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Chiral pyrrolidines are common structural motives in natural products as well as active pharmaceutical
ingredients explaining the need for methods for their enantioselective synthesis. While several, often metal-
catalyzed, methods do exist, the enantioselective synthesis of pyrrolidines containing quarternary stereocentres
remains challenging. Herein, we report a Brensted acid-catalysed intramolecular hydroamination, which
provides such pyrrolidines from simple starting materials in high yield and enantioselectivity. Key to an efficient
reaction was the use of an electron-deficient protective group on nitrogen, the common nosyl protecting group,
to avoid deactivation of the Brgnsted acid by deprotonation. The reaction proceeds as a stereospecific anti-
addition indicating a concerted reaction. Furthermore, kinetic studies show Michaelis-Menten behaviour
suggesting the formation of a precomplex similar to those observed in enzymatic catalysis.

Nitrogen-containing heterocycles are prevalent motives in natural products and active pharmaceutical
ingredients (APIs) (Figure 1A).%? However, while chiral saturated heterocycles rich in sp3-hybridised carbon
atoms are predominant in natural products, planar aromatic heterocycles are more commonly found in drugs. This
has been identified as a possible problem in drug development and the use of more saturated heterocycles has
been recommended.® The most common saturated nitrogen heterocycles in APIs are pyrrolidines,* which have
also found many applications as organocatalysts and ligands for transition metal catalysts.>¢ Due to the ubiquitous
presence of nitrogen-containing chiral heterocycles, developing synthetic methods for their preparation has always
been an important topic in organic chemistry.> Intramolecular hydroamination of alkenes is an attractive strategy
for the synthesis of saturated nitrogen-containing heterocycles proceeding with full atom economy. Over the last
three decades, enantioselective hydroamination of alkenes has been chiefly carried out using metal catalysis,
enabling both intermolecular and intramolecular reactions.® However, intramolecular hydroaminations of highly
substituted alkenes to provide saturated heterocycles remain challenging using transition metal catalysis.
Alternatively, hydroamination can also be carried out via radical chemistry'°, photoredox catalysis'*? or Brgnsted
acid catalysis.*®** In these cases, achieving high enantioinduction is difficult, although anti-Markovnikov
hydroamination to form pyrrolidines with high enantioselectivity was recently achieved via proton-coupled
electron transfer (PCET).® Furthermore, the use of chiral Brgnsted acids provides an additional challenge: the
acid needs to be acidic enough to protonate the alkene without being deactivated (deprotonated) by the amine-
containing starting materials or products.t®** Jacobsen circumvented this problem by using hydroxylamines as
substrates, which react in intramolecular hydroamination via a retro-Cope-type mechanism under thiourea
catalysis to give pyrrolidines.® Asymmetric, Brgnsted acid-catalyzed hydroamination has also been reported for
more reactive/easier to protonate unsaturated groups such as allenes and conjugated dienes.'”® In 2008, the
Ackermann group reported a first enantioselective hydroamination of an alkene by a basic amine using a chiral
phosphoric acid diester catalyst providing a pyrrolidine with 17% ee (Figure 1B).*® Significantly improved
enantioselectivity in Brgnsted acid-catalyzed hydroamination was reported by Tan and Liu when a thiourea group
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was installed on the nitrogen atom.?%22 However, in both cases geminal disubstitution of the starting materials
causing a Thorpe-Ingold effect?® was required to achieve efficient and enantioselective reactions. Considering the
limited substrate scope of current asymmetric Brgnsted acid-catalyzed hydroamination and their requirements of
non-standard protective groups, we reasoned that the application of List’s new generation of chiral Brensted acids
such as imididiphosphate (IDPs)?* or imidodiphosphorimidates (IDPis)? could solve these issues. These Brgnsted
acids provide a more confined environment and, in the case of the IDPis, a significantly higher acidity which
proved very beneficial for alkene hydroalkoxylation.?® However, as discussed above, it is not certain that the
higher acidity can be useful in hydroaminations as the interaction with the basic nitrogen atom can lead to catalyst
deactivation. In this work we show that IDPis, when combined with a suitable protecting group on nitrogen such
as a nosyl group enable highly enantioselective intramolecular hydroaminations on a broad scope of substrates
(Figure 1C). Mechanistic studies demonstrate that the reaction proceeds with high anti-diastereoselectivity placing
the proton and the nucleophile on opposite sides of the alkene implying a concerted addition.
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Figure 1: A. Pyrrolidine-containing alkaloids and APIs; B. Previous work on asymmetric Brgnsted acid-catalyzed
hydroamination; C. Envisioned hydroamination catalyzed by IDPIis.

