95 

16 P5 19c 24 24 21c 50 96 

[a] After isolation by flash chromatography. [b] By HPLC with chiral stationary phases; the prevailing enantiomer had (S) configuration. 
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Figure 3. Asymmetric dimerization of methylketene in the presence of the 
soluble derivative 22 (5 mol% data are for TMS-2, from ref.[7f]; for the 
other conditions see Table 2). 

Nonetheless, we were pleased to find that 16 and 18 could 

provide 94% ee and 98% ee, respectively, in the same reaction 

(Table 2, entries 1 and 5). Besides witnessing the strong influence 

of the alkaloid peripheral positions, including the diastereomeric 

relationship between the chiral cores,[17] the practical implication of 

these findings was the possibility of attaining synthetically useful 

ee values in the quinidine series by the use of the simple ester 

derivative 16. This conclusion was corroborated by two further 

runs with 16 in the dimerization of homologous ketenes from 19b 

and 19c, which led to the corresponding Weinreb amides with 96-

97% ee (Table 2, entries 2 and 3). 

For a better comparison of the productivity of homogeneous and 

heterogeneous catalytic systems (vide infra), a series of 

experiments were also carried out with variable amounts of the 

soluble TMS ether 22 (Figure 3). The results of these tests revealed 

that the reaction of methylketene could tolerate a twofold reduction 

of the catalyst loading below the literature conditions (5 mol%)[7f] 

without any major erosion of the ee of the product 21a. However, 

further lowering of the alkaloid amount resulted in a rapid 

degradation of performances, with an abrupt decrease of isolated 

yields and ee values when the loading was reduced below the 1 

mol% level. 

Heterogeneous asymmetric ketene dimerization 

The heterogeneous catalysis experiments were carried out with 5 

mol% of the IPB derivatives P1-P5. The conditions were the same 

as described above for the homogeneous runs with the only variant 

that, due to the lack of an active role of the alkaloid units in the 

opening of the chiral -lactone intermediate,[7b] the successive 

reaction steps were performed in two distinct vessels. As detailed 

elsewhere,[5g] after stirring for the time t1 the solution containing 

the chiral dimer 20a-c was separated from the organocatalyst film 

by siphoning, treated with N,O-dimethylhydroxylamine and 2-

pyridone and then stirred again for the time t2 to give the final 

product 21a-c. Standard filtration experiments were carried out 

concurrently (Supporting Information) and ruled out a significant 

homogeneous contribution to catalysis from species leached into 

the solution. 

Screening of P1-P5 in the reaction of propionyl chloride (19a) 

showed that all of the silicone-supported derivatives could 

effectively promote the asymmetric dimerization of methylketene 

(Table 2, entries 6, 9-10, and 14). Despite the insoluble nature of 

the catalytic system, the isolated yields of the chiral dipropionate 

product 21a proved satisfactory and comparable to those afforded 

by the soluble compounds 16-18 after identical t1 and t2 reaction 

times. Excellent results were also achieved in terms of 

enantioselectivity, with ee values as high as 93-98%. As expected 

on the basis of the preliminary homogeneous runs, the 

stereochemical efficiency of the supported organocatalysts turned 

out to be somewhat dependant on the structure of the immobilized 

alkaloid derivative, reaching optimal results in the case of the 

TBDMS-like material P5 (Table 2, entry 14). On the contrary, 

different film composition and catalysts loading appeared to have a 

minor impact on the catalytic properties, as proved by the rather 

uniform performances of the materials containing the same 

undecenoyl ester derivative within the variable polymer 

architecture of P1-P3 (Table 2, entries 6, 9, and 10).  

The promising results in the asymmetric dimerization of 

methylketene were confirmed by using P1, P4, and P5 in the 

reaction of the homologues from the acid chlorides 19b and 19c 

(Table 2, entries 7, 8, 12, 13, 15, and 16). Also in these cases 

acceptable yields were obtained under standard conditions together 

with ee values matching, or slightly surpassing, those afforded by 

the soluble alkaloid derivatives in this work (Table 2, entries 2 and 

3) or from the literature.[7f]  

Overall, the covalent immobilization into elastomeric silicone 

films proved capable of preserving to a large extent the high 

enantioselectivity and satisfactory activity of the soluble 

organocatalysts 16-18. Therefore, the cross-linked polysiloxane 

network of P1-P5 appears well suited for the heterogeneous 

catalysis of the reaction under exam, with no appreciable impact on 

the asymmetric induction ability of the supported chiral units and 

the possibility for the species in solution to access them. 

