
Enantioselective, Catalytic Multicomponent Synthesis of Homoallylic 
Amines Enabled by Hydrogen-Bonding and Dispersive Interactions 

Elisabetta Ronchi‡, Shauna M. Paradine‡, and Eric N. Jacobsen* 

Department of Chemistry and Chemical Biology, Harvard University, Cambridge, Massachusetts, 02138, United States 

 

Supporting Information Placeholder

ABSTRACT: We report a one-step catalytic, enantioselective 
method for the preparation of homoallylic N-Boc amines 
directly from acetals. Reactive iminium ion intermediates are 
generated in situ through the combination of an acetal, a chiral 
thiourea catalyst, trialkylsilyl triflate, and N-Boc carbamate, 
and are subsequently trapped by a variety of allylsilane 
nucleophiles. No homoallylic ether byproducts are detected, 
consistent with allylation of the iminium intermediate being 
highly favored over allylation of the intermediate 
oxocarbenium ion. Acetals derived from aromatic aldehydes 
possessing a variety of functional groups and substitution 
patterns yield homoallylic amines with excellent levels of 
enantiomeric enrichment. Experimental and computational data 
are consistent with an anchoring hydrogen-bond interaction 
between the protoiminium ion and the amide of the catalyst in 
the enantiodetermining transition state, and with 
stereodifferentiation achieved through specific non-covalent 
interactions (NCIs) with the catalyst pyrenyl moiety. Evidence 
is provided that the key NCI in the major pathway is a π-
stacking interaction, contrasting with the cation–π interactions 
invoked in previously studied reactions promoted by the same 
family of aryl-pyrrolidino-H-bond-donor catalysts.  

Enantioselective imine allylation provides a most attractive 
approach to the synthesis of chiral homoallylic amines, which 
are versatile intermediates for the synthesis of a wide variety of 
valuable, nitrogen-containing compounds.1  As an alternative to 
effective strategies engaging stoichiometric chiral auxiliaries 
and additives2,3 considerable effort has been directed toward the 
development of catalytic methods for the enantioselective al-
lylation of aldimines (Figure 1A).4 Most successful approaches 
have relied on additions to isolated imines, which may be chal-
lenging to access and purify due to their hydrolytic sensitivity.5 
Enantioselective allylation of iminium intermediates generated 
in situ from stable precursors represents an attractive alternative 
(Figure 1B).6,7 To date, only a few such enantioselective, three-
component coupling reactions have been reported, with notable 
examples from the groups of List, who employed a chiral disul-
fonimide catalyst;8a Feng, who applied a C2-symmetric Sc(III) 
Lewis acid complex,8b and Schaus, who achieved enantioselec-
tive Petasis-type imine allylations with chiral biphenol cata-
lysts.8c Herein we report the successful implementation of an 
alternative and potentially generalizable strategy that relies on 
the cooperative action of silyl triflate Lewis acids and chiral H-

bond-donor (HBD) catalysts for the direct synthesis of highly 
enantioenriched homoallylic amines directly from readily avail-
able acetal precursors (Figure 1C). 

A. Allylation of pre-formed imines (previous work)

N

R1

R2

H

X

R1

NH

R4

R2

Hoveyda, Terada,
Jacobsen, and many

others

C. Multicomponent allylation from acetals via H-bond-donor/Lewis acid
co-catalysis (this work)

R4

R3

R3
[cat]*

1-2 isolation steps

O

R1 H

N

R1

R2

H

X

R1

NH
R2

Feng, 2008
List, 2013

Schaus, 2017

H2NR
2

[cat]*

in situ

B. Allylation of imines generated in situ (previous work)

OMe

R1 OMe
R1

NHBoc R3[HBD]*/R3SiOTf
(catalytic)

1.0 equiv.

TMS

R3
+

1.0 equiv.

BocNH2 (1.0 equiv.) R2
R2 *

*

• HBD*-controlled enantio- and diastereoselectivity
• Practical amine source
• Broad functional-group tolerance
• No excess reagents required  

Figure 1. Approaches to imine allylation. A. Classical 
approach via pre-formed imine substrates. B. Examples of 
imine allylation via in situ generation of iminium species 
from aldehyde precursors. C. Multicomponent allylation 
reactions from acetals via chiral H-bond donor ([HBD]*)-
silyl triflate co-catalysis.  

