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(Abstract: Protein kinases continue to be hot targets in drug
discovery research, as they are involved in many essential
cellular processes and their deregulation can lead to a variety
of diseases. A series of 32 enantiomerically pure inhibitors
was synthesized and tested towards protein kinase A (PKA)
and protein kinase B mimic PKAB3 (PKA triple mutant). The
ligands bind to the hinge region, ribose pocket, and glycine-
rich loop at the ATP site. Biological assays showed high po-
tency against PKA, with K; values in the low nanomolar

N

range. The investigation demonstrates the significance of
targeting the often neglected glycine-rich loop for gaining
high binding potency. X-ray co-crystal structures revealed
a multi-facetted network of ligand-loop interactions for the
tightest binders, involving orthogonal dipolar contacts,
sulfur and other dispersive contacts, amide-mt stacking, and
H-bonding to organofluorine, besides efficient water replace-
ment. The network was analyzed in a computational ap-

proach.
/

Introduction

Protein kinases, with their function to phosphorylate other pro-
teins as a core mechanism of cellular signal transduction, con-
stitute one of the most important enzyme classes. The “proto-
type” for the class, protein kinase A (PKA), was first described
in 1968 by Krebs and co-workers as a mediator for the second
messenger cyclic adenosine monophosphate (cAMP)." Because
its phosphotransferase activity occurs after dissociation into
a single and constitutively active catalytic domain, PKA is well
suited as the prototype for mechanistic studies of protein kin-
ases. Its kinetic properties and the crystal structure of its
apoenzyme provided detailed insight into the signaling path-
way, including the activation and deactivation mechanisms
and the constitution of the active site.”™ These data have
proven invaluable for understanding the mechanisms of the
other protein kinases in the human genome, numbering more
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than 500 when considering sequence alone, making up ap-
proximately 2% of human genes.”

The large number of kinases, a high degree of sequence
conservation, and the competition with millimolar concentra-
tions of adenosine triphosphate (ATP) in cells make the kinases
challenging targets in drug discovery. However, HA1077 (Fasu-
dil) was approved as a ROCK1 inhibitor in Japan in 1995, and
imatinib (Glivec or Gleevec) was approved as an ABL kinase in-
hibitor in 2001, initiating an era of rapidly growing investment
into pharmaceutical research, now with some 30 drugs on the
market."”

Among the protein kinase signaling proteins and drug tar-
gets, protein kinase B (PKB, also known as Akt) has a central
role in regulatory pathways, including cell survival, metabolism,
motility, transcription, and cell-cycle progression. It is a down-
stream target in the phosphoinositide (Pl) 3-kinase signaling
pathway, and it has been shown that cells with dysregulated
PKB-production, for example, knockout or over-expression,
may cause cardiac or skeletal muscle hypertrophy, tumors, and
a disordered insulin secretory pathway.®'" This highly con-
served enzyme belongs to the AGC subfamily (together with
PKA and several other subgroups) and consists of three iso-
forms, PKBa, PKBf3, and PKBy (Akt1, Akt2, and Akt3, respective-
ly). The three isoforms are encoded by distinct genes but share
a highly conserved structure across species. The architecture of
the kinases consists of three functional domains, a C-terminal
regulatory domain with the hydrophobic motive (HM), the N-
terminal pleckstrin-homology domain (PH), and a central
kinase domain.

As mentioned above, PKA is one of the best studied kinases
and is closely related to PKB, sharing a sequence identity of
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45% in the catalytic domain, rising up to 80% in the active
pocket."? Although they share high sequence similarity in
their catalytic domains, PKA and PKB are involved in different
signaling pathways, making their feasibility as drug targets de-
pendent on the ability to achieve selectivity for their inhibition.

At the ATP binding sites of PKA (PKAa) and PKB (PKBo/
PKBY), as few as three amino acids need to be mutated in one
kinase to mimic the binding pocket of the other.™ In the PKA
triple mutant enzyme PKAB3 used herein, two mutations
mimic the parent active pocket of the enzyme PKB (V123A and
L173M). A third mutation (Q181K) is required to prevent a rota-
mer conformation of Q181, enabled by the V123A mutation,
that can occlude the ATP site.l'™ A fourth site of possible muta-
tion, V104T, may play a role especially for polar interaction net-
works that are not the focus of this work. It has been shown
by Engh and co-workers that PKAB3 works as a PKB surrogate,
features similar enzyme kinetics, and is generally more suitable
for enzyme crystallization than PKB.'¥ Further, comparative
studies of ligand-enzyme interactions using point mutants
allow increased focus on the effects of individual interactions,
removing spurious indirect effects from enzyme differences
elsewhere.

Herein, we report the structure-based design and synthesis
of a series of ligands for inhibition of PKA and PKAB3 and the
subsequent in vitro evaluation. We present a series of novel
PKA/PKAB3 selective inhibitors and an SAR analysis of their
binding to the glycine-rich loop supported by several X-ray co-
crystal structures. This motif, with the general sequence
GxGxxG, is adjacent to the phosphate groups of bound ATP
and also forms a hydrophobic “lid” over the adenine ring of
ATP and the typically heteroaromatic moieties of inhibitors
binding to the protein kinase hinge. This fact and the slightly
different sequence highlights the significant difference to the
so called Walker-motif (GxxxxGKT/S) of ATP binding pro-
teins."1

We aimed primarily to synthesize highly potent, low-molecu-
lar-weight inhibitors and evaluate their binding mode and in
particular their interactions with the glycine-rich loop. In con-
trast to the hinge region, the adenine pocket with the gate-
keeper residues, the ribose pocket, the DFG (Asp-Phe-Gly)
loop, and apolar back pockets, the glycine-rich loop has largely
not been addressed in protein kinase inhibitor design. The ex-
perimental K; values, the SAR analysis, and several X-ray analy-
ses have been used to obtain structural information to explain
new potent binding motifs to the glycine-rich loop involving
a highly diverse set of weak intermolecular interactions. To
complete the analysis, a computational treatment of the coop-
erative interaction network was performed, revealing multiple
interactions and hotspot atoms.

Results and Discussion
Inhibitor Design

Molecular modeling was performed with the program
MOLOC" using the MAB force field. The X-ray co-crystal struc-
ture of PKAB3 (PDB ID: 2uw0)""” was used with the ligand re-
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moved for modeling and the enzyme kept rigid during energy
minimization. We designed ligands based on a potential gain
of selectivity for PKB over PKA and to investigate the ligand-
binding properties of the glycine-rich loop. Our initial design
targeted the L173M substitution, which was hoped to deliver
selectivity of PKB over PKA through sulfur-aromatic interac-
tions (Figure 1).'®

The design of the new inhibitors followed the binding mode
of ATP in the hinge region, with two hydrogen bonds formed
between the quinazolinone (as an adenine substitute) and the
backbone NH of Ala123 and the backbone C=0 of Glu121 (Fig-
ure 1a). In PKAB3, the quinazolinone ring was expected to be
sandwiched between the side chains of Val57 and Met173, en-
gaging in sulfur-aromatic interactions at optimal distances of
3.4-3.8 A (Figure 1b)."®

The ribose pocket was addressed with a protonated pyrroli-
dine ring, which was hoped to engage in ionic hydrogen
bonds to Glu127 and the backbone carbonyl of Glu170 (Fig-
ure 1¢). The glycine-rich loop was targeted by incorporating
different halogenated benzoyl or carbothienyl substituents, as
shown for ligand (+)-1i in Figure 1c (see Table 1 for all ligands
1a-p). The organohalogens should interact with the glycine-
rich loop by orthogonal dipolar C—X--C=0 interactions."”* Ac-
cording to the modeling studies, only the (3R,4S)-enantiomer
was expected to strongly bind into the active pockets of PKA
and PKAB3.

Table 1. K; values [nm] of quinazolinone-based inhibitors determined by
the multi-component spectrophotometric Cook assay. The reported
values are the average of three repeated measurements. Inhibitor (+)-1e
decomposed over time and is marked with *. n.a: K; value over 2000 nm
and/or inhibition did not show a characteristic inhibition curve. clogD
and clogP values were calculated with the ACD Labs program™ at pH 7.4.

i X
HN ° @
A

NH HCI

Ar X clogP clogD K(PKA) [nm]  K(PKAB3) [nm]

+ ) (+) (=)
1a Ph H 098 —-043 30 n.a 70 n.a
1b Ph 3-F 1.22 —-0.02 10 1600 80 400
1c Ph 3-Cl 1.67 0.04 300 200 1500 500
1d Ph 3-Br 1.77  0.55 80 1800 n.a n.a
1e* Ph 341 217 095 80 200 740 400
1f Ph 3-CF, 1.83 046 200 200 n.a n.a

1g Ph 3-OCF; 233 1.14 400 500 n.a na
1h Ph 4-F 146 023 70 n.a 50 1200
1i Ph 4-Cl 173 054 3 400 70 1300
1j Ph 4-Br 173 054 3 600 20 1900
1k Ph 4- 220 100 5 700 20 na
11 Ph 4-CF; 191 067 2 400 80 na
Tm Ph 4-0OCF; 220 1.02 12 1100 370 n.a
1n  2-thienyl H 074 —05 170 na 1600 1600
10 2-thienyl 5-Ci 1.60 044 23 n.a 80 1500
1p  2-thienyl 5-Br 177 062 09 500 40 1000

[a] ACD/Structure Elucidator, Version 15.01, Advanced Chemistry Develop-
ment, Inc., Toronto, ON, Canada, www.acdlabs.com, 2015.
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Figure 1. Design of inhibitors for the triple mutant PKAB3. a) Schematic representation of the active site of PKAB3. Inhibitor (+)-1 (blue) is shown in the bind-
ing mode proposed by MOLOC."® Favorable interactions are highlighted with red dashed lines. The orthogonal C=0--C=0 interaction to Gly50 is omitted for
clarity. b) Close-up view of the targeted sulfur-aromatic interactions between Met173 and the quinazolinone moiety of the ligand. c) Proposed binding mode
of ligand (4)-1i to PKAB3 (2.00 A resolution, PDB ID: 2uwO0) as predicted by MOLOC. The expected orthogonal C=0--C=0 interaction to Gly50 is shown. Pic-
tures generated using PyMOL (The PyMOL Molecular Graphics System, Version 1.7.4 Schrédinger, LLC). Distances are given in A, and interactions are shown as
dashed lines. Color code: Cqppyme gray, Cigana green, N blue, O red, S yellow, Cl limon.

