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ABSTRACT: The first enantioselective synthesis of five-membered N-heterocyclic allylboronates has been accomplished by a 
C−B bond-forming dearomatization of pyrroles using a copper(I) catalyst. This reaction involves the regio- and enantioselec-
tive addition of a borylcopper(I) species to pyrrole-2-carboxylates, followed by the diastereoselective protonation of the re-
sulting copper(I) enolate to afford pyrrolidine-type allylboronates. The products are highly attractive reagents for the rapid 
construction of pyrrolidine derivatives that bear five consecutive stereocenters via subsequent allylboration/oxidation pro-
cesses.

Allylboron compounds have found widespread applications 
in organic synthesis.1 Chiral cyclic allylboronates are partic-
ularly useful synthetic building blocks because their stere-
oselective addition to carbonyl compounds allows the con-
struction of cyclic homoallylic alcohols that bear two con-
secutive stereogenic centers (Scheme 1a).1 Accordingly, sig-
nificant efforts have been devoted to the development of 
catalytic, enantioselective synthetic routes to this class of al-
lylboron compounds. Although many excellent procedures 
have already been reported, the scope of accessible cyclic 
allylboronates remains limited.2,3  
	 Optically active N-heterocyclic allylic boronates 
have attracted considerable interest, especially in the con-
text of the allylboration of aldehydes. This provides stere-
ocontrolled access to functionalized chiral aminoalcohols, 
which represent a highly prized class of synthetic interme-
diates for the construction of a wide variety of naturally oc-
curring complex molecules.3 Hall and co-workers have re-
ported that the palladium-catalyzed enantioselective 
borylative alkene isomerization of alkenyl triflates affords 
chiral N-heterocyclic allylboronates, which are useful allyla-
tion reagents for the efficient synthesis of drug molecules 
(Scheme 1b).3 However, this protocol is limited to the prep-
aration of six- or seven-membered N-heterocycles (Scheme 
1b). The development of new methods for the synthesis of 
other N-heterocyclic allylic boronates (e.g., five-membered 

rings) is also highly desirable in order to provide an attrac-
tive route for the rapid construction of complex saturated 
N-heterocycles via stereospecific, boron-based functionali-
zation processes.1,2,4 

Our group has been interested in applying a cop-
per(I)-catalyzed nucleophilic borylation protocol to the 
synthesis of chiral N-heterocyclic organoboronates.5a,6 We 
have previously reported an enantioselective borylative 
dearomatization reaction of indole-2-carboxylate deriva-
tives using a copper(I) catalyst to furnish the corresponding 
optically active 3-boryl-indolines.5,7 The key finding of this 
study was that an electron-withdrawing group at the 2-po-
sition in the substrate can facilitate the challenging 
dearomative borylcupration. Inspired by this finding, we 
envisioned that using this method, pyrrole-2-carboxylate 
derivatives could potentially be converted into novel five-
membered N-heterocyclic allylic boronates, which in turn 
could potentially be transformed into complex bioactive 
pyrrolidines via the stereoselective allylboration of alde-
hydes (Scheme 1c).8,9 The main challenge in the develop-
ment of such a method is overcoming the high energy bar-
rier associated with the dearomatization process.10 Our pre-
liminary density functional theory (DFT) calculations of 
model molecules suggested that the borylation of pyrrole is 
much less favorable than that of indole in terms of the free 
energy of formation (G = 10.3 kcal/mol; see the 



 

Supporting Information for details). In fact, there is only a 
limited number of examples of the enantioselective 
dearomatization of pyrroles, including [4+3] cycloaddi-
tions,11 hydrogenations,12 allylic alkylations,13 and Heck-
type reactions,14 while the number of reported enantiose-
lective dearomatization reactions of indoles is much 
higher.10 Herein, we report the first synthesis of chiral five-
membered N-heterocyclic allylboronates via the enantiose-
lective borylative dearomatization of readily available pyr-
roles.  
Scheme	1.	Catalytic	Enantioselective	Synthesis	of	Chiral	
N‐Heterocyclic	Allylboronates	