We recently identified a Lewis acid–chiral dual HBD co-
activation strategy that allows highly reactive cationic 
intermediates to be generated from stable electrophilic 
precursors and subsequently engaged in enantioselective 
nucleophilic addition reactions.9 The approach relies on 
association of the HBD to a silyl triflate or halide to produce 
a Lewis acid with enhanced reactivity. Activation of weak 
electrophiles produces an HBD-associated ion pair, and 
direct trapping of the cationic electrophile may thus proceed 
enantioselectively to yield the desired product. We 



 

hypothesized that an oxocarbenium ion generated under the 
catalytic conditions could be converted to an iminium ion in 
the presence of a suitable N- nucleophile, and that the 
intermediate thus generated could be trapped in situ and 
chemoselectively with an allylsilane reagent to afford the 
desired homoallylic amine product. 

Reaction investigations were initiated using acetal 1a and 
methallylsilane 2a as model substrates. The identity of the 
amine source was found to be crucial for reactivity and 
chemoselectivity, with carbamates uniquely effective in 
affording the desired homoallylic amine products.10 The 
enantioselectivity of the reaction was sensitive to the alkyl 
group on the carbamate, with highest levels obtained with 
BocNH2 (Table S2). Notably, the reaction proceeded to high 
conversion with equimolar quantities of acetal 1a, 
methallylsilane 2a, and BocNH2. Enantioselectivities were 
insensitive to the identity of the trialkylsilyl triflate, and 
TESOTf selected due to its ease of use. With the basic 
reaction parameters thus identified, an extensive survey of 
chiral dual-HBD catalysts revealed that chiral thioureas 
harboring arylpyrrolidine motifs afforded 3a in the highest 
e.e. (Figure 2). As seen previously in other reactions 
promoted by this class of catalysts,9 we observed a positive 
correlation between the expanse of the aryl substituent on 
the pyrrolidine and enantioselectivity, leading to the 
identification of (4-pyrenyl)pyrrolidino thiourea 4f as 
optimal (95% e.e.). However, in sharp contrast with other 
reactions, the identity of the dual H-bond donor had very 
little effect on reaction outcome, with the corresponding urea 
(5f) and squaramide (6f) catalysts promoting the model 
reaction with very similar levels of enantioselectivity. This 
and other unique features of the observed catalyst-
enantioselectivity effects signaled an unusual mechanism of 
stereoinduction, as will be analyzed further below. 

The scope of the new multicomponent homoallylic amine 
synthesis was investigated under the optimized conditions 
(Figure 3). Consistently high enantioselectivity was 
achieved with arylaldehyde dimethylacetals bearing a wide 
variety of substitution patterns (3a–3l, 94–99% e.e.). The 
reaction was compatible with potentially reactive functional 
groups on the substrates such as esters (3j), phenols (3l), and  
N-, O-, and S-heteroaromatic groups (3n–3s), with the 
corresponding desired products obtained efficiently and with 
high enantioselectivities. The methodology was extended 
successfully to the acetal derived from the conjugated 
cyclohexene carboxaldehyde to afford the corresponding 
allylic amine product in good yield and enantioselectivity 
(3m). However, acetals derived from aliphatic aldehydes 
displayed poor reactivity and afforded homoallylic amine 
products in <55% e.e.11 Aldehydes also participate 
effectively as electrophiles in the reaction, providing the 
corresponding homoallylic amine products with the same 
levels of enantioselectivity as the corresponding dimethyl 

acetals, albeit in 10-30% lower conversion and yields (see 
Supporting Information). 
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Figure 2. Chiral H-bond donor ([HBD]*) catalyst-
structure-enantioselectivity relationship studies: variation of 
aryl pyrrolidine and H-bond donor identity.  

 

The nucleophilic allylsilane component of the coupling 
reaction could also be varied to other 2-substituted 
derivatives (3t-3u) while maintaining excellent 
enantioselectivities. Reactions with the prochiral 2,3-
disubstituted allyltrimethylsilane (3w) proceeded with both 
high enantioselectivity and excellent diastereoselectivity 
(>50:1 d.r.). The latter observation is noteworthy given the 
likelihood that these allylation reactions proceed via open 
transition states (see discussion below, Figure 5C), and the 
fact that the same reaction carried out in the absence of 
thiourea 4f was found to proceed with significantly lower 
diastereoselectivity (5:1 d.r.). None of the homoallylic 
amine product was obtained when the less nucleophilic 
parent allyltrimethylsilane was employed. 

 

 

 



 

  

Figure 3. Reaction scope. Enantioselectivity was determined by chiral HPLC analysis of purified product on commercial columns (see 
Supporting Information for separation conditions). Conditions: acetal 1a-w (0.3 mmol), BocNH2 (0.3 mmol), 2a-e (0.3 mmol), TESOTf 
(0.03 mmol), 4f (0.03 mmol), Et2O (0.1M), cooled to −50°C, 6h or 18h (see Supporting Information for details). a run for 24h. b run at −25°C.  
c run for 48h.