Results
Reaction development

In the first step, the 5-exo cyclization of acyclic 1,1-disubstituted sulfonamides 1 to form chiral
pyrrolidine derivatives 2 was investigated. Initial experiments had shown that sulfonyl protection of nitrogen with
a tosyl group enabled intramolecular hydroamination catalyzed by IDPi-1 to obtain 2-Ts in good yield (85%) and
a reasonable enantioselectivity (78:22 er; Tab. 1). Replacing the tosyl protecting group by a more electron-
deficient nosyl group improved the yield and the enantioselectivity (87:13 er) significantly, whereas a
methoxyphenyl-substituted sulfonamide had no effect on selectivity. Further improvement could be achieved by
the optimisation of the catalyst structure. While less acidic catalysts such TRIP and IDP-Ph were either not able
to catalyze the reaction at all, or only led to low conversion, IDPi-type catalysts in general performed well and
provided acceptable conversion. Major differences, however, were observed concerning the enantioselectivity of
the reaction. Changing the 3,3’-substituents on the BINOL backbone from 4-tert-butylphenyl (IDPi-1) to biphenyl
(IDPi-2) caused a complete loss of enantioselectivity. Altering the substituent on the catalyst’s sulfonamide had

https://doi.org/10.26434/chemrxiv-2023-v0r6h ORCID: https://orcid.org/0000-0002-4904-6793 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-v0r6h
https://orcid.org/0000-0002-4904-6793
https://creativecommons.org/licenses/by-nc-nd/4.0/

less influence on the enantioselectivity, but IDPi-4 was less reactive than other IDPis (37% conversion) which
excluded further optimisation with this catalyst despite showing excellent enantioselectivity. Instead, excellent
reaction conditions with IDPi-3 were achieved when lowering the reaction temperature to 40 °C and optimisation
of the reaction concentration, which provided the reaction product in 99% vyield (94% isolated yield) and in
excellent enantioselectivity of 97:3 er (table 1, entry 10).

Table 1: Optimization for 1,1-disubstituted alkene derivative(s):

Screening of reaction conditions

-Me (2-Ts), 85%(96%), 78:22 e.r.

‘,;:7 O IDPi-1 (5.0 mol%)

toluene, 0.2 M -NO, (2a), 98%(>99%),87:13 e.r.

9" 60 °C, 3 days
-OMe (2-OMe), 95%(97%), 79:21 e.r.
1 2
)
. C . 3
o OH OO O/P\O/H C/;\O QO
Ph PH
-2,4,6-( : Pr 3C5H2 -
OO OO =-4BuCgH, (O =-Tf IDPi-1
o N ,o = -41BuC,,Hs (biphenyl) =-Tf IDPi-2
OO TR QO =-41BuCeH, (O =-SO,C4Fs IDPi-3
i = -4BuCeH; (D= -50,-8,5(CFy),CeHs IDPi-4
IDPi
entry catalyst temperature (°C) conversion (%) Yield 2a (%)? er (2a)P