 
 
	 The results of an extensive series of optimization 
experiments are shown in Table 1. Initially, we applied the 
previously established optimal reaction conditions for the 
borylative dearomatization of indoles to pyrroles.5a The re-
action of N-benzyloxycarbonyl (Cbz)-protected methyl pyr-
role-2-carboxylate (1a) with bis(pinacolato)diboron (2) 
(2.0 equiv) in the presence of Cu(O-t-Bu) (10 mol%)/chiral 
bisphosphine ligand (R,R)-L1 (10 mol%), Na(O-t-Bu) (10 
mol%), and t-BuOH (2.0 equiv) in THF at 30 C afforded the 
desired 3-boryl-dihydropyrrole (R,S)-3a with excellent dia-
stereo- and enantioselectivity (d.r. >95:5, 96% ee; Table 1, 
entry 1). However, the chemical yield was only moderate 
(54%). To improve the reactivity, the combination of CuCl 
and K(O-t-Bu) was investigated, albeit that the improve-
ment was merely marginal (64%; Table 1, entry 2). Interest-
ingly, we found that decreasing the amount of the copper 
salt led to a more substantial improvement in the reactivity 
(81%, d.r. >95:5, 95% ee; Table 1, entry 3). The use of the 
sterically less hindered ligand (R,R)-L2 led to not only a 
lower enantioselectivity but also a lower yield (34%, 80% 
ee; Table 1, entry 4). Several other chiral bisphosphine lig-
ands, including (R,R)-BenzP* (L3), (R,R)-QuinoxP* (L4), and 
(R,R)-Me-Duphos (L5), were also tested but afforded the 
product in poor stereoselectivity (Table 1, entries 5–7). No 
reaction was observed when (S)-MOP (L6) was used in the 
reaction (Table 1, entry 8). The steric bulk of the alcohol was 
also found to affect the diastereoselectivity of this reaction, 

i.e., the use of sterically undemanding MeOH led to moder-
ate diastereoselectivity (d.r. 81:19; Table 1, entry 9). Per-
forming the reaction without any alcohol additive resulted 
in a significantly decreased product yield (7%; Table 1, en-
try 10). The borylation of pyrroles that do not contain an 
ester group at the 2-position did not proceed (see the Sup-
porting Information for details). 
 
Table	1.	Optimization	of	the	Reaction	Conditionsa	

 
Entry Cu cat. 

(mol%) 

L* base (mol%) yield 

(%)b	
d.r.c	 ee 

(%)d	

1e Cu(O-t-Bu) 
(10) 

(R,R)-L1	 Na(O-t-Bu) (10) 54 >95:5 96 

2 CuCl (10) (R,R)-L1 K(O-t-Bu) (20) 64 >95:5 96 

3 CuCl (5) (R,R)-L1 K(O-t-Bu) (20) 81 >95:5 95 

4 CuCl (5) (R,R)-L2 K(O-t-Bu) (20) 34 >95:5 80 

5 CuCl (5) (R,R)-L3 K(O-t-Bu) (20) 15 >95:5 28 

6 CuCl (5) (R,R)-L4 K(O-t-Bu) (20) 30 >95:5 22 

7 CuCl (5) (R,R)-L5 K(O-t-Bu) (20) 53 >95:5 46 

8 CuCl (5) (S)-L6 K(O-t-Bu) (20) <5 n.d. n.d. 

9f CuCl (5) (R,R)-L1 K(O-t-Bu) (20) 41 81:19 86 

10g CuCl (5) (R,R)-L1 K(O-t-Bu) (20) 7 n.d. n.d. 

 
aConditions: 1a (0.5 mmol), 2 (0.75 mmol), Cu catalyst, chiral 
ligand (0.05 mmol), base, and alcohol (1.0 mmol) in THF (1.0 
mL). bDetermined by 1H NMR analysis of the crude reaction 
mixture using an internal standard. cDetermined by 1H NMR 
analysis of the crude reaction mixture. dDetermined by HPLC 
analysis. e2.0 equiv. of 2 was used. fMeOH was used instead of 
t-BuOH. gWithout alcohol. 