 

 
Figure 4. Proposed catalytic cycle for the multicomponent 
allylation reaction; R = Me, Et.  

A proposed catalytic cycle for the multicomponent 
allylation reaction is depicted in Figure 4. The cooperative 
action of dual H-bond donors and silyl triflates has been 
shown to promote activation of simple acetals to afford 
oxocarbenium ion intermediates such as I,9a which in the 
present system are intercepted by BocNH2 en route to the 
iminium ion pair III. Qualitative observations that reaction 
rates are increased with electron-rich acetal substrates and 
are independent of [BocNH2] are consistent with either rate-

limiting generation of oxocarbenium ion I or breakdown of 
the hemiaminal intermediate (II  III). While exclusive 
formation of homoallylic amines was observed with 
allylsilanes such as 2a, stronger π-nucleophiles such as silyl 
enol ethers and silyl ketene acetals11 afforded mixtures of 
amine- and ether-containing products (Table S10). The 
relative reactivity of the π-C-centered nucleophile versus the 
N-centered nucleophile (i.e. BocNH2) toward I thus 
determines chemoselectivity. The key iminium ion 
intermediate III is poised to undergo enantiodetermining 
coupling with methallylsilane 2a to afford the observed 
homoallylic amine 3a. The MeOH generated 
stoichiometrically in the breakdown of heminaminal II may 
give rise to a TfOH co-catalyzed pathway. Indeed, almost 
identical enantioselectivities were obtained using TfOH as 
co-catalyst (Table S9). 

It is to be expected and indeed generally observed that the 
identity of the H-bond donor motif has a profound effect on 
reaction outcomes in asymmetric HBD catalysis.13 For 
example, squaramides have been shown to induce 
substantially higher enantioselectivities than analogous urea 
and thiourea catalysts in previously reported HBD/silyl 
triflate co-catalyzed reactions.9d,f It is therefore intriguing 
that the urea, thiourea, and squaramide analogs 4f-6f all 
catalyze the multicomponent homoallyl amine synthesis 
with very similar levels of enantioselectivity (Figure 2, 
bottom). In an effort to elucidate the basis for this 
unexpected insensitivity to the identity of the presumed



 

 
Figure 5. Catalyst structure-enantioselectivity and computational studies. A. Effects of changes to the HBD and amide motif. 
B. Effects of perturbing the electronic properties of the aryl-pyrrolidine moiety through fluorination. C. Computed lowest 
energy transition states of the enantiodetermining iminium ion allylation step with catalyst (R,S)-4f. See Supporting 
Information for details of the computational analyses. D. Non-covalent interaction (NCI) analysis  of lowest energy transition 
states of catalyst (R,S)-4f showing different extent of dispersive interactions between the 4-pyrenyl moiety of the catalyst and 
the substrate. E. Overlay of the computed lowest energy transition states (left: major pathway, right: minor pathway) for 
thiourea catalyst (R,S)-4f (blue) and the analogous squaramide catalyst (R,S)-6f (red). 

catalytic engine, we carried out a systematic analysis of the 
HBD motif (Figure 5). Reactions run with 7a, a compound 
lacking any HBD component, yielded essentially racemic 
product, while variants in which the dual HBD was 
substituted with a single HBD (as in 7b or 7c) were poorly 
enantioselective.  

While the above results indicate that a dual HBD motif 
may be necessary for attaining high enantioselectivity, they 
provide no explanation for the unexpected similarity in 
outcomes with the urea, thiourea, and squaramide analogs. 
We hypothesized that other catalyst components must 
therefore be playing crucial roles in enantioinduction. The 
ability of catalysts in this class to act as hydrogen-bond 
acceptors through the amide moiety has been proposed in 
other reactions and is supported by numerous computational 
models.9b,9f,14  To test whether such an interaction plays a 
role in the present system, we prepared and evaluated 
catalyst 7d bearing a thioamide in place of the amide.15 
Product 3a was obtained with drastically lower e.e. with the 

thioamide catalyst in the model reaction (Figure 5a), 
consistent with the participation of an explicit interaction 
between the amide on the catalyst and the protioiminium ion 
intermediate III in the enantiodetermining transition state. 