Concerning this latter point, it is interesting to note that even if the 

rate-limiting step in the homogeneous reaction -ketene formation- 

is known to be independent from the alkaloid derivative 

concentration,[7f] the attainment of dimerization products with 

substantial yields and ee values requires the involvement of the 

chiral organocatalyst For this reason, the occurrence of critical 

diffusion problems in the materials P1-P5 appears unlikely.  

Catalyst recycling and productivity evaluation 

As already found with Box ligands,[8] the film shape of the 

materials P1-P5 allowed their prompt separation from the reaction 

mixture by siphoning. This feature greatly facilitated the study of 

recycling that was evaluated by selecting the reaction of 19a as the 

benchmark.  

The experiments (Figure 4a) demonstrated that each of the IPB 

systems could promote at least five consecutive dimerization runs, 

still leading to the product 21a with substantial ee values. 

Nonetheless, some significant differences were also noted in the 

propensity of the diverse material to retain their initial catalytic 

efficiency on recycling. In particular, while the ester-type systems 

P1-P3 underwent a rather fast drop of performances in the 

successive runs (28-33% yield, 79-83% ee in the 5th cycle; yield 

data not shown in Figure 4), the silyl ether materials P4 and P5 

continued to provide nearly unchanged results in this short reaction 

series (45-55% yield, 94-95% ee in the 5th cycle). 
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Figure 4. a) Ee of the product 21a in the recycle runs of P1-P5 (for the 
conditions, see Table 2; 21a was obtained in 28-65% isolated yield); b) 
Enantioselectivity vs. productivity for soluble (22) and IPB (P1-P5) 
catalysts (for the meaning of P, Pn, and ee, see the text). 

Because the preparation of P4 requires a more convenient 

soluble precursor than for P5, the former material was selected for 

further testing. With this aim, eight more runs were performed with 

the used film to give the additional data included in the Figure 4a. 

The results of these experiments showed that the IPB 

organocatalyst could be employed in thirteen successive cycles, 

still providing 21a in 45% isolated yield (data not shown) even in 

the last run. Concerning the enantioselectivity, a moderate negative 

trend was observed after the 6th cycle, which nevertheless did not 

preclude the attainment of 90-91% ee in the following three and 

79% ee in the final one.[18]  

Although the repeated use of P4 appears capable of improving 

the organocatalyst productivity over the analogous homogeneous 

systems, as discussed in the Introduction the assessment of this 

aspect cannot be disjoint from the concurrent evaluation of the 

enantioselectivity attained under alternative conditions. For this 

reason, the available data from the benchmark homogeneous and 

heterogeneous methylketene dimerization runs were converted into 

P@ee value pairs[5g] and, for the sake of comparison, plotted in an 

enantioselectivity vs. productivity (ee-P) graph (Figure 4b). 

As far as the homogeneous reactions with 22 are concerned, the 

P@ee points were directly calculated from the catalyst amount 

employed in each run and the recorded yield and ee of the product 

21a (Figure 3). The outcome of this analysis, shown as the broken 

curve in the Figure 4b, revealed that the use of 2.5 mol% of the 

soluble derivative 22 could afford a result (P~11@97% ee), which 

compares favourably with that attained under standard literature 

conditions (e.g. P~8@97% ee from the published data with 5 

mol% of TMS-2).[7f] However, due to the anticipated relationship 

between alkaloid amount and catalytic performances (Figure 3) this 

favourable trend did not keep valid on moving to the low-end 

region of catalyst loading. In this respect it is worth noting that, 

besides the enantioselectivity reduction, the relatively large P 

values scored by the use of 0.1 mol% of 22 (P~35@55% ee) 

actually correspond to the isolation of impractically small amounts 

of the product 21a (7% yield). Accordingly, in the reaction under 

exam a moderate reduction of the catalyst loading appears to be a 

viable option for increasing the productivity of the alkaloid 

derivative, which however cannot be pursued much below the 1 

mol% threshold (where P~17@93% ee, 35% isolated yield was 

obtained). 