Synthesis

The synthetic route is based on a Horner-Wadsworth-Emmons
reaction to generate activated (E)-olefins, followed by a 1,3-di-
polar cycloaddition with azomethine ylides to afford the cen-
tral pyrrolidine ring. The synthesis of protected, 3,4-disubstitut-
ed pyrrolidines by a similar route had been reported previous-
ly*" however the protocol had to be altered so that unpro-
tected variants could be accessed instead.” Furthermore, as
only the 3R,4S-enantiomer was expected to be active accord-
ing to the modeling, conditions for HPLC enantiomer separa-
tion by HPLC on a chiral stationary phase had to be identified.

In this route, esters 2a-p which were either commercially
available or produced from their corresponding acids (3 b/c/d/
i/h/m) following well-established procedures,”® were trans-
formed to [-ketophosphonates 4a-p with diethyl methyl-
phosphonate at —78°C in good yields (Scheme 1).

Aldehyde 5 was synthesized starting from 2-aminotereph-
thalate 6 in a cyclization reaction to afford quinazolinone 7,
which was converted to the Me-protected quinazolinone 8 via
its chlorinated intermediate in two steps (Scheme 2). Reduction
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with LiAlH, to 9, followed by oxidation with PCC, yielded alde-
hyde 5.29

[-Ketophosphonates 4a-p were coupled to aldehyde 5 to
afford alkenes 10a-p in moderate to good yields with (E/2)
ratios between 97:3 and 83:17.%? The use of KOtBu instead
of NaH as base led to increased () selectivities.”" Purification
by HPLC afforded diastereoisomerically pure products, but
upon concentration, the alkenes showed limited stability as in-
dicated by LCMS chromatography and 'H NMR spectroscopy.

In a first step, the reaction conditions for the 1,3-dipolar cy-
cloaddition with azomethine ylides generated from glycine
and para-formaldehyde to afford unprotected pyrrolidines
were optimized. The protocol for the synthesis of protected
pyrrolidines (Bn or Me protecting groups) is well-established,”"
but there is only one example present in the literature in
which 3,4-disubstituted unprotected pyrrolidines were ob-
tained through a 1,3-dipolar cycloaddition.?? Trapping of the
water formed in the course of the reaction was crucial for the
formation of the unprotected pyrrolidines. For this purpose,
a layer of MgSO, or Na,SO, was installed on top of the flask
containing the reaction mixture at reflux. Yields for this key
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m Ph 4-OCF,
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Scheme 1. Synthesis of -ketophosphonates 4a-p. i) H,SO,, EtOH, 80 °C, 4-30 h, quant.; ii) diethyl methylphosphonate, nBuLi, THF, —78 to 22°C, 1.5-6 h,

62-100 %.
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Scheme 2. Synthesis of aldehyde 5. i) H,NHCO,, HCO,H, 100°C, 19 h, 63 %; i) NH,HCO,,
formamide, 140°C, 7 h, 51%; iii)) POCl;, DBU, toluene, 120°C, 2.5 h; iv) NaOMe, 0 to 22°C,

obtained by the X-ray co-crystal structures of these
inhibitors with PKA.

Biological affinities and X-ray co-crystal structures

Both enantiomers of ligands 1a-p were evaluated for
their in vitro affinities against PKA and PKAB3 via the
activity-based ATP-regenerative NADH (nicotinamide
adenine dinucleotide)-consuming Cook-assay (for de-
tails see the Supporting Information, Section 54).2%
Assay interference tests were done to exclude any
undesired interactions of the inhibitors. Neither

1 h, 42%; v) LiAlH,, THF, 0 to 22°C, 2 h; vi) PCC, CH,Cl,, 0°C, 2 h, 75%. DBU = 1,8-diazabi-

cyclo[5.4.0lundec-7-ene; PCC = pyridinium chlorochromate.

step ranged from low to moderate (14-459%), most probably
due to the decreased stability of the olefins. In contrast, by
employing the same reaction conditions, para-formaldehyde,
glycine, and the dipolarophile trans-chalcone (1,3-diphenyl-
prop-2-en-one; 11) afforded, after Boc-protection, the corre-
sponding pyrrolidine (12) in 83% yield over two steps (for the
structures of 11 and 12, see the Supporting Information,
Scheme S1).

The olefins 10a-p were directly subjected to cyclization re-
actions with para-formaldehyde and glycine to afford the cor-
responding pyrrolidines, which were subsequently N-protected
(Boc,0) to afford the respective carbamates (+)-13a—p in mod-
erate overall yields (Scheme 3). The tert-butylcarbamate group
greatly facilitated the optical resolution of (£)-13a-p by chiral
HPLC to obtain (+)-13a-p and (—)-13a-p, respectively, in
enantiomerically pure form. Removal of the protecting group
by treatment with 2m aq. HCl in THF afforded the target com-
pounds (+)-1a-p and (—)-1a-p which were isolated as HCI
salts.””? The absolute configuration of (+)-1c was assigned by
modeling the optical rotatory dispersion (ORD) of (3S,4R)-
(+)-1¢, employing density functional theory methods. The cal-
culated [alp value of +47.7° for chlorine derivative (+)-1c¢ in
the four lowest-energy conformations is in acceptable agree-
ment with the measured [a],®® of +77.5° (c=0.1 in MeOH)
(see the Supporting Information, Section $2.1).%® Ultimate
proof of the absolute configurations of (+)-1b,c.e,l,p was later
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adding ADP instead of ATP to mimic the effects of

ADP production by the protein kinase, with and with-

out inhibitor, or measuring the production of ADP by
spontaneous hydrolysis of ATP (with and without inhibitor)
showed any side effects.

The velocity was measured at different inhibitor concentra-
tions, allowing the determination of K; values for the different
ligands. Using the Cheng-Prusoff equation with the known K|,
values of ATP, the K; values were obtained as summarized in
Table 1. Herein, we focus on the K, values of the (+)-1a-p
enantiomers, as they were significantly more active, strongly
supporting our modeling studies.

The majority of the optically pure inhibitors displayed nano-
molar affinity (K; values) against PKA, while being significantly
less active against PKAB3 (Table 1). We obtained X-ray co-crys-
tal structures of inhibitors (+)-1b,celp with PKA and two
structures of (+)-1¢,p with PKAB3. All X-ray co-crystal struc-
tures with PKA were loaded to the PDB database ((4+)-1b (PDB
ID: 4UJB, 1.95A), (+)-1¢ (PDB ID: 4UJ1, 1.76 A), (+)-1e (PDB
ID: 4UJ2, 2.02 A), ()-11 (PDB ID: 4UJ9, 1.87 A) and (H-1p
(PDB ID: 4UJA, 1.95 A)), as well as with PKAB3 ((+)-1¢ (PDB ID:
4784, 1.55 R), ()-1p (PDB ID: 4783, 1.80 A)). In addition to the
observed biological affinities, they form the basis of our analy-
sis and are discussed below.

Binding mode

All bound inhibitors observed in the X-ray co-crystal structures
of PKA superimpose well, and adopt a similar binding mode

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

KK These are not the final page numbers!


http://www.chemeurj.org

~
/ - O B
NK ] E0p —
<N 0 b o
5 da-p
o
i 24@ Q X
NS
see Table N &3 *
below for yields
49a_ N
(+)-13a—p Boc (-)>-13a—p
liv
(@]
HNJb o X
N
N K%
N
(#}1ap H HOl

(-1a-p

Full Paper

X compound  Ar X Yield [%)] for pyrrolidine synthesis
() /()
Z a Ph H 717
O b Ph 3-F 10/10
10a-p c Ph 3-Cl 8/8
d Ph 3-Br 717
e Ph 3-l 1/10
f Ph 3-CF, 7/7
g Ph 3-OCF, 7110
h Ph 4-F 25/20
i Ph 4-Cl 21/21
i Ph 4-Br 19/20
k Ph 4-| 23/23
N 1 Ph 4-CF, 8/9
Boc m Ph 4-OCF, 9/13
n 2-CH,S H 10/10
o 2-C,H,S 5-Cl 17 /17
p 2-C,H,S 5-Br 717

HCI

Scheme 3. 1,3-Dipolar cycloaddition to pyrrolidines 1a-p. i) NaH or tBuOK, THF, 0 to 22°C, 5-29 h, 50-100%; ii) (H,CO),, glycine, toluene, 120°C, 1-4 h;
i) Boc,0, MeOH, 0 to 22°C, 1.5-24 h, chiral HPLC, 14-45%; iv) 2™ aq. HCl, THF, 0 to 22°C, 1-2 d, 15-98 %. Boc = tert-butyloxycarbonyl.

within the hinge region and in the ribose pocket, in good

Selectivity of the inhibitors

agreement with the modeling predictions. Their phenyl/thienyl

vectors reach into the glycine-rich loop region (Figure 2a). In
the X-ray co-crystal structure of (+)-1b bound to PKA (Fig-
ure 2b), the fluorinated inhibitor is anchored with two hydro-

gen bonds to the hinge region (d(NjgsngOgiuizi) =
2.6 A, d(OyganaNyan2z)=3.2 A) and by an additional
hydrogen bond to the gatekeeper residue Thr183
(d(NjganaOmngs) =2.8 A).  The flat quinazolinone
moiety is intercalated between the hydrophobic side
chains of Ala70 and Val57 on one side and Leu173 on
the other, at distances ranging from 3.2 to 4.2 A. The
central, most probably protonated pyrrolidinium ring
is perfectly orientated to reach into the ribose pocket
where it forms an ionic hydrogen bond to the back-
bone C=0 of Glu170 (d(NjgungOgiize)=3.0A) and
a salt-bridge-type hydrogen bond to the side chain
of Asp184 (d(NjgangOnspres) =2.7 A) (Figure 2¢). Addi-
tional longer contacts exist between the pyrrolidini-
um N-atom and the side chains of Glu127 and
Asn171. An orthogonal dipolar C=0--C=0 interaction
of the benzoyl C=0 group of the inhibitor to the
C=0 of Gly50, at a distance of 3.0 A and an angle
C--C=0 of 96° (Figure 2b) completes the interaction
pattern observed in all X-ray co-crystal structures
which guides the different aromatic substituents into
the glycine-rich loop. Similar interactions and
a nearly identical alignment of the quinazolinone-pyr-
rolidine moiety in all inhibitor series allowed a com-
parison of the PKA and PKAB3 binding modes and
a comprehensive SAR analysis of the interactions
with the glycine-rich loop.

