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Engaging Chiral Cationic Intermediates by Anion-Binding in Asymmetric Catalysis 

Abstract 

     Anion-binding catalysis by dual hydrogen-bond donors such as ureas and squaramides 

has been demonstrated as a powerful strategy for the development of highly enantioselective 

transformations involving prochiral cationic intermediates, such as iminium ions, oxocarbenium 

ions, carbenium ions, and episulfonium ions. The research described in this dissertation explores 

the ability of dual H-bond donor catalysts to engage chiral cationic intermediates and to induce 

enantioselectivity in transformations involving such intermediates.  

    In Chapters 1, we provide an overview of the progress and challenges in the development 

of enantioselective halo- and seleno-functionalization reactions, which proceed via three-

membered ring cationic halonium or seleniranium ions. 

     In Chapter 2, we report a highly enantioselective selenocyclization reaction that is 

promoted by the combination of a chiral squaramide catalyst, a mineral acid, and an achiral 

Lewis base. Mechanistic studies reveal that the enantioselectivity originates from the dynamic 

kinetic resolution of seleniranium ions through anion-binding catalysis.  

     Chapter 3 details our discovery of a squaramide-catalyzed enantioselective 

iodoisocyanation reaction, which represents a rare example in asymmetric intermolecular 

halofunctionalization of simple olefins.  Kinetic studies reveal that [I(NCO)2]
–1

 anion is the 

counterion of iodonium intermediate and the dual H-bond donor catalyst aggregates in the 

resting state. Hammett analysis indicates that the degree of stabilization by catalyst to the 

iodonium intermediate accounts for both catalysis and enantioselectivity.  
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      The reactions developed in Chapter 2 and 3 have therefore extended anion-binding 

catalysis to reactions involving chiral and stereochemically labile halonium and seleniranium 

cations. Knowledge learned in these studies will provide valuable guidance to the development 

of asymmetric transformations involving other chiral cationic intermediates. 
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Chapter 1. 

An Overview of Recent Progress in Asymmetric Halo- 

and Seleno-functionalization of Alkenes 

 

1.1. Introduction 

Electrophilic addition of halogens to alkene is one of the classicical reactions in organic 

chemistry. Numerous studies have established that such reaction typically proceeds via a cationic, 

three-membered ring intermediate, commonly known as halonium, followed by nucleophilic 

opening of the halonium (Scheme 1.1). As a result, two vicinal groups are installed across the 

C=C bond trans to each other. 

 

Scheme 1.1. A typical mechanism drawn in an introductory organic chemistry textbook for a generic 

halofunctionalization reaction. 

 Due to the predictable stereochemistry, a variety of alkene halofunctionalization reactions 

have been applied as key steps to construct complex structures in organic synthesis.
1
 However, 

the development of catalytic, enantioselective variants of halofunctionalization reactions has 

                                                 
1
 For examples of the application of halofunctionalization reactions in natural product synthesis: (a) Corey, 

E. J.; Weinshenker, N. M.; Schaaf, T. K.; Huber, W. J. Am. Chem. Soc. 1969, 91, 5675-5677. (b) 

Danishefsky, S.; Schuda, P. F.; Kitahara, T.; Etheredge, S. J. J. Am. Chem. Soc. 1977, 99, 6066-6075. (c) 

Zhou, Q.; Snider, B. B. Org. Lett. 2008, 10, 1401-1404. 
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lagged far behind other major classes of organic reactions such as Aldol reaction and Diels-Alder 

reaction. In the past few years, we have witnessed a rapid progress in the field of asymmetric 

olefin halofunctionalization. A number of excellent reviews on this topic have been published 

from different perspectives recently.
2
 Therefore, instead of a comprehensive review of the recent 

progress in asymmetric halofunctionalization reactions, this chapter will focus on the general 

strategies and challenges in this field. It has been well known that acyclic β-fluoro-carbenium 

ions, instead of three-membered ring haloniums, are the more stable form of the cationic 

intermediates in fluorofunctionalization; so are β-chloro-carbenium ions in some 

chlorofunctionalization reactions.
3
 To be consistent with the theme of this thesis, the asymmetric 

variants of these reactions will not be discussed in this chapter. 

1.2. Enantioselective intramolecular halofunctionalization reactions 

Most of the efforts in the field of asymmetric alkene halofunctionalization have been 

focused on the intramolecular reactions in which the nucleophiles are tethered to the alkenes. 

Various types of enantioselective intramolecular halofunctionalization reaction have been 

reported in the past few years and several distinct strategies have been applied successfully.  

1.2.1. Lewis base catalysis 

In 2010, Denmark and co-workers systematically examined the catalytic reactivity of a wide 

range of Lewis bases in the bromo- and iodo- cyclization of unsaturated alcohols and carboxylic 

                                                 
2
 (a) Tan, C. K.; Zhou, L.; Yeung, Y. Y. Synlett 2011, 1335-1339. (b) Denmark, S. E.; Kuester, W. E.; 

Burk, M. T. Angew. Chem. Int. Ed. 2012, 51, 10938-10953. (c) Hennecke, U. Chem. Asian J. 2012, 7, 

456-465. (d) Cheng, Y. A.; Yu, W. Z.; Yeung, Y.-Y. Org. Biomol. Chem. 2014, 12, 2333-2343. 

3
 (a) Olah, G. A.; Bollinger, J. M. J. Am. Chem. Soc. 1967, 89, 4744-4752. (b) Olah, G. A.; Bollinger, J. 

M. J. Am. Chem. Soc. 1968, 90, 947-953. 
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acids.
4
 The authors proposed that Lewis base could activate the relatively unreactive halogen 

sources such as NBS by polarizing the X–N bond (X = Br, I) to generate much more reactive 

cationic halogenating sources in the presence of an acidic proton (Scheme 1.2). 

 

Scheme 1.2. Proposed mechanism of Lewis base-activation of unreactive halogen source. 

 Before this study, a similar strategy has been applied in stoichiometric Lewis base-

promoted asymmetric halocyclization reactions. Ishihara and co-workers reported that chiral 

phosphoramidites promote enantioselective halocyclization of simple polyprenoids with N-

iodosuccinimide (NIS) to give iodocyclization products with high enantioselectivity (Scheme 

1.3).
5
 More recently, Yeung and co-workers designed C-2 symmetric cyclic selenide and sulfide 

to catalyze bromocyclization reactions with high enantioselectivity (Scheme 1.4).
6
  

 

Scheme 1.3. Chiral phophoramidite-promoted enantioselective iodocyclization reaction. 

                                                 
4
 Denmark, S. E.; Burk, M. T. Proc. Natl. Acad. Sc. 2010, 107, 20655-20660. 

5
 Sakakura, A.; Ukai, A.; Ishihara, K. Nature 2007, 445, 900-903. 

6
 (a) Chen, F.; Tan, C. K.; Yeung, Y.-Y. J. Am. Chem. Soc. 2013, 135, 1232-1235. (b) Ke, Z.; Tan, C. K.; 

Chen, F.; Yeung, Y.-Y. J. Am. Chem. Soc. 2014, 136, 5627-5630. 
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Scheme 1.4. C2-symmetric cyclic sulfide-catalyzed bromocyclization reaction. 

Besides these examples, however, enantioselective halocyclization reactions using only the 

chiral Lewis base (LB)-activation strategy are rare. There are a couple of possible reasons. First, 

the substrate approaches the LB–X bond’s anti-bonding orbital from the opposite side of the 

Lewis base, which is far away from the chiral information of the Lewis base.
7
 Moreover, unlike 

transition-metals that could coordinate the alkenes in certain orientation by stereoelectronic 

interactions between d orbital of the metal and π orbital of alkene, the Lewis base-halonium 

complex is much less rigid and could freely rotate around the axis of LB–X bond. Therefore, 

catalysts combining the Lewis base element with other stereo-controlling interactions have been 

more successful in asymmetric halofunctionalization reactions. 

 

1.2.2. Lewis base catalysis with assistance of hydrogen bonding 

Hydrogen bonding (H-bonding) to the leaving group of halogenating reagent could not only 

activate halogen towards olefins, but also rigidify the halonium complex for better stereo-control. 

Jacobsen and co-workers reported a tertiary aminourea-catalyzed iodolactonization reaction and 

proposed multiple H-bonding interactions between urea, phthalimide anion, and carboxylic acid 

of the substrate (Scheme 1.5).
8
 The nucleophilic opening of iodonium is proposed to be both the 

                                                 
7
 The coordination geometry of halonium is similar to Au(I) complexes. 

8
 Veitch, G. E.; Jacobsen, E. N. Angew. Chem. Int. Ed. 2010, 49, 7332-7335. 
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rate- and ee-determining step based on the observation that the substrates forming larger cycles 

react significantly slower.  

 

Scheme 1.5. Tertiary aminourea-catalyzed iodolactonization reaction. 

A number of structurally very different catalysts bearing both Lewis basic components and 

H-bond donors have been reported for various types of asymmetric halocyclization reactions 

(Scheme 1.6).
9
 

 

Scheme 1.6. Representative catalysts with both Lewis base and H-bond donor components for 

enantioselective halocyclization reactions. 

 

                                                 
9
 (a) Zhou, L.; Tan, C. K.; Jiang, X.; Chen, F.; Yeung, Y.-Y. J. Am. Chem. Soc. 2010, 132, 15474-15476. 

(b) Zhou, L.; Chen, J.; Tan, C. K.; Yeung, Y.-Y. J. Am. Chem. Soc. 2011, 133, 9164-9167. (c) Jiang, X.; 

Tan, C. K.; Zhou, L.; Yeung, Y.-Y. Angew. Chem. 2012, 124, 7891-7895. (d) Paull, D. H.; Fang, C.; 

Donald, J. R.; Pansick, A. D.; Martin, S. F. J. Am. Chem. Soc. 2012, 134, 11128-11131. 
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1.2.3. Chiral Brönsted acid catalysis 

Chiral Brönsted acids, such as phosphoric acid 7, could also catalyze enantioselective 

halocyclization reactions.
10

 Two different mechanisms have been proposed. A chiral phosphate-

hypobromite complex is proposed by Denmark to be the active bromination source while Shi 

proposes that the phosphoric acid activates NBS by hydrogen bonding to the succinimide 

(Scheme 1.7). In both studies, hydrogen-bonding between phosphate and nucleophiles is 

proposed to play an important role in stereo-control. 

 

Scheme 1.7. Chiral phosphoric acid-catalyzed bromocyclization reaction and proposed mechanism. 

Johnston and co-workers developed a different type of chiral Brönsted acids—stilbene bis(4-

pyrrolidinylquinolinyl)bisamidine hydrogen triflimide 8 (Stilb-PBAM·HNTf2)—to catalyze 

enantioselective iodolactonization reaction of unsaturated carboxylic acid (Scheme 1.8).
11

  

 

                                                 
10

 (a) Huang, D.; Wang, H.; Xue, F.; Guan, H.; Li, L.; Peng, X.; Shi, Y. Org. Lett. 2011, 13, 6350-6353. 

(b) Denmark, S. E.; Burk, M. T. Org. Lett. 2012, 14, 256-259. 

11
 Dobish, M. C.; Johnston, J. N. J. Am. Chem. Soc. 2012, 134, 6068-6071. 
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Scheme 1.8. Bisamidine hydrogen triflimide 8-catalyzed enantioselective iodolactonization. 

1.2.4. Phase-transfer catalysis 

Phase-transfer catalysis has been used in asymmetric halofunctionalization reactions by 

transferring the halogen sources from the solid phase into the solution. Toste and co-workers 

used a tailored insoluble bromine source for chiral phase-transfer catalysis (Scheme 1.9).
12

 In an 

enantioselective iodocyclization reaction reported by Jacobsen and co-workers, the urea catalyst 

is proposed to catalyze the reaction by bringing the insoluble NIS into the solution.
13

 

 

Scheme 1.9. Chiral phase transfer catalysis using an insoluble halogen source. 

1.2.5. Lewis acid catalysis 

Lewis acid-catalyzed enantioselective halocyclization reactions are among the earliest 

examples in this field. Kang and co-workers reported that (salen)Cr(III)Cl or (salen)Co(II) 

                                                 
12

 Wang, Y.-M.; Wu, J.; Hoong, C.; Rauniyar, V.; Toste, F. D. J. Am. Chem. Soc. 2012, 134, 12928-

12931. 

13
 Brindle, C. S.; Yeung, C. S.; Jacobsen, E. N. Chem. Sci. 2013, 4, 2100-2104. 
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complex could catalyze asymmetric iodoetherification reaction of unsaturated alcohols (Scheme 

1.10).
14

 They proposed that the Lewis acid catalyst activates the in situ generated iodine 

monochloride (ICl) by coordinating to the chloride leaving group. 

 

Scheme 1.10. (salen)Cr(III)Cl or (salen)Co(II) complex-catalyzed iodoetherification reaction. 

1.2.6. Substrate specificity and its implications 

Although many highly enantioselective intramolecular halofunctionalization reactions have 

been developed using the aforementioned strategies, they all have relatively narrow substrate 

scopes. In most cases, the enantioselectivity is not only sensitive to the substitution pattern of the 

alkene, but also sensitive to the identity of tethered nucleophiles and the pattern of linkage. Such 

high substrate specificity limits the potential applications of these methods to the construction of 

a small subset of cyclic structures. Mechanistically, the specificity with nucleophiles implies that 

interactions between the catalyst and nucleophiles, which have been proposed in many models, 

play a critical role in enantioinduction. 

                                                 
14

 (a) Kang, S. H.; Lee, S. B.; Park, C. M. J. Am. Chem. Soc. 2003, 125, 15748-15749. (b) Kwon, H. Y.; 

Park, C. M.; Lee, S. B.; Youn, J.-H.; Kang, S. H. Chem. Eur. J. 2008, 14, 1023-1028. 
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1.3. Enantioselective intermolecular halofunctionalization reactions 

Compared to the prolific research of asymmetric intramolecular halofunctionalization 

reactions, the intermolecular variants are much rarer in literature. One obvious reason is the 

advantage of high effective molecularity by keeping the nucleophiles in close proximity in the 

intramolecular reactions. Many nucleophiles that work well in the intramolecular reactions do 

not undergo intermolecular reactions. This limits the possible choices of halogenating reagents 

and nucleophiles in the development of enantioselective intermolecular halofunctionalization 

reactions. Moreover, the intramolecular reactions have less degree of freedom compared to the 

intermolecular reactions, due to the conformational restriction of the linked alkene and 

nucleophile. Nevertheless, a few strategies have been developed to achieve good 

enantioselectivity in intermolecular halofunctionalization reactions. 

1.3.1. Enantioseletive intermolecular halofunctionalization of alkenes using directing group 

Directing groups have been widely used as general strategies to achieve better reactivity and 

selectivity in many catalytic transformations.
15

 Similarly, various directing groups have been 

used in enantioselective intermolecular halofunctionalization reactions.  

Tang and co-workers reported an enantioselective bromoesterification reaction of allylic 

sulfonamides using (DHQD)2PHAL as the catalyst (Scheme 1.11).
16

 Control experiments 

demonstrate the acidic N–H bond of sulfonamide is crucial for both enantioselectivity and 

                                                 
15

 For some prominent application of directing group in site-selective or enantioselective catalysis: (a) 

Katsuki, T.; Sharpless, K. B. J. Am. Chem. Soc. 1980, 102, 5974-5976. (b) Wencel-Delord, J.; Droege, T.; 

Liu, F.; Glorius, F. Chem. Soc. Rev. 2011, 40, 4740-4761. (c) Neufeldt, S. R.; Sanford, M. S. Acc. Chem. 

Res. 2012, 45, 936-946. 

16
 Zhang, W.; Liu, N.; Schienebeck, C. M.; Zhou, X.; Izhar, I. I.; Guzei, I. A.; Tang, W. Chem. Sci. 2013, 

4, 2652-2656. 
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reactivity. The sulfonamide is postulated to hydrogen bond to the phthalazine of catalyst to 

anchor the alkenes towards the quinuclidine-bound NBS.
17

 

 

Scheme 1.11. (DHQD)2PHAL-catalyzed bromoesterification of allylic sulfonamide. 

Burns and co-workers designed an elegant system for dibromination and chlorobromination 

of allylic alcohols, in which both the allylic alcohol and the electrophilic halogen source are 

proposed to bind to chiral Ti(IV) complexes which also provide the nucleophilic halide (Scheme 

1.12).
18

 

 

Scheme 1.12. Chiral Ti(IV) complex-catalyzed dibromination reaction. 

                                                 
17

 Similar mechanism has been proposed in (DHQD)2PHAL-catalyzed dichlorination of allylic alcohols:  

Nicolaou, K. C.; Simmons, N. L.; Ying, Y.; Heretsch, P. M.; Chen, J. S. J. Am. Chem. Soc. 2011, 133, 

8134-8137. 

18
 (a) Hu, D. X.; Shibuya, G. M.; Burns, N. Z. J. Am. Chem. Soc. 2013, 135, 12960-12963. (b) Hu, D. X.; 

Seidl, F. J.; Bucher, C.; Burns, N. Z. J. Am. Chem. Soc. 2015, 137, 3795-3798. 



11 

 

 

Prior to Burns’ work, Feng and co-workers developed a highly efficient enantioselective 

bromoamination reaction of chalcones, using a Lewis acidic Sc(III) complex to coordinate both 

the halogen source and the alkene (Scheme 1.13).
19

 The authors proposed that the reaction 

proceeds through a bromonium intermediate that is trapped by the TsNH
–
 anion. However, 

Denmark proposed an alternative mechanism that involves the conjugate addition of TsNH2 or 

TsNHBr to the Sc(III)-activated chalcone, followed by electrophilic trap of the enolate by 

bromine.
2b

 Given the LUMO-lowering nature of Lewis acid-activation of α,β-unsaturated 

carbonyl compounds, Denmark’s proposal is more likely the true mechanism for this 

transformation. 

 

Scheme 1.13. Sc(III)-catalyzed bromoamination of chalcones. (A) Bromonium mechanism proposed by 

Feng. (B) 1,4-addition mechanism proposed by Denmark. 

                                                 
19

 Cai, Y., et al. Angew. Chem. Int. Ed. 2010, 49, 6160-6164. 
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1.3.2. Enantioselective intermolecular halofunctionalization of alkenes without directing 

group 

One common feature of the directing group strategies is to coordinate and pre-organize both 

the substrate and halogenating reagent around the catalyst, which would not be applicable to 

substrates without a directing group. However, the pool of potential substrates could be much 

broader if specific functional groups are not required. There have been only a couple of reports 

on enantioselective intermolecular halofunctionalization of olefins without directing groups. 

Tang and Zhang reported an asymmetric bromoesterification of cyclohexene catalyzed by chiral 

phosphoric acid (Scheme 1.14).
20

 Moderate enantioselectivity is observed, but the yield of 

product is low due to competitive capture of bromonium by the catalyst. 

 

Scheme 1.14. Chiral phosphoric acid-catalyzed bromoesterification of cyclohexene. 

 More recently, Shi and co-workers reported an enantioselective bromoesterification reaction 

of alkenes catalyzed by (DHQD)2PHAL (Scheme 1.15).
21

 When 1-naphthoic acid is used as the 

nucleophile, good enantioselectivity is obtained with 1,2-dihydronaphthalene, but other 

substrates give substantially lower enantioselectivity. 

                                                 
20

 Li, G.-x.; Fu, Q.-q.; Zhang, X.-m.; Jiang, J.; Tang, Z. Tetrahedron: Asymmetry 2012, 23, 245-251. 

21
 Li, L.; Su, C.; Liu, X.; Tian, H.; Shi, Y. Org. Lett. 2014, 16, 3728-3731. 
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Scheme 1.15. (DHQD)2PHAL-catalyzed bromoesterification reaction of 1,2-dihydronaphthalene. 

1.4. Mechanistic studies relevant to developing enantioselective halofunctionalization 

reaction 

In contrast to the rapidly accumulating reports on new methods for asymmetric 

halofunctionalization reactions, there are very few, if any, systematic mechanistic studies to 

elucidate the basis of catalysis and enantioinduction. Probably the complexity of the systems 

makes it difficult to study the key steps of the reactions such as halonium formations and 

nucleophilic opening. In many cases, the active halogen source is generated in situ and not well 

characterized. Nonetheless, mechanistic insights into these asymmetric halofunctionalization 

reactions are crucial to advance this field from the early ‘proof-of-concept’ stage to general 

strategies in stereoselective synthesis. In this section, a few mechanistic studies on the properties 

of halonium ions are discussed with the focus of their implications in the development of 

asymmetric halofunctionalization reaction. 

1.4.1. ‘olefin-to-olefin’ transfer of bromonium 

In 1994, Brown et al. observed a fast associative olefin-to-olefin transfer of stable haloniums 

(Scheme 1.16).
22

 The second-order rate constants of this exchange were determined to be 

2.0×10
6
 M

–1
s

–1
 (Br) and 7.6×10

6
 M

–1
s

–1
 (I) at –80 °C for haloniums formed with 

adamantylideneadamantane, a very sterically hindered olefin. The olefin-to-olefin transfer of less 

hindered olefins should be even faster. 

                                                 
22

 Brown, R. S., et al. J. Am. Chem. Soc. 1994, 116, 2448-2456. 



14 

 

 

 

Scheme 1.16. Olefin-to-olefin transfer of haloniums of adamantylideneadamantane. 

More recently, Denmark and co-workers designed an elegant experiment to demonstrate that 

the olefin-to-olefin transfer of bromonium could be competitive to the nucleophilic opening by 

an external nucleophile, resulting in racemization of the enantioenriched bromonium (Scheme 

1.17).
23

  

 

Scheme 1.17. Racemization of enantioenriched bromonium by olefin-to-olefin transfer. 

This result suggests that a few scenarios should be considered in developing asymmetric 

halofunctionalization reactions (Scheme 1.18). (1) If the catalyst induces enantioselectivity in the 

halonium formation step, the nucleophilic opening step should be faster than olefin-to-olefin 

transfer to avoid possible racemization of enantioenriched halonium; (2) if bromonium formation 

is irreversible (rate-determining step) and the catalyst induces enantioselectivity in the 

                                                 
23

 Denmark, S. E.; Burk, M. T.; Hoover, A. J. J. Am. Chem. Soc. 2010, 132, 1232-1233. 
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nucleophilic opening step, the racemization of the halonium should be promoted for efficient 

dynamic kinetic resolution; (3) if the nucleophilic opening is rate-determining and ee-

determining step, the relative rate of olefin-to-olefin transfer will not affect the outcome of the 

reaction. 

 

Scheme 1.18. All the possible pathways in bromofunctionalization of alkenes. 

The conditions that Denmark used to observe racemization of bromonium by olefin-to-olefin 

transfer is very different from those used in reported enantioselective halofunctionalization 

reactions. Therefore, the feasibility of such olefin-to-olefin process in many enantioselective 

halofunctionalization reactions is worth discussion. In many asymmetric halofunctionalization 

reactions, the catalyst bears functional groups that have higher affinity to halogens than olefins.
24

 

These functional groups likely coordinate strongly to the halonium ion and reduce the 

accessibility of the halonium to another alkene for olefin-to-olefin transfer. Furthermore, 

different from the very weak external nucleophile used in Denmark’s study (a highly solvated 

acetate in HFIP), the nucleophiles are usually in close proximity to the putative halonium in the 

reported asymmetric halofunctionalization reactions, so the nucleophilic opening is likely much 

faster than the olefin-to-olefin transfer in those reactions.  

                                                 
24

 For a scale to compare halenium affinity, see: Ashtekar, K. D.; Marzijarani, N. S.; Jaganathan, A.; 

Holmes, D.; Jackson, J. E.; Borhan, B. J. Am. Chem. Soc. 2014, 136, 13355-13362. 
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1.4.2. Electrophilicity of halonium ions 

Brown and co-workers investigated the lifetime of bromonium ions in nucleophilic solvents 

by using an azide ‘clock’ (assuming the trapping of halonium by azide is at diffusion limit).
25

 

They found that the lifetimes of bromoniums in MeOH are only about 10~100 times longer than 

their corresponding carbocations, which indicates the high electrophilicity of bromonium ions 

(Scheme 1.19).  

 

Scheme 1.19. Comparison of lifetimes of bromoniums and their corresponding carbocations. 

To develop an efficient asymmetric halofunctionalization reaction, the nucleophilic opening 

by the desired nucleophile must be much faster than the halonium-opening by catalyst that may 

cause catalyst deactivation. This is usually not a concern for intramolecular reactions in which 

the nucleophiles are in close proximity to the halonium. However, it becomes a challenge for 

developing intermolecular reactions, as demonstrated in the low yield of phosphoric acid-

catalyzed bromoesterification reaction (Scheme 1.14). 

                                                 
25

 Nagorski, R. W.; Brown, R. S. J. Am. Chem. Soc. 1992, 114, 7773-7779. 
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1.5. Enantioselective selenofunctionalization reactions 

Selenofunctionalization reactions are a class of reactions closely related to the 

halofunctionalization reactions. In a selenofunctionalization reaction, a cationic three-membered 

ring seleniranium ion is generated from electrophilic addition of selenium to an alkene, followed 

by nucleophilic opening of the seleniranium (Scheme 1.20). The resulting selenide product can 

be elaborated in a variety of synthetically useful transformations including oxidative elimination 

and radical substitution reactions.
26

 However, the development of catalytic, enantioselective 

variants of the selenofunctionalization reaction remains a challenge that is largely unmet.
27

 

 

Scheme 1.20. The general mechanism for selenofunctionalization reaction. 

In the mechanistic study of asymmetric methoxyselenenylation reaction, Wirth and co-

workers found that the diastereomerically pure β-hydroxy selenide gave a mixture of 

diastereomers in the β-methoxy selenide product after treatment with triflic acid (Scheme 1.21).
28

 

This observation clearly shows that the seleniranium intermediate generated under this condition 

                                                 
26

 For books and reviews on selenofunctionalization and related chemistry, see: (a) Nicolaou, K. C.; 

Petasis, N. A., Selenium in Natural Product Synthesis. 1984. (b) Liotta, D., Organoselenium Chemistry. 

1987. (c) Back, T. G., Organoselenium Chemistry—A Practical Approach. 1999. (d) Wirth, T., Topics in 

Current Chemistry: Organoselenium Chemistry. 2000. (e) Petragnani, N.; Stefani, H. A.; Valduga, C. J. 

Tetrahedron 2001, 57, 1411. (f) Ranganathan, S.; Muraleedharan, K. M.; Vaish, N. K.; Jayaraman, N. 

Tetrahedron 2004, 60, 5273. (g) Wirth, T., Organoselenium Chemistry: Synthesis and Reactions. 2012. (h) 

Santi, C.; Tidei, C., PATAI’s Chemistry of Functional Groups. 2013. 

27
 For recent reports on catalytic enantioselective selenofunctionalization reaction: (a) Denmark, S. E.; 

Kalyani, D.; Collins, W. R. J. Am. Chem. Soc. 2010, 132, 15752–15765. (b) Guan, H.; Wang, H.; Huang, 

D.; Shi, Y. Tetrahedron 2012, 68, 2728-2735; (c)  Wei Q.; Wang, Y; Du, Y. L.; and Gong, L. Beilstein J. 

Org. Chem. 2013, 9, 1559–1564. 

28
 Wirth, T.; Fragale, G.; Spichty, M. J. Am. Chem. Soc. 1998, 120, 3376-3381. 
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is not configurationally stable and the seleniranium formation is likely reversible in the 

methoxyselenenylation reaction.  

 

Scheme 1.21. Configurational instability of seleniranium ion by reversible seleniranium formation. 

Racemization of enantioenriched seleniranium has also been observed by Denmark and co-

workers in the carbonate-opening experiment with enantioenriched starting materials (Scheme 

1.22).
29

 The authors attributed the racemization to possible olefin-to-olefin transfers, which they 

found to be an extremely fast process even at low temperature.
30

 

 

Scheme 1.22. Racemization of enantioenriched carbonate in the carbonate-opening experiment. 

Based on these observations, Denmark and co-workers designed a selenium reagent bearing 

ortho-NO2 substitution on the phenyl group, which is proposed to block a coordinate site on the 

selenium and prevent olefin-to-olefin exchange. Using this reagent, a moderately 

enantioselective chiral Lewis base-catalyzed asymmetric selenoetherification reaction was 

devised that proceeds via ee-determining formation of the seleniranium ion (Scheme 1.23). 