1 TRIP 60 no reaction - -

2 IDP-Ph 60 18 11 68:32
3 IDPi-1 60 >09 98 87:13
4 IDPi-2 60 >09 97 51:49
5 IDPi-3 60 >09 92 84:16
6 IDPi-4 60 37 33 96:4
7 IDPi-1 50 79 78 94:6
8 IDPi-3 50 >09 99 96:4
9 IDPi-4 80 93 78 94:6
10¢ IDPi-3 40 >09 99(94%) 97:3

Reaction Conditions: 1a (0.1 mmol), catalyst (0.005 mmol) in 0.5 mL toluene at the mentioned temperature under the argon atmosphere for 3 days. 2
NMR vyield using dimethyl terephthalate as the internal standard. ® er was determined by HPLC using a chiral stationary phase. ¢ The reaction was
performed using 2.0 mol% IDPi-3 and 0.3 mmol scale 1a. ¢ Isolated yield.

Scope of the reaction

The newly developed reaction conditions were applied to a range of 1,1-disubstituted alkenes 1 and
proved a high substrate generality providing showing enantioselectivity in most cases (Scheme 1). Several
different substituents such as -Me, -Br and -F were tolerated at the para-position of the starting material’s phenyl
group. Yields (73-96%) and enantioselectivity (94:6 and 95:5 er) remained high and quite comparable for these
starting materials. Cyclization of 2-naphtyl-substituted 1e required a slightly higher catalyst loading providing the
product 2e in good yield (71%) and high enantioselectivity (94:6 er), however, a 1-naphthyl substituted starting
material was unreactive (see supporting information). Geminal disubstitution of the chain also reduced the
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reactivity of starting material 1f, but the product 2f was still formed in good selectivity (87:13 er) albeit in low
yield (20%). Compared to related hydroaminations, a potential Thorpe-Ingold effect®® does not add to a more
favourable reaction outcome. Starting materials 1g carrying a methoxyphenyl substituent as well as 2-thienyl
substituted 1h proved to be very reactive requiring only low reaction temperature, however, the respective
products 2g and 2h were only formed as racemates. A control experiment confirmed that enantiopure 2g does not
racemise under the reaction conditions excluding racemisation after product formation. Seemingly, when electron-
rich aryl rings are connected to the alkene, stereoselectivity of the cyclization is lost. Considering that methyl-
substituted 1b was cyclized with excellent selectivity while methoxy-substituted showed no selectivity at all, this
significant difference might indicate a mechanistic cross-over. Alkenes carrying alkyl, alkenyl or alkynyl
substituents were cyclized in general in good yield and with high enantioselectivity. Alkyl substituted 1i to 1k
reacted under standard conditions to give the products in excellent enantioselectivity (95:5 or 96:4 er,
respectively). Dienes, i.e. alkenyl-substituted starting materials 1l and 1m, were more reactive and required an
adjustment of reaction temperature, but provided the products also in good yield and enantioselectivity. Alkynyl-
containing 1o — 1q were less reactive and were reacted at 60 °C with slightly higher catalyst loading and longer
reaction times to provide the products 1o — 2q in acceptable yields (54-60%) and, again, excellent
enantioselectivity was observed. Monosubstituted alkene 1n was even less reactive and despite reaction at 60 °C
and a long reaction time (7 d) only partial conversion was obtained. Product 2n was only obtained in low yield
(27%) and with limited enantioselectivity (63:37 er).
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Scheme 1: Substrate scope for hydroamination of 1,1-disubstituted alkenes.

Reaction Conditions: 1 (0.3 mmol), IDPi-3 (0.006 mmol) in toluene (1.5 mL) at the mentioned temperature under argon atmosphere for 3 days. #Large-
scale (3.6 mmol scale) experiment. *After recrystallization. SUsing 5.0 mol% IDPi-3. tUsing 3.0 mol% IDPi-3.
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The reaction is scalable and cyclization of 1.2 g of 1a provided the product 2a in almost identical yield and with
identical enantioselectivity than on smaller scale. Most products 2 are crystalline and crystallisation of 2a, 2b and
2k provided crystalline materials of very high enantiopurity (> 99.5:0.5 er) suitable for X-ray crystallography.
Based on the crystal structures of all three compounds, catalyst IDPi-3 based on (R)-BINOL is providing products
with R-configuration.