Chem. Eur. J. 2015, 21, 1-12 www.chemeurj.org

The tested inhibitors were more active against PKA than
PKAB3 (Table 1). Comparison between two X-ray co-crystal
structures of the thienyl inhibitor (+)-1p with PKA and PKAB3,

Figure 2. a) Overlay of the X-ray co-crystal structures of inhibitors (+)-1b (1.95 A resolu-
tion, PDB ID: 4UJB), (+)-1e (2.02 A resolution, PDB ID: 4UJ2), (+)-11 (1.87 A resolution,
PDB ID: 4UJ9), and (4)-1p (1.93 A resolution, PDB ID: 4UJA) bound to PKA. Color code:
(1b); red, (1€)igand/enzyme PIU€, (1 Digan/enzyme 9r€EN, (1 P)iigand/enzyme Magenta. The
four inhibitors show a nearly identical binding mode to the active site of PKA. b) Binding
mode of inhibitor (+)-1b. c) Detailed view of the binding mode in the ribose pocket. Dis-
tances are given in A and interactions are shown as dashed lines. Color code: Coppyme

gray, Cigang green, N blue, O red, S yellow, F light blue.

5 © 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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respectively, reveals the origin of this difference in binding af-
finity. Modeling with MOLOC had predicted that the ligand
(magenta in Figure 3) undergoes a salt-bridge-type hydrogen
bond to the carboxylate side chain of Glu127 (d(N--0)=2.9 A).
In the X-ray co-crystal structures (Figure 3, green ligand in PKA
and blue ligand in PKAB3 shown with the protein environment
of PKAB3), the pyrrolidine ring of the inhibitor reaches deeper
into the ribose pocket to form an ionic hydrogen bond with
the backbone C=0 of Glu170 (d(N--O)=2.8 A (PKAB3) and
29 A (PKA)) and a salt bridge with Asp184 (d(N-0)=2.7 A
(PKAB3) and 2.5 A (PKA)). As a consequence, the methyl group
of Met173 in PKAB3 is forced to an outwards orientation in an
energetically less favored gauche conformation. In the inward,
anti orientation (see Figure 1b) a steric clash with the C-atom
o to the pyrrolidine ring N-atom would occur, at a modeled,
strongly repulsive distance of d(H;Cyeri73C(2)pyroligine) =2.3 A.
As a result of this conformational flip, Met173 in PKAB3 inter-
acts less favorably with the quinazolinone ring of the inhibitor.
The deeper positioning of the pyrrolidine ring in the ribose
pocket, on the other hand, does not affect the favorable loca-
tion of the shorter Leu173 side chain in PKA. The outward
gauche conformation of Met173 was found in both X-ray co-
crystal structures obtained for PKAB3 with inhibitor (+)-1c¢ and
(4)-1p. Overall, the flip of the methionine side chain to a less
favorable conformation, together with the reduced interactions
with the quinazolinone ring, might contribute to the lower af-
finity of the inhibitors towards PKAB3.

Figure 3. Overlay of inhibitor (+)-1p modeled in PKAB3 (PDB ID: 2uw0; ma-
genta) and in the X-ray co-crystal structures of (+)-1p bound to PKA (green,
1.93 A resolution, PDB ID: 4UJA) and PKAB3 (blue, 1.80 A resolution, PDB ID:
4783). The protein surrounding shown is PKAB3 (PDB ID: 4Z83). Distances
for inhibitor (+)-1p bound to PKAB3 (PDB ID: 4Z83) and the modeled inhibi-
tor are given in A, and interactions are shown as dashed lines. Color code:
Cenzyme 91y, Cigandx—ray green and blue, Cigund, modeles Magenta, N blue, O red,

S yellow, Br dark red.

SAR analysis

With a plausible explanation for the differences in selectivity,
the inhibitors were analyzed for their binding with PKA. As
they all display the same binding pattern, a meaningful com-
parative analysis of their contacts with the glycine-rich loop
became possible. The following discussion proceeds from the
weaker ligands with a meta-substituted phenyl ring, to the
stronger ligands with para-substituted phenyl rings, and to the
thienyl derivatives.

Chem. Eur. J. 2015, 21, 1-12 www.chemeurj.org
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Interactions of meta-substituted phenyl rings with the
glycine-rich loop

The meta-substituted inhibitors are generally less active than
their para-substituted analogues and do not possess as many
favorable interactions with the glycine-rich loop (Figure 4). X-
ray co-crystal structures of inhibitors (+)-1b, (+)-1¢, and even
(4+)-1e with PKA were obtained. The iodide derivative (+)-1e
slowly decomposes at ambient conditions, leading to unreli-
able K; values; yet an X-ray co-crystal structure could be

Figure 4. X-ray co-crystal structures of meta-aryl-substituted inhibitors
(4)-1b (1.95 A resolution, PDB ID: 4UJB), (+)-1¢ (1.76 A resolution, PDB ID:
4UJ1) and (4)-1e (2.02 A resolution, PDB ID: 4UJ2) bound to PKA. a) Surface
(grey) of the active site with bound fluorinated inhibitor (+)-1b. b) Closer
look into the interactions of the fluorophenyl ring with the glycine-rich loop.
¢) Binding mode of iodo-substituted inhibitor (+)-1e in the glycine-rich loop
region. d) Interactions of chloro-substituted inhibitor (+)-1c with the gly-
cine-rich loop, with the ligand-induced flip of the peptide bond Ser53-
Phe54. Distances are given in A, and interactions are shown as dashed lines.
Color code: Cqyyyme gray, O red, N blue, Cg.nq green, F light blue, | violet, CI
limon. Water molecules are shown as red spheres.

solved.

Remarkably, all substituents in meta-position, with the ex-
ception of fluorine in (4)-1b, reduce binding affinity with re-
spect to the unsubstituted phenyl derivative (+)-1a (Table 1).
The glycine-rich loop is rather open on the side approached
by the aromatic ring (Figure 4a), and the meta-substituents
can orient in different ways. The halogenated aromatic ring of
(+)-1b and (+)-1c is sandwiched between the peptide bond
Thr51-Gly52 of the loop and the hydrophobic side chain of
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Lys72, which occupies a conserved position in all co-crystal
structures due to a salt bridge with the side chain of Glu91
(Figure 4a, d(N--0)=2.7 A). The organofluorine in (+)-1b favor-
ably interacts with the NH;" terminus of Lys72 at a distance
d(F-N) of 2.9 A (Figure 4b). A similar interaction is also seen
for organoiodine in (4)-1e (d(I-+N) of 3.4 A, Figure 4¢); howev-
er, due to the reduced polarization of the C—I bond, as com-
pared to C—F, a gain in ligand binding strength is not ob-
served. The organochlorine in (4)-1c takes a different orienta-
tion, pointing inwards towards Gly55 to engage in an orthogo-
nal dipolar interaction (d(Cl--C=0gss)=2.9 A, a(Cl+C=0g,s5) =
92°), however without identifiable gain in binding strength.
This orientation of the chlorine apparently disturbs the geome-
try of the loop as seen by a complete flip of the peptide bond
between Ser53 and Phe54 (Figure 4d). Stacking interactions of
the chlorophenyl ring with the loop are nearly eliminated,
which presumably explains the lowest binding affinity in the
meta-halophenyl series.

A high degree of solvation is observed in the X-ray co-crystal
structures. Particularly one water molecule (W34, Figure 4b
and ¢), located on the aromatic face of Phe54 in the structures
of fluoride (+)-1b (Figure 4b) and iodide (+)-1e (Figure 4c),
needs to be considered in the energetics of protein-ligand
binding (see below). Its major interaction with the protein is
a short H-bond (d(O--N)=2.7 &) to the backbone N-H of
Phe54; additionally O—H--t H-bonding to the phenyl ring of
Phe54 may be assumed. It further interacts with one water
molecule in a larger water cluster. Compared to bulk water, the
solvation of W34 is clearly reduced, and therefore, it can be
most probably considered as enthalpically strained.?*>"

Interactions of para-substituted phenyl rings with the
glycine-rich loop

The binding affinities of the para-substituted inhibitors, except
fluorine derivative (+)-1h, are greatly increased, by up to an
order of magnitude in K; value, with respect to the unsubstitut-
ed phenyl derivative 1a. The co-crystal structure of (+)-11
bound to PKA (K,=2 nm) was solved and revealed an extended
interaction network®" between the para-F,C-phenyl ring and
the loop. An obvious first advantage of the para-series, com-
pared to the meta-series, is the absence of different conforma-
tions of the substituted ring, which again is sandwiched be-
tween the loop (d(CopeCrisi) =3.9 A) and the side chain of
Lys72 (d(ConeCiys7) =4.2 R). The total spacing in the sandwich
(8.1 A) is somewhat larger than needed for the intercalation of
an aromatic ring (6.8-7.2 &), which is favorable to minimize
binding-induced losses in conformational entropy (“wiggling”)
of the phenyl substituent and the flexible loop (see Figure S1
in the Supporting Information).

The CF; substituent displaces the previously mentioned
water molecule W34 into the bulk solvent (Figure 5a). The fa-
vorable energetics of this water replacement contribute to the
difference between the K; value of the para-fluoro-inhibitor
(+)-1h (70 nm) and those of (4)-1i-l (2-3 nm) with bulkier
substituents (Table 1). Most probably, the F-atom is too small,
as compared to the larger substituents, to efficiently displace
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W34; additionally for steric reasons, it can geometrically
engage less well in attractive interactions with the loop.