                                                 
29

 Denmark, S. E.; Kalyani, D.; Collins, W. R. J. Am. Chem. Soc. 2010, 132, 15752-15765. 

30
 Denmark, S. E.; Collins, W. R.; Cullen, M. D. J. Am. Chem. Soc. 2009, 131, 3490-3492. 
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Scheme 1.23. (a) ortho-NO2 substitution prevents seleniranium racemization in the carbonate-opening 

experiment. (b) Asymmetric selenoetherification with selenium reagent bearing ortho-NO2 substitution on 

the phenyl group. 

1.6 Conclusion and outlook 

Despite the rapid progress in the development of catalytic, asymmetric halofunctionalization 

reactions, this field is still in its very early stage. Many strategies have been demonstrated to be 

viable for catalysis and enantioinduction, but the substrate scopes are narrow and the catalysis is 

inefficient in most cases, preventing these methodologies from being synthetically useful. 

Asymmetric intermolecular halofunctionalization of olefins without the reliance on directing 

group have the greatest promise to achieve high generality, but also proven to be most 

challenging. New strategies for catalysis and stereocontrol need to be discovered to overcome 

these challenges. To rationally design a better catalyst or system, however, requires a deeper 

mechanistic understanding of these catalytic halofunctionalization reactions, as the mechanism in 

these reactions are far more complicated than the ones shown in a sophomore organic chemistry 

textbook. In this regard, the study on the enantioselective selenoetherification reaction by 

Denmark represents a model study, in which detailed mechanistic investigation led to a better 

system.  
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Chapter 2. 

Enantioselective Selenocyclization via Dynamic 

Kinetic Resolution of Seleniranium Ions by Hydrogen-

Bond Donor Catalysts
1
 

 

 

2.1. Introduction 

Anion-binding catalysis by dual hydrogen-bond donors such as ureas and thioureas has been 

demonstrated as a powerful strategy for the development of highly enantioselective 

transformations involving cationic intermediates.
2
 This approach has been successfully applied 

to reactions involving an assortment of prochiral electrophiles, such as iminium ions, 

oxocarbenium ions, carbenium ions, and episulfonium ions.
3

 In these reactions, the dual 

                                                 
1
 Portions of this chapter have been published: Zhang, H.; Lin, S.; Jacobsen, E. N. J. Am. Chem. Soc. 

2014, 136, 16485–16488. 

2
 (a) Zhang, Z. G.; Schreiner, P. R. Chem. Soc. Rev. 2009, 38, 1187–1198. (b) Robert, J.; Phipps, R. J.; 

Hamilton, G. L.; Toste, F. D. Nat. Chem. 2012, 4, 603–614. (c) Brak, K.; Jacobsen, E. N. Angew. Chem., 

Int. Ed. 2013, 52, 534–561. (d) Mahlau, M.; List, B. Angew. Chem., Int. Ed. 2013, 52, 518–533. (e) Evans, 

N. H.; Beer, P. D. Angew. Chem., Int. Ed. 2014, 53, 11716–11754. 

3
 (a) Reisman, S. E.; Doyle, A. G.; Jacobsen, E. N. J. Am. Chem. Soc. 2008, 130, 7198–7199. (b) Klausen, 

R. S.; Jacobsen, E. N. Org. Lett. 2009, 11, 887–890. (c) Brown, A. R.; Kuo, W. H.; Jacobsen, E. N. J. Am. 

Chem. Soc. 2010, 132, 9286–9288. (d) Knowles, R. R.; Lin, S.; Jacobsen, E. N. J. Am. Chem. Soc. 2010, 

132, 5030–5032. (e) Burns, N. Z.; Written, M. R.; Jacobsen, E. N. J. Am. Chem. Soc. 2011, 133, 14578–

14581. (f) De, C. K.; Mittal, N.; Seidel, D. J. Am. Chem. Soc. 2011, 133, 16802–16805. (g) Lin, S.; 

Jacobsen, E. N. Nat. Chem. 2012, 4, 817–824. 
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hydrogen-bond donors have been shown to bind to the counterion of a prochiral electrophile and 

remain intimately associated with the cationic intermediate, inducing high enantioselectivity in 

subsequent nucleophilic additions. We sought to explore the application of this principle to a 

reaction involving a stereochemically labile reactive substrate or intermediate, such that a 

racemic mixture of chiral cationic electrophiles can be converted into highly enantioenriched 

products through anion-binding catalysis. 

As mentioned in the previous chapter, the development of catalytic, enantioselective variants 

of the selenofunctionalization reaction remains a challenge that is largely unmet.
4
 A principal 

difficulty lies in the configurational instability of seleniranium ions, as any enantioenrichment in 

seleniranium formation can be degraded prior to nucleophilic ring opening.
5
 On the basis of 

these mechanistic insights, we sought to develop a highly enantioselective 

selenofunctionalization that takes advantage of this rapid seleniranium racemization by means of 

a dynamic kinetic resolution (DKR). Through intimate association of an anion-bound chiral 

hydrogen-bond donor with the seleniranium ion, nucleophilic ring-opening of the two 

enantiomers of the electrophile could be accelerated to different extents, thereby achieving 

asymmetric catalysis (Scheme 2.1). 

                                                 
4
 For recent reports on catalytic enantioselective selenofunctionalization reaction: (a) Denmark, S. E.; 

Kalyani, D.; Collins, W. R. J. Am. Chem. Soc. 2010, 132, 15752–15765. (b) Guan, H.; Wang, H.; Huang, 

D.; Shi, Y. Tetrahedron 2012, 68, 2728–2735. (c) Wei, Q.; Wang, Y.; Du, Y. L.; Gong, L. Beilstein J. 

Org. Chem. 2013, 9, 1559–1564. (d) Niu, W.; Yeung, Y.–Y. Org. Lett. 2015, 17, 1660–1663. 

5
 (a) Denmark, S. E.; Kalyani, D.; Collins, W. R. J. Am. Chem. Soc. 2010, 132, 15752–15765. 5(a) Wirth, 

T.; Fragale, G.; Spichty, M. J. Am. Chem. Soc. 1998, 120, 3376–3381. (b) Denmark, S. E.; Collins, W. R.; 

Cullen, M. D. J. Am. Chem. Soc. 2009, 131, 3490–3492. 



22 

 

 

 

Scheme 2.1. Proposed dynamic kinetic resolution of seleniranium by anion-binding catalysis. 

2.2. Method development 

We chose ortho-allyl substituted phenol 1a (Table 2.1) as the model substrate, which could 

undergo intramolecular selenoetherification to construct a chroman-type product. A survey of 

chiral H-bond donor catalysts and reaction conditions led to the observation that urea 4 promoted 

the formation of 2a with 33% ee and near-quantitative yield in the presence of N-phenylselenyl 

succinimide (NPSS) as the selenium donor and HCl as a co-catalyst (Table 2.1, entry 1).
 6

 Acid is 

required to achieve synthetically useful yields, presumably by facilitating selenenyl group 

transfer from NPSS to the olefin. However, under these conditions, significant product 

racemization was observed after prolonged reaction time. We speculate that the strong acid 

promotes reversibility of the selenocyclization process by initial protonation of the ether product. 

Indeed, when a weaker acid, pyridinium chloride (PyHCl) was employed, the product was 

observed to be configurationally stable under the reaction conditions (entry 2). 

                                                 
6
 For the initial applications of NPSS in selenofunctionalization, see: (a) Nicolaou, K. C.; Claremon, D. 

A.; Barnette, W. E.; Seitz, S. P. J. Am. Chem. Soc. 1979, 101, 3704–3706. (b) Nicolaou, K. C.; Petasis, N. 

A.; Claremon, D. A. Tetrahedron 1985, 41, 4835–4841. 
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We evaluated whether stronger dual H-bond donors, such as thioureas and squaramides
7, 8

, 

might impart higher levels of stereoinduction in the selenocyclization reaction. While the 

thiourea analog of catalyst 4 undergoes rapid decomposition under the reaction conditions, the 

corresponding squaramide 5a (Table 2.1, entry 3) provides a slight improvement in 

enantioselectivity.
9

 We also hypothesized that expanding the aromatic substituent on the 

pyrrolidine unit might further increase the stereochemical communication in the transition 

structure by strengthening a possible cation–π interaction. Such a trend has been observed with 

the thiourea analogs of this class of catalysts in the context of polycyclizations and episulfonium 

ring-openings.
3d,g

 This strategy proved fruitful, as squaramides bearing larger aryl groups (5b-d) 

furnish further improvement of the enantioselectivity (entries 4-6). 

  

                                                 
7
 For comparison of anion–binding strength between squaramides and ureas, see: (a) Amendola, V.; 

Bergamaschi, G.; Boiocchi, M.; Fabbrizzi, L.; Milani, M. Chem. Eur. J. 2010, 4368–4380. (b) Amendola, 

V.; Fabbrizzi, L.; Mosca, L.; Schmidtchen, F. P. Chem. Eur. J. 2011, 5972–5981. (c) Lu, T.; Wheeler, S. 

E. Chem. Eur. J. 2013, 15141–15147.  

8
 For studies of acidity of squaramides and (thio)ureas, see: (a) Jakab, G.; Tancon, C.; Zhang, Z.; Lippert, 

K. M.; Schreiner, P. R. Org. Lett. 2012, 14, 1724–1727. (b) Ni, X.; Li, X.; Wang, Z.; Cheng, J.–P. Org. 

Lett. 2014, 16, 1786–1789. 

9
 For examples of chiral squaramide–catalyzed enantioselective reactions involving neutral electrophiles: 

(a) Malerich, J. P.; Hagihara, K.; Rawal, V. H. J. Am. Chem. Soc. 2008, 130, 14416–14417. (b) Dai, L.; 

Wang, S. X.; Chen, F. E. Adv. Synth. Catal. 2010, 352, 2137–2141. (c) Konishi, H.; Lam, T. Y.; Malerich, 

J. P.; Rawal, V. H. Org. Lett. 2010, 12, 2028–2031. (d) Zhu, Y.; Malerich, J. P.; Rawal, V. H. Angew. 

Chem., Int. Ed. 2010, 49, 153–156. (e) Yang, K. S.; Nibbs, A. E.; Türkmen, Y. E.; Rawal, V. H. J. Am. 

Chem. Soc. 2013, 135, 16050–16053. 
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Table 2.1. Reaction Optimization.
a
 

 

entry [Se] acid cat. temp (°C) time (h) yield (%)
b
 ee (%)

c
 

1 NPSS HCl 4 rt 0.5 92 33(11d) 

2 NPSS PyHCl 4 rt 2 85 36(36d) 

3 NPSS PyHCl 5a rt 2 82 46 

4 NPSS PyHCl 5b rt 2 82 60 

5 NPSS PyHCl 5c rt 2 88 64 

6 NPSS PyHCl 5d rt 2 84 67 

a 
Reactions conducted on 0.1 mmol scale. 

b 
Isolated yield of purified product. 

c 
Enantiomeric excess 

determined by HPLC analysis on commercial chiral columns. 
d 
ee after 12 hours. 

 

The reaction temperature was evaluated, and we found that reactions conducted at –30 °C 

instead of room temperature provided an increase in product ee, albeit with substantially 

decreased reactivity (Table 2.2, entry 1 vs. entry 2). Further decrease in temperature led to 

almost complete shutdown of the reaction (entry 3). We hypothesized that the phenylselenyl 

group transfer between NPSS and the substrate was the rate-limiting step at low temperatures. 

Therefore, we included a strong Lewis base co-catalyst in the reaction, which has been shown to 
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activate NPSS in the presence of Brønsted acid.
10

 Tris(dimethylamino)phosphorous sulfide 

(HMPA(S)) promoted selenocyclization at –45 °C with full conversion after 48 h, and afforded 

an improvement in enantioselectivity (entry 4).  

Table 2.2. Evaluation of temperature and Lewis base additive.
a 

 

entry temp 

(°C) 

time 

(h) 

yield 

(%)
b 

ee 

(%)
c 

1 rt 2 84 67 

2 –30 48 67 72 

3 –45 48 <5 n.d. 

4
d
 –45 48 89 84 

a 
Reactions conducted on 0.1 mmol scale. 

b 
Isolated yield of purified product. 

c 
Enantiomeric excess 

determined by HPLC analysis on commercial chiral columns. 
d
 HMPA(S) (10 mol%) was added. 

 

The enantioselectivity of the reaction is also responsive to substitution on the aryl group of 

the selenylating reagent, as the more electron-rich N-p-anisylselenyl succinimide (NPASS) 

allows the formation of 3a with improved ee (Table 2.3, entry 2 vs. entry 1).
11

 Re-optimization 

of the reaction temperature reveals that the optimal enantioselectivity can be achieved at –35 °C 

under otherwise identical conditions, with product 3a isolated in 88% ee (entry 3). Finally, at low 

temperature, the same result was observed when PyHCl was replaced with HCl as the acid 

catalyst, indicating that no significant acid-induced racemization of product occurred at this 

temperature during the course of the reaction (entry 4). 

                                                 
10

 Denmark, S. E.; Collins, W. R. Org. Lett. 2007, 9, 3801–3804. 

11
 This trend is consistent with dynamic kinetic resolution of seleniranium, as more electron–rich 

arylseleno groups have been shown to be more prone to undergo racemization, see ref 4a. 
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Table 2.3. Reaction optimization with NPASS.
a 

 

entry [Se] acid temp 

(°C) 

time 

(h) 

yield 

(%)
b 

ee 

(%)
c 

1 NPSS PyHCl –45 48 89 84 

2
 

NPASS PyHCl –45 48 85 87 

3 NPASS PyHCl –35 48 85 88 

4
 

NPASS HCl –35 48 87 88 

a 
Reactions conducted on 0.1 mmol scale. 

b 
Isolated yield of purified product. 

c 
Enantiomeric excess 

determined by HPLC analysis on commercial chiral columns. 

2.3. Substrate scope and product derivatization 

The scope of the selenocyclization reaction was evaluated under the optimized conditions. 

As shown in Table 2.4, substrates with different substituent patterns on the phenol motif (3b-g) 

provide cyclization products in high yield and enantioselectivity. Substitution ortho- to the 

hydroxyl group (3h), however, results in a significant reduction in enantioselectivity. The 

detrimental effect of an ortho-substituent suggests that an interaction between the hydroxyl 

group and catalyst may play an important role in the mechanism of enantioinduction, as such an 

interaction would likely be sensitive to the steric environment around the hydroxyl group. 

Substrates functionalized at the meta- or para- position of the styrenyl ring can also undergo 

cyclization with high levels of reactivity and enantioselectivity (3i-l). Introduction of an ortho- 

methyl group on the styrenyl motif diminishes the product ee (3m). Electron-rich para-anisyl 

derivative 1n can also participate in the selenocyclization to furnish 3n, albeit with lower 

enantioselectivity. In most cases, the enantiopurity of the selenocyclization products could be 

improved to >95% ee through a single recrystallization procedure with good recovery. 
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Table 2.4. Substrate scope.
a
 

 

a 
Reactions are conducted on 0.25 mmol scale. 

b 
Isolated yield and ee of purified product before 

recrystallization. The structure and absolute configuration of 3k was established by X-ray crystallography, 

and the stereochemistry of all other products was assigned by analogy. 
c 

Numbers in parentheses 

correspond to the isolated yield and ee after recrystallization. For details on the recrystallization 

procedure, see the Supporting Information. 
d 
Reaction is conducted on 1 mmol scale. 

 

The products accessed by the squaramide-catalyzed selenocyclization can be further 

elaborated through functionalization of the organoselenide moiety. Such operations enable the 

synthesis of a diverse range of compounds of potential pharmaceutical interest, particularly since 

the selenocyclization products bear structural resemblance to the flavonoids, a family of natural 

products with a broad spectrum of biological activities (Figure 2.1).
12

 Enantioenriched 3a was 

                                                 
12

 For studies on the bioactivities of flavonoids, see: (a) Flavonoids in health and disease, 2nd Ed, Rice–

Evans, C. A.; Packer, L. Eds.; New York : Marcel Dekker, c2003. (b) Maloney, D. J.; Deng, J. Z.; Starck, 
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subjected to oxidative syn-elimination in the presence of H2O2 to generate flavene 6, which was 

subsequently subjected to osmium-catalyzed dihydroxylation to afford diol 7 with high 

diastereoselectivity (dr > 20:1) (Scheme 2.2). In the presence of the radical initiator 2,2’-

azobis(4-methoxy-2.4-dimethylvaleronitrile) (V-70), 3a also undergoes reaction with 8 under 

mild conditions to produce alkylated flavan 9 as 2:1 mixture of chromatographically separable 

diastereomers. The enantioenrichment of 3a is preserved in all the derived products. 

 

Figure 2.1. Representative biologically active flavonoid natural products and synthetic pharmaceuticals. 

 

 

Scheme 2.2. Derivatization of selenocyclization product. 

                                                                                                                                                             
S. R.; Gao, Z.; Hecht, S. M. J. Am. Chem. Soc. 2005, 127, 4140–4141. (c) Yáñez, J. A.; Remsberg, C. M.; 

Takemoto, J. K.; Vega–Villa, K. R.; Andrews, P. K.; Sayre, C. L.; Martinez, S. E.; and Davies, N. M. In 

Flavonoid pharmacokinetics: Methods of Analysis, Preclinical and Clinical Pharmacokinetics, Safety, 

and Toxicology. Davies, N. M., Yáñez, J. A. eds.; Chicester: Wiley, 2013, Chapter 1, 1–69. 
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2.4. Mechanistic study 

The high enantioselectivity observed in the chiral H-bond donor-catalyzed 

selenoetherification can originate either from (i) face-selective selenenyl group transfer to the 

olefin, or from (ii) dynamic kinetic resolution of the seleniranium ion in the ring-opening by the 

phenol. To probe these two possibilities, we conducted mechanistic studies under a sub-optimal 

but mechanistically much simpler condition in which PhSeCl was used as the selenium reagent. 

Reaction under these conditions afford products with slightly lower enantioselectivity compared 

to the conditions with NPSS and acid co-catalyst, likely due to a more significant background 

reaction (Scheme 2.3). 

 

Scheme 2.3. Comparison of conditions using different selenium source. (A) NPSS+PyHCl. (B) PhSeCl. 

2.4.1. Crossover experiments 

1
H NMR study at –78 °C of the reaction between 1k and PhSeCl in the absence of catalysts 

revealed quantitative formation of β-chloro selenide intermediate rac-Int-k that does not 

undergo further cyclization reaction at –78 °C.
13

 At elevated temperatures, rac-Int-k proceeds 

gradually to 2k, presumably through a seleniranium intermediate (Scheme 2.4).  

                                                 
13

 Similar β–chloro selenide intermediates have been observed before:  Denmark, S. E.; Edwards, M. G. J. 

Org. Chem. 2006, 71, 7293–7306. 
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Scheme 2.4. rac-Int-k observed at –78 °C as an intermediate towards cyclization product. 

If the reaction undergoes DKR of seleniranium ions in the presence of catalyst, complete 

crossover between two substrates should be observed when one substrate is added to the β-chloro 

selenide intermediate of the other. Therefore, each crossover experiment, starting with different 

β-chloro selenide intermediates, will provide the products in a similar ratio, which reflects the 

relative rates of the cyclization step (Scheme 2.5). 

 

Scheme 2.5. Crossover experiment to probe DKR mechanism.  

However, the two crossover experiments between 1a and 1k gave different ratios of 2a and 

2k (Scheme 2.6A). Given the high enantioselectivity obtained with these substrates, such partial 

crossover was initially very puzzling. An 
1
H NMR study in the presence of catalysts showed 

significant formation of 2k in addition to Int-k after addition of PhSeCl at –78 °C. By 

subtracting the amounts of 2k and 2a formed prior to addition of second substrate from the final 

product, a very similar ratio of 2k/2a was obtained in both crossover experiments, indicating 

nearly complete crossover. The ratio is also very similar to that obtained in the competition 
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experiment between 1a and 1k (Scheme 2.6B). This result strongly supports that the 

seleniranium ion undergoes either fast olefin-to-olefin transfer or reversible formation and that 

dynamic kinetic resolution of the chiral seleniranium is likely the origin of enantioselectivity. 

 

Scheme 2.6. (A) Crossover experiment between 1a and 1k. (B) Competition experiment between 1a and 

1k. 
a
 Isolated yield after quenching the reaction at –78 °C. 

b
 NMR yield of crude products. 

2.4.2. DKR of intermediate rac-Int-k with 5d 

A more straightforward approach to confirm the DKR mechanism is to determine whether 

rac-Int-k can undergo DKR to afford highly enantioenriched product in the presence of catalysts. 

After addition of 20 mol% 5d and HMPA(S) to rac-Int-k, the reaction temperature was elevated 

to −45 °C to trigger the cyclization to form 2k (Scheme 2.7, reaction 2A). The ee of product 

generated through this stepwise procedure was similar to that of the reaction with PhSeCl added 
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in the presence of catalysts 5d and HMPA(S) (Reaction 1).
14

 This result provides definitive 

evidence that rac-Int-k undergoes dynamic kinetic resolution in the presence of 5d, most likely 

via rapid equilibration of the enantiomeric seleniranium ions. 

 

Scheme 2.7. DKR of Intermediate rac-Int-k with 5d. 

Equilibration of the enantiomeric seleniranium ions can occur via an associative mechanism 

or a dissociative mechanism (Scheme 2.8). The associative mechanism requires the presence of 

free alkene while the dissociative mechanism does not. The same enantioselectivity was obtained 

when an excess of PhSeCl was used to convert 1k to rac-Int-k quantitatively, indicating that free 

1k is not necessary for the equilibration of seleniranium ions (Scheme 2.7, reaction 2B). This 

                                                 
14

 The small discrepancy between the ee’s under the two condi–tions is due to the formation of a trace 

amount of racemic product in reaction 2 prior to the addition of the chiral cata–lyst, as evident by NMR 

analysis. 
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result is consistent with a dissociative equilibration of the enantiomeric seleniranium ions that 

does not require the presence of free olefins. 

 

Scheme 2.8. Dissociative and associative mechanism for equilibration of the enantiomeric seleniranium. 

Based on our experimental findings, a possible catalytic cycle involving cooperative 

catalysis by a dual H-bond donor, a Brønsted acid, and a Lewis base may be advanced (Scheme 

2.9). Cooperative Lewis base and Brønsted acid activation of the electrophilic selenium reagent 

results in formation of a reactive ion pair, Se-I, which may be associated with the squaramide 

catalyst. This intermediate undergoes group transfer to olefin 1a to form enantiomeric 

seleniranium ions (R,R)-Se-II and (S,S)-Se-II, which are rapidly equilibrating. The subsequent 

cyclizations of (R,R)-Se-II and (S,S)-Se-II occurs at sufficiently different rates due to the 

association with chiral squaramide 5d to result in formation of highly enantioenriched product 3a. 
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Scheme 2.9. Proposed catalytic cycle. 

2.5. Conclusion  

In summary, a squaramide-catalyzed dynamic kinetic resolution protocol has been 

developed for highly enantioselective selenocyclization reactions. This is the first example that a 

squaramide catalyst shows superior reactivity compared to their urea analogues in the context of 

anion-binding catalysis. The beneficial effect of larger arene groups on the catalyst demonstrates 

once again the generality of cation-π interaction as stereo-controlling element in reactions 

involving ion-pair intermediates.  
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2.6. Experimental section 

2.6.1 General Information  

All reactions were performed in flame–dried vials or round–bottom flasks unless otherwise 

noted. The vials and flasks were fitted with rubber septa, and reactions were conducted under an 

atmosphere of nitrogen. Stainless steel syringes and cannular were used to transfer air- and 

moisture-sensitive liquids. Column chromatography was performed on a Biotage Isolera 

automated purification system using silica gel 60 (230-400 mesh) from EM Science. Commercial 

reagents were purchased from Sigma Aldrich, Alfa Aesar, Strem, or TCI, and used as received 

with the following exceptions: dichloromethane, benzene, tetrahydrofuran, and toluene were 

dried by passing through columns of activated alumina; triethylmine, diisopropylamine, N,N-

diisopropylethylamine, and pyridine were distilled from CaH2 at 760 torr; Proton nuclear 

magnetic resonance (
1
H NMR) and carbon nuclear magnetic resonance (

13
C NMR) spectra were 

recorded on Inova-500 (500 MHz). Proton and carbon chemical shifts are reported in parts per 

million downfield from tetramethylsilane and are referenced to residual protium in the NMR 

solvent (CHCl3 = δ 7.27; toluene-CH3 = δ 2.09, MeOH-CH3 = δ 3.34, DMSO-CH3 = δ 2.54) or 

the carbon resonances of the NMR solvent (CDCl3 = δ 77.0; MeOH = δ 49.9, DMSO = δ 40.5) 

respectively. NMR data are represented as follows: chemical shift, multiplicity (br. = broad, s = 

singlet, d = doublet, t = triplet, q = quartet, m = multiplet), coupling constant in Hertz (Hz), 

integration. Infrared (IR) spectra were obtained using a Bruker Optics Tensor 27 FTIR 

spectrometer. Optical rotations were measured using a 1 mL cell with a 0.5 dm path length on a 

Jasco DIP 370 digital polarimeter. Low Resolution Mass spectroscopic (LRMS) data were 

obtained using an Agilent 6120 Single Quadrupole LC/MS instrument equipped with an ESI-

APCI multimode source. High Resolution Mass (HRMS) spectroscopic data were obtained using 
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a Bruker micrOTOF-Q II time-of-flight LC/MS spectrometer. High-performance liquid 

chromatography (HPLC) analysis was performed using an Agilent 1200 series quaternary HPLC 

system with commercially available ChiralPak and ChiralCel columns.   

2.6.2. Catalyst Preparation and Characterization Data of 5a, 5c, and 5d  

 

Scheme 2.10. Synthesis of squaramide catalyst 5d. 

3-((3,5-bis(trifluoromethyl)phenyl)amino)-4-(((S)-3,3-dimethyl-1-

oxo-1-((R)-2-(pyren-4-yl)pyrrolidin-1-yl)butan-2-

yl)amino)cyclobut-3-ene-1,2-dione (5d)  

To Boc-protected amine S1
15

 (600 mg, 1.24 mmol) was added HCl (6 ml, 4M in dioxane, 24 

mmol) dropwise at 0 °C. The reaction mixture was stirred for another two hours at room 

temperature and concentrated under vacuum to give a yellow foamy solid. DCM (10 ml) and 

NEt3 (0.52 ml, 3.71 mmol) were added and the reaction mixture was stirred for 15 minutes 

before adding S2
16

 (521 mg, 1.24 mmol) in one portion. The reaction was stirred at room 

temperature for 48 h and then aqueous 1N NaOH (10 ml) solution was added. The biphasic 

mixture was stirred for 12 h and diluted with DCM (20 ml) and water (20 ml). The organic layer 

was washed with brine (20 ml), dried over anhydrous Na2SO4 and concentrated. The crude 

product was purified by flash chromatography on silica gel column (10% to 40% EtOAc in 

                                                 
15

 S1 was synthesized via previously reported procedure: Knowles, R. R.; Lin, S.: Jacobsen, E. N. J. Am. 

Chem. Soc. 2010, 132, 5030. 

16
 S2 was synthesized via previously reported procedure: Yang, W.; Du, D-M. Org. Lett., 2010, 12, 5450. 
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hexanes) to give 5d as a foamy off–white solid (610 mg, 71% over two steps). [α]D
23.0

 = +89.4º 

(c = 1.0, CHCl3) 
1
H NMR (500MHz ,DMSO-d6, exists as ~7:1 rotamers, only resonance of the 

major rotamer shown) δ = 10.40 – 10.37 (s, 1 H), 8.47 (d, J = 8.0 Hz, 1 H), 8.30 (m, 2 H), 8.16 

(m, 3 H), 8.09 – 8.05 (m, 3 H), 8.03 – 7.95 (m, 1 H), 7.75 – 7.65 (m, 2 H), 6.09 – 6.04 (m, 1 H), 

5.20 (d, J = 10.0 Hz, 1 H), 4.40 – 4.33 (m, 1 H), 3.97 – 3.89 (m, 1 H), 2.63 – 2.53 (m, 1 H), 2.15 

– 1.86 (m, 3 H), 1.10 (s, 9 H) 
13

C NMR (126MHz ,DMSO-d6) δ = 185.5, 181.5, 170.1, 168.8, 

163.7, 141.7, 137.5, 132.3, 132.0, 131.8, 131.0, 130.7, 129.2, 128.2, 127.8, 126.7, 126.5, 125.9, 

125.7, 125.4, 125.0, 124.9, 123.6, 122.8, 122.6, 122.1, 118.7, 62.3, 58.5, 48.7, 36.1, 32.7, 26.6, 

24.1. FTIR (film, cm
–1

): 3275, 2972, 1606, 1558, 1476, 1429, 1379, 1278, 1182, 1136, 760. 