	 The thus obtained optically active 3-boryl-dihy-
dropyrrole (R,S)-3a can be used for the synthesis of 2,5-sub-
stituted pyrrolidine derivatives with three stereogenic car-
bon centers via the diastereoselective allylboration of alde-
hydes. We found that the addition of cinnamaldehyde (3-
phenylprop-2-enal) to the crude mixture of (R,S)-3a, which 
was obtained from the aforementioned reaction, proceeded 
in a highly diastereoselective manner, probably via a six-
membered transition state (vide	infra), to give homoallylic 
alcohol (R,S,S)-4a in good yield with high diastereoselectiv-
ity and without loss of the enantiomeric purity (Scheme 
2).2a Notably, the crude mixture of the borylation product 



 

(R,S)-3a can be used for the allylboration, which allows the 
rapid construction of molecular complexity from readily 
available pyrrole derivatives. A single-crystal X-ray diffrac-
tion analysis confirmed the structure of 4a and revealed the 
absolute configuration of its stereogenic centers as (R,S,S)-
4a. 
Scheme	2.	Allylboration	of	 (R,S)‐3a	with	Cinnamalde‐
hyde	
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	 The allylboration of aldehydes with (R,S)-3a is pos-
sible for a wide range of substrates (Scheme 3). Benzalde-
hyde smoothly produced the corresponding pyrrolidine de-
rivative (R,S,S)-4b with excellent stereospecificity. Aro-
matic aldehydes with electron-withdrawing or -donating 
functional groups afforded the corresponding pyrrolidine 
derivatives in good yield with high diastereo- and enanti-
oselectivity [(R,S,S)-4c(R,S,S)-4g]. Heteroaromatic alde-
hydes are also allylborated with high stereoselectivity 
[(R,S,S)-4h(R,S,S)-4j]. Allylboration of the aliphatic cyclo-
hexane carboxaldehyde provided the product in lower yield 
(45%, NMR; 2 steps), albeit with high stereoselectivity (d.r. 
> 95:5, 96% ee). This borylation/allylboration sequence of 
1a can be carried out at a 1 mmol scale (See the Supporting 
Information for details). 

The utility of the borylation of pyrroles was further 
demonstrated by the three-step synthesis of cis-3-hydroxy 
proline derivative (R,S)-6	 (Scheme 4). cis-3-Hydroxy-pro-
line, a rare cyclic -hydroxy--amino acid isolated from car-
cinoma cell cultures, is a therapeutic agent in the treatment 
of tumors and collagen disorders.15 Although both racemic 
and asymmetric syntheses of cis-3-hydroxy proline deriva-
tives have been reported,16 these methods are laborious. We 
found that the enantioselective borylation of pyrrole 1b, fol-
lowed by the sequential hydrogenation of the resulting al-
lylboron compound (R,S)-3b and oxidation of the boryl 
group with NaBO317 afforded (R,S)-6 in high yield with high 
diastereo- and enantioselectivity (Scheme 4).  
 
Scheme	3.	Scope	of	the	Allylboration	of	(R,S)‐3a	with	Re‐
spect	to	Aldehydesa	
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aConditions of the borylation reactions: 1a (0.5 mmol), 2 (0.75 
mmol), CuCl (0.025 mmol), chiral ligand (0.05 mmol), K(O-t-
Bu) (0.1 mmol), and t-BuOK (1.0 mmol) in THF (1.0 mL). Con-
ditions of the allylboration reactions: crude borylation product 
(R,S)-3a and aldehyde (1.5 equiv) in toluene (0.5 M). bDeter-
mined by 1H NMR analysis of the crude reaction mixture using 
an internal standard. Isolated yields are shown in parentheses. 
cDetermined by 1H NMR analysis of the crude reaction mixture. 
dDetermined by HPLC analysis. 