Positive correlations between reaction enantioselectivity 
and the expanse of the aryl substituent of the arylpyrrolidino 
HBD catalysts (e.g., Figure 2, 4a–4f) have been noted 
previously, and in each instance have been ascribed to 
selective cation– interactions in the enantiodetermining 
transition state.9b,9f,16 We therefore assumed initially that the 
same type of NCI played a key role in the present system. 
However, fluorine substitution on the arene had little effect 
on enantioselectivity within sterically similar 
arylpyrrolidine derivatives (68-71% e.e. for the mono-, 3,5-
di-, and 3,4,5-trifluoro derivatives 4g–4i, vs. 60% e.e. for the 
parent phenyl 4a; 89-92% e.e. for 2-fluoro-substituted 
derivatives 4j–4k vs. 81-95% e.e. with 1-napthyl, 9-anthryl, 
or pyrenyl derivatives 4c–4f, Figures 2 and 5). Arene 
fluorination is known to disrupt cation– interactions,17 so 



 

these results appear to rule out key cation– interactions in 
the enantiodetermining event in the present system, and 
indicate participation of other, previously undocumented, 
selective interactions with the aryl pyrrolidine. 

A DFT computational study was undertaken to glean 
insight into the nature of the enantiodetermining interactions 
(Figure 5C). Lowest energy transition state (TS) structures 
for both the major and minor enantiomeric pathways were 
identified (see Supporting Information for details). The 
anchoring amide–iminium hydrogen–bonding interaction 
deduced from the catalyst structure-enantioselectivity 
studies (vide supra) was captured and is present in both TS 
structures. A face-face π–stacking interaction between the 
substrate arene and the catalyst arylpyrrolidine is evident in 
the major TS, while the minor transition state adopts a T-
shaped orientation between the same arenes. A non-covalent 
interaction (NCI) analysis18 reveals extensive reduced 
density gradients between the aromatic rings of the catalyst 
and the substrate in the major TS, consistent with the 
presence of van der Waals-type interactions (Figure 5D, 
green region). Transition state models generated for 
thiourea- (4f) and squaramide- (6f) promoted pathways 
reveal the same secondary interactions and remarkably 
similar geometries, differing only in the positioning of the 
triflate and the aniline-derived component of the catalyst 
(Figure 5E). On the basis of the experimental and 
computational data, we conclude that the combination of 
coulombic, H-bonding, and dispersive π-stacking 
interactions are involved in the HBD-R3SiOTf co-catalyzed 
aza-Sakurai reaction, with the latter playing the determining 
role in enantioinduction.  

We have developed an efficient and selective catalytic 
method for the synthesis of enantioenriched, homoallylic N-
Boc amines in one pot from acetals based on the cooperative 
action of achiral Lewis/Brønsted acid and chiral dual HBD 
catalysts. The high levels of enantioselectivity and 
diastereoselectivity across a broad range of substrates render 
the new protocol applicable to the preparation of valuable 
homoallylic amine derivatives. Strong evidence was 
obtained for a previously unidentified mode of 
enantioinduction with the arylpyrrolidino-HBD catalysts, 
highlighting the privileged nature of these scaffolds in their 
ability to induce high levels of stereocontrol through distinct 
mechanisms.19  

ASSOCIATED CONTENT  

Supporting Information 

The Supporting Information is available free of charge on the ACS 
Publications website at DOI (XXXX). 
Experimental procedures and characterization data for new 
compounds (PDF) 

AUTHOR INFORMATION 

Corresponding Author 

*jacobsen@chemistry.harvard.edu 

Author Contributions 

‡These authors contributed equally.  
 

Notes 
The authors declare no competing financial interests. 

ACKNOWLEDGMENTS  

This work was supported by the NIH (GM43214) and an NIH 
postdoctoral fellowship to S.M.P. We thank Dr. Adam Trotta for 
helpful discussions. 

REFERENCES 

(1) For recent examples of homoallylic amines as intermediates en route 
to complex molecules, see (a) Sirasani, G.; Andrade, R. B. Total Synthesis 
of (−)-Leuconicine A and B. Org. Lett. 2011, 13, 4736–4737. (b) Ren, H.; 
Wulff, W.D. Direct Catalytic Asymmetric Aminoallylation of Aldehydes: 
Synergism of Chiral and Nonchiral Brønsted Acids. J. Am. Chem. Soc. 
2011, 133, 5656–5659. (c) Su, B.; Zhang, H.; Deng, M.; Wang, Q. An 
enantioselective strategy for the total synthesis of (S)-tylophorine via 
catalytic asymmetric allylation and a one-pot DMAP-promoted isocyanate 
formation/Lewis acid catalyzed cyclization sequence. Org. Biomol. Chem. 
2014, 12, 3616–3621. (d) Zheng, Y.; Liu, Y.; Wang, Q. Collective 
Asymmetric Synthesis of (−)-Antofine, (−)-Cryptopleurine, (−)-
Tylophorine, and (−)-Tylocrebrine with tert-Butanesulfinamide as a Chiral 
Auxiliary. J. Org. Chem. 2014, 79, 8, 3348–3357. (e) Yuan, Y.; Han, X.; 
Zhu, F.-P. et al. Development of bifunctional organocatalysts and 
application to asymmetric total synthesis of naucleofficine I and II. Nat. 
Commun. 2019, 10, 3394. 