HRMS (ESI) [M+H]
+
 calculated for C38H32F6N3O3: 692.2342. Found: 692.2334. 

Characterization data for catalysts 5a and 5c  

5a: [α]D
23.0

 = +100.6º (c = 1.0, CHCl3) 
1
H NMR (500MHz ,DMSO-

d6, exists as ~2.3:1 rotamers, only resonance of the major rotamer shown) 

δ = 10.45 – 10.39 (s, 1 H), 8.32 – 8.22 (m, 1 H), 8.10 – 8.03 (m, 2 H), 

7.62 (br. s., 1 H), 7.45 – 7.35 (m, 1 H), 7.26 – 7.18 (m, 2 H), 7.17 – 7.07 (m, 2 H), 5.17 – 5.07 (m, 

1 H), 5.03 (d, J = 10.0 Hz, 1 H), 4.05 – 3.95 (m, 1 H), 3.80 – 3.70 (m, 1 H), 3.70 – 3.61 (m, 1 H), 

2.30 – 2.20 (m, 1 H), 1.95 – 1.85 (m, 1 H), 1.79 – 1.69 (m, 1 H), 1.02 (s, 9 H) 
13

C NMR 

(126MHz ,DMSO-d6) δ = 185.1, 181.1, 169.7, 168.5, 163.2, 143.9, 141.8, 132.2, 131.9, 129.1, 

128.8, 127.4, 126.9, 126.0, 124.9, 122.7, 118.7, 61.9, 61.0, 48.6, 36.4, 34.5, 26.4, 26.3, 23.7. 

FTIR (film, cm
–1

): 3275, 2964, 1609, 1558, 1483, 1435, 1380, 1278, 1182, 1136, 701. HRMS 

(ESI) [M+H]
+
 calculated for C28H28F6N3O3: 568.2029. Found: 568.2039. 
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5c: [α]D
23.0

 = +119.0º (c = 1.0, CHCl3) 
1
H NMR 

(500MHz ,DMSO-d6, exist as ~8:1 rotamers, only the resonance of 

major rotamer shown) δ = 10.39 (s, 1 H), 8.88 - 8.81 (m, 1 H), 8.74 (d, 

J = 8.5 Hz, 1 H), 8.26 - 8.16 (m, 2 H), 8.08 - 8.03 (m, 2 H), 7.73 - 7.63 (m, 4 H), 7.59 - 7.50 (m, 

1 H), 7.29 (s, 1 H), 7.28 - 7.22 (m, 1 H), 5.89 (d, J = 8.2 Hz, 1 H), 5.14 (d, J = 10.0 Hz, 1 H), 

4.33 - 4.23 (m, 1 H), 3.93 - 3.83 (m, 1 H), 3.38 - 3.31 (m, 1 H), 2.55 - 2.45 (m, 2 H), 2.08 - 1.99 

(m, 1 H), 1.97 - 1.88 (m, 1 H), 1.87 - 1.81 (m, 1 H), 1.09 (s, 9 H) 
13

C NMR (126MHz ,DMSO-d6) 

δ = 185.4, 181.5, 170.0, 168.7, 163.6, 141.7, 136.5, 132.3, 132.0, 131.6, 130.9, 129.9, 129.9, 

128.9, 127.6, 127.2, 127.0, 124.9, 124.9, 124.2, 123.3, 122.8, 122.3, 118.7, 62.3, 58.3, 48.6, 36.0, 

32.6, 26.5, 24.0. FTIR (film, cm
–1

): 3262, 2963, 1605, 1557, 1477, 1429, 1379, 1278, 1182, 1135, 

750. HRMS (ESI) [M+H]
+ 

calculated for C36H32F6N3O3: 668.2342. Found: 668.2350. 

2.6.3 Preparation of N-benzeneselenenyl succinimide (NPSS) and N-(p-anisylselenyl) 

succinimide (NPASS) 

     N-benzeneselenenyl succinimide (NPSS) was prepared via a previous reported 

procedure
17

. N-(p-anisylselenyl) succinimide (NPASS) was prepared via a similar procedure 

from allyl(4-methoxyphenyl)selenide S3
18

. 

 

Scheme 2.11. Preparation of N-(p-anisylselenyl) succinimide (NPASS) 

                                                 
17

 Hori, T.; Sharpless, K. B. J. Org. Chem. 1979, 44, 4208–4210.  

18
 S3 was prepared via previously reported procedure: Kumar, S.; Johansson, H.; Engman, L.; Valgimigli, 

L.; Amorati, R.; Fumo, M. G.; Pedulli, G. F. J. Org. Chem. 2007, 72, 2583– 2595. 
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NCS (1.20 g, 9.03 mmol) was added to a stirred ice–cooled solution 

of allyl 4-methoxyphenylselenide (2.28 g, 10.04 mmol) in DCM (20 ml). 

The ice bath was removed after 30 min and the reaction mixture was 

stirred for an additional 1.5 h at room temperature. The solvent was removed in vacuo on 

Schlenk manifold and then the flask was transferred into a glove box. DCM (10 ml) was added to 

the flask slowly until the solid was completely dissolved. Dry hexanes (40 ml) was added to get 

white precipitate, which was filtered through a medium porosity fritted funnel and washed with 

hexanes (2 x 5 ml) to give pure N-(p-anisylselenyl) succinimide (NPASS) (2.3 g, 90%). This 

compound was stored at –30 °C under nitrogen atmosphere and no significant decomposition 

was observed over a few months. 
1
H NMR (500MHz, CD2Cl2) = 7.82 - 7.73 (m, 2 H), 6.88 - 

6.78 (m, 2 H), 3.79 (s, 3 H), 2.72 (s, 4 H). 
13

C NMR (126MHz, CD2Cl2) = 177.9, 161.5, 138.3, 

121.7, 114.7, 55.4, 29.2. FTIR (film, cm
–1

): 1703(s), 1586, 1490, 1290, 1249, 1158, 954, 828, 

708. 

2.6.4. Substrate Preparation and Characterization Data  

2.6.4.1 General procedure for the synthesis of substrates 1a, 1g–k. 

The general procedure for the synthesis of substrates 1a, 1g–k follows the procedure 

reported by Krohn et al.
19

 

 

Scheme 2.12. Preparation of substrates 1a, 1g–k. 

                                                 
19

 Krohn, K.; Ahmed, I.; John, M. Synthesis, 2009, 779–786. 

 



40 

 

 

 Aldol condensation 

2’-hydroxyacetophenone (10 mmol) and benzaldehyde (10 mmol) were dissolved in 

methanol (30 ml) in a round bottom flask. The solution was cooled in an ice–water bath and 50% 

aq. KOH (6 ml) was added into the solution dropwise. After stirring at room temperature for 24 

hours, the orange–red mixture was poured into an ice–water mixture (250 ml) and the solution 

was neutralized by 4N HCl solution. The yellow precipitate was filtered out, re–dissolved in 

DCM, dried by anhydrous Na2SO4, and concentrated. The resulting solid was purified by either 

recrystalization or flash chromatography to give the corresponding chalcone.  

Deoxygenation of chalcones 

The chalcone (2.76 mmol) was dissolved in anhydrous THF (10 ml). Et3N (0.5 ml, 3.58 

mmol) was added and the solution was cooled in an ice–water bath. Ethyl chloroformate (0.32 

ml, 3.3 mmol) was added dropwise and the reaction mixture was stirred for 2 hours at 0 °C. The 

mixture was filtered and the precipitate was washed with THF (2 x 8 ml). The filtrate was then 

added to a solution of NaBH4 (400 mg, 10.6 mmol) in 16 ml H2O at –5 °C by syringe pump over 

45 minutes. The reaction mixture was stirred at –5 °C for 10 hours. 1N HCl was added dropwise 

to neutralize the reaction mixture, followed by water (50 ml) and EtOAc (50 ml). The organic 

layer was separated, washed with brine (20 ml) and dried over anhydrous Na2SO4. The solvent 

was removed in vacuo and the product was purified by flash chromatography on silica gel 

column. 

2-cinnamylphenol (1a) 

1
H NMR (500 MHz, CDCl3)  7.37 – 7.42 (m, 2H), 7.31 – 7.36 (m, 2H), 

7.17 – 7.28 (m, 3H), 6.95 (dt, J = 1.01, 7.43 Hz, 1H), 6.86 (dd, J = 0.79, 8.00 Hz, 1H), 6.55 (d, J 

= 16.05 Hz, 1H), 6.45 (dt, J = 16.05, 6.53 Hz, 1H),  4.99 (s, 1H), 3.55 – 3.65 (d, 2H, J=5.9Hz). 
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13
C NMR (126 MHz, CDCl3)  = 154.2, 137.4, 131.8, 130.7, 128.8, 128.8, 128.2, 127.6, 126.5, 

125.9, 121.3, 116.0, 34.4 FTIR (film, cm
–1

): 3534(b), 3027, 1496, 1454, 1211, 1167, 1096, 966, 

753, 736, 692. HRMS (ESI) [M–H]
–
 calculated for C15H13O: 209.0972, Found: 209.0974. 

2-cinnamyl-5-methoxyphenol (1g) 

1
H NMR (500 MHz, CDCl3)  = 7.29 – 7.39 (m, 4H), 7.21 – 7.26 (m, 

1H), 7.08 (d, J = 8.36 Hz, 1H), 6.48 – 6.55 (m, 2H), 6.45 (d, J = 2.44 Hz, 1H), 6.39 (td, J = 6.47, 

15.87 Hz, 1H), 4.96 – 5.19 (m, 1H), 3.80 (s, 3H), 3.53 (dd, J = 1.13, 6.44 Hz, 2H). 
13

C NMR 

(126 MHz, CDCl3)  159.9, 155.2, 137.3, 131.5, 131.2, 128.8, 128.5, 127.6, 126.5, 118.0, 106.6, 

102.3, 55.6, 33.8 FTIR (film, cm
–1

): 3402(b), 1618, 1518, 1285, 1200, 1160, 1109, 1034, 959, 

732, 692. HRMS (ESI) [M–H]
–
 calculated for C16H15O2: 239.1078. Found: 239.1090. 

 

(E)-2-(3-(4-bromophenyl)allyl)phenol (1h) 

1
H NMR (500 MHz, CDCl3)  = 7.37 – 7.47 (m, 2H), 7.15 – 7.25 (m, 4H), 6.94 (dt, J = 0.82, 

7.43 Hz, 1H), 6.83 (d, J = 7.93 Hz, 1H), 6.37 – 6.47 (m, 2H), 4.89 (s, 1H), 3.58 (d, J = 5.00 Hz, 

2H). 
13

C NMR (126 MHz, CDCl3)  154.0, 136.4, 131.8, 130.8, 130.4, 129.2, 128.2, 128.0, 

125.8, 121.4, 121.2, 116.0, 34.2 FTIR (film, cm
–1

): 3511(b), 1486, 1452, 1160, 965, 835, 762. 

HRMS (ESI) [M–H]
–
 calculated for C15H12OBr: 287.0077, Found: 287.0085. 

(E)-2-(3-(4-chlorophenyl)allyl)phenol (1i) 

1
H NMR (500 MHz, CDCl3)  = 7.24 – 7.34 (m, 4H), 7.13 – 7.22 (m, 

2H), 6.92 – 6.97 (m, 1H), 6.84 (d, J = 7.93 Hz, 1H), 6.43 – 6.48 (m, 1H), 6.35 – 6.43 (m, 1H), 

4.90 (s, 1H), 3.58 (d, J = 6.04 Hz, 2H). 
13

C NMR (126 MHz, CDCl3)  = 154.1, 135.9, 133.1, 

130.8, 130.4, 129.0, 128.9, 128.2, 127.6, 125.8, 121.4, 116.0, 34.2 FTIR (film, cm
–1

): 3513(b), 



42 

 

 

3033, 1491, 1454, 1327, 1253, 1161, 1092, 965, 837, 761. HRMS (ESI) [M–H]
–
 calculated for 

C15H12OCl: 243.0582, Found: 243.0600. 

 

(E)-2-(3-(3-bromophenyl)allyl)phenol (1j) 

1
H NMR (500 MHz, CDCl3)  7.52 (m,  1H), 7.31 – 7.41 (m, 1H), 

7.25 – 7.30 (m, 1H), 7.13 – 7.23 (m, 3H), 6.95 (dt, J = 0.82, 7.43 Hz, 1H), 6.84 (d, J = 7.93 Hz, 

1H), 6.38 – 6.47 (m, 2H), 4.94 (s, 1H), 3.54 – 3.64 (m, 2H). 
13

C NMR (126 MHz, CDCl3)  

154.0, 139.7, 130.8, 130.3, 130.1, 130.0, 129.3, 128.3, 128.2, 125.7, 125.1, 123.0, 121.4, 115.9, 

34.1 FTIR (film, cm
–1

): 3411(b), 3029, 1509, 1454, 1207, 965, 778, 680. HRMS (ESI) [M–H]
–
 

calculated for C15H12OBr: 287.0077, Found: 287.0082. 

(E)-2-(3-(3-methoxyphenyl)allyl)phenol (1k) 

1
H NMR (500 MHz, CDCl3)  7.15 – 7.29 (m, 3H), 6.91 – 7.01 (m, 

3H), 6.85 (d, J = 8.00 Hz, 1H), 6.81 (dd, J = 1.83, 8.18 Hz, 1H), 6.47 – 6.55 (m, 1H), 6.39 – 6.46 

(m, 1H), 5.05 (s, 1H), 3.83 (s, 3H), 3.60 (d, J = 6.29 Hz, 2H). 
13

C NMR (126 MHz, CDCl3)  

160.0, 154.2, 138.9, 131.6, 130.8, 129.8, 128.6, 128.2, 125.9, 121.3, 119.2, 116.0, 113.4, 111.7, 

55.5, 34.3 FTIR (film, cm
–1

): 3404(b), 2940, 1597, 1488, 1454, 1262, 1154, 1041, 754, 687. 

HRMS (ESI) [M–H]
–
 calculated for C16H15O2: 239.1078. Found: 239.1083. 

2.6.4.2 General procedure for the synthesis of substrates 1b–d 

 

Scheme 2.13. Preparation of substrates 1b–d 
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The MOM-protected phenol S3b–d (4.9 mmol) and TMEDA (0.89 ml, 5.89 mmol) was 

dissolved in 33 ml anhydrous THF. The solution was cooled in an ice/salt bath to –15 °C (for 

synthesis of 1b and 1c) or in an ice–water bath to 0 °C (for synthesis of 1d), and n-BuLi (2.4 ml, 

5.89 mmol, 2.5M in hexanes) was added dropwise. The reaction mixture was stirred at the same 

temperature for 1 h to give a yellow to red solution and then cool down to –45 °C in acetonitrile–

dry ice bath. CuI (1.12 g, 5.89 mmol) was added in one portion. The reaction mixture was stirred 

at –45 °C for 2 h to give a dark brown heterogeneous solution. Cinnamyl bromide (1.16 g, 5.89 

mmol) in 2 ml anhydrous THF was added dropwise at –45 °C. The reaction was slowly warmed 

up to room temperature and stirred at room temperature overnight to give a dark green solution. 

The reaction was quenched by saturated NH4Cl solution (10 ml) and extracted with ethyl acetate 

(3 x 20 ml). The organic layer was washed with water and brine (20 ml), dried over anhydrous 

Na2SO4, and concentrated. The remaining material was purified by flash chromatography on 

silica gel column to give pure allylation product S4b–d. This allylation product was dissolved in 

MeOH (20 ml). 4N HCl (5 ml) was added and the solution was refluxed for 1 h. After cooling 

down to room temperature, the solution was neutralized by adding saturated aqueous NaHCO3 

solution, and extracted with ethyl acetate (3 x 20 ml). The organic layer was washed with brine 

(20 ml), dried over anhydrous Na2SO4, and concentrated. The remaining material was purified by 

flash chromatography on silica gel column to give corresponding substrate 1b–d. 

2-cinnamyl-3-methoxyphenol (1b) 

According to the general procedure, 1-methoxy-3-

(methoxymethoxy)benzene (500 mg, 2.97 mmol) was reacted to give 1b as a white solid (400 

mg, 66% yield over two steps). 
1
H NMR (500 MHz, CDCl3)  7.35 – 7.38 (m, 2H), 7.28 – 7.34 

(m, 2H), 7.18 – 7.25 (m, 1H), 7.13 (t, J = 8.21 Hz, 1H), 6.48 – 6.58 (m, 3H), 6.40 (dt, J = 15.9, 
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6.32 Hz, 1H), 5.04 (s, 1H), 3.87 (s, 3H), 3.65 (dd, J = 1.65, 6.35 Hz, 2H). 
13

C NMR (126 MHz, 

CDCl3)  158.6, 155.3, 137.6, 130.8, 128.7, 128.3, 127.8, 127.3, 126.4, 114.2, 109.0, 103.7, 56.1, 

26.8 FTIR (film, cm
–1

): 3444(b), 3025, 1595, 1468, 1087, 962, 778, 727, 694. HRMS (ESI) [M–

H]
–
 calculated for C16H15O2: 239.1078. Found: 239.1086 

8-cinnamylchroman-7-ol (1c) 

According to the general procedure, 7-(methoxymethoxy)chroman 

(695 mg, 3.6 mmol) was reacted to give 1c as a white solid (710 mg, 74% 

yield over two steps). 
1
H NMR (500 MHz, CDCl3)  7.32 – 7.37 (m, 2H), 7.26 – 7.31 (m, 2H), 

7.17 – 7.23 (m, 1H), 6.79 – 6.87 (m, 1H), 6.46 – 6.53 (m, 1H), 6.33 – 6.43 (m, 2H), 4.85 (br. s., 

1H), 4.20 – 4.24 (t, J = 5.2Hz, 2H), 3.59 (dd, J = 1.46, 6.35 Hz, 2H), 2.77 (t, J = 6.50 Hz, 2H), 

1.96 – 2.04 (m, 2H); 
13

C NMR (126 MHz, CDCl3)  153.4, 137.7, 130.7, 128.7, 128.4, 128.3, 

127.3, 126.4, 114.8, 113.4, 108.1, 66.9, 26.8, 24.9, 22.7. FTIR (film, cm
–1

): 3430(b), 3024, 1649, 

1486, 1319, 1087, 964, 795, 740, 693. HRMS (ESI) [M–H]
–
 calculated for C18H17O: 265.1229. 

Found: 265.1241. 

2-cinnamyl-3,5-dimethylphenol (1d) 

According to the general procedure, 1-(methoxymethoxy)-3,5-

dimethylbenzene (816 mg, 4.91 mmol) was reacted to give 1d as a white solid (630 mg, 53% 

yield over two steps). 
1
H NMR (500 MHz, CDCl3)  7.27 – 7.37 (m, 4H), 7.23 (td, J = 1.75, 7.25 

Hz, 1H), 6.67 (s, 1H), 6.54 (s, 1H), 6.31 – 6.45 (m, 2H), 4.79 (s, 1H), 3.58 (d, J = 5.43 Hz, 2H), 

2.34 (s, 3H), 2.30 (s, 3H). 
13

C NMR (126 MHz, CDCl3)  154.1, 138.2, 137.6, 137.3, 130.6, 

128.7, 127.9, 127.3, 126.4, 124.0, 121.2, 114.3, 29.8, 21.2, 19.9 FTIR (film, cm
–1

): 3449(b), 

3025, 1583, 1447, 1306, 1137, 962, 836, 732, 691. HRMS (ESI) [M–H]
–
 calculated for C17H17O: 

237.1285. Found: 237.1297. 
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4.3 Synthesis of substrate 1e 

 

Scheme 2.14. Preparation of substrates 1e. 

To a solution of N-(3-(methoxymethoxy)phenyl)pivalamide S5e
20

 (1.5 g, 6.32 mmol) in 40 

ml anhydrous THF was added nBuLi (5.45 ml, 2.5M in hexanes, 13.63 mmol) dropwise at 0 °C. 

The mixture was stirred at 0 °C for 2 h to give a yellow solution. The solution was cooled to –

78 °C and transferred by cannula to a suspension of CuBr•Me2S (1.43 g, 6.95 mmol) in 5 ml 

THF at –78 °C. The reaction mixture turned to an orange homogeneous solution after five 

minutes. After stirring for 20 minutes at –78 °C, cinnamyl bromide (1.37 g, 6.95 mmol) in 5 ml 

THF was added dropwise. The resulting solution was stirred at –78 °C for 3 h and slowly 

warmed up to room temperature over 4 h to give a dark-green heterogeneous solution. The 

reaction was quenched with saturated NH4Cl solution and diluted with ether (40 ml). The 

mixture was filtered through 3 cm Celite to remove the white precipitate and the filtrate was 

extracted with ether (3 x 30 ml). The combined organic layer was washed with brine (30 ml), 

dried over anhydrous Na2SO4, and concentrated. The remaining material was purified by flash 

chromatography on silica gel column to give the pure allylation product S6e (1.7 g, 79% yield). 

(E)-N-(2-cinnamyl-3-(methoxymethoxy)phenyl)pivalamide (S6e) 

                                                 
20

 S5g was prepared via a reported procedure: Hillis, L. R.; Gould, S. J. J. Org. Chem., 1985, 50, 718–19 
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1
H NMR (500MHz ,CDCl3) δ = 7.69 (d, J = 8.1 Hz, 1 H), 7.52 (br. s., 1 H), 7.35 - 7.29 (m, 4 

H), 7.28 - 7.22 (m, 2 H), 6.97 (d, J = 8.2 Hz, 1 H), 6.42 (d, J = 16.1 Hz, 1 H), 6.36 (td, J = 5.5, 

16.1 Hz, 1 H), 5.24 (s, 2 H), 3.66 (d, J = 4.8 Hz, 2 H), 3.49 (s, 3 H), 1.29 (s, 9 H) 
13

C NMR 

(126MHz ,CDCl3) δ = 176.9, 155.4, 137.7, 137.0, 131.2, 128.9, 127.9, 127.7, 127.6, 126.3, 119.6, 

117.4, 111.1, 95.0, 56.4, 40.0, 28.2, 27.9. FTIR (neat, cm
–1

): 3327, 2960, 1668, 1591, 1470, 1442, 

1188, 1151, 1037, 967, 733. HRMS (ESI) [M+H]
+
 calculated for C22H28NO3: 354.2069. Found: 

354.2085. 

The allylation product S6e (1 g, 2.83 mmol) was dissolved in 15 ml methanol, followed by 

4N HCl (3.5 ml) and then refluxed for 30 minutes. After cooling down to room temperature, the 

solution was neutralized with saturated NaHCO3 solution and extracted with ethyl acetate (3 x 

30ml). The organic layer was washed with brine, dried over Na2SO4, and concentrated. The 

remaining material was purified by flash chromatography on silica gel column to give substrate 

1e (630 mg, 72% yield) 

(E)-N-(2-cinnamyl-3-hydroxyphenyl)pivalamide (1e) 

1
H NMR (500MHz, CDCl3) δ = 7.50 (br. s., 1 H), 7.34 - 7.26 (m, 4 H), 

7.25 - 7.19 (m, 1 H), 7.03 (t, J = 8.1 Hz, 1 H), 6.85 - 6.75 (m, 1 H), 6.60 (d, J = 8.0 Hz, 1 H), 

6.40 (d, J = 15.8 Hz, 1 H), 6.32 (td, J = 5.3, 15.3 Hz, 1 H), 3.55 (d, J = 5.2 Hz, 2 H), 1.32 (s, 9 H). 

13
C NMR (126MHz, CDCl3) δ = 178.0, 154.8, 137.1, 136.9, 130.9, 130.9, 128.8, 128.0, 127.6, 

127.6, 126.3, 119.1, 116.9, 113.5, 39.9, 28.5, 27.9, 27.8. FTIR (neat, cm
–1

): 3306, 2963, 1657, 

1597, 1467, 969, 732. HRMS (ESI) [M+H]
+
 calculated for C20H24NO2: 310.1807. Found: 310. 

1824.  
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Substrate 1f was prepared via a previously reported procedure by Tamaru et al.
21

 

2.6.5. General Procedure for the squaramide–catalyzed selenocyclization reaction 

Method A (for condition optimization with NPSS/NPASS and PyHCl/HCl) 

To a 2 dr vial was added substrate 1a (10.5mg, 0.05 mmol, 1 equiv) and catalyst 4 or 5a–d 

(0.005 mmol, 0.1 equiv). NPSS or NPASS (0.065 mmol, 1.3 equiv) in 1 ml toluene was added 

into the flask via syringe at room temperature. The mixture was stirred at room temperature for 

three minutes to become homogeneous solution and then cooled in an acetone–dry ice bath to the 

desired temperature. HCl or PyHCl (2.5 μmol, 1M in diethyl ether for HCl or 0.25M in DCM for 

PyHCl, 0.05 equiv) and tris(dimethylamino) phosphine sulfide HMPA(S)
22

 (0.005 mmol, 0.5M 

in toluene) were added by syringe subsequently. The flask was transferred to a cryogenic bath at 

desired temperature. After stirring for 2 to 48 hours at that temperature, saturated aqueous 

sodium thiosulfate solution (2 ml) was added into the reaction mixture. The biphasic mixture was 

warmed up to room temperature and was stirred vigorously. EtOAc (2 ml) and water (2 ml) were 

added to the solution and the two layers were separated. The aqueous layer was extracted with 2 

ml EtOAc and the combined organic layer was concentrated in vacuo and purified by flash 

chromatography on silica gel (0% to 3% EtOAc in hexanes). The product was then washed with 

2 ml cold hexanes to remove small amount of impurities to give the analytical pure product 2a or 

3a. 

Method B (for condition optimization with PhSeCl) 

                                                 
21

 Kimuraa, M.; Fukasakaa, M.; Tamaru, Y. Synthesis, 2006, 3611–3616 

22
 HMPA(S) was prepared via a reported procedure: Haynes, R. K.; Indorato, C. Aust. J. Chem. 1984, 37, 

1183–1194. 
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A 2 dr vial was charged with 1a (0.05 mmol, 1 equiv) and catalyst 5d (6.92 mg, 0.01 mmol, 

0.2 equiv) in anhydrous toluene (0.8 ml) and cooled to –60 °C (acetone/dry ice bath). PhSeCl 

(8.6 mg, 0.045 mmol, 0.9 equiv) in anhydrous toluene (0.2 ml) was added by syringe pump over 

15 mintues. The solution was stirred at same temperature for another 6 hours. Mixture of 5 : 1 

methanol : TEA (1 ml) was cooled to –78 °C and then transferred to the reaction to quench the 

reaction. The reaction was warmed to 0 °C and purified by flash chromatography on silica gel to 

give the analytical pure product 2a.  

Method C (for substrate scope) 

To a 25 ml round bottom flask was added substrate 1a–k (0.25 mmol) and catalyst 5d (17 

mg, 0.025 mmol, 0.1 equiv). NPASS (92 mg, 0.325 mmol, 1.3 equiv) in toluene (5 ml) was 

added into the flask via syringe at room temperature. The mixture was stirred at room 

temperature for three minutes to become homogeneous solution and then cooled to –35 °C in an 

acetone–dry ice bath. HCl (12.5 μl, 0.0125 mmol, 1M in diethyl ether) and HMPA(S) (50 μl, 

0.025 mmol, 0.5M in toluene) were added by syringe subsequently. The flask was transferred to 

a cryogenic bath at –35 °C. After stirring for 48–72 hours at that temperature, saturated aqueous 

sodium thiosulfate solution (5 ml) was added into the reaction mixture. The biphasic mixture was 

warmed up to room temperature and was stirred vigorously. Ethyl acetate (5 ml) and water (5 ml) 

were added to the solution and the two layers were separated. The aqueous layer was extracted 

with 5 ml ethyl acetate and the combined organic layer was washed with water (5 ml) and brine 

(5 ml), and then dried over sodium sulfate, concentrated in vacuo and purified by flash 

chromatography on silica gel (0% to 3% EtOAc in hexanes). The product was then washed with 

cold hexanes (3 x 3 ml) to remove small amount of impurities to give the analytical pure product 

3a–k. 
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(2R,3S)-3-((4-methoxyphenyl)selanyl)-2-phenylchroman (3a)  

According to general procedure C, 2-cinnamylphenol 1a (53 mg, 0.25 

mmol) was reacted for 48 hours to give 90 mg (91% yield) of 3a as a white 

solid. This material was determined to be 88% ee by chiral HPLC analysis (ChiralPak AS-H, 2% 

IPA/hexanes, 1 mL/min, 230 nm, tR(major) = 13.5 min, tR(minor) = 15.4 min).  