 Chiral polyhydroxylated pyrrolidines and their de-
rivatives are potent and selective inhibitors of various gly-
coprocessing enzymes involved in diseases such as diabetes 
and cancer, as well as viral infections and lysosomal storage 
disorders (Scheme 5).18 To construct these important struc-
tural motifs, we investigated the dihydroxylation of al-
lylboration product (R,S,S)-4b (Scheme 5). Treatment with 
K2OsO4, N-methylmorpholine-N-oxide (NMO), and citric 
acid19, followed by silylation of the hydroxy groups afforded 
the chiral polyhydroxylated pyrrolidine derivative 
(R,S,R,R,S)-7, which bears five consecutive stereocenters, in 
excellent yield with high diastereoselectivity and without 
loss of enantiomeric purity (Scheme 4). The crystallization 
of racemic 7 from Et2O afforded single crystals of racemic 



 

7.20 The results of an X-ray crystallographic analysis of	ra-
cemic	7 revealed the relative configuration of its stereo-
genic centers. This sequential transformation of boryla-
tion/allylboration/oxidation thus enables the rapid con-
struction of this structural motif, which is commonly en-
countered in bioactive molecules, from readily available 
starting materials, highlighting the synthetic utility of the 
developed protocol. 
Scheme	4.	Convenient	Synthesis	of	a	3‐Hydroxy	Proline	
Derivative	via	an	Enantioselective	Borylative	Dearoma‐
tization	

 
 
Scheme	 5.	 Diastereoselective	 Dihydroxylation	 of	
(R,S,S)‐4b	to	Provide	a	Chiral	Pyrrolidine	with	Five	Con‐
secutive	Stereocenters	
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Conditions: (a) standard conditions for the borylation (cf. Table 
1, entry 3); (b) benzaldehyde, toluene, 60 °C; (c) K2OsO4ꞏ2H2O, 
NMO, citric acid, H2O/MeCN, rt; (d) Me3SiCl, imidazole, CH2Cl2, 
rt. See the Supporting Information for details. 

	 A deuterium-labeling experiment was conducted 
to probe the reaction mechanism (Scheme 6). The boryla-
tion of 1a using t-BuOD instead of t-BuOH furnished the 
deuterium-labeled product (R,S)-3a‐D (94% D). This result 
suggests that the diastereoselective protonation is accom-
plished by the alcohol additive. 
 
 

Scheme	6.	D‐Labeling	Experiment	

 
Based on the aforementioned results, we would 

like to propose a plausible reaction mechanism for the en-
antioselective borylation of pyrroles (Figure 1), in which 
Cu(O-t-Bu) species A	initially reacts with diboron reagent 2 
to form the borylcopper(I) species B. The coordination of 
pyrrole 1a to the copper center then results in the for-
mation of -complex C. A subsequent 3,4 addition of B to 1a 
would afford the copper(I) C-enolate, which could then 
transform into the O-enolate D under concomitant for-
mation of a stereogenic CB bond. After the formation of D, 
the bulky t-BuOH additive approaches D from the opposite 
side of the pinacolate boryl group to avoid steric repulsion 
between the B(pin) and t-Bu groups. The subsequent dia-
stereoselective protonation of D would then proceed via 
six-membered-ring transition state E to provide the 
dearomatization product (R,S)-3a and the Cu(O-t-Bu) 
precatalyst A. 
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Figure	1. Proposed catalytic cycle for the enantioselective 
borylation of pyrroles. 
 
	 In summary, we have reported the first enantiose-
lective synthesis of five-membered N-heterocyclic al-
lylboronates via the enantioselective CB bond-forming 
dearomatization of pyrroles. This reaction involves the un-
precedented regio- and enantioselective borylcupration of 
pyrrole-2-carboxylates, followed by diastereoselective pro-
tonation of the resulting copper(I) O-enolate intermediates 
by a sterically demanding alcohol additive. The newly syn-
thesized cyclic allylboronates represent highly attractive 
reagents that enable the rapid construction of pyrrolidine 
derivatives that bear five consecutive stereocenters via se-
quential allylboration/oxidation processes. We expect that 
the results of this study will provide further opportunities 
for the efficient synthesis of complex molecules with poten-
tially interesting biological activity.	