(2) For selected examples of chiral auxiliary-based imine and hydrazone 
allylations, see: (a) Yamamoto, Y.; Nishii, S.; Maruyama, K.; Komatsu, T.; 
Ito, W. Very high 1,2- and 1,3-asymmetric induction in the reactions of 
allylic boron compounds with chiral imines. J. Am. Chem. Soc. 1986, 108, 
7778–7786. (b) Cogan, D.A.; Liu, G.; Ellman, J. Asymmetric synthesis of 
chiral amines by highly diastereoselective 1,2-additions of organometallic 
reagents to N-tert-butanesulfinyl imines. Tetrahedron 1999, 55, 8883–
8904. (c) Yanada, R.; Kaieda, A.; Takemoto, Y. Diastereoselective Barbier-
Type and Palladium-Mediated Allylation of Optically Active Aldimine 
with Allylindium Reagents. J. Org. Chem. 2001, 66, 7516. (d) Friestad, 
G.K.; Korapala, C.S.; Ding, H. Dual Activation in Asymmetric Allylsilane 
Addition to Chiral N-Acylhydrazones:  Method Development, Mechanistic 
Studies, and Elaboration of Homoallylic Amine Adducts. J. Org. Chem. 
2006, 71, 281–289. 

(3) For examples of hydrazone and imine allylations using stoichiometric 
chiral additives, see: (a) Kobayashi, S.; Ogawa, C.; Konishi, H.; Suguira, 
M. Chiral Sulfoxides as Neutral Coordinate-Organocatalysts in 
Asymmetric Allylation of N-Acylhydrazones Using Allyltrichlorosilanes. 
J. Am. Chem. Soc. 2003, 125, 6610–6611. (b) Ogawa, C.; Suguira, M.; 
Kobayashi, S. Stereospecific, Enantioselective Allylation of α‐Hydrazono 
Esters by Using Allyltrichlorosilanes with BINAP Dioxides as Neutral‐
Coordinate Organocatalysts. Angew. Chem. Int. Ed. 2004, 43, 6491–6493. 
(c) Jagtap, S.B.; Tsogoeva, S.B. First enantioselective organocatalytic 
allylation of simple aldimines with allyltrichlorosilane. Chem. Commun. 
2006, 4747–4749. 

(4) For selected reviews on asymmetric imine allylation, see: (a) Ding, 
H.; Friestad, G. K. Asymmetric Addition of Allylic Nucleophiles to Imino 
Compounds. Synthesis 2005, 17, 2815-2829. (b) Ramachandran, P.V.; 
Burghardt, T.E. Recent developments in the chiral synthesis of homoallylic 
amines via organoboranes. Pure Appl. Chem. 2006, 78, 1397–1406. (c) 
Kobayashi, S.; Mori, Y.; Fossey, J. S.; Salter, M. M. Catalytic 
Enantioselective Formation of C−C Bonds by Addition to Imines and 
Hydrazones: A Ten-Year Update. Chem. Rev. 2011, 111, 2626–2704. (d) 
Yus, M.; González-Gómez, J.C.; Foubelo, F. Catalytic Enantioselective 
Allylation of Carbonyl Compounds and Imines. Chem. Rev. 2011, 111, 
7774–7854. (e) Zhang, Q.; Wang, C.; Zhao, W. Recent development in 
asymmetric synthesis of homo-allylic amines catalyzed by small organic 
molecules. Mini-Rev Org Chem 2014, 11, 4, 508-516. (f) Huo, H.-X.; 
Duvall, J. R.; Huang, M.-Y.; Hong, R. Catalytic asymmetric allylation of 
carbonyl compounds and imines with allylic boronates. Org. Chem. Front. 
2014, 1, 303–320 and references therein. For recent examples of catalytic 
homoallylic amines syntheses, see: (g) Silverio, D.L.; Torker, S.; Pilyugina, 
T.; Vieira, E.M.; Snapper, M.L.; Haeffner, F.; Hoveyda, A.H. Simple 
organic molecules as catalysts for enantioselective synthesis of amines and 