Recrystalization procedure: The enantioenriched product (250 mg, 88% ee) was added to a 

100 ml round bottom flask. Hexanes (40 ml) and DCM (8 ml) was added to the flask and the 

resulted mixture was stirred for 5 minutes. Complete dissolution did not occur and a small 

amount of solid remained. The mixture was warmed in a hot water bath to give a clear 

homogeneous solution. A stirring bar was added and the solution was cooled in an ice bath while 

stirring fast for 2 h. White precipitate was generated during the process. The mixture was filtered 

through a medium porosity fritted funnel. The filtrate was concentrated to provide a white solid 

(160 mg, 80% recovery, 96% ee). [α]D
22.5

 = +48.4º (c = 1.0, CHCl3); 1H NMR (CDCl3, 

500MHz): d = 7.32 – 7.42 (m, 7 H), 7.13 – 7.23 (m, 1 H), 6.98 – 7.08 (m, 1 H), 6.86 – 6.96 (m, 2 

H), 6.73 – 6.82 (m, 2 H), 5.09 (d, J = 8.5 Hz, 1 H), 3.82 (s, 3 H), 3.75 (m, 1H), 3.08 (dd, J = 16.4, 

5.2 Hz, 1H), 3.00 (dd, J = 16.6, 9.5 Hz, 1H); 13C NMR (CDCl3, 126MHz): δ = 160.2, 154.5, 

139.9, 138.2, 138.1, 129.4, 128.7, 128.0, 127.4, 121.4, 120.9, 117.9, 116.9, 114.9, 81.8, 55.5, 

41.8, 32.4. FTIR (neat, cm
–1

): 1587, 1489, 1455, 1286, 1247, 1233, 1174, 1031, 826, 755, 698. 

LRMS (ESI–ASPI) [M+H]
+
 calculated for C22H21O2Se: 397.1, found: 397.0. 

 

(2R,3S)-5-methoxy-3-((4-methoxyphenyl)selanyl)-2-phenylchroman (3b) 
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According to general procedure C, 1b (60 mg, 0.25 mmol) was reacted for 48 hours to give 

96 mg (90% yield) of 3b as a white solid. This material was determined to be 91% ee by chiral 

HPLC analysis (ChiralPak IC, 10% IPA/hexanes, 1 mL/min, 230 nm, tR(major) = 16.8 min, 

tR(minor) = 20.1 min). Recrystalization procedure: The enantioenriched product (96 mg, 91% 

ee) was added to a 100 ml round bottom flask. Hexanes (~25ml) was added to dissolve the 

product. The solution was cooled at 0 °C overnight. White precipitate was generated during the 

process. The mixture was filtered through a medium porosity fritted funnel. The filtrate was 

concentrated to provide a white solid (74 mg, 77% recovery, 99% ee). [α]D
22.5

 = +43.1º (c = 0.65, 

CHCl3); 
1
H NMR (CDCl3 ,500MHz):  = 7.27 – 7.37 (m, 7H), 7.08 – 7.15 (m, 1H), 6.70 – 6.79 

(m, 2H), 6.57 (d, J = 8.2 Hz, 1H), 6.46 (d, J = 8.2 Hz, 1H), 5.02 (d, J = 8.5 Hz, 1H), 3.82 (s, 3H), 

3.81 (s, 3H), 3.68 (ddd, J = 9.5, 8.7, 5.5 Hz, 1H), 3.12 (dd, J = 17.5, 5.5 Hz, 1H), 2.85 ppm (dd, J 

= 17.4, 9.5 Hz, 1H); 
13

C NMR (126MHz ,CDCl3)  = 160.0, 157.8, 155.3, 139.9, 138.0, 128.6, 

127.6, 127.5, 118.3, 114.8, 110.6, 109.6, 102.4, 81.5, 55.7, 55.5, 41.9, 27.1. FTIR (neat, cm
–1

): 

1592, 1490, 1469, 1246, 1234, 1102, 768. HRMS (ESI) [M+H]
+
 calculated for C23H23O3Se: 

427.0808. Found: 427.0803. 

 

(8R,9S)-9-((4-methoxyphenyl)selanyl)-8-phenyl-2,3,4,8,9,10-

hexahydropyrano[2,3-f]chromene (3c) 

According to general procedure C, 1c (67 mg, 0.25 mmol) was reacted for 

48 hours to give 90 mg (80% yield) of 3c as a white solid. This material was determined to be 86% 

ee by chiral HPLC analysis (ChiralPak AD-H, 10% IPA/hexanes, 1 mL/min, 230 nm, tR(minor) 

= 14.6 min, tR(major) = 17.8 min). Recrystalization procedure: The enantioenriched product 

(90 mg, 86% ee) was added to a 100 ml round bottom flask followed by 20 ml hexanes. The 
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mixture was heated in a hot water bath and then small amount of DCM (2 ml) was added to give 

a clear homogeneous solution. The solution was cooled to room temperature and then at 0 °C 

overnight. Crystals (needles, 68 mg, 75% recovery, 99% ee) were collected by filtering through a 

fritted funnel. [α]D
22.5

 = +52.4º (c = 1.0, CHCl3); 1H NMR (500 MHz, CDCl3)  7.29 – 7.38 (m, 

7H), 6.81 – 6.88 (m, 1H), 6.72 – 6.80 (m, 2H), 6.48 (d, J = 8.36 Hz, 1H), 5.01 (d, J = 8.48 Hz, 

1H), 4.15 – 4.23 (m, 2H), 3.82 (s, 3H), 3.69 (ddd, J = 5.52, 8.56, 9.41 Hz, 1H), 3.10 (dd, J = 5.49, 

17.40 Hz, 1H), 2.84 (dd, J = 9.52, 17.40 Hz, 1H), 2.75 (t, J = 6.44 Hz, 2H), 1.93 – 2.03 (m, 2H). 

13
C NMR (126 MHz, CDCl3)  = 160.0, 153.4, 152.6, 140.0, 138.0, 128.6, 128.5, 128.2, 127.5, 

118.4, 114.8, 114.0, 109.9, 108.6, 81.4, 66.8, 55.5, 42.1, 27.2, 24.7, 22.7 FTIR (neat, cm
–1

): 1593, 

1487, 1285, 1247, 1216, 1173, 1095, 1078, 1029, 759, 698. HRMS (ESI) [M+H]
+
 calculated for 

C25H24O3Se: 453.0965. Found: 453.0957. 

(2R,3S)-3-((4-methoxyphenyl)selanyl)-5,7-dimethyl-2-phenylchroman (3d) 

According to general procedure C, 1d (60 mg, 0.25 mmol) was reacted 

for 48 hours to give 87 mg (82% yield) of 3d as a white solid. This material 

was determined to be 84% ee by chiral HPLC analysis (ChiralPak OD-H, 5% IPA/hexanes, 1 

mL/min, 230 nm, tR(major) = 13.0 min, tR(minor) = 15.4 min). Recrystalization procedure: The 

enantioenriched product (80 mg, 84% ee) was added to a 100 ml round bottom flask followed by 

hexanes (15ml). The mixture was heated in a hot water bath to give a clear homogeneous 

solution. The solution was cooled slowly to room temperature and then at 0 °C overnight. 

Crystals (needles, 60 mg, 69% recovery, 95% ee) were collected by filtering through a fritted 

funnel. [α]D
22.5

 = +34.0º (c = 0.6, CHCl3); 1H NMR (500 MHz, CDCl3)  7.30 – 7.38 (m, 7H), 

6.72 – 6.81 (m, 2H), 6.64 (s, 2H), 5.03 (d, J = 8.42 Hz, 1H), 3.82 (s, 3H), 3.75 (ddd, J = 5.49, 

8.48, 9.34 Hz, 1H), 3.00 (dd, J = 5.49, 16.85 Hz, 1H), 2.81 (dd, J = 9.37, 16.75 Hz, 1H), 2.29 (s, 
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3H), 2.16 (s, 3H); 
13

C NMR (126 MHz, CDCl3)  = 160.1, 154.4, 140.0, 138.0, 137.3, 137.0, 

128.6, 127.4, 123.5, 118.3, 117.1, 115.1, 114.8, 81.3, 81.2, 55.5, 42.5, 30.0, 21.3, 19.2. FTIR 

(neat, cm
–1

): 1580, 1489, 1282, 1247, 1058, 1030, 823, 760. HRMS (ESI) [M+H]
+
 calculated for 

C24H25O2Se: 425.1015. Found: 425.1007. 

 

N-((2R,3S)-3-((4-methoxyphenyl)selanyl)-2-phenylchroman-5-yl)pivalamide 

(3e) 

According to general procedure C, 1e (77 mg, 0.25 mmol) was reacted for 

72 hours to give 120 mg (97% yield) of 3e as a white solid. This material was 

determined to be 78% ee by chiral HPLC analysis (ChiralPak AD-H, 20% IPA/hexanes, 1 

mL/min, 230 nm, tR(minor) = 10.4 min, tR(major) = 11.1 min). Recrystalization procedure: The 

enantioenriched product (120 mg, 78% ee) was added to a 100 ml round bottom flask followed 

by hexanes (20 ml) and DCM (9 ml). The mixture was heated in a hot water bath to give a clear 

homogeneous solution. The solution was cooled in an ice–water bath while stirring vigorously 

for 2 hours. White precipitate formed and the mixture was filtered through a medium porosity 

fritted funnel. The filtrate was concentrated to give a white solid (85 mg, 71% recovery, 95% ee). 

[α]D
22.5

 = +54.0º (c = 0.5, CHCl3); 1H NMR (500 MHz, CDCl3)  7.36 – 7.43 (m, 7H), 7.32 – 

7.35 (m, 1H), 7.14 (t, J = 8.12 Hz, 1H), 6.98 (s, 1H), 6.73 – 6.82 (m, 3H), 5.00 (d, J = 9.03 Hz, 

1H), 3.73 – 3.83 (m, 4H), 2.65 – 2.75 (m, 2H), 1.25 (s, 9H); 
13

C NMR (126 MHz, CDCl3)  = 

176.6, 160.3, 155.0, 139.1, 138.5, 135.8, 129.0, 128.8, 127.9, 127.5, 117.5, 116.2, 115.0, 114.4, 

114.0, 81.4, 55.5, 40.4, 39.9, 29.0, 27.9. FTIR (neat, cm
–1

): 2360, 2341, 1667, 1586, 1518, 1466, 

1232, 1038, 824, 782. HRMS (ESI) [M+H]
+
 calculated for C27H30NO3Se: 496.1387. Found: 

496.1387. 
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(2S,3R)-2-((4-methoxyphenyl)selanyl)-3-phenyl-2,3-dihydro-1H-

benzo[f]chromene (3f) 

According to general procedure C, 1f (65 mg, 0.25 mmol) was reacted for 

72 hours to give 85 mg (76% yield) of 3f as a white solid. This material was 

determined to be 90% ee by chiral HPLC analysis (ChiralPak IC, 2% IPA/hexanes, 1 mL/min, 

230 nm, tR(major) = 11.7 min, tR(minor) = 15.2 min). Recrystalization procedure: The 

enantioenriched product (85 mg, 90% ee) was added to a 100 ml round bottom flask followed by 

20 ml hexanes and 3 ml DCM. The mixture was heated in a hot water bath to give a clear 

homogeneous solution. The solution was cooled slowly to room temperature first and then at 

0 °C for two days. The cold mixture was filtered through a medium porosity fritted funnel. The 

filtrate was concentrated to give a white solid (70 mg, 82% recovery, 96% ee). [α]D
22.5

 = +64.4º 

(c = 0.5, CHCl3); 1H NMR (500 MHz, CDCl3)  = 7.77 – 7.87 (m, 1H), 7.66 – 7.75 (m, 2H), 7.48 

– 7.58 (m, 1H), 7.34 – 7.44 (m, 8H), 7.17 (d, J = 8.85 Hz, 1H), 6.74 – 6.83 (m, 2H), 5.17 (d, J = 

8.54 Hz, 1H), 3.86 – 3.92 (m, 1H), 3.83 (s, 3H), 3.43 (dd, J = 5.62, 16.85 Hz, 1H), 3.27 (dd, J = 

9.34, 16.78 Hz, 1H) 13
C NMR (126 MHz, CDCl3)  160.2, 152.1, 139.7, 138.1, 132.8, 129.4, 

128.8, 128.7, 128.5, 127.5, 126.8, 123.8, 122.0, 119.0, 118.2, 114.9, 113.2, 81.7, 55.6, 42.0, 29.3. 

FTIR (neat, cm
–1

): 2980, 1490, 1247, 1229, 1173, 812, 762, 698. LRMS (ESI–ASPI) [M+H]
+
 

calculated for C26H23O2Se: 447.1. Found: 447.0. 

 

(2R,3S)-7-methoxy-3-((4-methoxyphenyl)selanyl)-2-phenylchroman (3g) 
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According to general procedure C, 1g (60 mg, 0.25 mmol) was reacted for 72 hours to give 

80 mg (75% yield) of 3g as a white solid. This material was determined to be 84% ee by chiral 

HPLC analysis (ChiralPak AS-H, 2% IPA/hexanes, 1 mL/min, 230 nm, tR(major) = 25.1 min, 

tR(minor) = 33.5 min). Recrystalization procedure: The enantioenriched product (80 mg, 84% 

ee) was added to a 100 ml round bottom flask followed by hexanes (20 ml). The mixture was 

heated in a hot water bath and then small amount of DCM (2 ml) was added to give a clear 

homogeneous solution. The solution was cooled to room temperature and then at 0 °C for 

overnight. Crystals (needles, 48 mg, 60% recovery, 99% ee) were collected by filtering through a 

fritted funnel. [α]D
22.5

 = +31.2º (c = 0.5, CHCl3); 1H NMR (500MHz , CDCl3)  δ = 7.31 – 7.40 

(m, 6 H), 6.86 – 6.96 (m, 1 H), 6.73 – 6.81 (m, 2 H), 6.44 – 6.54 (m, 1 H), 5.08 (d, J=8.2 Hz, 1 

H), 3.82 (s, 3 H), 3.77 (s, 3 H), 3.73 (ddd, J=9.1, 8.4, 5.2 Hz, 1 H), 2.97 (dd, J=16.4, 5.2 Hz, 1 H), 

2.91 ppm (dd, J=16.4, 9.3 Hz, 1 H) 13C NMR (CDCl3 ,126MHz) δ = 160.1, 159.6, 155.1, 139.8, 

138.1, 129.9, 128.7, 127.3, 118.0, 114.9, 113.4, 108.0, 101.5, 81.8, 55.6, 55.5, 42.0, 31.6. FTIR 

(neat, cm
–1

): 1588, 1506, 1491, 1286, 1247, 1156, 1031, 828, 761. HRMS (ESI) [M+H]
+
 

calculated for C23H23O3Se: 427.0808. Found: 427.0810. 

 

(2R,3S)-2-(4-bromophenyl)-3-((4-methoxyphenyl)selanyl)chroman (3k) 

According to general procedure C, 1k (72 mg, 0.25 mmol) was reacted 

for 72 hours to give 110 mg (93% yield) of 3k as a white solid. This material 

was determined to be 92% ee by chiral HPLC analysis (ChiralPak OD-H, 10% 

IPA/hexanes, 1 mL/min, 230 nm, tR(major) = 10.3 min, tR(minor) = 11.3 min). Recrystalization 

procedure: The enantioenriched product (110 mg, 92% ee) was added to a 100 ml round bottom 

flask followed by 20 ml hexanes. The mixture was heated in a hot water bath to give a clear 
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homogeneous solution. The solution was cooled slowly to room temperature and then at 0 °C 

overnight. Crystals (needles) were formed. The cold mixture was filtered through a medium 

porosity fritted funnel to collect the crystals (95 mg, 86% recovery, 99% ee). [α]D
22.5

 = +20.2º (c 

= 0.9, CHCl3);
 1
H NMR (CDCl3, 500 MHz): δ = 7.39 – 7.46 (m, 1 H), 7.24 – 7.30 (m, 1 H), 7.13 

– 7.23 (m, 3 H), 7.00 – 7.09 (m, 1 H), 6.86 – 6.95 (m, 1 H), 6.71 – 6.80 (m, 2 H), 4.99 – 5.00 (m, 

1 H), 5.01 (d, J = 9.0 Hz, 1 H), 3.83 (s, 3 H), 3.67 (ddd, J = 10.3, 9.0, 5.3 Hz, 1 H), 3.14 (dd, J = 

16.8, 5.4 Hz, 1 H), 3.01 ppm (dd, J=16.4, 10.3 Hz, 1 H); 
13

C NMR (CDCl3, 125 MHz):  = 160.1, 

154.4, 138.7, 137.8, 131.7, 129.4, 129.3, 128.1, 122.7, 121.4, 121.1, 118.0, 116.9, 114.9, 81.8, 

55.6, 42.0, 32.6 FTIR (neat, cm
–1

): 1587, 1489, 1456, 1244, 1232, 1033, 828, 756. HRMS (ESI) 

[M+H]
+
 calculated for C22H20O2BrSe: 474.9812. Found: 474.9796. 

(2R,3S)-2-(4-chlorophenyl)-3-((4-methoxyphenyl)selanyl)chroman (3l)  

According to general procedure C, 1l (61 mg, 0.25 mmol) was reacted for 

72 hours to give 97 mg (90% yield) of 3l as a white solid. This material was 

determined to be 87% ee by chiral HPLC analysis (ChiralPak AD-H, 10% 

IPA/hexanes, 1 mL/min, 230 nm, tR(minor) = 14.0 min, tR(major) = 14.9 min). Recrystalization 

procedure: The enantioenriched product (85 mg, 87% ee) was added to a 100 ml round bottom 

flask followed by 15 ml hexanes. The mixture was heated in a hot water bath to give a clear 

homogeneous solution. The solution was cooled slowly to room temperature first and then at 

0 °C overnight. Crystals (needles) were formed. The cold mixture was filtered through a medium 

porosity fritted funnel to collect the crystals (75 mg, 83% recovery, 99% ee). [α]D
22.5

 = +32.0º (c 

= 0.6, CHCl3); 1H NMR (500 MHz , CDCl3)  δ = 7.26–7.30 (m, 6H), 7.16 (m, 1H), 7.04 (d, 

7.2Hz), 6.88–6.93 (m, 2H), 6.76 (m, 2H), 5.03 (d, J = 9.0Hz), 3.83 (s, 3H), 3.68 (ddd, J = 5.25Hz, 

9.0Hz, 10.2Hz, 1H), 3.13 (dd, J = 5.25Hz, 16.6Hz, 1H), 3.00 (dd, J = 10.2Hz, 16.6Hz, 1H);13C 
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NMR (126 MHz ,CDCl3) δ = 160.1, 154.4, 138.2, 137.8, 134.4, 129.4, 129.0, 128.7, 128.1, 121.4, 

121.1, 118.0, 116.9, 114.9, 81.7, 55.6, 42.1, 32.6 ppm; FTIR (neat, cm
–1

): 1586, 1490, 1456, 

1246, 1232, 824, 758. HRMS (ESI) [M+H]
+
 calculated for C22H20ClO2Se: 431.0239, found: 

431.0300. 

 

(2R,3S)-2-(3-bromophenyl)-3-((4-methoxyphenyl)selanyl)chroman (3i) 

According to general procedure C, 1i (72 mg, 0.25 mmol) was reacted 

for 72 hours to give 96 mg (86% yield) of 3i as a white solid. This material 

was determined to be 83% ee by chiral HPLC analysis (ChiralPak OD-H, 10% 

IPA/hexanes, 1 mL/min, 230 nm, tR(major) = 14.2 min, tR(minor) = 15.9 min). Recrystalization 

procedure: The enantioenriched product (96 mg, 83% ee) was added to a 100 ml round bottom 

flask followed by 20 ml hexanes and 3.4 ml DCM. The mixture was heated in a hot water bath to 

give a clear homogeneous solution. The solution was cooled in an ice–water bath while stirring 

vigorously for 2 hour. White precipitate formed and the mixture was filtered through a medium 

porosity fritted funnel. The filtrate was concentrated to give a white solid (75 mg, 78% recovery, 

98% ee).  [α]D
22.5

 = + 36.0º (c=0.55, CHCl3);
 1
H NMR (500 MHz, CDCl3)  7.44 – 7.50 (m, 1H), 

7.37 – 7.44 (m, 1H), 7.25 – 7.34 (m, 3H), 7.13 – 7.23 (m, 2H), 7.00 – 7.10 (m, 1H), 6.92 – 6.99 

(m, 1H), 6.86 – 6.92 (m, 1H), 6.71 – 6.81 (m, 2H), 5.01 (d, J = 8.91 Hz, 1H), 3.82 (s, 3H), 3.61 – 

3.71 (m, 1H), 3.13 (dd, J = 4.88, 16.54 Hz, 1H), 3.00 (dd, J = 10.19, 16.30 Hz, 1H); 
13

C NMR 

(126 MHz, CDCl3)  160.1, 154.3, 141.9, 137.8, 131.8, 130.6, 130.1, 129.4, 129.4, 128.1, 126.5, 

122.8, 121.4, 121.2, 117.9, 116.9, 114.9, 81.6, 55.6, 41.8, 32.5 FTIR (neat, cm
–1

): 1586, 1488, 

1243, 1230, 1176, 1033, 981, 763. LRMS (ESI–ASPI) [M+H]
+
 calculated for C22H21O2BrSe: 

474.9812. Found: 474.9781. 
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(2R,3S)-2-(3-methoxyphenyl)-3-((4-methoxyphenyl)selanyl)chroman (3j) 

According to general procedure C, 1j (60 mg, 0.25 mmol) was reacted for 

72 hours to give 100 mg (94% yield) of 3j as a white solid. This material was 

determined to be 84% ee by chiral HPLC analysis (ChiralPak AD-H, 10% 

IPA/hexanes, 1 mL/min, 230 nm, tR(major) = 14.7 min, tR(minor) = 16.6 min). [α]D
22.5

 =+46.6º 

(c=1.3, CHCl3); 1H NMR (500 MHz, CDCl3)  7.32 – 7.38 (m, 2H), 7.24 – 7.32 (m, 1H), 7.11 – 

7.18 (m, 1H), 6.94 – 7.04 (m, 2H), 6.84 – 6.93 (m, 4H), 6.74 – 6.80 (m, 2H), 5.05 (d, J = 8.54 Hz, 

1H), 3.81 (s, 3H), 3.77 (s, 3H), 3.73 (ddd, J = 5.30, 9.54, 9.58Hz, 1H), 3.07 (dd, J = 5.19, 16.60 

Hz, 1H), 2.98 (dd, J = 9.58, 16.54 Hz, 1H).  13
C NMR (126 MHz, CDCl3)  160.2, 159.9, 154.5, 

141.3, 138.1, 129.7, 129.4, 128.0, 121.4, 120.9, 119.9, 118.1, 116.9, 114.9, 114.3, 112.9, 81.8, 

55.5, 55.4, 41.8, 32.4 FTIR (neat, cm
–1

): 1587, 1489, 1286, 1247, 1033, 755, 733. HRMS (ESI) 

[M+H]
+
 calculated for C23H23O3Se: 427.0808. Found: 427.0807. 

2.6.6. Derivatization of selenocyclization product 

2.6.6.1 Radical acrylation reaction 

 

Scheme 2.15. Radical acrylation reaction 

3a (100 mg, 0.25 mmol, 96% ee) in anhydrous benzene (3 ml) was sealed in a microwave 

vial and purged with argon for five minutes. N-(2-((tributylstannyl)methyl)allyl)aniline 8
23

 (569 

                                                 
23

 This compound was prepared following reported procedure: Suzuki, T.; Atsumi, J.; Sengoku, T.; 

Takahashi, M.; Yoda, H. J. Organometal. Chem., 2010, 695, 128–136. 
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mg, 1.25 mmol) in 1 ml benzene was added, followed by V–70 (15 mg, 0.05 mmol) in 1 ml 

benzene. The solution was stirred at 30 °C for 24 h. After cooling to room temperature, the 

solvent was removed in vacuo and the remaining material was purified by flash chromatography 

on silica gel column (0% to 10% ethyl acetate in hexanes) to give 9-trans (55 mg, 59% yield, 96% 

ee) and 9-cis (30 mg, 32% yield, 96% ee). (Note: 9-cis elutes first off the column). 

 

N-phenyl-2-(((2S,3R)-2-phenylchroman-3-yl)methyl)acrylamide (9-trans) 

96% ee by chiral HPLC analysis (ChiralPak AD-H, 10% IPA/hexanes, 1 

mL/min, 254 nm, tR(minor) = 16.5 min, tR(major) = 21.8 min) [α]D
22.5

 = +8.8º (c 

= 0.5, CHCl3); 
1
H NMR (500 MHz, CDCl3)  7.47 – 7.56 (m, 2H), 7.32 – 7.42 (m, 6H), 7.10 – 

7.20 (m, 3H), 7.06 (d, J = 6.71 Hz, 1H), 6.93 (d, J = 8.18 Hz, 1H), 6.89 (dt, J = 1.04, 7.39 Hz, 

1H), 5.76 (s, 1H), 5.36 (s, 1H), 4.90 (d, J = 7.51 Hz, 1H), 2.87 (dd, J = 4.94, 16.17 Hz, 1H), 2.59 

– 2.66 (m, 1H), 2.50 – 2.58 (m, 1H), 2.43 (dd, J = 5.19, 14.10 Hz, 1H), 2.30 (dd, J = 8.91, 14.16 

Hz, 1H). 
13

C NMR (126 MHz, CDCl3)  = 166.5, 154.6, 143.6, 140.5, 137.9, 129.9, 129.3, 128.9, 

128.5, 127.8, 127.2, 124.8, 121.4, 120.8, 120.7, 120.3, 116.7, 82.1, 36.7, 35.9, 30.2. FTIR (film, 

cm
–1

): 1661, 1598, 1528, 1488, 1440, 1238, 754, 698. HRMS (ESI) [M+H]
+
 calculated for 

C25H24NO2: 370.1802. Found: 370.1811. 

 

N-phenyl-2-(((2S,3S)-2-phenylchroman-3-yl)methyl)acrylamide (9-cis) 

96% ee by chiral HPLC analysis (ChiralPak OD-H, 10% IPA/hexanes, 1 

mL/min, 254 nm, tR(major) = 27.5 min, tR(minor) = 33.9 min) [α]D
22.5

 = –8.0 º 

(c = 1.0, CHCl3); 
1
H NMR (500 MHz, CDCl3)  7.48 – 7.53 (m, 1H), 7.29 – 7.46 (m, 5H), 7.16 – 
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7.22 (m, 1H), 7.03 – 7.16 (m, 1H), 6.97 – 7.04 (m, 1H), 6.91 – 6.96 (m, 1H), 5.79 (s, 1H), 5.34 

(d, J = 1.46 Hz, 1H), 5.19 (s, 1H), 3.18 (dd, J = 5.62, 16.42 Hz, 1H), 2.80 (dd, J = 2.81, 16.54 Hz, 

1H), 2.58 – 2.67 (m, 1H), 2.45 (dd, J = 3.66, 14.59 Hz, 1H), 2.18 (dd, J = 10.41, 14.62 Hz, 1H). 

13
C NMR (126 MHz, CDCl3)  166.1, 154.7, 143.4, 140.0, 137.8, 130.5, 129.2, 128.7, 127.8, 

127.7, 126.1, 124.7, 121.9, 121.2, 120.4, 120.2, 117.0, 79.2, 35.6, 29.9 FTIR (film, cm
–1

): 3308, 

1597, 1526, 1488, 1439, 1232, 909, 752, 732, 693. HRMS (ESI) [M+H]
+
 calculated for 

C25H24NO2: 370.1802. Found: 370.1816. 