The establishment of the ee-P relationship for the soluble 

catalyst set the stage for a better assessment of the IPB materials 

P1-P5. For this purpose, ee and yield data of the heterogeneous 

runs were converted into Pn@ee pairs, defined as the productivity 

(Pn) and weight-averaged enantiomeric excess (ee) for a virtual 

gross-sample of 21a obtained by ideally pooling together those 

isolated up to the n-th run (for details, see the Supporting 

Information).  

Examination of the results shown as solid curves in the Figure 4b 

revealed that two limiting scenarios had to be considered, 

depending on whether the priority was given to the maximization 

of the product’s ee or to the catalyst’s productivity. With the 

former choice, P5 was the only IPB system that could rival with 

the homogeneous catalysts across a number of reaction cycles. 

Even though a complete ee-P analysis for the TBDMS soluble 

system was not performed in this work, the P5 ~26@97% ee 

reached with P5 (Figure 4b) appears substantially superior to 

P~6@97% ee and P~7@94% ee provided under standard 

conditions by the soluble derivatives 18 (Table 2, entry 5) and 

TBDMS-1,[7f] respectively. 

In order to make a comparison in the alternative situation, i.e. 

when some reduction of the enantioselectivity was deemed 

acceptable, the average enantiomeric purity scored at the end of the 

cycles with P4 (90% ee) was arbitrarily selected as the reference 

level. With this choice the interpolation of the data for the soluble 

organocatalyst (Figure 4b) led to an estimation of P~18@90% ee, 

corresponding to the use of ~0.75 mol% of 22 (see Figure 3); by 

contrast, the cumulative productivity of the heterogeneous system 

could be directly obtained as the rightmost point of the 

corresponding curve and was P13 ~67@90% ee. 

Comparison of these results clearly demonstrated that the 

recycling of the IPB system P4 was capable of affording nearly 

three times more product than the soluble derivative 22 at reduced 

loadings, the amount of chiral organocatalyst and the enantiomeric 

purity of the final amide 21a being the same. Interestingly, this 

perhaps unimpressive P increase was not the only advantage of the 

IPB approach because the use of the supported system also allowed 

to isolate the stereochemically labile product 21a in a nearly pure 

form, without the need of any chromatographic purification, and 

with a substantially higher yield (51% overall) than with the 

soluble organocatalyst at low loadings (~27% yield, see Figure 3). 

In the depicted scenario, the choice of immobilizing the chiral 

organocatalyst proved hence more effective than the mere 

reduction of the loading of the corresponding soluble derivative, 

both in terms of larger productivity of the expensive alkaloid 

catalyst and better use of the other chemicals involved in the 

catalyzed reaction. This conclusion is obviously related to the 

disclosed features of the reactions under exam, which include a 
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reasonably good recycling profile for the IPB systems (especially 

P4 and P5) as well as the specific response of the homogeneous 

process on lowering of the catalyst loading. Because neither of the 

two results could be easily predicted a priori, the significance of 

the P@ee analysis described above should be evident. In this 

respect it goes to say that this kind of analysis is not expected to be 

an universal criterion for deciding in favour of any of the two 

options in a real application perspective, as many other factors (e.g. 

preparation simplicity and cost of either system, turnover 

frequency, actual product’ yield, etc.) could decisively come into 

play. Nonetheless, in all the cases like the present one, where the 

chiral catalyst is the largely most expensive chemical in the 

transformation under study, the evaluation of the P@ee / Pn@ee 

relationships for the homogeneous and heterogeneous cases may be 

of prime importance for a fair assessment of the relative merits of 

the two alternatives towards process intensification.[19] 

As a final comment, it is worth noting that the polystyrene-

supported dimeric systems 11 mentioned in the Introduction appear 

to provide superior results than the materials P1-P5 in this study. 