The interactions of the F;C-phenyl ring of (+)-11 with the
loop are indeed extensive (Figure 5b). Besides the mentioned
sandwiching of the phenyl ring, which involves the parallel-

Figure 5. X-ray co-crystal structure of compound (+)-11 bound to PKA

(1.78 A resolution, PDB ID: 4UJ9). a) Structure of (+)-11 and a closer look
into the glycine-rich loop, where the water molecule W34 is replaced.

b) Contacts between the F;C-phenyl ring in the glycine-rich loop region. Dis-
tances are given in A, and interactions are shown as dashed lines. Color
code: Conyyme gray, Cigang green, O red, N blue, F light blue. Water molecules
are shown as red spheres.

slipped stacking of the ring with the peptide bond Thr51-
Gly52,%7 the CF, substituent engages in multiple favorable
contacts. The complete set of interactions is shown in the Sup-
porting Information, Figure S2. The CF; group undergoes three
orthogonal dipolar C—F--C=0 interactions with the loop back-
bone,*¥ to the backbone C=0 of Gly55 (d(F--C)=3.3 A, a(F-C=
0)=93°), of Phe54 (d(F-C)=3.6A, a(F-C=0)=106°), and
Gly52 (d(F--C)=3.6 A, a(F-C=0)=127°) (Figure 5b). Additional-
ly, several favorable C—F--H—N contacts are observed, such as
with Lys72 (d(F-N)=3.7 &) and Ser53 (d(F-+N)=3.5 A (see the
Supporting Information, Figure S2). The CF; group further in-
teracts at short F--C distances around 3.1-3.2 A with the H—C,
bonds of loop residues Gly55 and Gly52, and maintains other
C-F-H-C contacts to the side chains of Phe54 and Leu74. Clear-
ly, the CF; group is embedded into a truly fluorophilic environ-
ment.[19b'34]

The experimental finding that the water molecule W34, seen
in the co-crystal structures of the meta-series, had been dis-
placed by the para-CF; group of (4+)-11 led us to perform
a PDB search (see the Supporting Information, Section 3) to
obtain further evidence for the presence of a conserved water
molecule at this position. This analysis showed that the active
pocket of PKA is highly solvated and that solvation extends to
the glycine-rich loop. Most interestingly, the water molecule
W34 was found in eight of the thirteen analyzed structures
with a loop conformation similar to the one seen in our study.
Engh and co-workers had previously shown that the glycine-
rich loop is quite flexible® (see Supporting Information, Fig-
ure S1); therefore only a small number of structures were in-
corporated into the analysis. Still this investigation gave us fur-
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ther evidence for the hypothesis, that the para-substituted in-
hibitors gain energy by replacing that water molecule.” As
the water molecule W34 seems to be energetically frustrat-
ed®3% (see above), the replacement is expected to be favor-
able. A water score analysis further supports this hypothesis. In
this analysis, we used a geometric scoring similar to the Rank
score developed by Kellogg and co-workers, by exploring the
coordination of structural water to neighboring water mole-
cules as well as to the protein.k®

Interactions of the thienyl inhibitors with the glycine-rich
loop

A sharp increase in binding affinity was observed upon adding
halides in ortho-position to the sulfur atom of the thiophene
substituent. While the parent thiophene ligand (+)-1n (K=
170 nm) is less potent than the phenyl compound (+)-1a (K=
30 nm), addition of a chlorine enhances binding to a K; value
of 23 nMm and bromination afforded the most potent inhibitor
of all three series, (+)-1p, with a K; value of 0.9 nm, Figure 6).
Gratifyingly, a co-crystal structure of (+)-1p with PKA was ob-
tained. In this structure, some electron density is observed in
proximity of Phe54, which is attributed to a bromine atom, de-
rived from radiation damage, rather than the conservation of
a water molecule. The close proximity of the inhibitor to the
phenyl ring (4.6 A) further supports this.”

The very strong binding is again a result of an extensive in-
teraction network in the complex. The thiophene inhibitor
adopts the expected cis conformation, enforced by an intramo-
lecular chalcogen bonding interaction of one of the two o*-or-
bitals of the divalent sulfur atom with the lone pair of the C=0
oxygen atom.®3**# The conformational preorganization
through this intramolecular 1,4-S--O interaction"® (d(S-Q)=
3.0 A) directs the bromothienyl ring into the glycine-rich loop
(Figure 6). Here, the highly polarizable and apparently ideally
sized bromine atom of (+)-1p finds a perfect environment for
multiple dispersive and orthogonal dipolar interactions.

The thiophene sulfur atom undergoes additional interactions
with neighboring backbone C=0O groups in the loop (d(S+C=
Omis1) =34 A, d(S+C=Og,s5) =4.1 A and d(S-~C=Opgse) =3.9 A;
Figure 6a), which presumably are mostly dispersive.l'8384"
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Dunitz and co-workers had previously analyzed the geometries
for nonbonded atomic contacts of divalent sulfur with electro-
philes and nucleophiles."?

The bromine is surrounded by the glycine-rich loop and un-
dergoes similarly favorable interactions to those discussed
before for the CF; group of inhibitor (+)-11 (Figure 6b). Halo-
gen bonding was not observed as the interaction distances
and angles do not fulfill the rigorous geometric require-
ments.”?

An additional contribution to binding affinity could originate
from the favorable dipolar alignment of the bromothienyl ring
and the peptide bond Gly52—Thr51 in the loop, which under-
go parallel-shifted amide-m stacking at a distance of 3.9-4.1 A.
Harder et al. reported a computational study which revealed
that the energetics of this stacking interaction is strongest if
strong dipoles are aligned in an antiparallel fashion.** The
best inhibitors (4)-1p and (+)-11 exhibit substantial local
dipole moments in their aromatic rings (3.6 and 2.4 Debye)
with favorable alignment angles of 139° and 163°, respectively
(see Supporting Information, Figure S5).

The numerous weak intermolecular interactions of (+)-1p
with the glycine-rich loop are indeed remarkable and result in
the nearly sub-nanomolar inhibition (K; value) of PKA. Although
the contribution of each isolated contact cannot be quantified
on its own, their simultaneous presence is important for the
high inhibitory activity of the bromothienyl ligand.

Computational analysis of the interaction network

To further decipher the impact of multiple interactions ob-
served in the binding of ligand (+)-1p to PKA, an enzyme-
ligand network interaction analysis, as developed by Kuhn
et al., was performed.®" It specifically identifies networks of fa-
vorable enzyme-ligand interactions and categorizes close
enzyme-ligand contacts to distinct classes of interactions,
which allows an advanced analysis of binding modes and pro-
vides a rational for biological activity.

A large number of favorable contacts are detected around
the carbonylbromothienyl moiety (Figure 7b; for the full net-
work see the Supporting Information, Figure S3). In this analy-
sis, the ligand C=0 interacts with the polarized Ca of Gly50 by

Figure 6. X-ray co-crystal structure of inhibitor (4)-1p bound to PKA (1.93 A resolution, PDB ID: 4UJA). a) S--C=0 contacts. b) Contacts between the Br atom
and the glycine-rich loop. The amide-n stacking distance is also shown. Distances are given in A. Color code: Ceppyme gray, Cigana green, O red, N blue, S

yellow, Br dark red.
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a weak hydrogen bond (d=3.0 A). The thiophene moiety un-
dergoes several dispersive interactions with the glycine-rich
loop, and mt—mt stacking with the backbone amide moiety is de-
tected. Finally, the bromine atom is suitably embedded in an
environment with three close apolar contacts to the enzyme
(d(Br-enzyme) =3.3-3.6 A). The more quantitative network
contribution analysis reveals six ligand atoms with remarkably
high scores (>1.0), suggesting that these may act as binding
hot-spots (Figure 7 a). They comprise three atoms of the hinge-
binding quinazolinone heterocycle, the pyrrolidine nitrogen
atom in the ribose pocket, and the thienyl sulfur and bromine
atoms of the loop-binding substituent. According to the net-
work analysis, the interactions of the 5-bromothienyl moiety
with the glycine-rich loop clearly make an important contribu-
tion to the excellent ligand binding affinity of (++)-1p.

Conclusion

We described design, synthesis, and biological evaluation of
a new family of enantiopure inhibitors for protein kinase A
(PKA) and its mutant PKAB3 as mimic of PKB. The ligands bind
to the ATP site of the proteins, with a quinazolinone ring inter-
acting with the hinge, a most probably protonated pyrrolidine
ring filling the ribose pocket, and substituted aromatic rings
(phenyl, thienyl) binding to the glycine-rich loop, the ATP-tri-
phosphate binding site. Depending on the nature and substi-
tution of these aromatic vectors, binding affinities down to K;
values in the single-digit nanomolar range were measured. The
inhibitors exhibited a preference for binding to PKA over
PKAB3, the origin of which could be elucidated by X-ray co-
crystal structure determination. A total of seven co-crystal
structures revealed a conserved binding mode, which allowed
establishment of an SAR, with a focus on the interactions of
the ligands with the glycine-rich loop. This loop has not been
addressed in most protein kinase inhibitor design, but this
work shows that proper ligand interactions with the loop can
greatly enhance binding potency. The data suggest that the
glycine-rich loop is best addressed by an intricate network of
dispersive contacts and dipolar interactions. In addition, favor-
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able water replacement by the ligand in the loop region con-
tributes to binding strength. The aromatic rings of the inhibi-
tors interact with the loop by undergoing amide-m stacking in-
teractions. The loop was best addressed with para-CF;-phenyl
and 5-bromothienyl rings which both feature in the co-crystal
structures a remarkable network of weak interactions, includ-
ing orthogonal dipolar contacts and dispersive interactions.
While the energetic contribution of each contact cannot be
quantified on its own, the ensemble of weak interactions with
the loop is key to high inhibitory activity. The interaction net-
work was analyzed computationally for the bromothienyl-sub-
stituted ligand, and both the sulfur and bromine atoms were
identified as interaction hotspots. In summary, this work
strongly validates binding to the glycine-rich ring as a promis-
ing strategy in the development of potent inhibitors of protein
kinases.

Experimental Section

Materials and methods: For detailed descriptions of the chemical
analytical equipment, see the Supporting Information S5. This Sec-
tion provides general procedures for the pyrrolidine ring synthesis
and deprotection, and reports the preparation of inhibitor (+)-1j.
All other synthetic protocols, analytical data, and the co-crystal
structure analyses are included in the Supporting Information, Sec-
tion S5.

General procedure A (GP-A) for the phosphonate synthesis

A solution of diethyl methylphosphonate (1.5 equiv) in THF (10 or
20 mL) was treated at —78°C dropwise with a 1.6 m nBuLi solution
in hexane (1.5 equiv), stirred for 10 min, treated with a solution of
the halogenated ethyl-benzoate (2) (1 equiv) in THF (10 or 20 mL),
stirred for 2 h, and diluted with sat. aq. NH,Cl solution (200 mL).
The aqueous phase was extracted with EtOAc (3200 mL), and the
combined organic phases were dried over MgSO,, filtered, and
evaporated.

General procedure B (GP-B) for the olefin synthesis

1) A suspension of 60wt% NaH on mineral oil (1 equiv) in THF
(1.5 mL) was treated with a solution of the corresponding phos-
phonate 4 (1 equiv) in THF (3.0 mL) at 0°C. The mixture was stirred
at 0°C for 10 min, treated with aldehyde 5 (1 equiv), stirred for
30 min at 0°C, warmed to 22°C, and stirred for additional 0.25-

Figure 7. Interaction network analysis of inhibitor (+)-1p bound to PKA (1.93 A resolution, PDB ID: 4UJA). a) Atom-based score contributions in a blue to red
color scheme, with gray indicating no interactions. Binding hot spots (contribution score > 1) are shown in red with the highest scores for: Br 1.7, S 2.2,

Npyrrofidine 1:6; Nuinazotinone -2/ Oquinazofinone 1:0s @Nd Cainazoiinone 1.0 b) lllustration of the favorable interaction network around the Gly-rich loop. Color code: Ceppyme
gray, Cjgang green, O red, N blue, S yellow, Br dark red. Interactions are shown as dashed lines. The color code for interactions is hydrogen bond: red, disper-

sive: yellow, ionic: pink, cation-dipole: magenta, mt--7: orange.
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22 h before being diluted with a sat. ag. NH,ClI solution (50 mL).
The aqueous phase was extracted with CH,Cl, (3x50 mL). The
combined organic phases were dried over MgSO,, filtered, and
evaporated.