 

alcohols. Nature 2013, 494, 216–221. (h) Zhao, Y.-S., Liu, Q., Tian, P., 
Tao, J.-C., Lin, G.-Q. Copper-catalyzed asymmetric allylation of chiral N-
tert-butanesulfinyl imines: dual stereocontrol with nearly perfect 
diastereoselectivity. Org. Biomol. Chem. 2015, 13, 4174–4178. (i) 
Goodman, C. G., Johnson, J. S. Asymmetric Synthesis of β-Amino Amides 
by Catalytic Enantioconvergent 2-Aza-Cope Rearrangement. J. Am. Chem. 
Soc. 2015, 137, 46, 14574–14577. (j) Liu, J., Cao, C.-G., Sun, H.-B., Zhang, 
X., Niu, D. Catalytic Asymmetric Umpolung Allylation of Imines. J. Am. 
Chem. Soc. 2016, 138, 40, 13103–13106. (k) Jha, A. K., Fernandes, R. A. 
Menthane‐Based Chloride‐Bridged η3‐Bis‐π‐Allylpalladium Chloride 
Dimers: Catalytic Asymmetric Allylation of Imines. Eur J Org Chem 2019, 
17, 2857–2863. (l) Shen, C., Wang, R.-Q., Wei, L., Wang, Z.-F., Tao, H.-
Y., Wang, C.-J. Catalytic Asymmetric Umpolung Allylation/2-Aza-Cope 
Rearrangement for the Construction of α-Tetrasubstituted α-
Trifluoromethyl Homoallylic Amines. Org. Lett. 2019, 21, 17, 6940–6945. 
(m) Wang, Y., Deng, L.-F., Zhang, X., Niu, D. Catalytic Asymmetric 
Synthesis of α-Tetrasubstituted α-Trifluoromethyl Homoallylic Amines by 
Ir-Catalyzed Umpolung Allylation of Imines. Org. Lett. 2019, 21, 17, 6951–
6956. (n) Wei, L., Xiao, L., Wang, Z.-F., Tao, H.-Y., Wang, C.-J. Ir/Phase‐
Transfer‐Catalysis Cooperatively Catalyzed Asymmetric Cascade 
Allylation/2‐aza‐Cope Rearrangement: An Efficient Route to Homoallylic 
Amines from Aldimine Esters. Chin. J. Chem. 2020, 38, 1, 82–86.  

(5) For example, N-Boc aldimines are prepared via a two-step sequence 
that involves condensation by BocNH2 and PhSO2Na, followed by 
elimination of the sulfonyl group; see: Yang, J.W.; Pan, S.C.; List, B. 
Synthesis of tert-Butyl (1S,2S)-2-Methyl-3-oxo-1-phenylpropylcarbamate 
by Asymmetric Mannich Reaction. Org. Synth. 2009, 86, 11–17. 

(6) For examples of other reactions that involve in situ-generation of 
iminium ions, see: Eschweiler–Clarke reaction: (a) Eschweiler, W. Ersatz 
von an Stickstoff gebundenen Wasserstoffatomen durch die Methylgruppe 
mit Hülfe von Formaldehyd. Ber. Dtsch. Chem. Ges. 1905, 38, 880–882. 
(b) Clarke, H. T.; Gillespie, H. B.; Weisshaus, S. Z. The Action of 
Formaldehyde on Amines and Amino Acids. J. Am. Chem. Soc. 1933, 55, 
4571–4587. Pictet–Spengler reaction: (c) Pictet, A.; Spengler, T. Über die 
Bildung von Isochinolin-derivaten durch Einwirkung von Methylal auf 
Phenyl-äthylamin, Phenyl-alanin und Tyrosin. Ber. Dtsch. Chem. Ges. 
1911, 44, 2030–2036. Mannich reaction: (d) Mannich, C.; Krösche, W. 
Ueber ein Kondensationsprodukt aus Formaldehyd, Ammoniak und 
Antipyrin. Arch. Pharm. 1912, 250, 647–667. Ugi reaction: (e) Ugi, I.; 
Meyr, R.; Fetzer, U.; Steinbrückner, C. Angew. Chem. 1959, 71, 386–386. 
(f) Ugi, I.; Steinbrückner, C. Über ein neues Kondensations‐Prinzip. Angew. 
Chem. 1960, 72, 267−268. Petasis reaction: (g) Petasis, N. A.; 
Akritopoulou, I. The boronic acid mannich reaction: A new method for the 
synthesis of geometrically pure allylamines. Tetrahedron Lett. 1993, 34, 
583–586.  