 

 

 

 

 

Scheme 2.16. Oxidative elimination and dihydroxylation reaction 

2.6.6.2 Oxidative elimination reaction 

A 2 dr vial was charged with 3a (170 mg, 0.43 mmol, 97% ee) in 2 ml anhydrous THF, 

followed by pyridine (70 μl, 0.86 mmol). H2O2 (0.44 ml, 30% in H2O) was added dropwise at 

room temperature and the reaction mixture was stirred for 1 hour. 5 ml saturated aqueous 

NaHCO3 solution and 5 ml EtOAc was added and the two layers were separated. The aqueous 

layer was washed with EtOAc (2 x 5 ml) and the combined organic layer was washed with brine 

(5 ml), dried over anhydrous Na2SO4, and concentrated. The crude product was purified by flash 

chromatography on silica gel (0% to 3% EtOAc in hexanes) to afford 6 (74 mg, 83% yield, 96% 

ee). 
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(S)-2-phenyl-2H-chromene (6)  

96% ee by chiral HPLC analysis (ChiralPak AD-H, 10% IPA/hexanes, 1 

mL/min, 230 nm, tR(minor) = 9.6 min, tR(major) = 11.8 min) [α]D
22.5

 = –331.7º  

(c = 0.6, CHCl3); 
1
H NMR (500 MHz, CDCl3)  7.50 – 7.56 (m, 2H), 7.36 – 7.46 (m, 3H), 7.17 

(dt, J = 1.65, 7.75 Hz, 1H), 7.07 (dd, J = 1.53, 7.45 Hz, 1H), 6.91 – 6.95 (m, 1H), 6.86 (d, J = 

8.06 Hz, 1H), 6.59 (dd, J = 1.74, 9.86 Hz, 1H), 5.97 – 5.99 (m, 1H), 5.86 (dd, J = 3.39, 9.86 Hz, 

1H). 
13

C NMR (126 MHz, CDCl3)  = 153.5, 141.1, 129.8, 129.0, 128.7, 127.3, 126.9, 125.2, 

124.3, 121.6, 121.5, 116.3, 77.5. The spectral data matched the reported value.
24 

 

2.6.6.3 Dihydroxylation of chromene 6 to diol 7 

A 25 ml round bottom flask was charged with 6 (67 mg, 0.32 mmol) in 4 ml THF, followed 

by H2O (0.12 ml, 6.9 mmol), NMO (47 mg, 0.4 mmol), and OsO4 (63 μl, 4.8 μmol, 2.5% in 

tBuOH). The reaction mixture was stirred at room temperature for 12 h. Saturated aqueous 

Na2SO3 solution (5 ml) was added and extracted with EtOAc (3 x 5 ml). The combined organic 

layer was washed with brine (5 ml), dried over anhydrous Na2SO4, and concentrated. The crude 

product was purified by flash chromatography on silica gel (10% to 40% EtOAc in hexanes) to 

give 7 (65 mg, 81% yield, 96% ee). 

(2R,3S,4S)-2-phenylchroman-3,4-diol (7) 

96% ee by chiral HPLC analysis (ChiralPak OD-H, 20% IPA/hexanes, 1 

mL/min, 230 nm, tR(minor) = 15.3 min, tR(major) = 17.6 min) [α]D
22.5

 = +36.0º 

(c = 0.6, CHCl3); 
1
H NMR (500 MHz, METHANOL–d4)  7.44 – 7.50 (m, 2H), 7.32 – 7.42 (m, 

                                                 
24

 Wang, Q.; Finn, M.G. Org. Lett., 2000, 2 (25), pp 4063–4065. 
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4H), 7.21 – 7.27 (m, 1H), 6.97 (dt, J = 1.16, 7.45 Hz, 1H), 6.87 – 6.90 (m, 1H), 5.10 (d, J = 9.22 

Hz, 1H), 4.65 (d, J = 3.60 Hz, 1H), 4.00 (dd, J = 3.60, 9.22 Hz, 1H) 
13

C NMR (126 MHz, 

METHANOL–d4)  154.3, 139.3, 130.5, 129.6, 128.1, 128.0, 127.5, 123.5, 120.6, 116.1, 77.2, 

70.9, 66.4. FTIR (film, cm
–1

): 3352(b), 1485, 1252, 1238, 1037, 1016, 753, 704. MS (ESI–ASPI) 

[M+Na]
+
 calculated for C15H14NaO3: 265.0841. Found: 265.0850. 

2.6.7. VT–NMR experiment between 1k and PhSeCl 

2.6.7.1 VT–NMR experiment between 1k and PhSeCl without 5d and HMPA(S) 

An oven-dried NMR tube was charged with 1k (0.04 mmol, 1 equiv) in anhydrous d8–

toluene (0.5 ml). The tube was capped with a rubber septum and cooled to –78 
o
C. PhSeCl (7.7 

mg, 0.04 mmol, 1 equiv) in anhydrous d8–toluene (0.3 ml) was added slowly along the wall of 

the NMR tube by syringe in 15minutes, while the tube was shaken constantly. The NMR tube 

was aged at -78 °C for 15minutes to give a light yellow homogeneous solution and then quickly 

inserted to the pre-cooled (–78 °C) NMR instrument. The mixture was aged at –78 °C for 

another 25 minutes, and then the temperature of the instrument was raised slowly. 
1
H NMR (8 

scans) was taken during the course. 
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6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0

Chemical Shift (ppm)

1

2

3

4

5

6

7

t = 30 min, T = -78 oC

t = 50 min, T = -60 oC

t = 60 min, T = -50 oC

t = 70 min, T = -40 oC

t = 80 min, T = -30 oC

t = 90 min, T = -20 oC

starting material 1k

t = 0 min, T = -78 oC

 

Figure 2.2. VT-NMR between 1k and PhSeCl without 5d and HMPA(S) 

 

2.6.7.2 VT–NMR experiment bwtween 1k and PhSeCl with 5d and HMPA(S) 

An oven-dried NMR tube was charged with 1k (0.04 mmol, 1 equiv), 5k (5.5 mg, 8 μmol, 

0.2 equiv), and HMPA(S) (16 μl, 8 μmol, 0.5M in d8–toluene, 0.2 equiv) in anhydrous d8–

toluene (0.5 ml). The tube was capped with a rubber septum and cooled to –78 
o
C. PhSeCl (7.7 

mg, 0.04 mmol, 1 equiv) in anhydrous d8–toluene (0.3 ml) was added slowly along the wall of 

the NMR tube by syringe in 15minutes, while the tube was shaken constantly. The NMR tube 

was aged at -78 °C for 15minutes to give a light yellow homogeneous solution and then quickly 

inserted to the pre-cooled (–78 °C) NMR instrument. The mixture was aged at –78 °C for 

1
H of Int-k 

 

1
H of 2k 
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another 25 minutes, and then the temperature of the instrument was raised slowly. 
1
H NMR (8 

scans) was taken during the course. 

6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0

Chemical Shift (ppm)

1

2

3

4

5

6

t= 30 mins, T = -78 oC

t= 50 mins, T = -60 oC

t= 70 mins, T = -40 oC

t= 80 mins, T = -30 oC

t= 90 mins, T = -20 oC

starting material 1k

t= 0 min, T = -78 oC

 

Figure 2.3. VT-NMR between 1k and PhSeCl with 5d and HMPA(S) 

2.6.8. Experimental evidence for dynamic kinetic resolution of Int-k under reaction 

conditions 

2.6.8.1 PhSeCl added in the presence of 5d and HMPA(S) and Characterization of 2k 

A 2 dr vial was charged with 1k (14.5 mg, 0.05 mmol, 1 equiv), catalyst 5d (6.92 mg, 0.01 

mmol, 0.2 equiv), and HMPA(S) (20 μl, 0.01 mmol, 0.5M in toluene, 0.2 equiv) in anhydrous 

toluene (0.8 ml) and cooled to –45 °C (acetone/dry ice bath). PhSeCl (8.6 mg, 0.045 mmol, 0.9 

equiv) in anhydrous toluene (0.2 ml) was added by syringe pump over 15 mintues. The solution 

1
H of Int-k 

1
H of 2k 
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was stirred at same temperature for another 12 hours. Mixture of 5 : 1 methanol : TEA (1 ml) 

was cooled to –78 °C and then transferred to the reaction to quench the reaction. The reaction 

was warmed to 0 °C and purified by flash chromatography on silica gel to give the analytical 

pure product 2k (19.8mg, 89% yield). 

(2R,3S)-2-(4-bromophenyl)-3-((4-methoxyphenyl)selanyl)chroman (2k) 

83% ee by chiral HPLC analysis (ChiralPak AD-H, 10% IPA/hexanes, 1 

mL/min, 230 nm, tR(major) = 9.7 min, tR(minor) = 9.0 min) [α]D
22.5

 = +34.5; 

1
H NMR (500MHz, CDCl3) δ = 7.42 – 7.32 (m, 4 H), 7.31 – 7.26 (m, 1 H), 7.23 – 7.14 (m, 5 H), 

7.04 (d, J = 7.5 Hz, 1 H), 6.95 – 6.86 (m, 2 H), 5.05 (d, J = 9.0 Hz, 1 H), 3.77 (ddd, J = 5.3, 9.0, 

9.6 Hz, 1 H), 3.18 (dd, J = 5.1, 16.6 Hz, 1 H), 3.04 (dd, J = 10.1, 16.4 Hz, 1 H). 
13

C NMR 

(126MHz, CDCl3) δ = 154.1, 138.3, 135.4, 131.4, 129.2, 129.0, 128.9, 128.0, 127.9, 127.8, 122.5, 

121.0, 120.9, 116.7, 81.5, 42.0, 32.4.  FTIR (film, cm
–1

): 3069, 1584, 1487, 1455, 1231, 986, 813, 

736, 690. HRMS (ESI) [M+H]
+
 calculated for C21H18BrOSe: 444.9706. Found: 444.9740. 

2.6.8.2 PhSeCl added in the absence of 5d and HMPA(S)  

A 2 dr vial was charged with 1k (14.5 mg, 0.05 mmol, 1 equiv) in anhydrous toluene (0.6 ml) 

and cooled to –78 °C (acetone/dry ice bath). PhSeCl (8.6 mg, 0.045 mmol, 0.9 equiv) in 

anhydrous toluene (0.2 ml) was added by syringe pump over 15 mintues. The solution was 

stirred at –78 °C for another 15 minutes. A solution of catalyst 5d (0.01 mmol, 0.2 equiv) and 

HMPA(S) (0.01 mmol, 0.2 equiv) in anhydrous toluene (0.2 ml) (for condition A) or a solution 

of catalyst 5d (0.01 mmol, 0.2 equiv) in anhydrous toluene (0.2 ml) (for condition B) was added 

by syringe pump over 15 minutes at –78 °C. The vial was transferred to a cryogenic bath at –

45 °C and the reaction was aged at –45 °C for 12 hours. Mixture of 5 : 1 methanol : TEA (1 ml) 

was cooled to –78 °C and then transferred to the reaction to quench the reaction. The reaction 
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was warmed to 0 °C and purified by flash chromatography on silica gel to give the analytical 

pure product 2k (condition A: 18.9 mg, 85% yield, 79% ee; condition B: 18.0 mg, 81% yield,   

79% ee). 

10. Sub-optimal substrates 

 

11. X-Ray Crystallographic Information 

Product 3k 

 

 

 

Crystal data 

Chemical formula C22H19BrO2Se 

Mr 474.24 

Crystal system, space group Orthorhombic, P212121 

Temperature (K) 100 

a, b, c (Å) 5.7402 (4), 14.357 (1), 22.6404 (17) 

V (Å
3
) 1865.8 (2) 

Z 4 
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Radiation type Mo K 

 (mm
-1

) 4.17 

Crystal size (mm) 0.22 × 0.08 × 0.05 

 

Data collection 

Diffractometer Bruker D8 goniometer with CCD area detector diffractometer 

Absorption correction Multi-scan  

SADABS 

 Tmin, Tmax 0.461, 0.819 

No. of measured, 

independent and  observed [I > 

2(I)] reflections 

29782, 4139, 3897   

Rint 0.040 

(sin /)max (Å
-1

) 0.642 

 

Refinement 

R[F
2
 > 2(F

2
)], wR(F

2
), S 0.021,  0.044,  1.05 

No. of reflections 4139 

No. of parameters 236 

H-atom treatment H-atom parameters constrained 

max, min (e Å
-3

) 0.37, -0.30 

Absolute structure Flack H D (1983), Acta Cryst. A39, 876-881 
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Absolute structure parameter -0.006 (6) 
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Chapter 3 

Enantioselective Iodoisocyanation of Alkenes by 

Anion-Binding Catalysis 

 

 

3.1 Introduction 

The addition of iodine isocyanate (INCO) to olefins is an efficient method to introduce 

vicinal nitrogen and iodine functionality (Scheme 3.1). 

 

Scheme 3.1. Iodoisocyanation of olefins.  

 Although this transformation was initially investigated by Birckenbach and Lindhard circa 

1930,
1
 it received little attention until Heathcock and Hassner began to explore its potential 

synthetic utility in the 1960s.
2
 A series of subsequent reports from the Hassner group and others 

                                                 
1
 (a) Birckenbach, L.; Linhard, M. Ber. 1929, 62, 2261–2277. (b) Birckenbach, L.; Linhard, M. Ber. 1930, 

63, 2528–2544. (c) Birckenbach, L.; Linhard, M. Ber. 1930, 63, 2544–2558. (d) Birckenbach, L.; Linhard, 

M. Ber. 1931, 64, 961–968. 

2
 (a) Heathcock, C.; Hassner, A. Angew. Chem. Int. Ed. 1963, 75, 344. (b) Hassner, A.; Heathcock, C. C. 

Tetrahedron Lett. 1964, 1125–1130. 
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demonstrated that the product of this halofunctionalization reaction is a versatile precursor to a 

variety of valuable functional groups, such as aziridines, oxazolidones, amino alcohols, and 

carbamates (Scheme 3.2).
3
 More recently, this reaction has been applied in the syntheses of 

several drug candidates and biologically active compounds.
4
 

 

Scheme 3.2. Synthetic transformations of the iodoisocyanation adduct.  

The INCO required for this transformation is typically generated by reaction between 

AgNCO and I2. For preparative purposes, INCO is customarily generated in the presence of the 

alkene substrate, but the heterogeneous medium and slow formation of INCO in situ make it 

difficult to study the intrinsic reactivity of INCO. Alternatively, INCO can be prepared in high 

yield from iodine and excess AgNCO in ether; at low temperature, the rate of its decomposition 

                                                 
3
 (a) Hassner, A.; Heathcock, C. Tetrahedron 1964, 20, 1037. (b) Hassner, A.; Heathcock, C. J. Org. 

Chem. 1965, 30, 1748. (c) Foglia, T. A.; Swern, D. J. Org. Chem. 1967, 32, 75. (d) Grimwood, B. E.; 

Swern, D. J. Org. Chem. 1967, 32, 3665. (e) Hassner, A.; Lorber, M. E.; Heathcoc.C J. Org. Chem. 1967, 

32, 540. (f) Swift, G.; Swern, D. J. Org. Chem. 1967, 32, 511. (g) Foglia, T. A.; Swern, D. J. Org. Chem. 

1969, 34, 1680. (h) Hassner, A.; Hoblitt, R. P.; Heathcock, C.; Kropp, J. E.; Lorber, M. J. Am. Chem. Soc. 

1970, 92, 1326–1331. (i) Heathcock, C. H.; Hassner, A. Organic Syntheses 1988, 50(9), 795–796. (j) 

Ezquerra, J.; Pedregal, C.; Lamas, C.; Pastor, A.; Alvarez, P.; Vaquero, J. J. Tetrahedron 1997, 53, 8237–

8248. 

4
 (a) Decoret, G.; Galley, G.; Groebke Zbinden, K.; Norcross, R. WO2010139707A1, 2010. (b) Thomas, 

A. A., et al. J. Med. Chem. 2014, 57, 878–902. 
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is much slower than the rate of its addition to olefins.
5
 With this protocol, Swern and co-workers 

found that INCO reacts rapidly with a variety of olefins even at cryogenic temperatures (–45 to –

69 °C). By comparing the reaction rates of various olefins with INCO and Br2, they found that 

the electrophilicity of INCO towards olefins is comparable to that of Br2.
6
 

As described in Chapter 1, enantioselective intermolecular halofunctionalization of olefins 

remains an important challenge in asymmetric catalysis. Following successful development of 

the enantioselective selenocyclization methodology described in Chapter 2, I became interested 

in applying a similar anion-binding strategy to engage halonium ions for the development of 

catalytic, asymmetric intermolecular halofunctionalizations that would not rely on specific 

directing groups. We chose to evaluate this strategy in the context of the olefin iodoisocyanation 

not only because of the reaction’s potential utility in asymmetric synthesis, but also due to its 

mechanistic simplicity which would enable evaluation of catalyst influence on both key steps (i.e. 

iodonium formation and nucleophilic ring-opening) of the reaction. Moreover, the cyanate 

counterion is a strong anionic nucleophile and should exhibit greater affinity for the iodonium 

electrophile relative to the catalyst thereby avoiding catalyst decomposition.
7
 

We hypothesized that a suitable chiral H-bond donor catalyst could catalyze enantioselective 

iodoisocyanation in any of the rate-limiting mechanistic extremes (Scheme 3.3). In any of these 

cases, hydrogen bonding to the isocyanate group of INCO could first amplify polarization of the 

I–N bond to enhance the electrophilicity of iodine and facilitate the formation of charge-transfer 

                                                 
5
 Rosen, S.; Swern, D. Anal. Chem. 1966, 38, 1392–1397. 

6
 Gebelein, C. G.; Swern, D. Chemistry & industry 1965, 33, 1462–1463. 

7
When neutral external nucleophiles such as methanol or carboxylic acid are used, significant 

decomposition of the H–bond donors was often observed, probably due to the capture of highly reactive 

haloniums by catalysts. 
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complex (π-complex). In a subsequent ionization step, the hydrogen bonding between the 

catalyst and the leaving cyanate could stabilize the negative charge of the forming anion, while a 

catalyst-bound aromatic system or a Lewis basic group could stabilize the positive charge 

accumulating on the forming iodonium cation. In a nonpolar aprotic solvent, the tight ion pair 

should remain associated with the catalyst throughout the reaction due to these multiple 

stabilizing interactions, which should allow the catalyst to induce enantioselectivity in any 

kinetic scenarios shown in Scheme 3.3. 

 

Scheme 3.3. Proposed catalytic iodoisocyanation of olefins with H-bond donor catalyst. 

3.2. Method Development 

3.2.1. Lead result with squaramide catalyst 

After evaluating different types of H-bond donor catalysts under Swern’s homogeneous 

condition, we found that squaramide 3 promoted the iodoisocyanation of styrene 1a with 17% ee 

(Scheme 3.4). The analogous urea did not show any enantioselectivity and the thiourea 

decomposed, presumably due to the strong Lewis basicity of the sulfur. The low 

enantioselectivity of 3 could be caused by either low intrinsic enantioselectivity of the catalyst or 



72 

 

 

a competing background reaction. Therefore, determination of the rates of catalyzed reaction and 

background reaction was deemed crucial prior to further optimization of the catalyst.  

 

Scheme 3.4. Lead result with squaramide 3 in the iodoisocyanation of styrene 1a. 

The isocyanate group has strong infrared (IR) absorption at 2190 cm
–1

,
5
 which makes in situ 

IR spectroscopy (ReactIR
®

) an ideal tool for monitoring consumption of the INCO (Figure 3.1a). 

Accordingly, reaction progress analysis revealed that 3 provides only marginal rate acceleration 

over the background reaction, (Figure 3.1b) thereby implies that the intrinsic enantioselectivity 

of 3 could actually be much higher. Based on these conclusions, we focused our initial 

optimization efforts on improving the catalytic activity of H-bond donor catalysts. 

   

Figure 3.1. (a) The in situ IR spectrum of iodoisocyanation of styrene with a 15 s scanning interval. Note 

the strong absorption of INCO at 2190 cm
–1

 and its gradual decay over the course of reaction. (b) 

Reaction profiles of catalyzed and uncatalyzed iodoisocyanation of styrene. Absorption was measured at 

2190 cm
–1

.  Red: uncatalyzed reaction. INCO (0.05 mmol), 1a (0.25 mmol, 5 equiv), diethyl ether 0.025 

M, –78 °C. Green: catalyzed reaction with 3. INCO (0.05 mmol), 1a (0.25 mmol, 5equiv), 3 (20 mol%), 

diethyl ether 0.025 M, –78 °C. 

(a) 
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3.2.2. Studies on cationic H-bond donors 

Given that analogous urea catalysts, which are weaker H-bond donors than squaramides, do 

not afford any rate acceleration for the iodoisocyanation of styrene, we next investigated H-bond 

donors stronger than squaramide 3. Cationic H-bond donors, such as guanidinium ions, have 

enabled superior reactivity compared to neutral H-bond donors in hydrogen-bonding catalysis.
8
 

Studies on the ionization and allylation of benzhydryl chloride carried out by Andreas Roetheli 

and Dr. Roland Appel have demonstrated that guanidinium ions bind anions more strongly than 

do neutral H-bond donors and show much higher catalytic reactivity in the allylation reaction.
9
  

Studies by Dr. Amanda Turek on H-bond donor-coupled electron transfer have also shown that 

cationic H-bond donors bind to semiquinone anions more strongly than do neutral H-bond 

donors and provide larger shifts in the redox potential of quinones.
10

  

A series of cationic H-bond donors were investigated in the iodoisocyanation reaction and 

all showed better catalytic efficiency than squaramide 3 (Figure 3.2). Different chiral cationic H-

bond donors were subsequently synthesized, but no enantioselectivity was observed with most of 

these catalysts in the iodoisocyanation of various olefins (Figure 3.3). The only cationic catalyst 

to afford measurable product ee is 2-aminopyridinium 11 (12% ee with 1a), which has the same 

arylpyrrolidino moiety of the squaramide 3.  

 

 

                                                 
8
 (a) Uyeda, C.; Jacobsen, E. N. J. Am. Chem. Soc. 2008, 130, 9228–9229. (b) Uyeda, C.; Jacobsen, E. N. 

J. Am. Chem. Soc. 2011, 133, 5062–5075. 

9
 Roetheli A. R.; Appel, R.; Jacobsen, E. N. Manuscript in preparation. 

10
 Turek, A. K.; Ph.D. dissertation, Harvard University, 2015. 
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Figure 3.2. Reaction profiles of cationic H-bond catalyzed iodoisocyanation of trans-5-decene. 

 

Figure 3.3. Chiral cationic H-bond catalysts studied in the iodoisocyanation reaction. 

While the lack of any enantioselectivity with cationic H-bond donors could be simply 

attributed to poor stereochemical communication between the catalysts and substrate, other 

possible explanations are worth discussion here. One possible reason is the hydrogen bonds 

between these cationic H-bond donors and cyanate—the putative counterion and nucleophile—

are too strong, thereby greatly reducing the nucleophilicity of cyanate and slowing the rate of 
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nucleophilic opening of the iodonium. As a result, the olefin-to-olefin transfer of the iodonium 

could become competitive, eroding any enantioenrichment in the iodonium. It is also possible 

that some strongly acidic cationic H-bond donors could just protonate INCO and do not 

participate in the subsequent enantiodetermining steps. 

3.2.3. Evaluation of squaramide 

As cationic H-bond donors failed to provide significant enantioselectivty, we decided to 

evaluate squaramides that are structurally similar to 3. Squaramide 16, which is a much weaker 

H-bond donor than 3, showed much greater rate acceleration for the iodoisocyanation of styrene 

(Figure 3.4). More importantly, the enantioselectivity also improved significantly with 16.  

 

 

Figure 3.4. Reaction profiles of iodoisocyanation of 1a catalyzed by 20 mol% 16 and uncatalyzed 

reaction. Absorption was measured at 2190 cm
–1

. INCO (0.05 mmol), 1a (0.25 mmol, 5equiv), 3 (20 

mol%), diethyl ether 0.025 M, –78 °C. 
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Systematic survey of catalyst structure further revealed that catalysts with more electron-rich 

N-aryl moieties provide better enantioselectivity (Scheme 3.5). Expanding the size of aryl 

component of the arylpyrrolidino moiety beyond 1-naphthyl did not improve the 

enantioselectivity. Of the structures investigated, catalyst 17 showed the highest 

enantioselectivity in the iodoisocyanation of 1a. 

 

Scheme 3.5. Catalyst optimization for the iodoisocyanation of styrene 1a in ether. 

3.2.4. Evaluation of solvents and catalyst optimization in toluene 

With an optimized catalyst (17) in hand, solvent effects were examined (Table 3.1). 

Reactions carried out in tetrahydrofuran (THF) and cyclopentyl methyl ether (CPME) provided 

no desired product. Reactions in tert-butyl methyl ether (TBME) gave product with lower ee 
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than those in diethyl ether. Less polar ethereal solvents such as diisopropyl ether (DIPE) showed 

slightly improved ee, but the rates of reaction diminished significantly. Lower ee was observed 

in toluene or in a mixture of toluene and ether (toluene/ether = 7:1). Both the catalyzed and 

uncatalyzed reactions are much faster in toluene than in diethyl ether, which suggests that the 

lower enantioselectivity observed in toluene could be due to more significant background 

reaction (Figure 3.5).  

Table 3.1. Survey of solvents in the enantioselective iodoisocyanation of 1a. 

 

solvent ee (%) of 4a 

tert-Butyl methyl ether (TBME) 26 

Diisopropyl ether (DIPE) 47 

Toluene\diethyl ether (7:1) 31 

Toluene 11 

Diethyl ether 42 

 

Figure 3.5. (a) The reaction profiles of catalyzed and uncatalyzed iodoisocyanation of 1a in toluene. (b) 

The reaction profiles of catalyzed and uncatalyzed iodoisocyanation of 1a in toluene\ether (7:1). 

Conditions: INCO (0.05 mmol), 1a (0.25 mmol, 5 equiv), 17 (20 mol%), 0.025 M, –78 °C. 
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 Both the rate and enantioselectivity in squaramide 17-catalyzed iodoisocyanation are 

sensitive to electronic perturbation of the phenyl group on styrene (Table 3.2). While reactions 

with styrenes bearing electron-withdrawing groups showed higher enantioselectivity, the reaction 

rate dropped dramatically. Reaction with meta-chlorostyrene or 4-(trifluromethyl)styrene did not 

afford any product at –78 °C after 24 hours in diethyl ether.  However, even very electron-

deficient 4-(trifluoromethyl)styrene 1b underwent the iodoisocyanation reaction at –78 °C in 

toluene in the presence of catalyst 17 (Scheme 3.6). 

Table 3.2. Evaluation of substitution effect on substrate 1. 

 

R ee% of 4 

p-CH3  11 

p-F  36 

p-H  43 

p-Cl  46 

m-Cl  no reaction 

p-CF3  no reaction 

 

In contrast to the iodoisocyanation of 1a, expanding the arene of arylpyrrolidino group on 

the catalyst significantly improved the enantioselectivity in the reaction of 1b. Re-evaluation of 

the N-aryl moiety of the squaramide revealed that the unsubstituted phenyl group afforded both 

the best reactivity and selectivity. Catalyst 18, which combines these optimized features, affords 

the highest enantioselectivity observed in the iodoisocyanation of 1b.  Catalyst 19, which lacks 

the anilino N–H bond, affords product with very low enantioselectivity and reactivity, suggesting 

that hydrogen bonding interaction plays an important role in both catalysis and enantioinduction.  
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Scheme 3.6. Catalyst optimization for the iodoisocyanation of styrene 1b in toluene. (a) Variation of 

arylpyrrolidino group. (b) Variation of the aniline group. (c) N-Me squaramide 19. 

The enantioselectivity of the transformation could be further improved by manipulating the 

toluene/ether solvent ratio, wherein higher ether : toluene ratios improved the ee at the expense 

of reaction rate (Table 3.3, entries 1–4). However, given that the catalyzed transformation 

displays a second-order dependence on INCO (discussed in greater detail in section 3.3), we 

hypothesized that increasing the substrate concentration should dramatically improve reaction 

rate. Consistent with this expectation, the conversion improved when higher initial 

concentrations of INCO and 1b were used, without compromising the enantioselectivity (Table 
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3.3, entries 5–7). Under these conditions, the catalyst proved to be very efficient and robust, as 

no significant loss of ee was observed with 1 mol% 18 (entry 8). 

Table 3.3. Condition optimization in the enantioselective iodoisocyanation of 1b with 18. 