2) A suspension of KOtBu (1 equiv) in THF (1.5 mL) was treated
with a solution of the corresponding phosphonate 4 (1 equiv) in
THF (3.5 mL) at 0°C, stirred for 30 min, treated with aldehyde 5
(1 equiv), stirred for 20 min at 0°C, for 5-22 h at 22°C, and diluted
with sat. ag. NH,Cl (50 mL). The aqueous phase was extracted with
CH,Cl, (3%50 mL). The combined organic phases were dried over
MgSO,, filtered, and evaporated.

General procedure C (GP-C) for the pyrrolidine synthesis

A solution of alkene 10 (1 equiv) in toluene (6 mL) at 100°C or
120°C (with Na,SO, in a frit above) was simultaneously treated
with para-formaldehyde (6 equiv) and glycine (2 equiv), stirred at
120°C for 2 h, treated with additional para-formaldehyde (6 equiv)
and glycine (2 equiv), stirred for 2 h at 120°C, cooled to 22°C, and
the solvent was removed under reduced pressure. A solution of
the crude intermediate in MeOH (6 mL) was treated with Boc,0
(1.2 equiv), stirred at 22 °C overnight, and the solvent was removed
under reduced pressure.

General procedure D (GP-D) for the deprotection of pyrrolidines

A solution of pyrrolidine 13 (1 equiv) in THF (1 mL) at 0°C was
treated with 2m aqg. HCl (1 mL) and stirred for 1-48 h at 22 °C, until
LCMS showed complete conversion. The mixture was evaporated,
triturated with Et,0 (2 mL), and evaporated. HPLC (amino phase:
LiChrospher 100 NH, (5 um); 15 mLmin~', MeOH/CHCl; 10:90),
evaporation, treatment with 1.25m HCl in MeOH (1 mL) at 0°C,
evaporation, precipitation from Et,O, and drying under HV afforded
the pyrrolidines as HCl salts.

Diethyl [2-(4-bromophenyl)-2-oxoethyllphosphonate (4j): GP-A
(10 mL THF) starting from ethyl 4-bromobenzoate (346 uL,
2.07 mmol). FC (SiO,; EtOAc/heptane 4:1) gave phosphonate 4j
(614 mg, quant.) as a colorless oil. R;=0.26 (SiO,; EtOAc/heptane
4:1); 'THNMR (400 MHz, CDCly): 6=1.30 (td, J=7.1 Hz, *J(H,P)=
2.1 Hz, 6H; 2 OCH,CH;), 3.60 (d, J(H,P)=22.8 Hz, 2H; H-C(1)), 4.09-
4.19 (m, 4H; 2 OCH,CH,), 7.63, 7.90 ppm (AA'MM’, J=9.1 Hz, 4H;
CeH,); *C NMR (100 MHz, CDCly): 6=16.26 (d, *J(C,P)=6.2 Hz, 2 C;
2 OCH,CH,), 38.67 (d, J(CP)=1284Hz, 1 C; C(1), 6274 (d,
2J(C,P)=6.4 Hz, 2 C; 2 OCH,CH,), 129.07 (C(4)), 130.51 (2 C; C(2)),
131.94 (2 C; C(3)), 13524 (d, *CP)=17Hz, 1 C; C(1)),
190.95 ppm (d, 2J(CP)=6.5Hz, 1 C; C=0); *'PNMR (162 MHz,
CDCly): 6=19.33 ppm (tquint., J(PH)=24.1 Hz, J(PH)=8.1 Hz, 1 P;
PO;); IR (ATR): =2982 (w), 2932 (w), 1679 (m), 1585 (m), 1568 (w,
sh), 1484 (w), 1443 (w), 1395 (w), 1248 (s), 1200 (w), 1163 (w), 1098
(w), 1052 (s, sh), 1019 (s), 998 (s), 956 (s), 872 (w), 802 (s), 738 (m),
704 cm™" (w); HR-MS (ESI): m/z (%): 337.0027 (100, [M+H]", calcd
for C,,H,,*'BrO,P: 337.0022), 335.0044 (88, [M4H]", calcd for
C,,H,,”°BrO,P": 335.0042).

(2E)-1-(4-Bromophenyl)-3-(4-methoxyquinazolin-7-yl)prop-2-en-

1-one (10j): GP-B1 starting from phosphonate 4j (110 mg,
0.33 mmol); 20 h at 22°C. MPLC (80 g SiO,; 120 mLmin~', MeOH/
CH,Cl, 0:100 — 2:98) gave impure alkene 10j (77 mg, 64%; (E/Z)
99:1) as an off-white solid, of which a small amount was purified
by HPLC (Reprosil; 15 mLmin~', hexane/iPrOH/CHCl, 72:3:25) to
afford alkene 10j as an off-white solid. The compound appears to
react upon concentration and was therefore used for the next step
without further purification. R;=0.38 (SiO,; MeOH/CH,Cl, 1:19);
m.p. 203-206°C; "H NMR (400 MHz, CDCl,): 6=4.23 (s, 3H; OMe),
7.69 (d, J=158Hz, 1H; CH=CH-C=0), 7.70, 7.95 (AAMM', J=
8.4 Hz, 4H; C,H,Br), 7.84 (dd, J/=8.5, 1.6 Hz, TH; H-C(6)), 7.97 (d, J=
15.6 Hz, 1H; CH=CH-C=0), 8.17 (d, J=1.2 Hz, 1H; H-C(8)), 8.22 (d,
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J=8.8Hz, 1H; H-C(5)), 8.87 ppm (s, 1H; H-C(2)); *C NMR (100 MHz,
CDCly): 6=54.52 (OMe), 117.48 (C(4a)), 124.35, 124.38, 125.73 (C(5)),
128.36 (CH=CH-C=0), 128.41 (C(4)), 130.10 (2 C; C(2), 132.11 2 C;
C(3)), 136.52 (C(17), 139.64 (C(7)), 143.58 (CH=CH-C=0), 151.22
(C(8a)), 155.30 (C(2)), 166.98 (C(4)), 188.84 ppm (C=0); IR (ATR):
=2923 (w), 2853 (w), 1658 (m), 1619 (w), 1586 (m), 1574 (s), 1495
(m), 1455 (m), 1397 (w), 1380 (s), 1361 (s), 1322 (m), 1276 (m), 1209
(m), 1168 (m), 1096 (m), 1071 (m), 1025 (m), 993 (s), 977 (m), 906
(w), 875 (m), 862 (m), 813 (s), 784 (s), 764 (w), 745 (m), 732 (m), 682
(m), 673 (m), 629 cm™" (m); HR-MS (ESI): m/z (%): 371.0211 (63,
[IM4H]", caled for C,gH.,.2'BrN,O,": 371.0213), 369.0230 (67,
[M4H]", caled for CigH,,”°BrN,0O,": 369.0233), 177.1271 (96),
150.0367 (100).

(+)- and (-)-tert-Butyl (3,4-trans)-3-(4-bromobenzoyl)-4-(4-me-
thoxyquinazolin-7-yl)pyrrolidine-1-carboxylate ((+)-13 and (—)-
13): GP-C starting from alkene 10j (67 mg, 0.18 mmol). FC (SiO,;
MeOH/CH,Cl, 1:99 — 2.5:97.5) and chiral HPLC (Reprosil;
15mLmin~', hexane/iPrOH/CHCl; 75:3:22) gave pyrrolidines
(4)-13j (18 mg, 19%) and (—)-13j (19 mg, 20%) as colorless waxes.

Data of (+)-13j: R=0.33 (SiO,; MeOH/CH,Cl, 1:19); t; (prep.
HPLC)=40 min  (Reprosil; 15mLmin~',  hexane/iPrOH/CHCl,
75:3:22); [alp®® = +23.2 (c=0.1 in CHCl;); "H NMR (400 MHz, CDCl;;
approx. 1:1 mixture of diastereoisomers, assignment based on
HSQC and HMBC spectra of (+)-13j): 6=1.51 (s, 9H; C(CH,),), 3.60
(dd, J=10.5, 79 Hz, 1H; H,-C(2 or 5)), 3.64-3.71 (m, 1H; H,-C(2 or
5)), 3.96-4.26 (m, 4H; H,-C(2), H-C(3), H-C(4), H,-C(5)), 4.18 (s, 3H;
CH,), 7.49 (dd, /=85, 1.4 Hz, 1H; H-C(6")), 7.57, 7.74 (AA'MM’, J=
8.6 Hz, 4H; H-C(2"), H-C(3")), 7.82 (br. s, 1H; H-C(8")), 8.11 (d, J=
8.5 Hz, 1H; H-C(5")), 8.80 ppm (s, 1H; H-C(2")); "*C NMR (100 MHz,
CDCl,; approx. 1:1 mixture of diastereoisomers): 0 =28.48, 46.43
and 46.74, 49.39, 51.91 and 51.97, 52.20 and 52.60, 54.36, 80.11,
115.72, 124.26, 125.57, 127.10, 129.13, 129.87, 132.17, 134.70,
146.16 and 146.34, 151.13, 153.97 and 154.03, 154.88, 166.95,
196.93 ppm; IR (ATR): =2974 (w), 2937 (w), 2876 (w), 1682 (s), 1624
(m), 1581 (m), 1567 (m), 1496 (m), 1454 (m), 1377 (s), 1256 (w),
1167 (m), 1121 (m), 1098 (m), 1070 (m), 1007 (m), 976 (w), 877 (m),
839 (m), 796 (m), 769 (m), 749 (m), 688 cm™' (m); HR-ESI-MS: m/z
(%): 514.1168 (69, [M+H]", calcd for C,H,,*'BrN;0,™: 514.1160),
512.1183 (73, [M+HI", caled for CyH,,/°BrN;O,": 512.1179),
458.0540 (99), 456.0556 (100).

Data of (—)-13j: tz (prep. HPLC) =58 min; [a],®=—23.1 (c=0.1 in
CHCl3); 'H NMR and HR-ESI-MS data consistent with (+)-13j.