In fact, the former IPB derivatives showed a significantly better 

recycling profile than the latter and allowed the attainment of 

significantly larger productivities, even in the high-end ee range 

(e.g. P8 ~57@97% ee and P20 ~135@95% ee).[5g] For reasons that 

are unknown at present but possibly related to the different 

chemical stability of the linkage connecting the 9-O substituent 

with the chiral core, for the moment the polystyrene-supported 

dimeric systems 11 remain therefore the reference materials for the 

heterogeneous catalysis of the asymmetric dimerization of ketenes.  

Conclusions 

In summary, a convenient procedure has been described for the 

covalent immobilization of different ester or silyl ether monomeric 

derivatives of 10,11-dihydroquinidine into cross-linked insoluble 

films. In spite of the rather unconventional support structure, the 

IPB systems obtained by this approach proved highly 

enantioselective and reasonably recyclable organocatalysts in the 

heterogeneous asymmetric dimerization of ketenes. This allowed 

the preparation of chiral Weinreb -ketoamides with 79-99% ee, in 

the course of up to 13 reaction cycles.  

Moreover, the problem of a sound comparison between IPB 

systems and their homogeneous counterparts has been addressed 

by introducing a productivity/enantioselectivity protocol that, in 

essence, requires the extended re-use of the recoverable catalyst, on 

the one hand, and the evaluation of the corresponding 

homogeneous system at progressively lower loadings, on the other. 

Because this kind of analysis allows a better critical evaluation of 

the results than the customary description of (a few) recycle runs 

alone, we feel that the proposed procedure could become a 

standard tool for further studies in the field of recoverable 

enantioselective catalysts.  

Given the straightforward preparation of the alkaloid monomeric 

precursors 16-18 and the suitability of hydrosilylation chemistry 

also for the covalent anchoring of organic derivatives and catalysts 

within capillary channels,[20] the extension to microfluidic devices 

of the approach described in this work is currently underway. 

Experimental Section 

For the materials, general methods, instrumentation, and analytical 

procedures, see the Supporting Information. 

 

Chlorodimethyl(undec-10-enyl)silane (13). 

A 100 mL three-necked flask fitted with a reflux condenser, dropping 

funnel, nitrogen inlet, and magnetic stirring bar was charged with degreased 

magnesium turnings (0.716 g, 29.4 mmol), dry diethyl ether (10 mL), and a 

crystal of iodine. The flask was wrapped with a tissue cloth and a solution 

of 11-bromoundec-1-ene (6.25 g, 26.8 mmol) in dry diethyl ether (15 mL) 

was added dropwise over 2 h to the rapidly stirred suspension, so as to 

maintain a slight but regular reflux in the condenser. The dropping funnel 

was rinsed with dry diethyl ether (3 mL) and the resulting mixture was left 

stirring overnight at r.t., to give a mid brown solution of the Grignard 

reagent that contained small amounts of unreacted magnesium and showed 

>98% GC conversion of the starting bromide. After settling of the solid, the 

clear supernatant and two THF rinses (4 mL) were cannulated under 

nitrogen into a second 100 mL three-necked flask containing a rapidly 

stirred solution of dichlorodimethylsilane (6.9 mL, 57 mmol, 2.1 equiv.) in 

dry THF (10 mL). The initially clear solution was left stirring overnight at 

r.t. under nitrogen, to give a thick white suspension which was diluted with 

dry n-hexane (20 mL) and filtered under nitrogen through a mid-porosity 

glass frit. The residue on the frit was washed with dry n-hexane (7×5 mL) 

and the combined filtrates were concentrated with a rotary evaporator. The 

crude compound was distilled under reduced pressure in a Claisen 

apparatus to give 13 as a clear colorless oil (b.p. 73-74°C/0.2 mmHg, 3.30 g, 

50% yield). 1H NMR (300 MHz, CDCl3): = 0.40 (s, 6H), 0.69-0.94 (m, 

2H), 1.13-1.57 (m, 14H), 1.90-2.17 (m, 2H), 4.84-5.10 (m, 2H), 5.81 (ddt, 

Ja = 16.9, Jb = 10.2, Jc = 6.7 Hz, 1H); 13C NMR (75 MHz, CDCl3): = 1.83, 

19.17, 23.15, 29.12, 29.30, 29.40, 29.64, 29.67, 33.14, 33.99, 114.25, 

139.29; elemental analysis calcd (%) for C13H27ClSi: C 63.24, H 11.02, Cl 

14.36, Si, 11.38; found: C 63.20, H 11.00, Cl 14.65. 