 

Entry PhMe/Et2O [INCO]0 (M) [1b]0 (M) 18 (mol%) Yield (%) ee (%) 

1 Toluene 0.05 0.25 10 90 74 

2 40:1 0.05 0.25 10 83 76 

3 20:1 0.05 0.25 10 64 77 

4 9:1 0.05 0.25 10 56 79 

5 9:1 0.1 0.25 5 80 80 

6 9:1 0.1 0.125 5 75 80 

7 6:1 0.2 0.25 2.5 78 79 

  8
a
 6:1 0.3 0.6 1 82 77 

  a
 1 ml 0.6 M INCO in toluene was added in two portions to the reaction mixture with an interval of two 

hours. 

3.2.5 Substrate scope 

The scope of this reaction was evaluated under the optimized conditions (Scheme 3.7). The 

enantioselectivity is highly sensitive to both the steric and electronic perturbation of substrates, 

wherein styrenes bearing more electron-withdrawing substituents generally react with higher 

levels of enantioselectivity. Even weakly electron-donating substituents (i.e. p-F or p-Me) 

dramatically reduce the enantioselectivity. Substitution at meta- and ortho- positions also affords 

products in lower enantioselectivity, compared to the same substitution at para- position (4e vs. 

4b; 4f vs. 4d). α-Methyl styrene provides product in completely racemic form (4j). In 
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comparison, the reaction exhibits higher tolerance towards β-alkyl substitution with cis-β-methyl 

styrene (4k) showing higher enantioselectivity than trans-β-n-propyl styrene (4l).  

 

Scheme 3.7. Substrate scope of the enantioselective iodoisocyanation catalyzed by 18. 
a 

20 mol% 18 is 

used and [INCO]0 = 0.025 M.
 b 

toluene/ether = 9:1. 
c 
toluene/ether = 1:1. 

d 
toluene as the only solvent. The 

absolute configuration of 4b was determined by X-ray crystallography, and the absolute stereochemistry 

of all other products was assigned by analogy. 

3.3. Mechanistic study  

As described in Chapter 1, improved mechanistic understanding in catalytic, asymmetric 

halofunctionalization reactions is important for the future development of the field. Mechanistic 

information regarding the squaramide 17-catalyzed iodoisocyanation reaction could not only 

elucidate the basis of catalysis in this particular reaction, but also provide valuable guidance in 

the future development of other asymmetric halofunctionalization reactions.  
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We turned to kinetic analysis to establish the stoichiometry of the rate-limiting transition 

structure. Rate studies were executed with representative substrate 1b at synthetically relevant 

concentrations. Within the range of concentrations of INCO investigated in the kinetic study, the 

absorption at 2190 cm
–1

 and the concentration of INCO obey the Beer’s law excellently. The 

concentration of INCO solution prepared following Swern’s procedure was determined by 

titration with 2,3-dimethyl-2-butene and >95% yield was generally observed. The studies on the 

catalyzed reaction were conducted at –78 °C and no background reaction was observed under the 

same conditions. The studies on the uncatalyzed reaction were conducted at 0 °C. 

3.3.1. ‘Same excess’ experiment reveals profound induction period 

First, the ‘same excess’ protocol—a technique in reaction progress kinetic analysis (RPKA) 

formalized by Blackmond et al—was applied to test for the possibility of ill-behaved reaction, 

such as induction period, catalyst deactivation, or product inhibition.
11

 Reactions were conducted 

with different initial concentrations of INCO and same excess amount of styrene 1b (Table 3.4). 

As a result, the intial concentrations of INCO and 1b in reaction II are equal to the 

concentrations in reaction I at 30% conversion. Therefore, rate vs. substrate concentration 

profiles should be identical and the two ‘time adjusted’ curves should overlay well if the reaction 

is well-behaved.  

Table 3.4. Conditions of ‘same excess’ experiment A. 

reaction [INCO]0 (M) [1b]0 (M) [xs] [18]0 (mM) 

I 0.04 0.265 0.225 5 

II 0.025 0.25 0.225 5 

 

                                                 
11

 (a) Blackmond, D. G. Angew. Chem. Int. Ed. 2005, 44, 4302–4320. (b) Blackmond, D. G. J. Am. Chem. 

Soc. 2015, 137, 10852–10866. 
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The ‘same excess’ experiment revealed that the initial rate of INCO consumption in reaction 

II is slightly faster than that of reaction I at ~30% conversion, before the rates converge at higher 

conversion (Figure 3.6, b and c). The rates of product formation showed similar behavior to the 

rate of INCO consumption (Figure 3.6d). 

 

  

Figure 3.6. (a) Reaction profiles of ‘same excess’ experiment A. (b) Time-adjusted reaction profiles of 

the ‘same excess’ experiment: the green curve of reaction II is shifted 2000 s to the right to align the 

initial concentration of INCO onto the curve of reaction I. (c) Rates of INCO consumption in the ‘same 

excess’ experiment (Table 3.4): Rates are derived from seventh-order polynomial fits to the reaction 

profiles shown in (a). (d) Rates of product formation in the ‘same excess’ experiment A. Rates are derived 

from seventh-order polynomial fits to the reaction profiles of product formation. 

The lack of overlay in the early period of the two reactions in the ‘same excess’ experiment 

is consistent with a prolonged induction period. The convergence in the later periods suggests 

that there is no significant product inhibition or catalyst deactivation over the course of reaction. 
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To confirm this, we designed a new ‘same excess’ experiment to circumvent the putative 

induction period (Table 3.5). 

Table 3.5. Conditions of ‘same excess’ experiment B. 

reaction INCO at t0 

 (mmol) 

1b 

(mmol) 

Additional INCO at t1 

 (mmol) 

Voltot before t1 

(ml) 

Voltot after t1 

(ml) 

[xs] after t1 

(M)  

III 0.05 0.25 no 2.0 2.0 0.125 

IV 0.05 0.27 0.02 (in 0.1ml tol) 1.9 2.0 0.125 

Conditions: [18] = 5 mM (20 mol%), toluene/ether (40:1), –78 °C. Voltot: the total volume of solvent. 

Instead of starting the two reactions with same excess of 1b, the reactions in ‘same excess’ 

experiment B were started with the same amount of INCO but a different excess of 1b (0.02 

mmol more 1b in reaction IV). After the apparent induction period, 0.02 mmol INCO was added 

into reaction IV at t1 (Figure 3.7). At t2 and afterwards, the excess of 1b in reaction IV should 

equal that in reaction III, as the extra 0.02 mmol 1b at the beginning of reaction IV has been 

consumed by the extra 0.02 mmol INCO added at t1. Any potential differences between 

reactions III and IV after t2 would reflect what a traditional ‘same excess’ experiment is 

designed to achieve as: (1) catalyst in reaction IV has undergone more turnovers than in reaction 

III and (2) there is a greater concentration of product in reaction IV than reaction III. The 

complete overlay after time adjustment strongly indicates that no significant catalyst 

decomposition or product inhibition occurs during the reaction and that the induction period 

completely accounts for the lack of overlay in the original ‘same excess’ experiment. 
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Figure 3.7. ‘Same excess’ experiment (a) original reaction profile: green curve (Table 3.5, reaction III); 

red curve (Table 3.5, reaction IV). (b) time-adjusted profiles for the part of curves in the rectangle area. 

The green curve of reaction III is shifted by 1900 s to the right to align the initial concentration of INCO 

onto the curve of reaction IV. 

3.3.2. Rate law 

To avoid the complications arising from the induction period in the kinetic analysis, only 

data after the induction period (~30% conversion) were used to establish the order of reactants 

and catalyst in the rate law of the iodoisocyanation reaction. The squaramide 18-catalyzed 

iodoisocyanation reaction showed second-order dependence on [INCO] in the presence of large 

excess of styrene 1b (Figure 3.8a). In contrast, the uncatalyzed reaction at 0 °C exhibited third-

order dependence on [INCO] (Figure 3.8d). 

t2

 

 t1 

t1 

time 

adjust 
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Figure 3.8. (a) Second-order plot of iodoisocyanation of 1b catalyzed by 18 ([18] = 5 mM) in 

toluene/ether (40:1) at –78 °C. [INCO]0 = 0.03 M and [1b]0 = 0.3 M.  The conversion of INCO at the end 

of the reaction is 95% (~4 half-lives). (b) and (c): Third-order and first order plot of the same reaction 

show clear deviation from linear correlation. (d) Third-order plot of uncatalyzed iodoisocyanation of 1b 

in toluene/ether (40:1) at 0 °C. [INCO]0 = 0.025 M and [1b]0 = 0.25 M.  The conversion of INCO at the 

end of the reaction is 83%. The black curves in (a) and (d) represent least-squares fits of the experimental 

data to first order polynomial function f(x) = ax + b (a = 0.05964, b = 31.8 for (a); a = 1.922, b = 2807 for 

(b)). 

Second-order or even third-order dependence on the halogenating reagents (Br and I) are not 

uncommon in intermolecular halogenation reactions.
12

 Dibromination of olefins shows second-

order or third-order dependence on Br2 in aprotic solvents; first-order dependence on Br2 is 

observed only in protic solvent at low concentrations of Br2 where solvent hydrogen bonding to 

                                                 
12

 For reviews: De la Mare, P. B. D.; Bolton, R. Electrophilic Additions to Unsaturated Systems, 2nd ed.; 

Elsevier: New York, 1982 
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the developing bromide anion can assist in the rate-limiting bromonium formation (Scheme 

3.8a).
13,14

 Similarly, iodination of olefins also shows third-order dependence on I2 in nonpolar 

aprotic solvents (Scheme 3.8b).
15

 However, distinct from the dibromination case, the rationale 

for the high order dependence on I2 is that the trimer of I2 is more polarizable than the monomer 

and therefore more reactive towards olefins. 

 

Scheme 3.8. (a) Mechanism of dibromination under different conditions and the proposed interactions in 

the transition structure of the bromonium formations step. (b) Rationalization of second or third-order 

dependence on I2 in iodination reaction. 

 

                                                 
13

 (a) Yates, K.; McDonald, R. S.; Shapiro, S. A. J. Org. Chem. 1973, 38, 2460–2464. (b) Modro, A.; 

Schmid, G. H.; Yates, K. J. Org. Chem. 1979, 44, 4221–4224. 

14
 (a) Bellucci, G.; Bianchini, R.; Ambrosetti, R. J. Am. Chem. Soc. 1985, 107, 2464–2471. (b) Bellucci, 

G.; Bianchini, R.; Chiappe, C.; Ambrosetti, R. J. Am. Chem. Soc. 1989, 111, 199–202. (c) Bellucci, G.; 

Bianchini, R.; Chiappe, C.; Brown, R. S.; Slebockatilk, H. J. Am. Chem. Soc. 1991, 113, 8012–8016. 

15
 Robertson, P. W.; Butchers, J. B.; Durham, R. A.; Healy, W. B.; Heyes, J. K.; Johannesson, J. K.; Tait, 

D. A. J. Chem. Soc. 1950, 2191–2194. 
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In the iodoisocyanation reaction, INCO is more polarized than I2, and the leaving cyanate is 

more basic and nucleofugal than bromide. Therefore, the additional one or two INCO molecules 

in the transition structure of rate-limiting step are likely to assist the ionization by stabilizing the 

charge of the forming cyanate group (Scheme 3.9). The lower order on [INCO] in the catalyzed 

reaction could be attributed to the stabilizing interactions such as hydrogen bonding by the 

catalyst, similar to the effect of protic solvents in dibromination reaction. 

 

Scheme 3.9. (a) Proposed mechanism for the second-order dependence on INCO in catalyzed reaction. (b) 

Proposed mechanism for the third-order dependence on INCO in uncatalyzed reaction. 

The kinetic dependence on catalyst 18 and styrene 1b was also established by RPKA (Figure 

3.9 and 3.10). The reaction shows first-order dependence on [1b] and close to half-order 

dependence on [18].  
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Figure 3.9. Rate dependence on [1b]. [INCO]0 = 0.025 M, [18] = 5 mM (20 mol%), toluene/ether (40:1). 

[1b]0 = 0.125 M (5equiv), 0.188 M (7.5 equiv), 0.25 M (10 equiv). Black curves represent linear fit. 

 

Figure 3.10. Rate dependence on squaramide [18]. [INCO]0 = 0.025 M, [1b]0 = 0.25 M (10 equiv), 

toluene/ether (40:1). [18] = 1.25 mM (5 mol%), 2.5 mM (10 mol%), 3.75 mM (15 mol%), 5 mM (20 

mol%). Black curves represent linear fit. 

The half-order dependence on [18] suggests that the majority of catalyst exists as a self-

aggregated dimeric complex, presuming one monomer in the transition structure of rate-limiting 
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step. Dimerization of ureas and thioureas with similar amide moieties has been observed in both 

the solid and solution state.
9,16

  

Single crystal X-ray diffraction and NOESY study conducted by Drs. David Ford and Dan 

Lehnherr revealed that the optimal catalyst (22) for the enantioselective substitution of silyl 

ketene acetals onto 1-chloroisochromans
17

 dimerize in a ‘head-to-tail’ mode in solid state and in 

toluene, in which the acidic N–H bonds of one catalyst form hydrogen bonds to the amide 

oxygen of another catalyst (Figure 3.11).
16

  

 

Figure 3.11. The dimeric complex of 22. 

The equilibrium constants of dimerization of this catalyst in toluene were also determined by 

a series of isothermal titration calorimetry dilution experiments. These constants suggest that 

most of the catalyst rests as a dimeric aggregate at synthetically relevant concentrations. The 

dimers of these H-bond donors, which lack free H-bond donors, are likely inactive in H-bonding 

catalysis. The deviation from a simple first-order dependence on [cat]tot in thiourea-catalyzed 

asymmetric imine hydrocyanation reaction has also been attributed to the formation of such 

                                                 
16

 Ford, D. D.; Ph.D. dissertation, Harvard University, 2013. 

17
 Reisman, S. E.; Doyle, A. G.; Jacobsen, E. N. J. Am. Chem. Soc. 2008, 130, 7198–7199 
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inactive dimer.
18

 Squaramide 18 could form an inactive dimer in the ‘head-to-tail’ manner 

similar to the (thio)urea dimers, which is in equilibrium with the active monomer (Figure 3.12). 

 

Figure 3.12. Proposed self-aggregated dimeric complex of 18. When Kdim[18]T is large, the concentration 

of active monomer is proportional to half-order of total concentration of 18. 

In Summary, an empirical rate law has been established for the squaramide 18-catalyzed 

iodoisocyanation of 1b in toluene:  

               
 
             

3.3.3. Hammett Analysis 

The Hammett plots of 18-catalyzed iodoisocyanation of substitued styrenes revealed a linear 

free energy relationship (LFER) between log(kR/kH) and σ
+
 with negative ρ values (ρ = –2.7 for 

styrenes with electron-withdrawing substituents and ρ = –3.1 for electron-donating substituents). 

This LFER is consistent with significant positive charge buildup at the benzylic carbon in the 

transition structure of rate-limiting step (Figure 3.13, see Section 3.3.4 for further discussion). 

Insofar as we are aware, no Hammett analysis of any iodofunctionalization reactions has 

been reported, so it is impossible to compare the ρ values with other reactions involving 

iodonium ions. Hammett analysis of dibromination of styrenes reported by Yates et al. showed 

more negative ρ values (ρ = –4.8 for reaction that shows first-order dependence on Br2 and ρ = –

                                                 
18

 Zuend, S. J.; Jacobsen, E. N. J. Am. Chem. Soc. 2009, 131, 15358–15374. 
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4.6 for reaction that shows second-order dependence on Br2), suggesting more positive charge 

buildup at the benzylic carbon in the transition structure of rate-limiting step.
9a

 The larger and 

less electronegative iodine atom should be better at stabilizing positive charge than bromine 

atom, resulting in less positive charge built on the benzylic carbon in the iodonium-like transition 

structure of rate-limiting step and thus less negative ρ values in the iodoisocyanation reaction. 

 

  

Figure 3.13. Hammett plots of log(kR/kH) versus σ
+
 of the substituents.  Rates of reactions were measured 

at 50% conversion of INCO. Styrenes with electron-donating substituents react too quickly to obtain good 

measurements in toluene/ether (20:1), so solvent with higher ether ratio (toluene/ether = 3:1) was used in 

these cases; higher catalyst loading (20 mol%) was also used to suppress the competing background 

reaction. (a) Hammett plot of styrene with electron-withdrawing substituents. Reaction conditions: 

styrene 1 (0.125 M, 5 equiv), INCO (0.025 M, 1 equiv), 18 (10 mol%), toluene/ether (20:1); (b) Hammett 

plot of styrene with electron-donating substituents. Reaction conditions: styrene 1 (0.125 M, 5 equiv), 

INCO (0.025 M, 1 equiv), 18 (20 mol%), toluene/ether (3:1). The black curves are the linear fit to the data. 

 

 The rate acceleration of catalyzed reaction over background reaction also increases 

significantly with more electron-deficient styrenes (Table 3.6). This observation could be 

rationalized by stronger stabilizing interactions such as a cation-π interaction afforded by catalyst 

with the less stable, iodonium-like transition structures (Figure 3.14). 
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Table 3.6. The relative rate acceleration in the catalyzed reaction over background reaction 

 

a
 In entry 1, rates were derived from 7

th
-order polynomial fit of the reaction profiles and ratecat/ratebgd is 

calculated using the rates at [INCO] = 0.0125 M, [1h] = 0.238 M; 20 mol% 18 (5 mM) was used in the 

catalyzed reaction. 
b 

In entry 2, initial rates were used to calculate ratecat/ratebgd because the background 

reaction is too slow; [INCO]0 = 0.1 M, [1c]0 = 0.125 M; 5 mol% 18 (5 mM) was used in the catalyzed 

reaction. The number in parentheses is calculated at [INCO] = 0.0125 M based on the orders of [INCO] in 

catalyzed reaction (2
nd

) and uncatalyzed reaction (3
rd

). 

 

 

 

Figure 3.14. Qualitative energy diagram of the rate-limiting step to illustrate how multiple non-covalent 

interactions could account for larger rate acceleration in the catalyzed iodoisocyanation of 1c compared to 

1h. TSr.d.s. = transition state of rate-determining step. According to the Hammond postulate, the transition 

structures of the rate-determining step should closely resemble the iodonium intermediates drawn here. 

A strong positive LFER was also observed between σ
+
 and ln(er) (Figure 3.15). The trend is 

consistent with the general reactivity-selectivity principle—the less reactive substrates are more 

selective.
19

 As the net stabilization (ΔE
‡

stab) increases with more electron-deficient substrates, the 

                                                 
19

 Hammond, G. S. J. Am. Chem. Soc. 1955, 77, 334–338. 

entry R ratecat/ratebgd
 

1 Me (1h) 13.1
a
 

2 CO2Me (1c) 34.6 (277)
b
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differences in stabilization energy of the major and minor pathways (ΔΔG
‡
) are magnified, 

resulting in higher enantioselectivity (Figure 3.16). 

 

 

Figure 3.15. Plot of ln(er) versus σ
+
 of the substituents at para-position. Reaction conditions: same as the 

conditions in Scheme 3.7.  

 

 

Figure 3.16. Qualitative energy diagram showing that the difference of activation energy (ΔΔG
‡
) is 

magnified with higher level of stabilization by catalyst on the more electron-deficient substrate in the 

transition states of ee-determining step. TSee.d.s. = transition state of ee-determining step.  
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3.3.4. Rate-limiting step and ee-determining step 

Kinetic studies have established the stoichiometry of rate-limiting step and Hammett 

analysis has revealed the highly polarized (ionized) nature of the transition structure in both rate-

limiting and ee-determining step. However, the results from these studies could not distinguish 

which steps are rate- and ee-determining. All the transition structures and intermediates between 

the transition state of ionization (TSion) and transition state of cyanate addition (TSNu) are highly 

polarized (ionized) and share the same stoichiometry of substrates and catalyst relative to ground 

state; as such, they are kinetically indistinguishable (Figure 3.17).  

 

Figure 3.17. Qualitative energy diagram of the 18-catalyzed iodoisocyanation reaction. Int1 is the 

iodonium formed immediately after the N–I bond breakage and Int2 is the iodonium immediately before 

the C–N bond formation. TSion: transition state of iodonium formation. TSrear: the transition state of 

iodonium rearrangement from Int1 to Int2. TSNu: transition state of cyanate addition. 

In the mechanistically similar dibromination reaction, the formation of bromonium ions has 

been demonstrated to be reversible in some cases, suggesting the nucleophilic opening of the 
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bromonium to be rate-limiting step.
20

 More recently, computational work done by Poirier and co-

workers revealed a more complicated picture.
21

 The calculated pathway with lowest activation 

energy features multiple bromonium intermediates that are similar in energy separated by several 

transition structures over the course of the rearrangement of the Br3
–
 anion from one face of the 

bromonium to the other prior to trans addition of bromide.  

In the iodoisocyanation reaction, rearrangement of the iodonium ion pair is also necessary 

for trans addition of cyanate to the iodonium. The rearrangement likely requires further charge 

separation of the ion pair. Both the reverse of iodonium formation from Int1 (the iodonium 

formed immediately after the N–I bond breakage) and the cyanate addition from Int2 (the 

iodonium immediately before the C–N bond formation) are likely barrier-less (Figure 3.18). 

Hence, it is reasonable to postulate the highest-energy transition state occurs during the 

rearrangement of iodonium from Int1 to Int2.  Similar rate-limiting and ee-determining 

rearrangement has also been calculated in thiourea-catalyzed imine hydrocyanation reaction in 

which the cyanide moves into a Bürgi-Dunitz trajectory after protonation of imine by HCN.
18

 

The cyanate addition to the iodonium should be a much faster process than the transfer of 

iodonium to another olefin, considering the much higher nucleophilicity of the anionic cyanate; 

therefore, rearrangement of iodonium is likely the ee-determining step in this reaction.  

Based on the results from mechanistic studies, a possible catalytic cycle could be advanced 

(Scheme 3.10).  

                                                 
20

 (a) Slebockatilk, H.; Ball, R. G.; Brown, R. S. J. Am. Chem. Soc. 1985, 107, 4504–4508. (b) Brown, R. 

S.; Slebockatilk, H.; Bennet, A. J.; Bellucci, G.; Bianchini, R.; Ambrosetti, R. J. Am. Chem. Soc. 1990, 

112, 6310–6316. 

21
 Islam, S. M.; Poirier, R. A. J. Phys. Chem. A 2007, 111, 13218–13232. 



97 

 

 

 

Scheme 3.10. Proposed catalytic cycle. 

3.3.5. Catalyst structure-activity relationship 

One of the most unexpected discoveries in the squaramide-catalyzed iodoisocyanation is that 

the less acidic squaramides are superior in catalytic activity and to a lesser extent, 

enantioselectivity. A few possible explanations are worth discussion here.  

Hypothesis A: the less acidic squaramide forms a more labile dimer. 

It has been established that the catalyst exists as dimer at resting state, which needs to 

dissociate into active monomer to catalyze the reaction. It is possible the more acidic 

squaramides, such as 3, form very stable dimers that does not efficiently dissociate to monomer 

under reaction conditions (Figure 3.18). 
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Figure 3.18. Hypothesis A for the superior reactivity of 18 compared to 3. 

Hypothesis B: the Lewis basic oxygen of squaramide plays a role in catalysis. 

Studies by Steven Banik and Anna Levina on the squaramide/TMSOTf co-catalyzed [4+3] 

cycloaddition revealed that squaramides can activate the strongly Lewis acidic TMSOTf by 

binding of the Lewis basic oxygen of squaramide (Figure 3.19a).
22, 23

 Such Lewis acid–base 

interaction could also be possible between a squaramide and INCO. As INCO is much less Lewis 

acidic than TMSOTf, a more electron rich and Lewis basic squaramide such as 18 may be 

necessary to form a relatively stable Lewis adduct, which could be a stronger H-bond donor than 

3 and a more active catalyst for the iodoisocyanation reaction (Figure 3.19b). 

 

Figure 3.19. (a) Proposed mode of activation in squaramide-catalyzed [4+3] reaction. (b) Proposed Lewis 

adduct of 18-INCO which could be the active catalyst in the iodoisocyanation reaction. 

                                                 
22

 Banik, S.; Levina, A. ; Jacobsen, E. N. Manuscript in preparation. 

23
 For other examples of Lewis base activation of Lewis acid, see: (a) Denmark, S. E.; Beutner, G. L.; 

Wynn, T.; Eastgate, M. D. J. Am. Chem. Soc. 2005, 127, 3774–3789. (b) Denmark, S. E.; Chung, W.–j. 

Angew. Chem. Int. Ed. 2008, 47, 1890–1892. (c) Denmark, S. E.; Ueki, Y. Organometallics 2013, 32, 

6631–6634.  
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While it remains unclear which scenario is relevant to the squaramide-catalyzed 

iodoisocyanation, the counter-intuitive superior reactivity with 18 underscores the importance of 

systematic electronic-tuning of these H-bond donors during catalyst optimization. Due to 

complication arising from aggregation and other possible interactions with these catalysts, non-

intuitive effects may become important.
24

 

Strong correlations between the rate acceleration and the size of arene on H-bond donor 

catalysts bearing an arylpyrrolidino group have been observed in several reactions involving ion-

pair intermediates. This relationship is generally attributed to improved cation-π stabilization 

with extended arenes.
25

 In contrast, expanding the size of arene on the catalysts does not 

significantly affect the net rate of reaction in the squaramide-catalyzed iodoisocyanation of 1b 

(Figure 3.20).  However, the extended aromatics did lead to improved enantioselectivity. 

 

Figure 3.20. Reaction profiles of squaramide-catalyzed iodoisocyanation of 1b. 

                                                 
24

 For an early example of electronic-tuning of asymmetric catalyst: Jacobsen, E. N.; Zhang, W.; Guler, M. 

L. J. Am. Chem. Soc. 1991, 113, 6703–6704. 

25
 (a) Knowles, R. R.; Lin, S.; Jacobsen, E. N. J. Am. Chem. Soc. 2010, 132, 5030–5032. (b) Lin, S.; 

Jacobsen, E. N. Nat Chem 2012, 4, 817–824. 
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In the thiourea-catalyzed asymmetric episulfonium-opening reaction, the linear correlation 

between the rate of major pathway and ln(er) suggests that the mechanism of enantioinduction is 

through selective transition-state stabilization of the major pathway by cation-π interactions.
25b 

To further probe the role of the extended aromatic in the selectivity-determining step, we 

conducted a similar analysis in the squaramide-catalyzed asymmetric iodoisocyanation reaction. 

The rate constants that correspond to the major (kcat,major) and minor (kcat,minor) pathways of the 

catalyzed reaction could be deduced from the overall rate constants combined with enantiomeric 

ratio (er) (Figure 3.21). A strong positive linear correlation was observed between the rate of the 

major pathway and enantioselectivity while a strong negative linear correlation was observed for 

the minor pathway. This observation provides strong evidence that catalysts bearing larger 

arenes improve the enantioselectivity by both stabilization of major pathway (i.e. cation-π 

interaction) and destabilization of the minor pathway (i.e. steric hindrance).  

 

Figure 3.21. Correlation between rate constants of the catalyzed pathways (kcat,major and kcat,minor) and 

enantioselectivity.  
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3.4. Conclusion  

The development of the squaramide-catalyzed enantioselective iodoisocyanation reaction 

described in this chapter clearly demonstrates that anion-binding catalysis by H-bond donors 

such as 18 could be a very efficient strategy to catalyze halofunctionalization. Furthermore, the 

moderate to good enantioselectivity achieved in the iodoisocyanation reaction also demonstrates 

the feasibility of using multiple attractive, non-covalent interactions in stereodifferentiation with 

chiral halonium ions. These interactions, which do not require special directing groups, could be 

applied as general designing principles in the development of other asymmetric 

halofunctionalization reactions with a wide range of olefins.  

The mechanistic studies conducted on the squaramide-catalyzed enantioselective 

iodoisocyanation reaction provide intriguing insights into the origin of catalysis and 

enantioinduction. While the second-order dependence on INCO indicates a more complicated 

counterion of the iodonium intermediate than our initial hypothesis, the lower order dependence 

in the catalyzed reaction compared to uncatalyzed reaction demonstrates significant stabilization 

afforded by the catalyst. The Hammett analysis revealed that both catalysis and 

enantioselectivity improve with more electron-deficient styrenes, due to stronger attractive, 

stabilizing interactions between the substrate and catalyst.  Based on these observations, more 

electron-deficient olefins, such as α,β-unsaturated carbonyl compounds, offer promising 

possibilities for extending the scope of this reaction. 