(+)-(3R,45)-3-(4-Bromobenzoyl)-4-(4-oxo-3,4-dihydroquinazolin-

7-yl)pyrrolidinium Chloride ((+)-1j): GP-D starting from pyrroli-
dine (+)-13j (18 mg, 0.04 mmol) gave pyrrolidinium (+)-1j (11 mg,
72%) as a white solid. M.p. 147°C (decomp.); [al,*’= +66.2 (c=
0.1 in MeOH); "H NMR (400 MHz, (CD5),SO): 6 =3.36-3.50 (m, 2H;
H,-C(2), H,-C(5)), 3.75-3.96 (m, 2H; Hy-C(2), H,-C(5)), 3.91 (dd, J=
17.2, 10.0 Hz, 1H; H-C(4)), 4.62 (t, J/=8.9 Hz, 1H; H-C(3)), 7.60 (dd,
J=84, 20Hz, 1H; H-C(6"), 7.68, 7.74 (AA'MM’, J=8.4Hz, 4H;
CeH,Br), 7.68 (d, J=1.6 Hz, 1H; H-C(8")), 8.07 (d, /=82 Hz, TH; H-
C(5")), 8.25 (s, 1H; H-C(2")), 9.60 and 9.86 (2 br. s, 2H; H,N™), 12.0-
13.0 ppm (br. s, TH; H-N(3")); *C NMR (100 MHz, (CD,),SO, signal
of C(2) not visible due to fast exchange, assignment based on
HSQC and HMBC spectra of (—)-1i): d=46.79 (C(4)), 47.80 (C(2 or
5)), 51.05 (C(2 or 5)), 51.45 (C(3)), 122.02 (C(4a")), 125.90 (C(8")),
127.00 (C(5")), 127.17 (C(6")), 128.67 (C(4), 130.84 (2 C; C(2)),
13239 (2 C; C(3'), 135.07 (C(1), 145.44 (C(7), 146.84 (C(8a")),
160.61 (C(4")), 197.80 ppm (C=0); IR (ATR): =3600-2200 (m, with
3359 (w), 3030 (m), 2900 (m), 2864 (m), 2709 (m), 2595 (m)), 1713
(s), 1680 (s), 1652 (s), 1621 (m, sh), 1581 (m), 1498 (w), 1463 (w),
1397 (m), 1287 (m), 1244 (m), 1069 (m), 1005 (m), 839 (m), 781 (m),
734 (w), 689cm™' (m); HR-ESI-MS: m/z (%): 426.9491 (100),

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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400.0486 (69, [M+HI*, caled for CyH,,*'BrN,O,": 400.0479),
398.0501 (68, [M—+H]", calcd for CyoH,,”BrN,0,: 398.0499).
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S1. Schemes, Figures, and X-ray Co-Crystal Structures

Scheme S1. Test reaction for the azomethine ylide 1,3 dipolar cycloaddition. Trans-
chalcone (11) afforded the Boc-protected pyrrolidine (+)-12 in good yields. Reaction
conditions: 1) (H2CO),, glycine, toluene, 90 °C, 7.5 h. ii) Boc2O, MeOH, 22 °C, 1 h;

83%.
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Figure S1. Superposition of 78 individual catalytic domains of 69 PKA entries in the
PDB as done by Engh and co-workers!!) with a close-up of the glycine-rich loop. The
data are taken from the original publication and slightly adjusted; for details see.['l The
enzyme backbones are shown as thin sticks and the ligand AMP-PNP (PDB code:
1CDK)? is shown as stick representation; the substrate mimic peptide PKI is removed.
Color code: Enzyme = rainbow (from dark blue at the N-terminus to red at the C-
terminus), Ciigand gray, Pligand orange, Oligand red, Pligana blue. The overlay shows the
“swinging” of the glycine-rich loop (blue) compared to the other secondary structural

elements of the enzymes.




Figure S2. X-ray co-crystal structure of compound (+)-11 bound to PKA (1.76 A
resolution, PDB ID: 4UJ9). Closer look into the glycine-rich loop with the CF3 contacts.
All three F atoms were found to engage in a) F---C b) F---H-C, and c) F---H-N contacts.

Distances are given in A and shown as dashed lines. Color code: Cenzyme gray, Cligand

green, O red, N blue, F light blue.

a
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o CF3
HNJjQ
Ny b
NH HCI
(+)-11
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b c



Figure S3. Interaction network analysis of inhibitor (+)-1p bound to PKA (1.93 A
resolution, PDB ID: 4UJA). a) Hinge region. b) Ribose pocket. c) Glycine-rich loop. d)
Atom-based score contributions. Color code: Cenzyme gray, Ciigand green, O red, N blue, S
yellow, Br dark red. The favorable contacts are shown as dashed lines with the following

color code: hydrogen bond red, dispersive yellow, ionic pink, cation-dipole dark pink, -

T orange.
a b
c d




S2. Theoretical Calculations

S2.1. Calculation of Optical Rotations of (35/4R)-1c-H™ at Specific

Frequencies

Conformational searches were performed using a Monte Carlo Multiple Minimum
(MCMM) algorithm, employing the OPLS-2005 force field (using a solvation continuum
model in water) as implemented in MacroModel 9.7.8] A maximum of 10° iterations
employing a PRCG gradient with a convergence criteria of 0.005 was allowed to sample
2000 structures with 60 steps per rotatable bond at an enhanced torsional sampling
MCMM level. The energy window was set to 3 kcal mol™' above the global minimum,
allowing a limit of 200 structures to be saved.

The results of these conformational searches were manually analyzed. Four groups
of conformers c¢1—c4 were identified to cover the conformational space. For each group,
one representative geometry was considered for further optimization at the DFT level (see
Figure S4). All DFT calculations were performed using the Gaussian 09 program
package.[*l The B3LYP/6-31G(d) (gas phase) level of theory was applied for pre-
optimizations of the selected conformers obtained from the MCMM force field results.
On these structures, the hybrid functional B3LYP was utilized with Grimme’s dispersion
with the original D3 damping function and Ahlrich’s cc-pVDZ double-zeta basis set.!”!
All structures are ground-state minima according to the analysis of their harmonic
vibrational analytical frequencies computed at the same level, which show no imaginary

frequencies. All energies reported are zero-point corrected electronic energies (AE).



Optical rotations were computed with frequency-dependent polarizabilities and
hyperpolarizabilities at 589 nm at the DFT//CAM-B3LYP/6-31+G(d) level of theory

using PCM solvation in methanol.

cl c2

c3 c4
Figure S4. Conformer space of (3S/4R)-1¢-H". Conformers cl-c4 represent the
conformational space of a 3 kcal mol! energy threshold. Shown are the B3LYP-D3/cc-

pVDZ optimized geometries.

Table S1. Calculated optical rotations of the four lowest energy conformations of

(3S/4R)-1¢-H". Experimental value [0.]589 nm, methanol = 77.5°.

Conformer [at]589 nm / © AEre. / keal mol™!
1 +41.7 0
2 +57.3 0.405
3 +175.1 0.526
4 +297.8 0.889

As shown in Table S1, the calculated optical rotations [a]sge nm Of all conformers are
positive, with a predicted value of +47.7° for the lowest energy conformer ¢l. These
results fit the measured experimental magnitude well and allow the assignment of the

absolute configuration of ligand (+)-1¢-H".



Cartesian Coordinates of
Optimized Geometries

cl: DFT//B3LYP/cc-pVDZ

C 2.51492900
C 3.25670000
C12.54812900
C 4.72630000
C 5.36130700
O 3.05192300
C -1.06432700
C-3.37112300
C -5.52834100
C -4.52642000
0 -4.62991200
C -3.33280000
C-2.17076200
C 0.03397500
H 0.53740100
C 1.01677800
H 0.73283700
C 0.59922200
H 1.27693500
H -0.43275500
C 0.21758000
H 0.83969800
C-2.21834000
H -2.29955400
C -1.04833100
H -0.14960600
C 4.63646300
H 5.11558500
H 5.28725500
H 6.43178000
H -6.44116200
H -2.18142000
H-1.02112700
C 3.35372300
C 2.61448400
H 1.54902600
N -5.59261500
H -6.44964000
N -4.49070900
H 0.26873700
N 0.67104600
H 1.70156800

-1.56289000
-0.29258400
3.66166400
2.08222200
0.84565400
-2.64652200
-0.73076800
-0.47495400
-0.30823900
1.72507300
2.90074400
0.88212700
1.42129600
-3.02849900
-3.32354600
-1.55344400
-0.70936500
-2.87785800
-3.25266100
-2.85221400
-1.52959800
-1.05294700
-1.26576000
-2.30765400
0.62513100
1.04596700
-0.33754100
-1.30717000
3.01337900
0.81595000
-0.72350900
2.46895900
-3.31784900
2.12314500
0.94891100
1.02657900
1.01133100
1.53914100
-1.07026500
-4.71792000
-3.78740100
-3.85138700

-0.25061200
-0.17613100
-0.40644900
0.04450400
0.20324400
0.00648100
0.65748200
-0.09215400
-0.80302000
0.12306600
0.41521100
0.30539100
0.87635800
1.14114900
2.06847400
-0.56987600
-1.20350500
-1.20116600
-1.97753300
-1.57155400
0.78860500
1.55723800
0.09276900
-0.22237000
1.05316200
1.50915200
0.10267500
0.23445900
0.12732300
0.41108100
-1.24067200
1.17941500
1.19678300
-0.22214200
-0.34375000
-0.55241200
-0.45059500
-0.59988700
-0.65639700
-0.15365000
-0.00372100
0.17142000

c2: DFT//B3LYP/cc-pVDZ

C 2.79318600
C 3.07709100
Cl 1.16171400
C 3.66954700
C 4.64776800
O 3.60055300
C-0.90752700
C -2.57106300
C -4.08375900
C -4.79644800
0 -5.64980200
C -3.45661300
C -3.06758600
C 0.62345500
H 0.93128500
C 1.42452900
H 0.97169900

-1.18000400
0.26391600
3.75286900
2.99541900
2.04375700
-2.01949400
-1.33097300
0.42968200
2.10408300
0.24003400
-0.28115700
-0.30007300
-1.53244200
-3.31697000
-3.48440800
-1.67433200
-1.00754800

-0.14453400
-0.10295100
-0.69149600
0.06845800
0.37711000
0.26946100
0.40304200
0.68466300
0.98891900
-0.42849700
-1.12141900
-0.14287700
-0.68859600
1.03735700
2.07567100
-0.62234200
-1.36055600

C 1.54557300
H 2.42773500
H 0.63661300
C 0.50334500
H 0.92978700
C-1.29356200
H -0.62530800
C -1.80683900
H -1.52735300
C 4.35829700
H 5.10626700
H 3.88847700
H 5.64119300
H -4.39839400
H -3.78076000
H -0.30323400
C 2.39441900
C 2.09038000
H 1.08346800
N -5.01090100
H -5.92133900
N -2.89969000
H 1.64767000
N 1.68749700
H 2.63354500