Intramolecular hydroamination of trisubstituted alkenes
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Scheme 2: Substrate scope for hydroamination of trisubstituted alkenes 3.

Reaction Conditions: 3 (0.2 mmol) and IDPi-3 (0.01 mmol) in trifluoromethylbenzene (1 mL) at the mentioned temperature under argon atmosphere
for 5 days. * Using (Z)-3a as starting material. Reaction conditions for cyclization of labelled starting materials: 5 (0.1 mmol) and IDPi-3 (0.005 mmol)
in 0.5 mL trifluoromethylbenzene at 60 °C under argon atmosphere for 5 days.

After obtaining good yield and excellent enantioselectivity for the preparation of a,a -disubstituted
pyrrolidines from 1,1-disubstituted alkenes, the cyclization of “challenging-to-cyclize” trisubstituted alkenes was
investigated. When 1 was extended by an additional methyl group to give a 5-phenylhex-5-ene-type starting
material, which was supposed to undergo 5-exo cyclization, very low reactivity was observed (see supporting
information). Instead, the 5-endo cyclization of (E)-4-phenyl-pent-4-ene derivatives 3a was investigated (Scheme
2). This starting material proved less reactive than 1la and required small changes in reaction conditions (60 °C,
Ph-CF; as solvent; for details see supporting information), but ultimately underwent 5-endo cyclization to 2a in
good yield (82%) and in high enantioselectivity (92:8 er). Different substituents at the para-position of the phenyl
group such as a methyl- or a fluoro- substituent had only a minor influence on the cyclization and products were
obtained in good yield and with good enantioselectivity. Only the electron-rich methoxyphenyl substituent caused
again a complete loss of enantioselectivity during the cyclization. While substitution of the methyl group on the
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alkene by a trideuteromethyl had also only a minor influence on the reaction outcome (but at least in the case of
4f an improved selectivity compared to 2f was observed), a replacement of the methyl by an ethyl group had a
very strong effect and cyclization became very slow leading to low conversion and formation of product 4g in
only 14% yield and with low enantioselectivity (68:32 er). When comparing the 5-exo cyclization of 1a to the 5-
endo cyclization of 3a, both leading to product 2a, it became clear that stereoselectivity under identical reaction
conditions was not identical as might be expected if the reaction took place via a common cationic intermediate.
Therefore, cyclization of (Z)-configured starting material (Z)-3a potentially also proceeding via the same
intermediate cation was studied, however, (Z)-3a proved to be not very reactive and provided 2a in only 22%
yield and with significantly lower enantioselectivity (75:25 er) than via the two other pathways.