 

12-Chloro-12-methyltridec-1-ene (14). 

A solution of undec-11-en-1-ylmagnesium bromide was prepared as 

detailed in the previous paragraph from magnesium turnings (0.912 g), 11-

bromoundec-1-ene (8.00 g, 34.3 mmol), and dry diethyl ether (10+15 mL). 

After cooling externally with an ice bath, dry acetone (3.8 mL, 52 mmol, 

1.5 eq) in diethyl ether (5 mL) was added dropwise over 1 h. The dropping 

funnel was washed with an ether rinse (5 mL) and, after stirring at r.t. for 

15 min, the content of the flask was hydrolyzed with satd. ammonium 

chloride (25 mL). The organic components were extracted with diethyl 

ether (3×10 mL) and the combined organic phases dried over sodium 

sulfate. Removal of the volatiles with a rotary evaporator and then at 0.05 

mmHg afforded crude 2-methyltridec-12-en-2-ol (7.10 g), as a clear pale-

yellow oil that was directly used in the next step.  

Crude 2-methyltridec-12-en-2-ol (5.00g) was placed into a 100 mL two-

necked flask fitted with a dropping funnel and a magnetic stirring bar. After 

cooling externally with an ice bath, a solution of zinc chloride (6.42 g, 47 

mmol) in 37% HCl (6.5 mL) was added dropwise over 40 min, with rapid 

stirring. The dropping funnel was rinsed with 37% HCl (3 mL) and the 

resulting orange mixture was warmed to r.t. and kept under vigorous 

stirring until consumption of the alcohol substrate by GC analysis (1 h). 

The content of the flask was diluted with water (15 mL) and extracted with 

light petroleum ether (3×15 mL). The organic phases were dried over 

calcium chloride and the volatiles removed with a rotary evaporator to give 

an oil. The crude product was purified by distillation at reduced pressure in 

a Claisen apparatus with a short Vigreux column. After discarding a forerun, 

the chloride 14 was obtained as a clear colorless oil (b.p. 106-115°C/0.15 

mmHg, 3.45 g, 61% yield over two steps). 1H NMR (300 MHz, CDCl3): = 

1.07-1.51 (m, 14H), 1.52 (s, 6H), 1.66-1.85 (m, 2H), 1.88-2.16 (m, 2H), 

4.76-5.16 (m, 2H), 5.81 (ddt, Ja = 16.9, Jb = 10.1, Jc = 6.7 Hz, 1H); 13C 

NMR (50 MHz, CDCl3): = 25.26, 29.08, 29.27, 29.52, 29.68, 29.87, 32.54, 

33.96, 46.25, 71.30, 114.25, 139.27; elemental analysis calcd (%) for 

C14H27Cl: C 72.85, H 11.79, Cl 15.36; found: C 73.01, H 11.82, Cl 15.28. 
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Chlorodimethyl(2-methylpent-4-en-2-yl)silane (15). 