To improve the squaramide-catalyzed iodoisocyanation reaction, catalysts that provide 

better enantioselectivity are desired, which should be the focus of future studies. Completely new 

catalysts that are designed upon the principles established in this chapter may be necessary to 

achieve this goal.  
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3.6. Outlook: Application of anion-binding strategy to gold(I) catalysis 

Over the past decade, catalysis by gold has become a hot topic in organic chemistry, due to 

the unique chemistry of gold that enables various types of new transformations.
26

 One major 

class of these transformations is the nucleophilic addition to gold(I)-activated C–C multiple 

bonds (alkynes, allenes, and alkenes), which shares a number of features with 

halofunctionalization reactions, such as π-acid activation and formation of linear, two-coordinate 

complexes (Scheme 3.11).  

 

Scheme 3.11. Catalytic cycle of gold(I)-catalyzed hydrofunctionalization of C–C multiple bonds. 

Enantioselective variants of this type of transformations have been reported, using either 

chiral ligands or chiral counterions.
27

 However, many major limitations exist in this field. First, 

the scope of all the reported enantioselective reactions is very narrow with respect to the identity 

of nucleophiles and substitution pattern of C–C multiple bonds. Second, intermolecular 

enantioselective gold(I)-catalyzed hydrofunctionalization reactions still remain elusive. Third, 

                                                 
26

 (a) Hashmi, A. S. K.; Hutchings, G. J. Angew. Chem. Int. Ed. 2006, 45, 7896–7936. (b) Hashimi, A. S. 

K. Chem. Rev. 2007, 107, 3180−3211. 

27
 For an review of enantioselective gold(I) catalysis: Widenhoefer, R. A. Chem. Eur. J. 2008, 14, 5382 – 

5391. For an example of enantioselective gold(I) catalysis using chiral counterion strategy: Hamilton, G. 

L.; Kang, E. J.; Mba, M.; Toste, F. D. Science, 2007, 317, 496–499. 
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the C–C multiple bonds used in the reported enantioselective reactions are limited to allenes and 

alkynes while enantioselective reaction with the less reactive alkenes is still an unsolved problem. 

Each of these limitations represents great opportunity in this field.  

Given the similarity between gold(I)-catalyzed hydrofunctionalization and 

halofunctionalization, it looks very promising to extend the anion-binding strategy used in the 

asymmetric iodoisocyanation reaction to gold(I)-catalyzed hydrofunctionalization reactions 

(Scheme 3.12). The binding of the counterion of the gold(I) catalyst by H-bond donors could not 

only increase the electrophilicity of gold(I) towards some less reactive substrates such as alkenes, 

but also stabilize the π-complex for slower intermolecular nucleophilic additions. Therefore, the 

anion-binding strategy could be a powerful tool to tackle the challenges in asymmetric gold(I)-

catalyzed hydrofunctionalization. 

 

Scheme 3.12. Proposed application of anion-binding strategy in gold(I) catalysis.  
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3.6. Experimental section 

3.6.1 General Information  

All reactions were performed in flame dried vials or round bottom flasks unless otherwise 

noted. The vials and flasks were fitted with rubber septa, and reactions were conducted under an 

atmosphere of nitrogen. Stainless steel syringes and cannulae were used to transfer air- and 

moisture-sensitive liquids. Column chromatography was performed on a Biotage Isolera 

automated purification system using silica gel 60 (230-400 mesh) from EM Science. Commercial 

reagents were purchased from Sigma Aldrich, Alfa Aesar, Strem, or TCI, and used as received 

with the following exceptions: dichloromethane, benzene, tetrahydrofuran, and toluene were 

dried by passing through columns of activated alumina; triethylamine, diisopropylamine, N,N-

diisopropylethylamine, and pyridine were distilled from CaH2 at 760 torr; Proton nuclear 

magnetic resonance (
1
H NMR) and carbon nuclear magnetic resonance (

13
C NMR) spectra were 

recorded on Inova-500 (500 MHz). Proton and carbon chemical shifts are reported in parts per 

million downfield from tetramethylsilane and are referenced to residual protium in the NMR 

solvent (CHCl3 = δ 7.27; toluene-CH3 = δ 2.09, MeOH-CH3 = δ 3.34, DMSO-CH3 = δ 2.54) or 

the carbon resonances of the NMR solvent (CDCl3 = δ 77.0; MeOH = δ 49.9, DMSO = δ 40.5) 

respectively. NMR data are represented as follows: chemical shift, multiplicity (br. = broad, s = 

singlet, d = doublet, t = triplet, q = quartet, m = multiplet), coupling constant in Hertz (Hz), 

integration. Infrared (IR) spectra were obtained using a Bruker Optics Tensor 27 FTIR 

spectrometer. Optical rotations were measured using a 1 mL cell with a 0.5 dm path length on a 

Jasco DIP 370 digital polarimeter. Low Resolution Mass spectroscopic (LRMS) data were 

obtained using an Agilent 6120 Single Quadrupole LC/MS instrument equipped with an ESI-

APCI multimode source. High Resolution Mass (HRMS) spectroscopic data were obtained using 
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a Bruker micrOTOF-Q II time-of-flight LC/MS spectrometer. High-performance liquid 

chromatography (HPLC) analysis was performed using an Agilent 1200 series quaternary HPLC 

system with commercially available ChiralPak and ChiralCel columns.  In situ infrared 

spectroscopy was performed using a Mettler Toledo ReactIR
TM

 iC10. 

3.6.2 Preparation of squaramide catalysts 

 

Scheme S1. Synthesis of catalyst 18. 

The (R)-2-arylpyrrolidine was synthesized according to a reported procedure.
28

  

 

To a mixture of (R)-(+)-tert-butanesulfinamide (1.53 g, 12.6 mmol) and 

1-pyrenecarboxaldehyde (22 g, 13.0 mmol) in THF (35 ml) under nitrogen 

was slowly added titanium ethoxide (5.46 mL, 26.1 mmol) at room 

temperature. After stirring for overnight, the reaction mixture was poured into 

brine (100 mL). The resulting white suspension was filtered through Celite, and the filter cake 

was washed twice with EtOAc (50 mL). The filtrate was transferred to a separatory funnel where 

                                                 
28

 Brinner, K. M.; Ellman, J. A. Org. Biomol. Chem., 2005, 3, 2109-2113. 
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the organic layer was washed with brine. The aqueous solution was extracted twice with EtOAc 

(50 mL), and the combined organic solution was dried over Na2SO4, filtered, and concentrated in 

vacuo. The residue was purified by silica column chromatography (10% – 20% ethyl acetate in 

hexanes) to afford a yellow solid (3.89 g, 90%). [α]D
23.0

 = –131.2° (c = 1.0, CH2Cl2) 
1
H NMR 

(500 MHz, CDCl3) δ 9.58 (s, 1 H) 9.03 (d, J=9.27 Hz, 1 H) 8.60 (d, J=7.80 Hz, 1 H) 8.13 - 8.29 

(m, 6 H) 8.07 (m, J=7.80 Hz, 2 H) 1.40 (s, 9 H). 
13

C NMR (126 MHz, CDCl3) δ 161.2, 134.2, 

131.1, 130.9, 130.4, 129.7, 129.6, 127.7, 127.3, 126.6, 126.4, 126.3, 126.1, 124.9, 124.8, 124.3, 

122.4, 58.0, 22.8. IR (thin film) 2971, 2864, 1573, 1072, 849, 833, 731, 718, 565 cm
–1

 MS (ESI) 

m/z calc’d for C21H20NOS (M+H): 334.1265; found: 334.1283. 

According to a modified literature procedure
28

, a flame-dried round-

bottom flask was charged with a solution of (1,3-dioxan-2-

ylethyl)magnesium bromide (0.5 M in THF, 13.5 mL, 6.75 mmol) and 

cooled to –50 °C in an acetone/dry-ice bath. N-tert-butanesulfinyl imine 

SI-1 (0.75 g, 2.25 mmol) in 5 mL THF was added dropwise by syringe and then the flask was 

transferred to a –50 °C cryocool and stirred for 13 h. The reaction mixture was warmed to rt and 

partitioned between 25 mL sat’d NH4Cl and 15 mL EtOAc, and the organic and aqueous layers 

were separated. The aqueous layer was extracted with 3 x 15 mL EtOAc and the combined 

organic fractions were washed with 15 mL brine, dried over MgSO4, filtered, and concentrated 

in vacuo. The crude residue was purified by column chromatography (50%/50% EtOAc/Hexanes 

to 100% EtOAc) to give an off-white waxy solid (0.91 g, 90% yield). [α]D
23.0

 = –92.6° (c = 1.0, 

CH2Cl2) 
1
H NMR (500 MHz, CDCl3) δ 8.47 (d, J = 9.3 Hz, 1 H), 8.24 - 8.10 (m, 6 H), 8.09 - 

7.99 (m, 3 H), 5.57 (br. s., 1 H), 4.48 (t, J = 5.1 Hz, 1 H), 4.05 (dd, J = 4.9, 11.7 Hz, 2 H), 3.83 

(d, J = 2.9 Hz, 1 H), 3.68 (t, J = 12.2 Hz, 2 H), 2.47 - 2.36 (m, 1 H), 2.34 - 2.22 (m, 1 H), 2.09 - 
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1.93 (m, 1 H), 1.68 (dd, J = 4.6, 10.0 Hz, 1 H), 1.54 (d, J = 3.4 Hz, 1 H), 1.26 (s, 9 H). 
13

C NMR 

(126 MHz, CDCl3) δ 135.2, 131.3, 130.9, 130.7, 128.5, 128.0, 127.5, 127.4, 126.0, 125.4, 125.2, 

125.1, 125.1, 124.9, 122.5, 101.8, 101.8, 66.8, 55.9, 31.5, 30.9, 25.7, 22.7. IR (thin film) 2957, 

2850, 1455, 1376, 1134, 1046, 1000, 842 cm
–1

 MS (ESI) m/z calc’d for C27H31NO3SNa (M+Na): 

472.1922; found: 472.1950. 

 

According to a modified literature procedure
28

, a 100 mL round bottom 

flask was charged with SI-2 (0.5 g, 1.11 mmol) trifluoroacetic acid (10.5 mL) 

and water (0.56 mL). The resulting solution was stirred for 40 minutes, at 

which point triethylsilane was added (1.8 mL, 11.2 mmol). The solution was 

stirred for 16 h and concentrated in vacuo (Caution: trifluoroacetic acid is corrosive and 

should be handled in a wellventilated hood). The crude residue was purified by silica column 

chromatography (eluent: CH2Cl2, followed by 2% MeOH/1% NH4OH(aq.)/CH2Cl2, v/v, and 

finally 5% MeOH/1% NH4OH(aq.)/CH2Cl2, v/v). All fractions containing the desired product 

were combined and concentrated in vacuo to give pure product as yellow viscous oil (0.26 g, 

86%). [α]D
23.0

 = 29.2° (c = 1.0, CH2Cl2) 
1
H NMR (500 MHz, CDCl3) δ 8.28 - 8.21 (m, 1 H), 8.15 

(d, J = 8.0 Hz, 1 H), 8.10 - 8.03 (m, 3 H), 8.00 - 7.95 (m, 1 H), 7.94 - 7.89 (m, 4 H), 5.03 (t, J = 

7.5 Hz, 1 H), 3.33 (br.s., 1 H), 3.26 (m, 1 H), 3.12 - 3.04 (m, 1 H), 2.40 - 2.31 (m, 1 H), 1.95 - 

1.81 (m, 2 H), 1.80 - 1.70 (m, 1 H) 
13

C NMR (126 MHz, CDCl3) δ 138.2, 138.2, 131.4, 130.7, 

130.1, 128.1, 127.4, 127.1, 126.7, 125.7, 124.9, 124.8, 124.7, 123.0, 122.9, 58.7, 46.9, 34.1, 25.6. 

IR (thin film) 3038, 2960, 2865, 1081, 842 cm
–1

 MS (ESI) m/z calc’d for C20H17NNa (M+Na): 

294.1253; found: 294.1241. 
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To a solution of SI-3 (1 g, 3.69 mmol) in DCM (20 mL) was 

added HBTU (1.47 g, 3.87 mmol), N-Boc-L-tert-Leucine (0.89 g, 

3.87 mmol), and DIPEA (1.93 mL, 11.1 mmol) subsequently. The 

reaction mixture was stirred at room temperature for 24 h and then 

concentrated in vacuo. The crude product was purified by silica column chromatography (20% 

EaOAc in Hexanes) to give pure product as an off-white foamy solid (1.5 g, 84% yield). [α]D
23.0

 

= 31.2° (c = 1.0, CH2Cl2) 
1
H NMR (500 MHz, CDCl3, exists as ~8:1 rotamers, only resonance of 

the major rotamer shown) δ 8.33 - 7.95 (m, 8 H), 7.69 (d, J = 7.9 Hz, 1 H), 6.29 (d, J = 8.0 Hz, 1 

H), 5.24 (d, J = 10.2 Hz, 1 H), 4.60 - 4.46 (m, 2 H), 4.01 - 3.85 (m, 1 H), 2.56 (m, 1 H), 2.17 - 

1.96 (m, 3 H), 1.67 - 1.57 (m, 9 H), 1.13 (s, 9 H) 
13

C NMR (126 MHz, CDCl3) δ 170.9, 156.5, 

135.8, 131.4, 130.7, 130.3, 127.5, 127.4, 127.1, 126.8, 125.8, 125.3, 125.1, 125.0, 124.7, 122.8, 

122.0, 79.7, 58.8, 58.5, 48.6, 34.5, 33.8, 28.5, 26.6, 26.5, 23.6. IR (thin film) 2964, 2870, 1706, 

1641, 1421, 1162, 841 cm
–1

 MS (ESI) m/z calc’d for C31H37N2O3 (M+H): 485.2804; found: 

485.2838. 

 

A 25 mL round-bottom flask was charged with SI-4 (500 

mg, 1.03 mmol). HCl (5 mL, 4M in dioxane, 20 mmol) was 

added dropwise at 0 °C. The reaction mixture was stirred 

for another two hours at room temperature and concentrated under vacuum to give a yellow 

foamy solid. MeOH (6 ml) and NEt3 (0.29 mL, 2.06 mmol) were added and the reaction mixture 

was stirred for 15 minutes before adding SI-5 (290 mg, 0.93 mmol) in one portion. The reaction 

was stirred at room temperature for 48 h and then concentrated in vacuo. The crude product was 

purified by silica column chromatography (20% – 40% EaOAc in Hexanes) to give pure product 
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as an off-white foamy solid (540 mg, 78% yield). [α]D
23.0

 = –95.6° (c = 1.0, CH2Cl2) 
1
H NMR 

(500 MHz, DMSO-d6, exists as ~8:1 rotamers, only resonance of the major rotamer shown) δ 

9.92 (s, 1 H), 8.42 (d, J = 9.4 Hz, 1 H), 8.29 - 8.20 (m, 3 H), 8.18 - 8.01 (m, 5 H), 7.64 (d, J = 8.0 

Hz, 1 H), 7.51 - 7.47 (m, 2 H), 7.36 (t, J = 8.0 Hz, 2 H), 7.05 (t, J = 7.4 Hz, 1 H), 6.20 - 6.11 (m, 

1 H), 5.22 (d, J = 10.1 Hz, 1 H), 4.29 (m, 1 H), 3.94 (m, 1 H), 2.59 (m, J = 7.2 Hz, 1 H), 2.04 (m, 

1 H), 1.94 (m, 1 H), 1.87 (m, 1 H), 1.08 (s, 9 H). NMR (126 MHz, CDCl3) δ 184.4, 181.0, 169.1, 

168.8, 164.3, 139.5, 137.3, 131.3, 130.7, 130.0, 129.9, 127.8, 127.8, 127.1, 127.0, 126.6, 125.6, 

125.5, 125.1, 124.7, 124.5, 123.5, 123.2, 122.6, 118.4, 61.7, 58.6, 36.1, 34.0, 26.3, 23.9. IR (thin 

film) 2952, 1680, 1570, 1534, 1415, 842, 751 cm
–1

 MS (ESI) m/z calc’d for C36H33N3NaO3 

(M+Na): 578.2414; found: 578.2423.  

 

3.6.3 Preparation of homogeneous INCO solution in diethyl ether and toluene 

3.6.3.1 Preparation of homogeneous INCO solution in diethyl ether 

A 10 ml microwave vial outfitted with a stir bar was charged with freshly prepared 

AgNCO
29

 (510 mg, 3.4 mmol, 3.4 equiv), sealed, and cooled in an ice-sodium chloride bath (~ –

15 °C). Iodine (254 mg, 1.0 mmol, 1.0 equiv) in 5 ml diethyl ether was added via syringe. The 

reaction mixture was stirred vigorously for 3 hours at ~ –15 °C, during which time the reaction 

turned from dark brown to lightly yellow. The stirring was stopped and the reaction was left still 

for 5 minutes to precipitate the insoluble silver salts. The homogeneous solution (3 ml) on top of 

the precipitate was transferred to another pre-cooled and sealed empty 10 ml microwave vial via 

syringe. The solution was kept below –30 °C and no significant decomposition was observed 

over a period of 24 hrs. 

                                                 
29

 AgNCO prepared according to the procedure reported by Heathcock et al, see ref 3i.  
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3.6.3.2 Preparation of homogeneous INCO solution in toluene 

INCO was prepared according to the same procedure in 3.6.2.1. The homogeneous solution 

(3 ml) was transferred to pre-cooled toluene (3 ml) in a sealed 10 ml microwave (The volume of 

toluene was marked on the wall of the vial before the transfer). The vial was connected to high-

vacuum at –15 °C for about an hour to evaporate the ether in solution (The volume of solution 

reduced to the mark made before the transfer). The solution was kept below –30 °C and no 

significant decomposition was observed over a period of 24 hrs. 

3.6.4 General Procedure for the squaramide–catalyzed iodoisocyanation reaction 

To a 1dr vial with stir bar was added catalyst 18 (5.5 mg, 0.01 mmol, 0.05 equiv). Toluene 

(0. 5 ml) and diethyl ether (0.5 ml) was added via syringe and the mixture was stirred at room 

temperature until a homogeneous solution formed. 1b (37 μl, 0.25 mmol, 1.25 equiv) was added 

via syringe and the vial was then cooled in a dry ice/acetone (–78 °C) bath. INCO (0.2 mmol, 1 

equiv, 1.0 ml of 0.2 M toluene solution) was added dropwise via syringe over a minute with 

stirring. The reaction was stirred at –78 °C for 8 hours and then poured into saturated aqueous 

sodium thiosulfate solution (5 ml) in a 20 ml flask. The flask was shaken vigorously until the 

mixture turned to almost colorless. The organic layer was separated and the aqueous layer was 

washed with ether (4ml). Methanol (5ml) was added into the combined organic solution and the 

reaction was aged for 12 hours at room temperature. The reaction mixture was concentrated in 

vacuo and purified purified by flash chromatography on silica gel (0% to 10% EtOAc in 

hexanes). 

Methyl (R)-(2-iodo-1-phenylethyl)carbamate (4a) 

According to general procedure, 18 (11.1 mg, 0.02 mmol, 0.2 equiv), 1a (14 μl, 
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0.125 mmol, 1.25 equiv), and INCO (0.1 mmol, 1.0 equiv, 0.5 ml of 0.2 M toluene solution) 

were reacted in toluene/ether (4 ml, 3:1) for 8 hours at –78 °C. 4a (25 mg, 82% yield) was 

isolated after work-up and reaction of crude 2a with methanol. This material was determined to 

be 41% ee by chiral HPLC analysis (ChiralPak AD-H, 10% IPA/hexanes, 1 mL/min, 230 nm, 

tR(major) = 9.9 min, tR(minor) = 7.1 min). [α]D
23.0

 = –18.2° (c = 1.0, CH2Cl2) 
1
H NMR (CDCl3, 

500MHz) : δ 7.42 - 7.21 (m, 5 H), 5.86 (d, J = 5.1 Hz, 1 H), 4.91 (br. s., 1 H), 3.69 (s, 3 H), 3.56 

- 3.40 (m, 2 H) NMR (126 MHz, CDCl3) δ 156.4, 140.1, 128.8, 128.1, 126.3, 55.9, 52.5, 11.4. IR 

(thin film) 3269, 1708, 1686, 1545, 1261, 727, 696 cm
–1

 MS (ESI) m/z calc’d for C10H13INO2 

(M+H): 305.9985; found: 305.9987. 

methyl (R)-(2-iodo-1-(4-(trifluoromethyl)phenyl)ethyl)carbamate (4b) 

According to general procedure, 18 (5.5 mg, 0.01 mmol, 0.05 equiv), 1b 

(37 μl, 0.25 mmol, 1.25 equiv), and INCO (0.2 mmol, 1.0 equiv, 1.0  ml of 0.2 

M toluene solution) were reacted in toluene/ether (2 ml, 9:1) for 8 hours at –78 °C. 4b (58 mg, 

78% yield) was isolated after work-up and reaction of crude 2b with methanol. This material was 

determined to be 80% ee by chiral HPLC analysis (ChiralPak AD-H, 10% IPA/hexanes, 1 

mL/min, 230 nm, tR(major) = 13.4 min, tR(minor) = 8.7 min). [α]D
23.0

 = –33.0° (c = 1.0, CH2Cl2) 

1
H NMR (CDCl3, 500MHz) :  = 7.64 (d, J = 8.3 Hz, 2 H), 7.43 (d, J = 8.3 Hz, 2 H), 5.32 (br. s., 

1 H), 4.91 (br. s., 1 H), 3.72 (s, 3 H), 3.58 (dd, J = 4.4, 9.3 Hz, 1 H), 3.48 (dd, J = 5.4, 11.2 Hz, 1 

H) 
13

C NMR (126 MHz, CDCl3) :  = 156.1, 144.0, 130.5 (q, JCF = 32.6 Hz) 126.6, 125.8(q, JCF 

= 3.8 Hz), 125.0 (q, JCF = 273 Hz), 54.9, 52.6, 10.8. IR (thin film) 3325, 1688, 1535, 1117, 852, 

611 cm
–1

 MS (ESI) m/z calc’d for C11H13F3INO2 (M+H): 373.9859; found: 373.9843. 

Methyl (R)-4-(2-iodo-1-((methoxycarbonyl)amino)ethyl)benzoate (4c) 
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According to general procedure, 18 (8.25 mg, 0.015 mmol, 0.05 equiv), 1c (60.75 mg, 0.375 

mmol, 1.25 equiv), and INCO (0.3 mmol, 1.0 equiv, 1.0  ml of 0.3 M toluene solution) were 

reacted in toluene/ether (2 ml, 3:1) for 8 hours at –78 °C. 4b (91 mg, 84% yield) was isolated 

after work-up and reaction of crude 2b with methanol. This material was determined to be 74% 

ee by chiral HPLC analysis (ChiralPak AD-H, 10% IPA/hexanes, 1 mL/min, 230 nm, tR(major) 

= 30.2 min, tR(minor) = 19.0 min). [α]D
23.0

 = –46.2° (c = 1.0, CH2Cl2) 
1
H NMR (CDCl3, 

500MHz): δ = 8.04 (d, J = 8.3 Hz, 2 H), 7.37 (d, J = 8.3 Hz, 2 H), 5.44 (br. s., 1 H), 4.91 (br. s., 1 

H), 3.92 (s, 3 H), 3.70 (s, 3 H), 3.61 - 3.52 (m, 1 H), 3.52 - 3.44 (m, 1 H) 
13

C NMR (126 MHz, 

CDCl3)  = 166.6, 156.1, 145.0, 130.1, 129.9, 126.2, 55.0, 52.6, 52.2, 11.1. IR (thin film) 3322, 

2994, 2948, 1712, 1681, 1526, 1252, 1185, 1049, 708 cm
–1

 MS (ESI) m/z calc’d for C12H16INO4 

(M+H): 364.0040; found: 364.0036. 

Methyl (R)-(1-(4-chlorophenyl)-2-iodoethyl)carbamate (4d) 

According to general procedure, 18 (5.5 mg, 0.01 mmol, 0.05 equiv), 1d (30 

μl, 0.25 mmol, 1.25 equiv), and INCO (0.2 mmol, 1.0 equiv, 1.0  ml of 0.2 M 

toluene solution) were reacted in toluene/ether (2 ml, 1:1) for 8 hours at –78 °C. 4d (48 mg, 64% 

yield) was isolated after work-up and reaction of crude 2d with methanol. This material was 

determined to be 64% ee by chiral HPLC analysis (ChiralPak AD-H, 10% IPA/hexanes, 1 

mL/min, 230 nm, tR(major) = 15.4 min, tR(minor) = 10.3 min). [α]D
23.0

 = –23.2° (c = 1.0, CH2Cl2) 

1
H NMR (CDCl3, 500MHz): δ 7.39 - 7.31 (m, 2 H), 7.24 (d, J = 8.3 Hz, 2 H), 5.30 (d, J = 9.3 Hz, 

1 H), 4.82 (br. s., 1 H), 3.71 (s, 3 H), 3.57 - 3.50 (m, 1 H), 3.49 - 3.42 (m, 1 H) 
13

C NMR (126 

MHz, CDCl3) IR (thin film) 3296, 1691, 

1539, 1272, 1259, 1044, 825, 507 cm
–1

 MS (ESI) m/z calc’d for C10H13ClINO2 (M+H): 

339.9596; found: 339.9580. 
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Methyl (R)-(2-iodo-1-(3-(trifluoromethyl)phenyl)ethyl)carbamate (4e) 

According to general procedure, 18 (5.5 mg, 0.01 mmol, 0.05 equiv), 1e 

(37 μl, 0.25 mmol, 1.25 equiv), and INCO (0.2 mmol, 1.0 equiv, 1.0  ml of 

0.2 M toluene solution) were reacted in toluene/ether (2 ml, 3:1) for 8 hours at –78 °C. 4e (50 mg, 

67% yield) was isolated after work-up and reaction of crude 2e with methanol. This material was 

determined to be 58% ee by chiral HPLC analysis (ChiralPak AS-H, 10% IPA/hexanes, 1 

mL/min, 254 nm, tR(major) = 22.1 min, tR(minor) = 11.1 min). [α]D
23.0

 = –22.8° (c = 1.0, CH2Cl2) 

1
H NMR (CDCl3, 500MHz): δ = 7.59 (t, J = 3.7 Hz, 1 H), 7.56 (s, 1 H), 7.50 (d, J = 5.4 Hz, 2 H), 

5.50 (m, 1 H), 4.92 (br. s., 10 H), 3.71 (s, 3 H), 3.59 - 3.51 (m, 1 H), 3.51 - 3.43 (m, 1 H) 
13

C 

NMR (126 MHz, CDCl3)  = 156.1, 141.1, 131.0 (q, JCF = 31.6 Hz), 129.7, 129.3, 125.0  (q, JCF 

= 3.84 Hz), 123.0 (q, JCF = 3.84 Hz), 122.8 (q, JCF = 268 Hz), 54.9, 52.6, 11.0. IR (thin film) 

3310, 2951, 1690, 1527, 1326, 1253, 1119, 701 cm
–1

 MS (ESI) m/z calc’d for C11H13F3INO2 

(M+H): 373.9859; found: 373.9853. 

Methyl (R)-(1-(3-chlorophenyl)-2-iodoethyl)carbamate (4f) 

According to general procedure, 18 (5.5 mg, 0.01 mmol, 0.05 equiv), 1f 

(30 μl, 0.25 mmol, 1.25 equiv), and INCO (0.2 mmol, 1.0 equiv, 1.0  ml of 

0.2 M toluene solution) were reacted in toluene/ether (2 ml, 3:1) for 8 hours at –78 °C. 4f (53 mg, 

78% yield) was isolated after work-up and reaction of crude 2f with methanol. This material was 

determined to be 57% ee by chiral HPLC analysis (ChiralPak AD-H, 10% IPA/hexanes, 1 

mL/min, 230 nm, tR(major) = 10.4 min, tR(minor) = 8.5 min). [α]D
23.0

 = –27.8° (c = 1.0, CH2Cl2) 

1
H NMR (CDCl3, 500MHz): δ = 7.32 - 7.30 (m, 2 H), 7.29 (s, 1 H), 7.20 - 7.16 (m, 1 H), 5.33 (br. 

s., 1 H), 4.83 (br. s., 1 H), 3.72 (s, 3 H), 3.54 (dd, J = 4.9, 10.2 Hz, 1 H), 3.50 - 3.42 (m, 1 H) 
13

C 

NMR (126 MHz, CDCl3)  = 156.0, 142.0, 134.7, 130.1, 128.3, 126.4, 124.4, 54.8, 52.6, 11.1. IR 
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(thin film) 3308, 2950, 1689, 1509, 1248, 1048, 783, 693 cm
–1

 MS (ESI) m/z calc’d for 

C10H13ClINO2 (M+H): 339.9596; found: 339.9582. 