Mechanistic investigations

The surprising loss of any observed enantioselectivity for substrates carrying electron-rich aromatic
substituents suggested a potential switch in mechanism when moving from standard substrates to an alkene with
highly electron-rich substituents. To obtain a better understanding of the stereochemical course of the reaction
(and therefore the mechanism), deuterated trisubstituted alkene 5a was prepared. Upon cyclization under standard
conditions for trisubstituted alkenes, deuterated product 6a was obtained with excellent diastereoselectivity
(95:5 dr; Scheme 2). Considering the diastereomeric purity of the starting material (~ 95:5 E:Z), the reaction
proceeded stereospecifically. Based on NMR analysis, the main diastereomer was identified as 6a proving the
anti-addition of the proton and the sulfonamide nucleophile to the alkene. Such a highly diastereoselective anti-
addition is unexpected for a Brgnsted acid-catalyzed reaction, which is usually thought to proceed via a
carbocationic intermediate. While the high diastereoselectivity could be explained by the formation of a tight ion
pair in the confined space of the catalytic pocket, preventing rotation of the cationic intermediate and subsequently
leading to a fast collapse and diastereoselective addition of the nucleophile, such a scenario would more likely
lead to syn-addition. Instead, the observed anti-addition implies a concerted mechanism, a scenario more plausible
considering the non-polar reaction medium (toluene). The complete loss of stereoselectivity when an electron-
rich aryl group is present at the alkene (see 2g, 2h and 4h) suggest a change in reaction mechanism for these
starting materials from a concerted addition to a reaction via a free cation. To investigate this deuterium-labelled
starting material 5b carrying a methoxyphenyl-substituent was prepared. Cyclization under standard conditions
proceed rapidly and provided racemic product 6b in good yield (80%) as a 50:50 mixtures of two diastereomers
(as inferred from 2H-NMR). The equimolar presence of the two diastereoisomers is in line with a reaction via a
free carbocation, however, the complete absence of any diastereo- or enantioselectivity is surprising if the reaction
would take place in the cavity of catalyst IDPi-3. One would assume that at least some minor selectivity could be
observed if the reaction would proceed via a tight ion pair, but his seems to be not the case.
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Figure 2: Calculated transition state for the anti-hydroamination of 1a in the presence of IDPi-3. A: Transition state with
the catalyst backbone shown as space filling model in cyan and the transferred proton in pink. B: Enlarged active site of the
catalyst (backbone not shown) with key distances between substrate and catalyst depicted by pink lines (distances in A).
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To gain further insight into the mechanism, quantum chemical calculations on the reaction of 1a to 2a
catalyzed by IDP-3 were carried out. Due to the size of the catalyst, geometry optimizations were performed using
Grimme’s GFN1-xTB method (DFTB).?” The calculations revealed a plausible transition state for the addition to
the alkene (Figure 2) showing the experimentally observed anti-relationship during the addition of the proton and
the nosylamide nucleophile to the alkene. The NH-proton of the nosyl-group is H-bonded to the catalyst via one
of the catalyst’s SO2-groups suggesting that this group is initially accepting the proton of the nucleophile after the
addition. An IRC analysis confirmed the transition state to be associated with a concerted reaction that starts from
the catalyst-substrate complex and yields the cyclization product. The identity of the located TS, as well as the
catalysts-substrate complex and product were confirmed by frequency calculations both at the GFN1-xTB level
of theory as well as the ®B97XD/def2SVP level of theory (see supporting information).?82° Electronic energies
were obtained through single-point calculations of the relevant stationary points at the ©B97XD/def2TZVP level
of theory and accompanied by the Gibbs free energy correction at the ®B97XD/def2SVP level of theory resulting
in a Gibbs free energy of activation of 13.9 kcal/mol.

In the next step, the kinetic behaviour of the cyclization reaction of standard substrate 1a was studied
using NMR spectroscopy. Apparent rate constants koss Were determined by following the decay of the *H-NMR
signals of the starting material and rise of the signals of the product (see Figure 3A and 3B). The obtained Kqps
agreed very well demonstrating a clean conversion without the formation of an intermediate. Apparent rate
constants obtained at different temperatures were plotted against temperature and fitted to the Arrhenius equation
to obtain the activation energy E., which was equal to 15.4 kcal/mol (Figure 3C). While this activation energy is
not directly related to the Gibbs free energy of activation obtained by computational chemistry, it has to be noted
that both values a quite similar and appear rather low. The results from computational chemistry suggested the
formation of a rather stable complex between the starting material and the catalyst, with the starting material
bound in a rather tight binding pocket similar to an enzyme. Based on this idea, initial reaction velocities at
different substrate concentrations were determined at 313 K, plotted, and analysed using the Michaelis-Menten
equation (Figure 3D). The data provided a good fit proving a ks value of 1.8 h' and a Ky of 0.12 M.
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Figure 3. Kinetic analysis of the IDPi-catalyzed hydroamination reaction. (A, B) Time-dependent changes of the 1D 'H NMR
signals of (A) the substrate 1a proton B and (B) product 2 proton B1. The reaction was carried out in Ds-toluene at 313 K,
the catalyst concentration of 0.0067 M, and a starting substrate concentration of 0.133 M. The plots show the signal intensities
(obtained by integrating the peak areas and normalized by the highest value) as a function of time. The red curves are the best
fits for exponential (A) decay and (B) growth functions (see Materials and Methods), with the values of the apparent first-
order rate constant (kobs) indicated in the plots. (C) Arrhenius plot of kobs as a function of temperature. The red curve is the
best fit to the Arrhenius equation, with the value of the activation energy indicated in the plot. (D) Michaelis-Menten kinetics
analysis of the initial velocity as a function of substrate concentration at 313 K and the constant catalyst concentration of
0.002 M. The red curve is the best fit to the Michaelis-Menten equation, with the Km and kcat values indicated in the plot.