 (7) For an overview of multicomponent syntheses of homoallylic 
amines, see: Herrera, R.P.; Marqués-López, E. Multicomponent Reactions: 
Concepts and Applications for Design and Synthesis [Online]; Wiley & 
Sons: New York, 2015; Chapter 12, pp 391-393, and references therein. 

(8) (a) Gandhi, S.; List, B. Catalytic Asymmetric Three‐Component 
Synthesis of Homoallylic Amines. Angew. Chem. Int. Ed. 2013, 52, 2573–
2576. (b) Li, X.; Liu, X.; Fu, Y.; Wang, L.; Zhou, L.; Feng, X. Direct 
Allylation of Aldimines Catalyzed by C2‐Symmetric N,N′‐Dioxide–ScIII 
Complexes: Highly Enantioselective Synthesis of Homoallylic Amines. 
Chem. Eur. J. 2008, 14, 4796–4798. (c) Jiang, Y., Schaus, S. E. Asymmetric 
Petasis Borono-Mannich Allylation Reactions Catalyzed by Chiral 
Biphenols. Angew. Chem. Int. Ed. 2017, 56, 1544-1548.  

(9) (a) Knowles, R.R.; Lin, S.; Jacobsen, E.N. Enantioselective 
Thiourea-Catalyzed Cationic Polycyclizations. J. Am. Chem. 
Soc. 2010, 132, 5030–5032. (b) Lin, S.; Jacobsen, E. N. Thiourea-catalysed 
ring opening of episulfonium ions with indole derivatives by means of 
stabilizing non-covalent interactions. Nature Chem. 2012, 4, 817–824. (c) 
Zhang, H.; Lin, S.; Jacobsen, E.N. Enantioselective Selenocyclization via 
Dynamic Kinetic Resolution of Seleniranium Ions by Hydrogen-Bond 
Donor Catalysts. J. Am. Chem. Soc. 2014, 136, 16485–16488. (d) Banik, 
S.M.; Levina, A.; Hyde, A.M.; Jacobsen, E.N. Lewis acid enhancement by 
hydrogen-bond donors for asymmetric catalysis. Science 2017, 358, 761–
764. (e) Bendelsmith, A.J.; Kim, S.C.; Wasa, M.; Roche, S.P.; Jacobsen, 
E.N. Enantioselective Synthesis of α‑Allyl Amino Esters via Hydrogen-
Bond-Donor Catalysis. J. Am. Chem. Soc. 2019, 141, 11414–11419. (f) 

Strassfeld, D.A.; Wickens, Z.K.; Picazo, E., Jacobsen, E.N. Highly 
Enantioselective, Hydrogen-Bond-Donor Catalyzed Additions to Oxetanes. 
J. Am. Chem. Soc. 2020, 142, 20, 9175–9180. 

 (10) No reaction occurred when benzyl amine was used; conversely, the 
reaction proceeded to high conversion with amides and sulfonamides, but 
ether-containing product was generated preferentially or exclusively.  

(11) A representative survey of less-effective substrates is provided in 
Figure S1.  

(12) Mayr, H.; Bug, T.; Gotta M.F.; Hering, N.; Irrgang, B.; Janker, B.; 
Kempf, B.; Loos, R.; Ofial, A. R.; Remennikov, G.; Schimmel, H. 
Reference Scales for the Characterization of Cationic Electrophiles and 
Neutral Nucleophiles. J. Am. Chem. Soc. 2001, 123, 9500–9512.  

(13) (a) Taylor, M. S.; Jacobsen, E. N. Asymmetric Catalysis by Chiral 
Hydrogen Bond Donors. Angew. Chem. Int. Ed. 2006, 45, 1520–1543. (b) 
Brak, K., Jacobsen, E. N. Asymmetric Ion‐Pairing Catalysis. Angew. Chem. 
Int. Ed. 2013, 52, 534–561.  

(14) (a) Zuend, S.J., Jacobsen, E.N. Mechanism of Amido-Thiourea 
Catalyzed Enantioselective Imine Hydrocyanation: Transition State 
Stabilization via Multiple Non-Covalent Interactions. J. Am. Chem. Soc. 
2009, 131, 15358–15374. (b) Kennedy, C.R., Guidera, J.A. Jacobsen, E.N. 
Synergistic Ion-Binding Catalysis Demonstrated via an Enantioselective, 
Catalytic [2,3]-Wittig Rearrangement. ACS Cent. Sci. 2016, 2, 6, 416–423. 
(c) Park, Y., Harper, K.C., Kuhl, N., Kwan, E.E., Liu, R.Y., Jacobsen, E.N. 
Macrocyclic bis-thioureas catalyze stereospecific glycosylation reactions. 
Science 2017, 355, 6321, 162–166. (d) Klausen, R.S., Kennedy, C.R., Hyde, 
A.M., Jacobsen, E.N. Chiral Thioureas Promote Enantioselective Pictet–
Spengler Cyclization by Stabilizing Every Intermediate and Transition 
State in the Carboxylic Acid-Catalyzed Reaction. J. Am. Chem. Soc. 2017, 
139, 12299–12309. (e) Mayfield, A.B., Metternich, J.B., Trotta, A.H., 
Jacobsen, E. N. Stereospecific Furanosylations Catalyzed by Bis-thiourea 
Hydrogen-Bond Donors. J. Am. Chem. Soc. 2020, 142, 4061–4069.  