-3.09638500
-3.27417600
-3.42826000
-1.81974500
-1.21145800
-0.10973400
0.46667300
-2.04482700
-3.00746800
0.68517100
-0.06734900
4.06167000
2.37602200
3.06306000
-2.06448000
-3.87005300
2.57275000
1.21696100
0.93123400
1.47552200
1.90198900
1.65118800
-4.88729700
-3.86882300
-3.57467100

-1.16502300
-1.79122900
-1.68144300
0.65230100
1.45998300
0.94562100
1.58805700
-0.42134200
-0.85540200
0.30226700
0.55014900
0.12985300
0.68158900
1.41157300
-1.31932200
0.84246500
-0.32137600
-0.41912500
-0.71856100
0.20299200
0.04628200
1.25390500
0.00841300
0.11839700
0.45805600

¢3: DFT//B3LYP/cc-pVDZ

C-2.13125600
C -2.85141500
Cl-6.66767400
C-4.31164300
C-2.93789200
0 -2.69390800
C 1.44836500
C 3.76828100
C 5.93646900
C 4.97341600
O 5.10076800
C 3.75844800
C 2.60410700
C 0.29732600
H -0.21249600
C-0.62837000
H -0.31030600
C-0.24187300
H -0.92069900
H 0.79477900
C 0.14840300
H -0.47827700
C 2.59524700
H 2.65467500
C 1.46091600
H 0.56691300
C-2.20393700
H -1.13254500
H -4.89171900
H -2.44090700
H 6.84382000
H 2.63835300
H 1.34572300
C -4.95216100
C -4.23539300
H -4.72805800
N 6.02845900
H 6.89945200
N 4.87935900
H 0.01350300

1.27229700
-0.01112700
-1.16581900
-2.39991000
-2.41615100

2.32076100
0.47479600
0.29725600
0.20378300
-1.88094300
-3.06304900
-1.07226200
-1.65623500
2.72128600

2.95289600

1.32171300

0.52523000

2.69435100

3.09509400

2.72167100

1.24049800

0.71168400

1.05443100
2.10761900
-0.89281300
-1.34730200
-1.23094700
-1.27235500
-3.32295800
-3.36437800
0.65403000
-2.71196300

3.03094100
-1.18309900

0.00750700

0.95411900
-1.12458600
-1.62697400
0.93604000
4.47811600

-0.28022400
-0.33236400
0.21889600
-0.36730700
-0.61757400
0.05795000
0.65082000
-0.08105800
-0.77190600
0.07750500
0.33239000
0.27346100
0.81499100
1.23308100
2.17488400
-0.57247600
-1.24975100
-1.11765500
-1.88006400
-1.47484800
0.79691700
1.52665900
0.11620800
-0.16431300
1.00338600
1.43589300
-0.60739000
-0.80132400
-0.38108000
-0.82623200
-1.18565800
1.08689000
1.30594500
-0.09514600
-0.07037700
0.14622300
-0.46041400
-0.61648300
-0.61362700
0.04273100



N -0.35609300 3.52638500 0.13109300
H -1.39092800 3.54030900 0.29986400

c4: DFT//B3LYP/cc-pVDZ

C-2.16118200
C -2.68257600
Cl-6.23153400
C -3.75988900
C -2.42007200
0 -2.84738700
C 1.51657900
C 2.94062300
C 4.22478000
C 5.26001000
0O 6.22181000
C 3.96985500
C 3.77000600
C 0.16060200
H -0.27271700
C -0.70249000
H -0.31426400
C -0.55497400
H -1.33894300
H 0.43711500

1.36580100
-0.00701800
-1.77215900
-2.58880000
-2.37649400

2.29267200
0.96649900
-1.01252700
-2.89023400
-0.92492000
-0.40959700
-0.27535200

1.06817100
3.03021000

3.13133700

1.66115800

0.97928800
3.11660200

3.47537600
3.32898700

-0.26524600
-0.36904300
0.33038600
-0.47131200
-0.80253500
0.18187300
0.45219100
0.53009400
0.64049900
-0.38785300
-0.92539400
-0.10189100
-0.45000700
1.23353500
2.23489700
-0.62843100
-1.38908600
-1.06407500
-1.74167600
-1.48039500
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C 0.15079500
H -0.37948300
C 1.71643600
H 0.93716700
C 2.55743400
H 2.43170800
C-1.87671100
H -0.82673100
H -4.19155700
H -1.79850900
H 4.39271500
H 4.58923800
H 1.16530500
C -4.55884300
C -4.03206000
H -4.64658400
N 5.28085300
H 6.14856800
N 3.07986100
H -0.47642100
N -0.69257400
H -1.70282200

1.57508200
0.93361300
-0.36588400
-0.94843300
1.68519400
2.73476000
-1.09332000
-0.95672200
-3.58920700
-3.22257600
-3.93678300
1.60323500
3.46835600
-1.50375300
-0.21902500
0.62521300
-2.26295100
-2.76800200
-2.34264900
4.81605700
3.81443700
3.65739800

0.69590900
1.41106000
0.80003200
1.29503500
-0.17818900
-0.45269500
-0.76035400
-1.01739900
-0.50910100
-1.09811900
0.91226800
-0.93180600
1.23175900
-0.08489200
-0.02529200
0.28325900
0.03779400
-0.12771500
0.89974300
0.24014400
0.26209900
0.49487500



S2.2. Computational Network Calculation

We used the Scorpion software from DesertSci (www.desertsci.com) with default program
settings to calculate the interaction diagrams and atom-based score contributions for the complex
of PKA with inhibitor (+)-1p. Details of the computational network analysis are described in the

publication by Kuhn et al.l°!

S2.3. Calculation of the Dipoles
The molecular electronic dipoles were calculated at the DFT:B3LYP/6-31G(d,p) level of theory

in the gas phase on the molecular geometries optimized at the same level of theory.

Figure S5. Dipole moments aligned as seen in the X-ray co-crystal structures. Top-view on the
amide- - -m-stacking of the fragment N-methylacetamide (NMAC) and the acetophenone moieties

of inhibitors (+)-1p (I), (+)-11 (II), (+)-1b (III), and (+)-1f (IV). Level of theory: DFT:B3LYP/6-

31G(d,p).

HNT

Ko

NMAC

| Il 1] v

K/ nm 0.9 2 70 400
HID 3.56 2.40 1.47 0.42
<2 1° 139 163 72 117
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S3. PDB Search

All Protein Data Bank (PDB) files, containing X-ray co-crystal structures with the proteins PKA,
PKB, or PKA mutants (PKAB3/4/8) from human or bos taurus with a resolution < 2.20 A, were
downloaded from www.rcsb.org. This yielded over 400 PDB structures. These structures were
manually sorted for an open glycine-rich loop configuration and short inhibitors, which do not
fully fill this pocket (allowing for a water molecule). Further criteria were the orientation of
Phe54 inwards the loop and a maximal C---C (backbone) distance between the different entries
in the glycine-rich loop of the different entries of 1.9 A. These restrictions yielded 13 entries,
providing a good idea about structural water molecules in this loop.

We observed in 8 of these 13 structures a water molecule face to the Phe54 ring which,
taken together with our structures, give evidence for a conserved structural water molecule at this
position. Figure S5 shows an overlay of some of them and the observed water molecules.

The structures analyzed were (the ones containing the W34 water were signed with *):
1JLU™ (2.20 A) 1Q8TH (2.00 A), 1YDRP! (2.20 A), 2C1BH* (1.95 A), 2C1AI* (1.95 A),
20Wol* (2.0 A), 2UuW3I121x (1,95 A), 20WS5I12* (1.95 A), 2uW7U2* (1.95 A), 2vO0l!3h*

(1.95 A), 2VNWI31(1.94 A), 300G (1.95 A), 4AXAISH* (1.90 A),

12



Figure S6. Overlay of different structures analyzed from the PDB-databank. Shown in a ribbon
representation are the enzymes with the following PDB ID: 2C1AIN% red, 2C1BIY bluye,
2UWO!Y green and 4AXA!! cyan. The water molecules front to Phe54 of the corresponding

entries are shown as red dots.

13



S4. Biological Parameters

S4.1 Assay for Affinity towards PKA and PKAB3
The Cook assay!''®! was performed in 96-well microtiter plate at room temperature with a final
volume of 100 uL. The assay (pH = 6.8) contains two different solutions, a reaction mixture
with  potassium chloride (KCl, 0.1 M), magnesium chloride (MgClh, 10 mMm),
phosphoenolpyruvate (1 mMm), kemptide (LRRASLG, 0.1 mM), B-mercaptoethanol (1 mm),
lactate dehydrogenase (15 U mL™!), pyruvate kinase (10 UmL™'), NADH (0.21 mMm), and an
enzyme mixture, containing potassium chloride (KCl, 0.1 M), MOPS (pH = 6.8), water and PKA
or PKAB3 (20nM). To this mixture, ATP (20 uM) was added to start the measurements.
U =1 umol min".

Affinities and enzyme kinetics were determined in 96-well microtiter plate in triplicate.
ICso values were determined from the time-dependent change in absorption at A= 340 nm during
10-15 minutes in a SpectraMax M2e microtiter plate photometer from Molecular Devices until
there was a stable decrease over 10 minutes. Measurements with different inhibitor
concentrations (10 to 14 different dilutions) were performed for the determination of the median
inhibitory concentration (ICso), and the data thus obtained were analyzed with GraphPad Prism 5

using the sigmoidal dose-response-function. K values were calculated from their ICso values

using the Cheng-Prusoff equation (Equation 1).!!"]