 

 

ASSOCIATED CONTENT  

Supporting Information 

Experimental procedures and characterization of new com-
pounds are provided in the Supporting Information. This mate-
rial is available free of charge via the Internet at 
http://pubs.acs.org. 

AUTHOR INFORMATION 

Corresponding Author 

*E-mail: hajito@eng.hokudai.ac.jp  
 

Notes 
The authors declare no competing financial interest. 

ACKNOWLEDGMENT  

This work was financially supported by the Japan Society for 
the Promotion of Science (JSPS) via KAKENHI grants 18H03907, 
17H06370, and 19K15547, by JST CREST grant JPMJCR19R1, 
and by the Institute for Chemical Reaction Design and Discov-
ery (ICReDD), which has been established by the World Prem-
ier International Research Initiative (WPI), MEXT, Japan. K.H. 
would like to thank the JSPS for a scholarship (grant number 
17J00809). 

REFERENCES 

(1) (a) Boronic Acids: Preparation and Application in Organic 
Synthesis, Medicine and Materials, 2nd revised ed.; Hall, D. G., Ed.; 
Wiley-VCH: Weinheim, 2011. (b) Diner, C.; Szabó, K. J. Recent Ad-
vances in the Preparation and Application of Allylboron Species in 
Organic Synthesis. J.	Am.	Chem.	Soc.	2017, 139, 2–14. 

(2) For examples of the synthesis of chiral cyclic allylic boro-
nates, see: (a) Ito, H.; Kunii, S.; Sawamura, M. Direct Enantio-con-
vergent Transformation of Racemic Substrates without Racemiza-
tion or Symmetrization Nat.	Chem. 2010, 2, 972–976. (b) Sasaki, Y.; 
Zhong, C.; Sawamura, M. Ito, H. Copper(I)-Catalyzed Asymmetric 
Monoborylation of 1,3-Dienes: Synthesis of Enantioenriched Cyclic 
Homoallyl- and Allylboronates. J.	Am.	Chem.	Soc.	2010, 132, 1226–
1227. (c) Ito, H.; Okura, T.; Matsuura, K.; Sawamura, M. Desymme-
trization of meso-2-Alkene-1,4-diol Derivatives through Cop-
per(I)-Catalyzed Asymmetric Boryl Substitution and Stereoselec-
tive Allylation of Aldehydes. Angew.	Chem.,	Int.	Ed. 2010, 49, 560–
563. (d) Yamamoto, E.; Takenouchi, Y.; Ozaki, T.; Miya, T.; Ito, H. 
Copper(I)-Catalyzed Enantioselective Synthesis of -Chiral Linear 
or Carbocyclic (E)-(-Alkoxyallyl)boronates. J.	Am.	Chem.	Soc.	2014, 
136, 16515–16521. (e) Gao, X.; Hall, D. G. 3-Boronoacrolein as an 
Exceptional Heterodiene in the Highly Enantio- and Diastereose-
lective Cr(III)-Catalyzed Three-Component [4+2]/Allylboration. J.	
Am.	Chem.	Soc.	2003, 125, 9308–9309. (f) Gao, X.; Hall, D. G.; Del-
igny, M.; Favre, A.; Carreaux, F.; Carboni, B. Catalytic Enantioselec-
tive Three-Component Hetero-[4+2] Cycloaddition/Allylboration 
Approach to -Hydroxyalkyl Pyrans: Scope, Limitations, and Mech-
anistic Proposal. Chem.‐Eur.	J. 2006, 12, 3132–3142. (g) Lessard, S.; 
Peng, F.; Hall, D. G. -Hydroxyalkyl Heterocycles via Chiral Allylic 
Boronates: Pd-Catalyzed Borylation Leading to a Formal Enanti-
oselective Isomerization of Allylic Ether and Amine. J.	Am.	Chem.	
Soc.	2009, 131, 9612–9613. (h) Lee, H.; Han, J. T.; Yun, J. Copper-
Catalyzed Asymmetric Borylative Ring Opening of Diazabicycles. 
ACS	Catal. 2016, 6, 6487–6490. (i) Ge, Y.; Cui, X.-Y.; Tan, S. M.; Jiang, 
H.; Ren, J.; Lee, N.; Lee, R.; Tan, C.-H. Guanidine-Copper Complex 
Catalyzed Allylic Borylation for the Enantioconvergent Synthesis of 
Tertiary Cyclic Allylboronates. Angew.	 Chem.,	 Int.	 Ed.	 2019, 58, 
2382–2386.	