Overall, the results from different methods are in good agreement with each other and suggest an enzyme-
like behaviour of the IDPi-3 catalyst. After an initial formation of a catalyst-substrate complex, hydroamination
occurs via an anti-selective addition of the proton (electrophile) and the sulfonamide (nucleophile) in a concerted
fashion. The calculated Gibbs free energy of activation would suggest a quite fast reaction; however, the Michalis-
Menten type behaviour shows a very high Ky (123 mM) for the reaction, meaning that the catalyst-substrate
complex is very weak limiting the overall reaction efficiency. For the related hydrolactonization of alkenes, List
has proposed an “asynchronous-concerted” mechanism with the protonation of the alkene preceding nucleophile
addition/cyclization, however, an explicit anti-addition has not been mentioned. In the current case, the high
diastereoselectivity observed in the deuterium-labelling experiment and the quantum chemical calculations favour
a fully concerted. Addition, at least as long as the alkene is not carrying an electron-rich aryl group.
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N7 N/ “cHO = Lo ——=> (N[5
Ns (ii) NalO, (3.0 equiv.) Ns CH,Cly:H,0 = 2:1 Ns N SN
THF:H,0 = 1:1 40°C,2d NMe  H
i, 2h 8 9 -
2m 87% yield 56% yield Veliparib

Scheme 3: Synthetic transformations of compounds 2.
Synthetic transformation

Compound 2a can be deprotected under standard deprotection conditions for nosyl-groups providing free
amine 7 in acceptable yield (50% yield, unoptimized; Scheme 3). Furthermore, vinyl-substituted compound 2m,
which can be easily obtained from myrcene as sustainable starting material for the synthesis of 1m (see supporting
information) followed by hydroamination, can serve as a versatile building block for the synthesis of 2-methyl
proline and active pharmaceutical ingredients derived from it. The alkene in 2m can be cleaved by
bishydroxylation/diol cleavage to give aldehyde 8, which subsequently can be oxidised to protected 2-methyl
proline 9, the key starting material for the synthesis of various PARP inhibitors such as veliparib.

Conclusions

Asymmetric Brgnsted acid catalysis using highly acidic acids such as IDPis can be used for highly
enantioselective hydroaminations to produce pharmaceutically-relevant pyrrolidines. Careful selection of a highly
electron-deficient protecting group on nitrogen enabled efficient catalysis and avoided deactivation of the
Brgnsted acid catalyst by deprotonation. The reaction showcases a high substrate generality not only including di-
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, but also selected trisubstituted alkenes, which are usually unreactive in IDPi catalysis. The cyclization of
trisubstituted alkene enabled mechanistic investigations demonstrating that the hydroamination proceeds with
very high diastereoselectivity via an anti-addition to the alkene. Kinetic analysis and computational investigation
of the modus operandi suggests an enzyme-like behaviour of the catalyst including an initial formation of a
catalyst-substrate complex prior to the concerted intramolecular cyclization.
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