(15) For a review on peptide isosteres including thioamides, see: (a) 
Choudhary, A., Raines, R. T. An evaluation of peptide-bond isosteres. 
ChemBioChem 2011, 12, 1801–1807. For selected examples of the use of 
thioamide substitution to probe H-bonding, see: (b) McFarland, B.J.; Katz, 
J.F.; Sant, A.J.; Beeson, C. Energetics and cooperativity of the hydrogen 
bonding and anchor interactions that bind peptides to MHC class II protein. 
J. Mol. Biol. 2005, 350, 1, 170–183. (c) Culik, R.M., Jo, H., DeGrado, W.F., 
Gai, F. Using Thioamides To Site-Specifically Interrogate the Dynamics of 
Hydrogen Bond Formation in β-Sheet Folding. J. Am. Chem. Soc. 2012, 
134, 8026-8029. (d) Soares, P.; Lucas, X.; Ciulli, A. Thioamide substitution 
to probe the hydroxyproline recognition of VHL ligands. Bioorg. Med. 
Chem. 2018, 26, 11, 2992-2995.   

(16) (a) Uyeda, C.; Jacobsen, E.N. Transition-State Charge Stabilization 
through Multiple Non-covalent Interactions in the Guanidinium-Catalyzed 
Enantioselective Claisen Rearrangement. J. Am. Chem. Soc. 2011, 133, 
5062–5075. For reviews on cation-π interactions in asymmetric catalysis, 
see: (b) Kennedy, C.R.; Lin, S.; Jacobsen, E.N. The Cation–π Interaction in 
Small‐Molecule Catalysis. Angew. Chem. Int. Ed. 2016, 55, 12596–12624; 
(d) Neel, A.J.; Hilton, M.J.; Sigman, M.S.; Toste, F.D. Exploiting non-
covalent π interactions for catalyst design. Nature 2017, 543, 637–646.  

(17)  (a) Zhong, W., Gallivan, J. P., Zhang, Y., Li, L., Lester, H. A., 
Dougherty, D. A. From ab initio quantum mechanics to molecular 
neurobiology: A cation–π binding site in the nicotinic receptor. PNAS, 
1998, 95, 21, 12088–12093. For examples of the use of aromatic 
fluorination to probe cation–π interactions, see: (b) Beene, D. L., Brandt, G. 
S., Zhong, W. G., Zacharias, N. M., Lester, H. A., Dougherty, D. A. 
Cation−π Interactions in Ligand Recognition by Serotonergic (5-HT3A) and 
Nicotinic Acetylcholine Receptors:  The Anomalous Binding Properties of 
Nicotine. Biochemistry 2002, 41, 10262–10269. (c) He, T., Gershenson, A., 
Eyles, S. J., Lee, Y.-J., Liu, W. R., Wang, J., Gao, J., Roberts, M. F. 
Fluorinated Aromatic Amino Acids Distinguish Cation-π Interactions from 
Membrane Insertion. J. Biol. Chem., 2015, 250, 19334–19342. For a 
computational model of the effect of fluorination on cation-π interactions, 
see: (e) Davis, M. R., Dougherty, D. A. Cation–π interactions: 
computational analyses of the aromatic box motif and the fluorination 



 

strategy for experimental evaluation. Phys. Chem. Chem. Phys., 2015, 17, 
29262–29270.  

(18) For Non-Covalent Interaction analysis theory: (a) Johnson et al. 
Revealing Noncovalent Interactions. J. Am. Chem. Soc. 2010, 132, 18, 
6498-6506. For calculation program Multiwfn: (b) Lu, T., Chen, F. 
Multiwfn: A multifunctional wavefunction analyzer. J. Comput. Chem., 
2012, 33, 580-592.  

(19) Yoon, T.P.; Jacobsen, E.N.  Privileged Chiral Catalysts. 
Science 2003, 299, 1691-1693.  

 
 

  

 

  



 

 

8

Insert Table of Contents artwork here 

 
 