A 100 mL three-necked flask fitted with a reflux condenser, dropping 

funnel, nitrogen inlet, and magnetic stirring bar was charged with degreased 

magnesium turnings (0.330 g, 13.7 mmol) and dry THF (5 mL). After the 

addition of 1,2-dibromoethane (0.2 mL) the flask was placed into an oil 

bath at 90°C and a solution of the chloride 14 (2.61 g, 11.3 mmol) in dry 

THF (5 mL) was added dropwise over 2 h. The dropping funnel was rinsed 

with dry THF (3 mL) and the resulting dark solution was kept under stirring 

at 70°C for 4 h, whereupon >85% conversion of the halogen substrate was 

observed by GC. After settling of the small amount of residual magnesium, 

the clear supernatant and two THF rinses (2 mL) were cannulated under 

nitrogen into a second 100 mL three-necked flask containing a stirred 

solution of dichlorodimethylsilane (1.61 g, 12.4 mmol, 1.1 equiv.) and 

copper cyanide (15 mg, 0.24 mmol, 2 mol%) in dry THF (5 mL). The 

resulting brownish clear solution was left stirring under nitrogen for 24 h at 

70°C. After cooling to r.t., the solution was diluted with dry n-hexane (30 

mL) and filtered under nitrogen through a mid-porosity glass frit. The 

residue on the frit was washed with dry n-hexane (2×5 mL) and the 

combined filtrates were concentrated with a rotary evaporator. The crude 

compound was distilled under high vacuum in a Claisen apparatus 

connected with an oil diffusion pump. After discarding an abundant forerun, 

a fraction was collected (b.p. 40-73°C/3-6·10-5 mbar) that, by 1H NMR and 

GC-ms, contained ~68 wt% of 15 together with 12-methyltridec-1-ene (~20 

wt%) and minor amounts (<5 wt%) of 12-methyltridec-1,12-diene and the 

starting chloride 14. The mixture (1.39 g, ~30% yield of the title 

compound) was directly used in the next step. 1H NMR (200 MHz, CDCl3): 

= 0.37 (s, 6H), 0.96 (s, 6H), 1.04-1.50 (m, 16H), 1.90-2.27 (m, 2H), 4.84-

5.19 (m, 2H), 5.82 (ddt, Ja = 16.9, Jb =10.1, Jc = 6.6 Hz, 1H); 13C NMR (50 

MHz, CDCl3): = -0.73, 22.28, 23.79, 29.01, 29.21, 29.57, 29.69, 29.77, 

30.72, 33.88, 38.27, 114.14, 139.20; HRMS (EI+): m/z calcd for 

C16H33ClSi: 288.2040; found: 288.2047. 

 

9-O-[Dimethyl(undec-10-en-1-yl)silyl]-10,11-dihydroquinidine (17). 

A 10 mL Schlenk tube was charged under nitrogen with hydroquinidine 

(0.250 g, 0.766 mmol), dry DMF (1.0 mL), triethylamine (0.21 mL, 1.5 

mmol), 4-dimethylaminopyridine (30 mg, 0.25 mmol, 30 mol%), and the 

chlorosilane 13 (0.28 g, 1.0 mmol, 1.3 eq). The resulting mixture was 

magnetically stirred at r.t. for 48 h and then diluted with toluene (5 mL). 

The organic phases were washed with water (2×5 mL) and dried over 

anhydrous sodium sulfate. The volatiles were removed with a rotary 

evaporator and the residue was purified by flash chromatography (SiO2, 

AcOEt : MeOH = 95 : 5) to give 17 (0.255 g, 62% yield) as a pale-yellow 

viscous oil. TLC Rf = 0.51 (SiO2, AcOEt:MeOH 95:5); []D
21 = +1.1 (c = 

0.51 g/100mL, CH2Cl2); MS(ES+): m/z +537.8 (M+H+); 1H NMR (200 

MHz, CDCl3): = -0.03 (s, 3H), 0.08 (s, 3H), 0.53-0.55 (m, 2H), 0.90 (t, J = 

7.1 Hz, 3H), 1.10-1.75 (m, 14H), 1.98-2.08 (m, 2H), 2.68-2.98 (m, 4H), 

3.08-3.22 (m, 1H), 3.94 (s, 3H), 4.86-5.02 (m, 2H), 5.68-5.89 (m, 2H), 7.22 

(br. s, 1H), 7.34 (dd, Ja = 9.2, Jb = 2.5 Hz, 1H), 7.51 (br. s, 1H), 7.99 (d, J = 

9.0 Hz, 1H), 8.71 (d, J = 4.4 Hz, 1H); 13C NMR (50 MHz, CDCl3): = -1.45, 

12.08, 16.93, 19.69, 23.26, 25.32, 26.47, 27.16, 29.53, 29.57, 33.50, 33.87, 

37.46, 50.55, 51.12, 55.96, 60.66, 73.06, 100.64, 114.15, 118.70, 121.79, 

126.24, 131.87, 139.26, 144.50, 147.42, 147.65,158.11; elemental analysis 

calcd (%) for C33H52N2O2Si: C 73.83, H 9.76, N 5.22, O 5.96, Si 5.23, 

found: C 73.40, H 9.62, N 5.17. 