(3) For examples of the synthesis of chiral six- or seven-mem-
bered N-heterocyclic allylic boronates, see: (a) Ding, J.; Hall, D. G. 
Concise Synthesis and Antimalarial Activity of All Four Mefloquine 
Stereoisomers Using a Highly Enantioselective Catalytic Borylative 
Alkene Isomerization. Angew.	Chem.,	Int.	Ed.	2013, 52, 8069–8073. 
(b) Ding, J.; Rybak, T.; Hall, D. G. Synthesis of Chiral Heterocycles by 
Ligand-Controlled Regiodivergent and Enantiospecific Suzuki 
Miyaura Cross-Coupling. Nat.	Commun. 2014, 5, 5474. (c) Kim, Y.-
R.; Hall, D. G. Optimization and Multigram Scalability of a Catalytic 
Enantioselective Borylative Migration for the Synthesis of Func-
tionalized Chiral Piperidines. Org.	Biomol.	Chem.	2016, 14, 4739–
4748. (d) Clement, H. A.; Hall, D. G. Synthesis of -Hydroxyalkyl De-
hydroazepanes via Catalytic Enantioselective Borylative Migration 
of an Enol Nonaflate. Tetrahedron	Lett.	2018, 59, 4334–4339. 

(4) Wang, Y.; Noble, A.; Sandford, C.; Aggarwal, V. K. Enantiospe-
cific Trifluoromethyl-Radical-Induced Three-Component Coupling 
of Boronic Esters with Furans. Angew.	 Chem.,	 Int.	 Ed. 2017, 56, 
1810–1814.	

(5) For borylative dearomatization reactions of indoles reported 
by our group, see: (a) Kubota, K.; Hayama, K.; Iwamoto, H.; Ito, H. 
Enantioselective Borylative Dearomatization of Indoles through 
Copper(I) Catalysis. Angew.	Chem.,	 Int.	Ed. 2015, 54, 8809–8813. 
(b) Hayama, K. Kubota, K.; Iwamoto, H.; Ito, H. Copper(I)-Catalyzed 
Diastereoselective Dearomative Carboborylation of Indoles. Chem.	
Lett. 2017, 46, 1800–1802. 

(6) (a) Kubota, K.; Watanabe, Y.; Hayama, K.; Ito, H. Enantiose-
lective Synthesis of Chiral Piperidines via the Stepwise Dearomati-
zation/Borylation of Pyridines. J.	Am.	Chem.	Soc. 2016, 138, 4338–
4341. (b) Kubota, K.; Watanabe, Y.; Ito, H. Synthesis of Enantiomeri-
cally Enriched Chiral Tetrahydroquinolines via Sequential 
Dearomatization/Enantioselective Borylation Reactions. Adv.	
Synth.	Catal. 2016, 358, 2379–2384. 

(7) For borylative dearomatization reactions of indoles reported 
by other groups, see: Chen, L.; Shen, J.-J.; Gao, Q.; Xu, S. Synthesis of 
Cyclic Chiral -Amino Boronates by Copper-Catalyzed Asymmetric 
Dearomative Borylation of Indoles. Chem.	Sci.	2018, 9, 5855–5859. 