 

Methyl (R)-(1-(2-bromophenyl)-2-iodoethyl)carbamate (4g) 

According to general procedure, 18 (5.5 mg, 0.01 mmol, 0.05 equiv), 

1g (30 μl, 0.25 mmol, 1.25 equiv), and INCO (0.2 mmol, 1.0 equiv, 1.0  ml of 0.2 M toluene 

solution) were reacted in toluene/ether (2 ml, 3:1) for 8 hours at –78 °C. 4g (61 mg, 81% yield) 

was isolated after work-up and reaction of crude 2g with methanol. This material was determined 

to be 20% ee by chiral HPLC analysis (ChiralPak OD-H, 10% IPA/hexanes, 1 mL/min, 230 nm, 

tR(major) = 20.0 min, tR(minor) = 12.7 min). [α]D
23.0

 = 0.4° (c = 1.0, CH2Cl2) 
1
H NMR (CDCl3, 

500MHz): δ = 7.57 (d, J = 8.3 Hz, 1 H), 7.37 - 7.30 (m, 2 H), 7.23 - 7.15 (m, 1 H), 5.51 (br. s., 1 

H), 5.18 (d, J = 4.4 Hz, 1 H), 3.70 (s, 3 H), 3.62 (dd, J = 4.6, 10.0 Hz, 1 H), 3.55 - 3.45 (m, 1 H) 

13
C NMR (126 MHz, CDCl3)  = 155.9, 139.0, 133.4, 129.6, 127.7, 122.7, 55.1, 52.6, 9.9. IR 

(thin film) 3285, 2945, 1684, 1535, 1269, 1052, 751, 444 cm
–1

 MS (ESI) m/z calc’d for 

C10H13BrI O2 (M+H): 383.9091; found: 383.9078. 

 

Methyl (R)-(1-(4-fluorophenyl)-2-iodoethyl)carbamate (4h) 

According to general procedure, 18 (11.1 mg, 0.02 mmol, 0.2 equiv), 

1h (14.9 μl, 0.125 mmol, 1.25 equiv), and INCO (0.1 mmol, 1.0 equiv, 0.5 

ml of 0.2 M toluene solution) were reacted in toluene/ether (4 ml, 3:1) for 8 hours at –78 °C. 4h 

(24.9 mg, 77% yield) was isolated after work-up and reaction of crude 2h with methanol. This 

material was determined to be 24% ee by chiral HPLC analysis (ChiralPak AD-H, 10% 

IPA/hexanes, 1 mL/min, 230 nm, tR(major) = 13.9 min, tR(minor) = 9.6 min). [α]D
23.0

 = –3.0° (c 
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= 1.0, CH2Cl2) 
1
H NMR (CDCl3, 500MHz): δ = 7.26 (m, 2 H), 7.03 (t, J = 8.5 Hz, 2 H), 5.70 (d, 

J = 8.3 Hz, 1 H), 4.84 (br. s., 1 H), 3.68 (s, 3 H), 3.53 - 3.39 (m, 2 H). 
13

C NMR (126 MHz, 

CDCl3)  = 163.3(d, JCF = 249 Hz), 156.2, 136.0, 128.0 (d, JCF = 7.7 Hz), 115.8 (d, JCF = 22 Hz), 

55.1, 52.5, 11.2. IR (thin film) 3305, 2951, 1690, 1507, 1254, 1225, 1048, 835 cm
–1

 MS (ESI) 

m/z calc’d for C10H13FINO2 (M+H): 323.9891; found: 323.9881. 

Methyl (R)-(2-iodo-1-(p-tolyl)ethyl)carbamate (4i) 

According to general procedure, 18 (11.1 mg, 0.02 mmol, 0.2 equiv), 

1i (16.5 μl, 0.125 mmol, 1.25 equiv), and INCO (0.1 mmol, 1.0 equiv, 0.5 

ml of 0.2 M toluene solution) were reacted in toluene/ether (4 ml, 3:1) for 8 hours at –78 °C. 4i 

(26 mg, 81% yield) was isolated after work-up and reaction of crude 2i with methanol. This 

material was determined to be less than 3% ee by chiral HPLC analysis (ChiralPak AD-H, 10% 

IPA/hexanes, 1 mL/min, 254 nm, tR(major) = 14.1 min, tR(minor) = 9.0 min). 
1
H NMR (CDCl3, 

500MHz): δ = 7.19 (m, 4 H), 5.35 - 5.24 (m, 1 H), 4.89 - 4.76 (br.s., 1 H), 3.71 (s, 3 H), 3.60 - 

3.47 (m, 2 H), 2.36 (s, 3 H). 
13

C NMR (126 MHz, CDCl3) δ = 156.0 137.8, 136.8, 129.4, 126.0, 

55.1, 52.4, 21.1, 11.8. IR (thin film) 3309, 2948, 1690, 1510, 1248, 1047 cm
–1

 MS (ESI) m/z 

calc’d for C11H15INO2 (M+H): 320.0147; found: 320.0132. 

Methyl (1-iodo-2-(4-(trifluoromethyl)phenyl)propan-2-yl)carbamate (4j) 

According to general procedure, 18 (5.5 mg, 0.01 mmol, 0.05 equiv), 1j 

(46.5 mg, 0.25 mmol, 1.25 equiv), and INCO (0.2 mmol, 1.0 equiv, 1.0 ml 

of 0.2 M toluene solution) were reacted in toluene/ether (2 ml, 3:1) for 8 hours at –78 °C. 4j (58 

mg, 75% yield) was isolated after work-up and reaction of crude 2j with methanol. This material 

was determined to be less than 3% ee by chiral HPLC analysis (ChiralPak AD-H, 10% 

IPA/hexanes, 1 mL/min, 230 nm, tR(major) = 6.83 min, tR(minor) = 7.55 min). 
1
H NMR (CDCl3, 
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500 MHz): δ = 7.62 (d, J = 8.3 Hz, 2 H), 7.52 (d, J = 8.3 Hz, 2 H), 5.34 (s, 1 H), 3.94 (d, J = 9.3 

Hz, 1 H), 3.70 (d, J = 10.7 Hz, 1 H), 3.66 (s, 3 H), 1.79 (s, 3 H) 
13

C NMR (126 MHz, CDCl3)  = 

155.1, 146.3, 129.7  (q, JCF = 32.60 Hz), 125.8, 125.7 (q, JCF = 3.84 Hz), 125.1 (q, JCF = 272 Hz), 

56.9, 52.2, 28.0, 18.8. IR (thin film) 3338, 2983, 1715, 1503, 1326, 1119, 737 cm
–1

 MS (ESI) 

m/z calc’d for C12H13F3INNaO2 (M+Na): 409.9835; found: 409.9854. 

Methyl ((1R,2R)-2-iodo-1-(4-(trifluoromethyl)phenyl)propyl)carbamate (4k) 

According to general procedure, 18 (5.5 mg, 0.01 mmol, 0.05 equiv), 1k 

(46.5 mg, 0.25 mmol, 1.25 equiv), and INCO (0.2 mmol, 1.0 equiv, 1.0 ml of 

0.2 M toluene solution) were reacted in toluene/ether (2 ml, 3:1) for 8 hours at –78 °C. 4k (54 

mg, 70% yield) was isolated after work-up and reaction of crude 2k with methanol. This material 

was determined to be less than 64% ee by chiral HPLC analysis (ChiralPak AD-H, 10% 

IPA/hexanes, 1 mL/min, 220 nm, tR(major) = 12.1 min, tR(minor) = 7.6 min). [α]D
23.0

 = –12.8° (c 

= 1.0, CH2Cl2) 
1
H NMR (CDCl3, 500 MHz): δ = 7.62 (d, J = 8.3 Hz, 2 H), 7.40 (d, J = 7.8 Hz, 2 

H), 5.47 (d, J = 8.8 Hz, 1 H), 4.59 - 4.33 (m, 2 H), 3.73 (s, 3 H), 2.05 (d, J = 6.8 Hz, 3 H) 
13

C 

NMR (126 MHz, CDCl3)  = 156.5, 144.8, 130.1 (q, JCF = 32.60 Hz), 126.4, 125.6 (q, JCF = 3.84 

Hz), 125.1 (q, JCF = 272 Hz) , 60.0, 52.7, 35.5, 26.7. IR (thin film) 3317, 2959, 1698, 1505, 1323, 

1121, 736 cm
–1

 MS (ESI) m/z calc’d for C12H13F3INNaO2 (M+Na): 409.9835; found: 409.9845. 

 

    Methyl ((1R,2S)-2-iodo-1-(4-(trifluoromethyl)phenyl)pentyl)carbamate (1l) 

According to general procedure, 18 (5.5 mg, 0.01 mmol, 0.05 equiv), 1l (53.5 

mg, 0.25 mmol, 1.25 equiv), and INCO (0.2 mmol, 1.0 equiv, 1.0 ml of 0.2 M 

toluene solution) were reacted in toluene/ether (2 ml, 3:1) for 8 hours at –78 °C. 4l (61 mg, 73% 

yield) was isolated after work-up and reaction of crude 2l with methanol. [α]D
22.5

 = +48.4º (c = 
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1.0, CHCl3); 1H NMR (CDCl3, 500 MHz): This material was determined to be less than 30% ee 

by chiral HPLC analysis (ChiralPak AD-H, 5% IPA/hexanes, 1 mL/min, 220 nm, tR(major) = 

15.6 min, tR(minor) = 8.8 min). [α]D
23.0

 = –6.2° (c = 1.0, CH2Cl2) 
 1

H NMR (CDCl3, 500MHz): δ 

= 7.55 (d, J = 7.8 Hz, 14 H), 7.39 (d, J = 7.8 Hz, 2 H), 5.37 (br. s., 1 H), 4.68 - 4.60 (m, 1 H), 

4.45 - 4.35 (m, J = 3.9 Hz, 1 H), 3.61 (s, 3 H), 1.61 - 1.47 (m, 3 H), 1.36 - 1.25 (m, 1 H), 0.83 (t, 

J = 7.1 Hz, 3 H) 
13

C NMR (126 MHz, CDCl3)  = 155.8, 142.6, 130.3 (q, JCF = 32.60 Hz), 128.0, 

125.2 (q, JCF = 3.80 Hz), 122.9 (q, JCF = 273 Hz), 59.0, 52.6, 42.3, 38.0, 22.9, 13.1, 13.0. IR (thin 

film) 3297, 2960, 1681, 1534, 1321, 1139, 842, 609 cm
–1

 MS (ESI) m/z calc’d for C14H18F3INO2 

(M+H): 416.0329; found: 416.0345. 

 

3.6.4. Titration and calibration of INCO by in situ Infrared Spectroscopy 

3.6.4.1. Titration of INCO with 2,3-dimethyl-2-butene 

The concentration of INCO solution prepared following Swern’s procedure (section 3.6.2.1) 

was determined by titration with 2,3-dimethyl-2-butene, which reacts with INCO instantaneously 

at –78 °C.  

Procedure: An oven-dried reation vessel equipped with a 1/8’’ long stir bar was attached to 

an in situ infrared (IR) spectroscopy probe. The vessel was capped with a virgin rubber septum 

and was allowed to cool to room temperature. Diethyl ether (1.6 ml) was added vial syringe and 

the vessel is cooled in a dry ice-acetone (–78 °C) bath. A background IR spectrum was collected 

(256 scans) and then continuous data collection was started (4 spectra/min, 50 scans/spectrum). 

INCO prepared in diethyl ether (0.40 ml, 0.2 M (theor.)) was added into the vessel by syringe. 

The solution was stirred for 5 minutes and 2,3-dimethyl-2-butene (2.0 μl, 0.017 mmol) was 

added by syringe. The reaction mixture was stirred for 5 minutes at which time the absorption at 
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2190 cm
–1

 has become level.  Two more portions of 2,3-dimethyl-2-butene (2.0 μl, 0.017 mmol) 

was added with a ten minutes interval (Figure S1).  

 

Figure S1. The titration of INCO prepared in section 3.6.2.1 with 2,3-dimethyl-2-butene. 

Table S1. IR absorptions after each addition of 2,3-dimethyl-2-butene. 

2,3-dimethyl-2-butene (μl) 2,3-dimethyl-2-butene ( mmol) Abs. at 2190 cm
–1

 Change of abs. 

0 0 0.1153 0 

2 0.016825 0.0911 0.0242 

4 0.03365 0.0644 0.0509 

6 0.050475 0.0378 0.0775 

 



119 

 

 

 

Figure S2. Plot of added 2,3-dimethyl-2-butene vs. the change of absorption at 2190 cm
–1

. The red curve 

represents a least squares fit to the equation f(x) = ax + b; a = 1.541; b = 7.3 × 10
-7

; R
2
 =0.999. 

From the plot in Figure S2 and initial absorption at 2190 cm
–1

, the amount of INCO added at 

the beginning of the titration could be derived: 

Amount of INCO in 400 μl diethyl ether solution = 0.1153/1.541 = 0.075 mmol 

Yield of INCO in the reaction of AgNCO and I2 = 0.075 mmol/0.08 mmol (theor.) = 94% 

As the yield is close to quantitative, theoretical yield was used in the following sections 

without introducing significant errors. 

3.6.4.2 Beer’s law plot between absorption of INCO at 2190 cm
–1

 and concentration of 

INCO in toluene 

Procedure: An oven-dried reation vessel equipped with a 1/8’’ long stir bar was attached to 

an in situ infrared (IR) spectroscopy probe. The vessel was capped with a virgin rubber septum 

and was allowed to cool to room temperature. Toluene (2.0 ml) was added vial syringe and the 

vessel is cooled in a dry ice-acetone (–78 °C) bath. A background IR spectrum was collected 

(256 scans) and then continuous data collection was started (4 spectra/min, 50 scans/spectrum). 



120 

 

 

Portions of INCO prepared in toluene (section 3.6.2.2) (10 × 50 μl and 5 × 100 μl, 0.2 M (theor.)) 

were added into the vessel by syringe with a time interval of 5 minutes and the absorption at 

2190 cm
–1

 was recorded after each addition of INCO.  

Table S2. IR absorption at 2190 cm
–1

 at different concentration of INCO. 

INCO solution added (μl) INCO added (mmol)  Voltot (μl) [INCO] (M) Absorption at 2190 cm
–1

 

50 0.01 2050 0.0049 0.0193 

100 0.02 2100 0.0095 0.0369 

150 0.03 2150 0.0140 0.0529 

200 0.04 2200 0.0182 0.0679 

250 0.05 2250 0.0222 0.0811 

300 0.06 2300 0.0261 0.0940 

350 0.07 2350 0.0298 0.1073 

400 0.08 2400 0.0333 0.1198 

450 0.09 2450 0.0367 0.1314 

500 0.1 2500 0.0400 0.1430 

600 0.12 2600 0.0462 0.1633 

700 0.14 2700 0.0519 0.1815 

800 0.16 2800 0.0571 0.1965 

900 0.18 2900 0.0621 0.2120 

1000 0.2 3000 0.0667 0.2255 
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Figure S3. Plot of [INCO] vs. absorption at 2190 cm
–1

. The red curve represents a least squares fit of the 

first ten data points to the equation f(x) = ax + b; a = 3.53; b = 2.2 × 10
-3

; R
2
 =0.999. 

The absorption at 2190 cm
–1

 and concentration of INCO in toluene obey Beer’s law 

perfectly below [INCO] = 0.04 M. Slight deviation from linear correlation was observed at 

higher concentration.  

3.6.5. Kinetic experiment by in situ Infrared Spectroscopy 

Representative Procedure: An oven-dried reaction vessel equipped with a 1/8’’ long stir bar 

was attached to an in situ infrared (IR) spectroscopy probe. The vessel was capped with a virgin 

rubber septum and was allowed to cool to room temperature. Catalyst 18 (5.56 mg, 0.01 mmol, 

0.2 equiv) in toluene (1.75 ml) was added vial syringe and the vessel is cooled in a dry ice-

acetone (–78 °C) bath. A background IR spectrum was collected (256 scans). INCO prepared in 

toluene (0.25 ml of 0.2 M (theor.) solution, 0.05 mmol, 1.0 equiv) was added into the vessel by 

syringe. The solution was stirred for 5 minutes and 1b (37.0 μl, 0.25 mmol, 5 equiv) was added 

by syringe and then continuous data collection was started (4 spectra/min, 50 scans/spectrum). 

The reaction was monitored at –78 °C for 2 to 8 hours. The absorption versus time data were 

converted to concentration versus time with the calibration curve (Figure xx). Concentration 
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versus time data were converted to rate versus concentration data by analytical differentiation of 

a seventh-order polynomial fit to the concentration versus time data. 

3.6.5.1 ‘Same excess’ experiment 

‘Same excess’ experiment A 

Experiments were conducted according to the representative procedure. The solvent is 

toluene/ether (2 ml, 40:1). Reactions were started with squaramide 18 ([18]tot = 5 mM) at 

different initial concentrations of 1b (0.265 M for reaction I and 0.25 M for reaction II) and 

INCO (0.04 M for reaction I or 0.025 M for reaction II).  

‘Same excess’ experiment B 

Experiments were conducted according to the representative procedure. The solvent at the 

beginning of reaction III is toluene/ether (2 ml, 40:1) and the solvent at the beginning of reaction 

IV is toluene/ether (1.9ml toluene + 50 μl ether). Reactions were started with squaramide 18 

([18]tot = 5 mM) at same amount of INCO (0.05 mmol)  and different initial amount of 1b (0.25 

mmol for reaction III or 0.27 M for reaction IV). In reaction IV, INCO (0.02 mmol in 0.1 ml 

toluene) was added after 25 minutes of the reaction. 

3.6.5.2 Data for kinetic analysis with in situ IR spectroscopy and derivation of rate laws 

Experiments were conducted according to the representative procedure. 

A. Order of INCO with catalyst 18 

The reaction was started with 18 (5.56 mg, 0.01 mmol), INCO (0.04 mmol, 0.2 ml of 0.2 M 

solution in toluene) and 1b (74 μl, 0.5 mmol, 10 equiv) in toluene/ether (1.5 ml toluene + 0.05 

ml ether). After about 10 minutes of the reaction, additional INCO (0.06 mmol, 0.3 ml of 0.2 M 

solution in toluene) was added by syringe (Figure S4). Only data collected below [INCO] =0.03 
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M were used for the first, second, or third order plot. An infinite point was defined as the 

absorption 2190 cm
–1

 equals to 0.0123. 

 

Figure S4. Reaction profile of 18-catalyzed iodoisocyanation of 1b in section 3.6.2.1 A. Reaction profile 

below [INCO] = 0.3 M after the second addition of INCO was used in determination of kinetic order of 

INCO in the reaction. 

B. Order of INCO in uncatalyzed reaction 

Experiments were conducted according to the representative procedure with INCO (0.05 

mmol, 0.25 ml of 0.2 M solution in toluene) and 1b ((74 μl, 0.5 mmol, 10 equiv) in toluene/ether 

(1.7 ml toluene + 0.05 ml ether) at 0 °C. The reaction was monitored until about 83% conversion 

of INCO (Figure S5). 
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Figure S5. Reaction profile of uncatalyzed iodoisocyanation of 1b in section 3.6.2.1 B. 

C. Order of catalyst 18 in rate law 

Reaction condition: [INCO]0 = 0.025 M, [1b] = 0.25 M. solvent = toluene/ether 40:1. Rates 

are provided in M s
–1

 (× 10
–6

). 

Table S3. Rates of 18-catalyzed iodoisocyanation of 1b at different [18]. 

conversion of 

INCO (%) 

[INCO] 

(M) 

[18]tot = 0 

mM 

[18]tot = 1.25 

mM 

[18]tot = 2.5 

mM 

[18]tot = 3.75 

mM 

[18]tot = 5 

mM 

10 0.0225 0 4.74 6.19 8.69 9.94 

20 0.0200 0 3.95 5.33 7.34 8.38 

30 0.0175 0 3.01 4.37 6.01 6.92 

40 0.0150 0 2.02 3.22 4.61 5.39 

50 0.0125 0 1.33 2.07 2.99 3.78 

60 0.0100 0 0.69 1.38 1.65 2.28 

 

D. Order of 1b in rate law 

Reaction condition: [INCO]0 = 0.025 M, [18]tot = 5 mM. solvent = toluene/ether 40:1. Rates 

are provided in M s
–1

 (× 10
–6

). 
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Table S4. Rates of 18-catalyzed iodoisocyanation of 1b at different [1b]0. 

conversion of INCO 

(%) 

[INCO] 

(M) 

[1b] = 

0 

[1b]0 = 0.125 

M 

[1b]0 = 0.188 

mM 

[1b]0 = 0.25 

mM 

20 0.0200 0 3.02 4.93 5.24 

30 0.0175 0 2.71 4.29 4.76 

40 0.0150 0 2.20 3.48 3.93 

50 0.0125 0 1.46 2.36 2.83 

60 0.0100 0 0.87 1.32 1.73 

 

3.6.5.3 Hammett analysis 

A. Hammett analysis of rates of 18-catalyzed iodoisocyanation of styrenes 

Experiments were conducted according to the representative procedure.  

For Figure 3.14a: 18 (5.56 mg, 0.01 mmol, 0.1 equiv), INCO (0.1 mmol, 0.5 ml of 0.2 M 

solution in toluene) and styrene (0. 25 mmol, 5 equiv) in toluene/ether (1.9 ml toluenetot + 0.1 ml 

ether). Rates were measured at 50% conversion of INCO. 

Table S5. Rates of 18-catalyzed iodoisocyanation of styrenes with electron-withdrawing substituent at 50% 

conversion. 

R σ
+
* Rate (M s

–1
) (× 10

–6
) logkrel 

H 0 255 0 

p-Cl 0.114 70.6 -0.557 

m-Cl 0.399 6.83 -1.571 

p-CO2Me 0.489 10.9 -1.367 

p-CF3 0.612 5.09 -1.698 

*The σ
+
 values are from H. C. Brown and Y. Okamoto, J. Am. Chem. Soc., 1958, 80, 4979. 

 For Figure 3.14b: 18 (5.56 mg, 0.01 mmol, 0.2 equiv), INCO (0.05 mmol, 0.25 ml of 0.2 M 

solution in toluene) and styrene (0. 125 mmol, 5 equiv) in toluene/ether (1.5 ml toluenetot + 0.5 

ml ether). Rates were measured at 50% conversion of INCO. 
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Table S6. Rates of 18-catalyzed iodoisocyanation of electron-rich styrenes at 50% conversion. 

 

 

B. Relative rate acceleration of 18-catalyzed iodoisocyanation of 1c and 1h to uncatalyzed 

reaction 

Experiments were conducted according to the representative procedure.  

For the iodoisocyanation of 1c: 18 (5.56 mg, 0.01 mmol, 0.05 equiv in the catalyzed 

reaction), INCO (0.2 mmol, 1.0 ml of 0.2 M solution in toluene) and 1c (0. 25 mmol, 5 equiv) in 

toluene/ether (1.5 ml toluenetot + 0.5 ml ether). Initial rates were measured at 1% conversion of 

INCO for uncatalyzed reaction and at 10% conversion of 1c for catalyzed reaction (Figure S5). 

At [INCO] = 0.1 M,  

          

          
 

          

           
      

Because the catalyzed reaction is second-order on [INCO] and the uncatalyzed reaction is 

third-order on [INCO], At [INCO] = 0.0125 M,  

          

          
 

                   

                    
     

R σ
+
 Rate (M s

–1
) (× 10

–6
) logkrel 

p-Me -0.311 508 0.751 

p-F -0.073 81.5 -0.042 

H 0 89.9 0 

p-Cl 0.144 16.2 -0.743 
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Figure S6. The reaction profiles of 18-catalyzed (red points) and uncatalyzed (green points) 

iodoisocyanation of 1c. The black curves are the least squares fit to function f(x) = ax + b (a = -9.833 x 

10
-6

, b = 0.100, R
2
 = 0.99 for catalyzed reaction; a = -2.811 x 10

-7
, b = 0.996, R

2
 = 0.73 for uncatalyzed 

reaction. 

For the iodoisocyanation of 1h: 18 (5.56 mg, 0.01 mmol, 0.2 equiv), INCO (0.05 mmol, 

0.25 ml of 0.2 M solution in toluene) and 1h (0. 25 mmol, 5 equiv) in toluene/ether (1.5 ml 

toluenetot + 0.5 ml ether). Rates were measured at 50% conversion of INCO ([INCO] = 0.0125 

M). 

Table S7. Rates of 18-catalyzed iodoisocyanation of 1h at [INCO] = 0.0125 M. 

 Rate at [INCO] = 0.0125 M ((M s
–1

) (× 10
–5

) 

catalyzed reaction 79.0  

uncatalyzed reaction 4.233  

At [INCO] = 0.0125 M, 

          

          
 

        

          
      

C. Hammett plot of  σ
+
 versus ln(er) 

The enantiomeric ratio of each iodoisocyanation product was derived from results in section 

3.6.3 except 4d. To be consistent with the conditions of other styrenes, the enantiomeric ratio of 
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4d here is obtained from 18-catalyzed iodoisocyanation of 1d in toluene/ether (3:1) instead of 

toluene/ether (1:1) used in section 3.6.3.  

Table S8. Hammett analysis of σ
+
 vs. ln(er). 

R σ
+
 er (4d) ln(er) 

p-Me -0.311 1 0 

p-F -0.073 1.631 0.489 

H 0 2.389 0.871 

p-Cl 0.144 3.545 1.265 

p-CO2Me 0.489 6.692 1.900 

p-CF3 0.612 9.000 2.197 

 

3.6.5.4 Kinetic analysis of catalyzed reaction by squaramide 18, 20, and 21. 

Experiments were conducted according to the representative procedure. Conditions: catalyst 

(0.01 mmol, 10 mol%), 1b (74 μl, 0.25 mmol, 5equiv) and INCO (0.1 mmol, 0.5 ml of 0.2 M 

solution in toluene) in toluene/ether (2ml, 40:1). Rates were measured at 40% conversion of 

INCO. kcat were calculated from the rate law of catalyzed reaction. kcat,major and kcat,minor were 

calculated from the equations below: 

kcat,major = kcat × (er/(1+er)) 

kcat,minor = kcat × (1/(1+er)) 
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Table S9. Comparison of kcat,major and kcat,minor of iodoisocyanation catalyzed by 18, 20, and 21. 

 

20 21 18 

er 3.16 5.06 7.33 

ln(er) 1.150572 1.621366 1.991976 

rate 5.64E-06 5.89E-06 6.70E-06 

k 0.386201 0.403374 0.459227 

kmajor 0.293364 0.336811 0.404097 

ln(kmajor) -1.22634 -1.08823 -0.9061 

kminor 0.092837 0.066563 0.055129 

ln(kminor) -2.37691 -2.7096 -2.89807 
 

 

3.6.6. X-Ray Crystallographic Information of 4b 

Crystal data 

Chemical formula C11H11F3INO2 

Mr 373.11 

Crystal system, space group Monoclinic, P21 

Temperature (K) 100 

a, b, c (Å) 8.6953 (7), 5.0857 (4), 14.8090 (11) 

 (°) 94.060 (1) 

V (Å
3
) 653.24 (9) 

Z 2 

Radiation type Mo K 

 (mm
-1

) 2.48 

Crystal size (mm) 0.09 × 0.02 × 0.02 
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Data collection 

Diffractometer Bruker D8 goniometer with CCD area detector diffractometer 

Absorption correction Multi-scan  

SADABS 

 Tmin, Tmax 0.535, 0.647 

No. of measured, 

independent and observed [I > 

2(I)] reflections 

8228, 2874, 2517   

Rint 0.034 

(sin /)max (Å
-1

) 0.642 

 

Refinement 

R[F
2
 > 2(F

2
)], wR(F

2
), S 0.027,  0.051,  0.98 

No. of reflections 2874 

No. of parameters 164 

No. of restraints 1 

H-atom treatment H-atom parameters constrained 

max, min (e Å
-3

) 0.54, -0.48 

Absolute structure Flack x determined using 991 quotients [(I+)-(I-)]/[(I+)+(I-)]  

(Parsons, Flack and Wagner, Acta Cryst. B69 (2013) 249-259). 

Absolute structure parameter -0.005 (17) 
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