 

9-O-[Dimethyl(2-methyltridec-12-en-2-yl)silyl]-10,11-dihydroquinidine 

(18). 

A 10 mL Schlenk tube was charged under nitrogen with hydroquinidine 

(0.430 g, 1.32 mmol), dry DMF (1.0 mL), triethylamine (0.83 mL, 6.0 

mmol), 4-dimethylaminopyridine (16 mg, 0.13 mmol, 10 mol%), and the 

chlorosilane 15 (0.66 g, 68% purity, ~1.5 mmol, 1.1 eq). The resulting 

mixture was magnetically stirred at r.t. for 72 h and then diluted with 

toluene (5 mL). The organic phases were washed with water (2×5 mL) and 

dried over sodium sulfate. The volatiles were removed with a rotary 

evaporator and the residue was purified by flash chromatography (SiO2, 

AcOEt : MeOH = 95 : 5) to give 18 (0.406 g, 53% yield) as a pale-yellow 

viscous oil. TLC Rf = 0.59 (SiO2, AcOEt:MeOH 95:5); []D
21 = +1.0 (c = 

0.53 g/100mL, CHCl3); MS(ES+):  m/z +579.9 (M+H+); 1H NMR (600 

MHz,CDCl3): δ(major rotamer, ~76%)= -0.33 (s, 3H), 0.15 (s, 3H), 0.90 (t, 

J = 7.4 Hz, 3H), 0.92 (s, 3H), 0.94 (s, 3H), 0.99–1.58 (m, 21H), 1.64 (br. s, 

1H), 1.72 (m, 1H), 1.92–2.10 (m, 3H), 2.65–2.75 (m, 1H), 2.76–2.94 (m, 

3H), 2.96–3.03 (m, 1H), 3.94 (s, 3H), 4.89–5.02 (m, 2H), 5.60 (d, J = 3.1 

Hz, 1H), 5.81 (ddt, Ja = 16.9, Jb = 10.2, Jc = 6.7 Hz, 1H), 7.19 (d, J = 2.4 

Hz, 1H), 7.36 (dd, Ja = 9.2, Jb = 2.6 Hz, 1H), 7.55 (d, J = 4.5 Hz, 1H), 8.02 

(d, J = 9.2 Hz, 1H), 8.73 (d, J = 4.5 Hz, 1H); δ(minor rotamer, ~24%)= -

0.42 (s, 3H), 0.11 (s, 3H), 0.80 (s, 3H), 0.82 (s, 3H) 2.45–2.53 (m, 2H), 

2.55–2.64 (m, 1H), 3.35–3.49 (m, 1H), 3.92 (s, 3H), 4.80 (d, J = 9.2 Hz, 

1H), 7.10 (d, J = 4.3 Hz, 1H), 7.32 (dd, Ja = 9.2, Jb = 2.7 Hz, 1H), 7.86 (d, J 

= 2.7 Hz, 1H), 7.98 (d, J = 9.2 Hz, 1H), 8.64 (d, J = 4.2 Hz, 1H); 13C-NMR 

(50 MHz, CDCl3): ( major + minor rotamer)= -4.29, -4.05, -3.89, -3.75, 

12.18, 20.65, 21.23, 21.40, 22.86, 22.91, 23.81, 23.98, 25.28, 25.88, 26.24, 

26.31, 26.62, 27.29, 27.56, 29.04, 29.26, 29.62, 29.79, 29.85, 30.89, 33.92, 

37.71, 38.76, 38.86, 49.62, 49.92, 50.55, 51.49, 55.45, 55.80, 61.05, 61.15, 

73.15, 79.64, 100.51, 105.00, 114.19, 119.03, 121.26, 121.41, 121.67, 

126.40, 127.13, 131.53, 131.95, 139.30, 144.40, 145.53, 147.46, 147.59, 

148.42, 156.57, 157.96; elemental analysis calcd (%) for 

C36H58N2O2Si·0.02 CH2Cl2: C 74.51, H 10.07, Cl 0.24, N 4.82, O 5.51, Si 

4.84; found: C 74.59, H 10.15, N 4.81. 