(8) Modern	Alkaloids:	Structure,	Isolation,	Synthesis	and	Biology. 
Fattorusso, E.; Taglialatela-Scafati, O., Eds.; Wiley-VCH: Weinheim, 
2008. 

(9) For general reviews on the synthesis of pyrrolidine deriva-
tives, see: (a) Pichon, M.; Figadére, B. Synthesis of 2,5-Disubstituted 
Pyrrolidines. Tetrahedron:	Asymmetry 1996, 7, 927–964. (b) Bel-
lina, F.; Rossi, R. Synthesis and Biological Activity of Pyrrole, Pyr-
roline and Pyrrolidine Derivatives with Two Aryl Groups on Adja-
cent Positions. Tetrahedron, 2006, 62, 7213–7256. (c) Yu, J.; Zhou, 
Y.; Chen, D.-F.; Gong, L.-Z. Organocatalytic Asymmetric Synthesis of 
Chiral Nitrogenous Heterocycles and Natural Products. Pure	Appl.	
Chem. 2014, 86, 1217–1226. 

(10) For reviews of catalytic asymmetric dearomative transfor-
mations, see: (a) Zhuo, C.-X.; Zhang, W.; You, S.-L. Catalytic Asym-
metric Dearomatization Reactions. Angew.	Chem.,	Int.	Ed. 2012, 51, 
12662–12686. (b) Zhuo, C.-X.; Zheng, C.; You, S.-L. Transition-
Metal-Catalyzed Asymmetric Allylic Dearomatization Reactions. 
Acc.	Chem.	Res. 2014, 47, 2558–2573. (c) Zheng, C.; You, S.-L. Cata-
lytic Asymmetric Dearomatization by Transition-Metal Catalysis: A 
Method for Transformations of Aromatic Compounds. Chem, 2016, 
1, 830–857.  

(11) For catalytic asymmetric [4+3] cycloaddition reactions of 
pyrroles, see: (a) Davies, H. M. L.; Matasi, J. J.; Hodges, L. M.; Huby, 
N. J. S.; Thornley, C.; Kong, N.; Houser, J. H. Enantioselective Synthe-
sis of Functionalized Tropanes by Rhodium(II) Carboxylate-Cata-
lyzed Decomposition of Vinyldiazomethanes in the Presence of 
Pyrroles. J.	Org.	Chem. 1997, 62, 1095–1105. (b) Reddy, R. P.; Da-
vies, H. M. L. Asymmetric Synthesis of Tropanes by Rhodium-Cata-
lyzed [4+3] Cycloaddition. J.	 Am.	 Chem.	 Soc. 2007, 129, 10312–
10313. 

(12) For catalytic asymmetric hydrogenation reactions of pyr-
roles, see: (a) Kuwano, R.; Kashiwabara, M.; Ohsumi, M.; Kusano, H. 
Catalytic Asymmetric Hydrogenation of 2,3,5-Trisubstituted 



 

Pyrroles. J.	Am.	Chem.	Soc. 2008, 130, 808–809. (b) Wang, D.-S.; Ye, 
Z.-S.; Chen, Q.-A.; Zhou, Y.-G.; Yu, C.-B.; Fan, H.-J.; Duan, Y. Highly 
Enantioselective Partial Hydrogenation of Simple Pyrroles: A Fac-
ile Access to Chiral 1-Pyrrolines. J.	Am.	Chem.	Soc. 2011, 133, 8866–
8869. 

(13) For catalytic asymmetric allylic dearomatization reactions 
of pyrroles, see: (a) Zhuo, C.-X.; Liu, W.-B.; Wu, Q.-F.; You, S.-L. 
Asymmetric Dearomatization of Pyrroles via Ir-Catalyzed Allylic 
Substitution Reaction: Enantioselective Synthesis of Spiro-2H-Pyr-
roles. Chem.	Sci. 2012, 3, 205–208. (b) Zhuo, C.-X.; Zhou, Y.; You, S.-
L. Highly Regio- and Enantioselective Synthesis of Polysubstituted 
2H-Pyrroles via Pd-Catalyzed Intermolecular Asymmetric Allylic 
Dearomatization of Pyrroles. J.	Am.	Chem.	Soc. 2014, 136, 6590–
6593. (c) Zheng, C.; Zhuo, C.-X.; You, S.-L. Mechanistic Insights into 
the Pd-Catalyzed Intermolecular Asymmetric Allylic Dearomatiza-
tion of Multisubstituted Pyrroles: Understanding the Remarkable 
Regio- and Enantioselectivity. J.	Am.	Chem.	Soc. 2014, 136, 16251–
16259. 