 

Preparation of P1-P5 by anchoring 16-18 into cross-linked silicone 

films. General procedure. 

A solution of the unsaturated alkaloid derivative 16, 17, or 18 (0.40-0.75 

mmol), PMHS, PDMS-DV lw, and PDMS-DV hw (for the exact ratios, see 

Table 1) in toluene (14-20 mL) was poured into a flat PTFE-lined vessel 

(90-150 cm2 bottom area). A 1.0 mM solution of the Karstedt catalyst in 

toluene (molar ratio SiH/Pt = 1000) was evenly added drop by drop and, 

after swirling to complete the mixing of the solutions, the vessel was 

covered with a glass lid and heated under air for 1 h, on a plate set at 50° C. 

The temperature was then raised to 70°C to effect the solvent evaporation 

and polymer cross-linking. After overnight curing, the resulting solid film 

was swollen with a solution of 1-hexadecene (0.10 mL) in toluene (10 mL) 

and the volatiles were evaporated again by gently heating for 1 h at 70°C. 

The polymer film was moistened with little THF to facilitate the 

detachment from the vessel and transferred to a metal-net thimble, which 

was placed into a Kumagawa device. After continuous extraction over 2 

days, first with dry THF and then with dry CH2Cl2, the almost colourless 

and nearly transparent material P1-P5 (Figure S1) was dried under reduced 

pressure (0.05 mmHg) Callipers measurement of the resulting soft, elastic 

films indicated an approximate thickness of 0.2 mm. The material was 

characterized by IR (Figure S2) and elemental analysis. Elemental analysis 

found (N%): P1 0.77, P2 0.53, P3 1.59, P4 0.66, P5 0.73.  

 

Heterogeneous catalytic asymmetric ketene dimerization. General 

procedure. 

A 50 mL Schlenk tube, provided with a magnetic follower and stopcock 

side arm, was charged under nitrogen with P1-P5 (88-263 mg, 

corresponding 0.050 mmol, 5 mol%, of the supported alkaloid derivative). 

After sealing the tube with a septum, dry CH2Cl2 (10 mL) was syringed into 

the tube and the polymer film allowed to swell by stirring for 5 min. N,N-

Diisopropylethylamine (170 L, 1.0 mmol) and acid chloride 19a-c (1.0 

mmol) were sequentially injected through the septum and the mixture was 

set stirring at 500 rpm at r.t. After the time t1 (Table 2), the clear 

supernatant was cannulated under nitrogen into a dry Schlenk tube and the 

polymer film washed with CH2Cl2 (5 mL). The combined organic phases 

were treated with HN(OMe)Me (37 L, 0.50 mmol) and 2-pyridone (4.7 

mg, 0.05 mmol) and the resulting solution was stirred at room temperature 
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for the time t2 (Table 2). For the ee determination, a sample of the reaction 

mixture (0.20 mL) was passed through small pad of silica gel with n-

hexane : AcOEt = 2 : 1 (31 mL), evaporated with a nitrogen flow and 

dissolved in 2-propanol for HPLC analysis.[5g,7f] The remaining of the 

solution was washed with concentrated pH 7 buffer solution,[7f] dried 

(Na2SO4), and evaporated to give the Weinreb amides 21a-c as turbid oils 

that were nearly pure by 1H NMR (Figure S3). The polymeric film 

recovered after cannulation was washed with dry CH2Cl2 (21 mL) and 

then directly used in further catalysis cycles. 

Supporting Information (see footnote on the first page of this article): 

Procedure for the homogeneous catalysis runs, spectra of the new 

compounds, appearance and IR of the polymer films, and elaboration of the 

P/ee data. 
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 Supported Asymmetric Catalysts 

A series of hydroquinidine derivatives 

embedded into elastomeric silicone 

films were prepared and used as 

insoluble organocatalysts in the 

asymmetric dimerization of ketenes. A 

protocol was also introduced for 

comparing the 

productivity/enantioselectivity 

performances of the supported catalyst 

with those of the analogous soluble 

counterparts. 
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