(14) Yang, P.; You, S.-L. Palladium-Catalyzed Asymmetric Intra-
molecular Dearomative Heck Reaction of Pyrrole Derivatives. Org.	
Lett. 2018, 20, 7684–7688. 

(15) For reviews on hydroxyprolines, see: (a) Mauger, A. B.; 
Witkop, B. Analogs and Homologs of Proline and Hydroxyproline. 
Chem.	Rev. 1966, 66, 47–86. (b) Adams, E.; Frank, L. Metabolism of 
Proline and the Hydroxyprolines. Annu.	Rev.	Biochem. 1980, 49, 
1005–1061. (c) Mauger, A. B. Naturally Occurring Proline Ana-
logues. J.	Nat.	Prod. 1996, 59, 1205. (d) El-Ashry, E.-S. H.; Nemr, A. 
E. Synthesis of mono- and di-Hydroxylated Prolines and 2-Hy-
droxymethylpyrrolidines from Non-Carbohydrate Precursors. Car‐
bohydr.	Res. 2003, 338, 2265–2290. 

(16) For selected examples of the synthesis of cis-3-hydroxypro-
line derivatives, see: (a) Mulzer, J.; Meier, A. Total Synthesis of cis- 
and trans-3-Hydroxy-D-proline and (+)-Detoxinine. J.	Org.	Chem. 
1996, 61, 566–572. (b) Gryko, D.; Prokopowicz, P.; Jurczak, J. The 
Stereochemical Course of Addition of Allyltrimethylsilane to Pro-
tected L-alaninals and L-serinals in the Presence of Lewis Acids. 
Total Synthesis of cis-(2R,3S)-3-Hydroxyproline. Tetrahedron:	
Asymmetry 2002, 13, 1103–1113. (c) Kalamkar, N. B.; Kasture, V. 
M.; Dhavale, D. D. Total Synthesis of Natural cis-3-Hydroxy-L-pro-
line from D-glucose. Tetrahedron	Lett. 2010, 51, 6745–6747. (d) 
Davies, S. G.; Fletcher, A. M.; Linsdall, S. M.; Roberts, P. M.; Thomson, 
J. E. Asymmetric Syntheses of (2R,3S)-3-Hydroxyproline and 
(2S,3S)-3-Hydroxyproline. Org.	Lett. 2018, 20, 4135–4139. 

(17) Kabalka, G. W.; Shoup, T. M.; Goudgaon, N. M. Sodium Per-
borate: A Mild and Convenient Reagent for Efficiently Oxidizing Or-
ganoboranes. J.	Org.	Chem. 1989, 54, 5930–5933. 

(18) (a) Iminosugars	as	glycosidase	inhibitors. Stütz, A. E. Wiley-
VCH: Weinheim, 1999. (b) Compain, P.; Martin, O. R. Design, Syn-
thesis and Biological Evaluation of Iminosugar-based Glycosyl-
transferase inhibitors. Curr.	Top.	Med.	Chem. 2003, 3, 541–560. 

(19) Priem, C.; Geyer, A. Synthetic Marine Sponge Collagen by 
Late-Stage Dihydroxylation. Org.	Lett. 2018, 20, 162–165. 

(20) Unfortunately, we could not obtain single crystals of enan-
tiopure (R,S,R,R,S)-7. The 1H NMR analysis confirmed that the rela-
tive configuration of racemic 7	and enantiopure (R,S,R,R,S)-7 is the 
same. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