Ki = 1Cso/[1+([S)/Km.atp)] (Equation 1)

Where Kwmatp is the Michaelis-Menten constant for ATP, identified at different

concentrations; Km,atp(PKA)=4 pumol and Kvatp(PKAB3)= 6.5 umol and the substrate S is

ATP. For Michaelis-Menten kinetics, Km = (k1” + k2) / ki, where ki is the rate for the formation

14



of the enzyme-substrate complex, ki’ the rate constant for the back reaction, and k» the rate

constant for the catalytic process according to Equation 2.

k k )
Enzyme + Substrate ‘T1—‘ [Enzyme-Substrate] ——» Enzyme + Product (Equation 2)
1

S4.2. Protein Expression and Purification of PKA and PKAB3

The Hiss-tagged Ca subunit of bovine PKA in pET 28b was expressed in E.coli (BL21(DE3)-
pRARE). The cultures were grown at 37 °C in TB media containing 50 pg mL™! ampicillin and
34 ug mL™! chloramphenicol and induced at 0.7 (OD600) by adding 0.5 mM isopropyl p-D-1-
thiogalactopyranoside. The Ca subunit of bovine PKA and PKAB3 were expressed in the vector
pT7-7 in E. coli BL21(DE3)RIL cells. Cultures were grown at 37 °C in 2YT media containing
100 pg mL™! ampicillin and 34 pg mL™!' chloramphenicol and induced by at 0.7 (OD600) by
adding 0.5 mM isopropyl B-D-1-thiogalactopyranoside. The cultures were grown for 16 h at
23 °C. The Hiss-tagged Ca subunit of bovine PKA pellet lysed by using binding buffer (50 mM
Tris-HCI, 500 mM NaCl, pH 7.5) and purified by using an imidazole elution buffer (50 mM Tris-
HCI, 500 mM NaCl, 1M imidazole, pH 7.5). The hexahistidine tag was removed by TEV
digestion overnight at 4 °C. The PKAB3 and PKA phosphorylations and purification followed

the procedure described by GaBel et al.!'®)

15



S4.3. Crystallization

The catalytic domains of PKA and PKB3 with their ligands were crystallized at 4 °C in hanging
drops. The droplets, containing 16 mg/ml protein 25 mM Bis-Tris-HCI, pH 7.0, 150 mM KCl,
1.5 mM octanoyl-N-methylglucamide and 0.8 mM PKI peptide, were equilibrated against 12—26

% (v/v) methanol. The crystals were frozen in 30 % MPD.

S4.4. Data collection and structure determination

The crystal diffraction data were collected at the 14.1 beamline at Berlin Electron Storage Ring
Society for Synchrotron Radiation (BESSY, Berlin) and at the European Synchrotron Radiation
Facility (ESRF, Grenoble, France). The diffraction data were integrated and scaled by using
either XDS and XSCALE!" or with MOSFILM’! and SCALA."?!!'" The molecular replacement
and structure refinement were done by MOLREP, REFMACS and Pheoenix.!*!! Coordinate and

molecular topology files for ligands were created with PRODRG.**

16



S4.5. Refinement statistic for X-ray co-crystal structures

Table S2. Data collection and refinement statistics of PKA complexed with (+)-1b, c, e, 1, and p

Parameters (H)-1c (+)-1e (+)-1b (H-11 (+)-1p
X-ray source BESSY BESSY BESSY ESRF ESRF
Resolution (A) 1.76 2.02 1.95 1.87 1.93
Wavelength (A) 0.92 0.92 0.92 0.87 0.98
Space group P212121 P212121 P212121 P212121 P212121
Unit cell 72.475.4 80.2 71.874.8 79.1 72.6 75.4 80.4 72.775.2 80.3 72.274.9 80.0
9090 90 90 90 90 9090 90 90 90 90 90 90 90
Total reflections 554293 103631 168919 239220 57306
Unique reflections 42975 25822 32724 36790 30034
Multiplicity
(last shell) 12.9 (10.1) 4.0 (4.0) 52(.1) 6.5 (6.3) 1.9 (1.9)

Completeness %

98.55 (87.24)

90.19 (90.94)

99.49 (98.36)

99.21 (93.28)

90.13 (92.18)

(last shell)

Mean I/ 6 (I) 9.5 5.4 10.2 4.6 5.5
Wilson B (A?) 23.3 33.8 23.4 23.5 25.3
Runerge (%0) 9.5 5.4 10.2 4.9 5.5
Rineas (%0) 9.9 6.1 11.3 5.2 7.8
Ryork (%) 16.7 16.1 15.5 16.5 16.4
Ryiee (%) 20.1 20.9 19.0 20.6 20.1
Number of non- 3327 3132 3467 3448 3264
hydrogen atoms

macromolecules 2937 2912 3006 2937 2937
ligands 33 33 41 56 33
water 357 187 420 455 294
Protein residues 357 357 357 360 358
RMS-bond lengths (A) 0.020 0.008 0.007 0.018 0.030
RMS-bond angles (-) 1.76 1.03 0.94 1.71 1.25
Ramachandran-favored 97 97 97 08 97
(%)

Ramachandran-outliers 0 0.28 0.27 0 0
(%)

Clashscore 2.90 5.71 3.84 6.97 5.63
Average B factor (A?) 27.30 39.40 29.60 23.80 29.10
PDB ID code 4UJ1 4UJ2 4UJB 4UJ9 4UJA
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Table S3. Data collection and refinement statistics of PKAB3 complexed with (+)-1¢ and p

Parameters (H)-1c (H)-1p
X-ray source BESSY BESSY
Resolution (A) 1.55 1.80
Wavelength (A) 0.92 0.92
Space group P2,212, P2,212,
Unit cell 61.978.479.5 82.661.579.0
90 90 90 90 90 90
Total reflections 177136 145987
Unique reflections 51523 37443
Multiplicity
(last shell) 3.4(1.9) 3939
Completeness %
(last shell) 91.5 (53.0) 98.6 (97.1)
Mean I/ 6 (I) 5.94 10.78
Wilson B (A?) 20.78 26.10
Rinerge (%) 12.7 8.6
RmeaS (%) 14.9 9.9
Ruvork (%) 20.9 18.0
Rpiee (%0) 23.6 21.8
Number of non-hydrogen atoms 3378 3294
macromolecules 2892 2885
ligands 29 34
water 457 375
Protein residues 357 357
RMS-bond lengths (A) 0.010 0.026
RMS-bond angles (-) 1.11 1.01
Ramachandran-favored (%) 97 97
Ramachandran-outliers (%) 0 0
Clashscore 2.99 6.99
Average B factor (A?) 27.00 31.40
PDB ID code 4784 4783
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S5. Synthesis

S5.1 Materials and General Procedures

Commercially available chemicals were purchased from Aldrich, Acros, Fluka, ABCR, and Strem
and used without further purification. Solvents for extraction or flash column chromatography
(FC) were of technical quality and distilled before use. Dry solvents (DMF, CHxCl,, 1,4-
dioxane, THF and toluene) for reactions were purified by a solvent drying system from LC
Technology Solutions Inc. SP-105 under nitrogen atmosphere (H2O content < 10 ppm as
determined by Karl-Fischer titration). Other solvents were purchased in p.a quality. All
reactions were carried out under argon or nitrogen atmosphere and in oven-dried glassware
unless otherwise stated. All products were dried under high vacuum (10~ Torr) before analytical
characterization. Analytical thin-layer chromatography (TLC) was conducted on glass sheets
coated with Si02-60 UVs4 obtained from Merck and visualized with a UV lamp (245 nm) or by
staining with KMnOs solution (KMnO4 (1.5g), K2COs3 (10g), 5% NaOH (2.5mL) in H>O (150
mL)). Flash chromatography (FC) was carried out using Si0-60 (particle size 0.040—0.063 mm,
230-400 mesh) from Fluka with a head pressure of 0.1-0.4 bar. The eluent are reported in
parentheses for each compound. Liquid chromatography/mass spectrometry (LC/MS) for
reaction control was performed on a Ultimate 3000 series LC instrument combined with a MSQ
Plus mass spectrometer from Dionex, using Zorbax Eclipse Plus CI8 columns (30 x 3; 3.5um
pore size) from Agilent. Medium-pressure liquid chromatography (MPLC) was carried out using
Si02 RediSep Rf columns (particle size 0.040—-0.063mm, 230—400 mesh) from Teledyne ISCO on
a Combiflash Rf 200 from Teledyne ISCO. High-pressure column chromatography (HPLC) was
run on a Merck-Hitachi L-6250 Intelligent Pump equipped with a Merck-Hitachi L-4000 UV
detector on either a chiral Reprosil column (Reprosil Chiral-NR 8um, 250 x 20 mm; Dr. Maisch
GmbH) or an amino phase column (LiChrospher HiBar, 250 x 25 mm, 100 NH2 (5~um);

Merck). Melting points (m.p.) were determined in open capillaries on a Biichi B-540 capillary
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melting point apparatus and are uncorrected. IR Spectra were recorded on a Perkin-Elmer FT-IR
1600 spectrometer (ATR-unit, Attenuated Total Reflection). The spectra were measured between
4000-600~cm ™!, and absorption bands are reported in wavenumbers (cm™'). NMR spectra (1H,
13C, 10F and 31 P) were measured on a Varian Gemini-300, Mercury-300, Bruker ARX-300,
AV-400, DRX-400, DRX-500 or AV-600 spectrometer at 298~K using the solvent peak as an
internal reference. Chemical shifts are reported in ppm, and the coupling constants (J) are given
in Hz. The resonance multiplicity is described as s (singlet), d (doublet), t (triplet), q (quartet),
quint. (quintet), m (multiplet) and br. (broad). High-resolution mass spectroscopy spectra were
measured on a Bruker maXis ESI-Q-TOF (HR-MS (ESI)) spectrometer. The relevant signals are
reported in m/z units and relative intensities given in parenthesis. Elemental analyses were
performed by the Mikrolabor at the Laboratorium fiir Organische Chemie, ETH Zurich.
Nomenclature follows the suggestions of the computer program ACD/Name version 12.5

(Advanced Chemistry Development Inc.).
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S5.2 Synthetic Procedures

(3R,45)-3-Benzoyl-4-(4-0x0-3,4-dihydroquinazoline-7-yl)pyrrolidinium Chloride

o o 3
5" ‘ @
3 . 5
AN , 6
2 I\N o z / “ 2
S —NH
HCI

GP-D starting from pyrrolidine (+)-13a (10 mg, 0.027 mmol) gave pyrrolidinium salt (+)-1a

((H)-1a).

(6 mg, 70%) as a yellow solid.

Prep. HPLC: fr = 10 min (amino phase: LiChrospher 100 NH> (5 Om); 15 mL min!,
MeOH/CHCI; 10:90); m.p. 164 °C (decomp.); [a]p*® = +83.3 (c = 0.05 in MeOH); 'H NMR (600
MHz, (CD3)2SO); assignment based on HSQC and HMBC spectra): 6 = 3.38-3.48 (m, 2 H; Ha—
C(2), Hi—C(5) (overlay with the (CD3)2SO-signal), 3.78-3.84 and 3.85-3.91 (2 m, 3 H; Hy—C(2),
Hy—C(5)), 3.91 (q, J = 9.5 Hz, 1 H; H-C(4)), 4.63 (q, J = 9.1 Hz, 1 H; H-C(3)), 7.45-7.48 (m, 2
H; H-C(3")), 7.55 (dd, J = 8.3, 1.7 Hz, 1 H; H-C(6")), 7.61 (tt, J = 7.7, 1.2 Hz, 1 H; H-C(4")),
7.68 (d, J=1.7,1 H; H-C(8")), 7.82 (dd, J = 8.5, 1.2 Hz, 2 H; H-C(2"), 8.05 (d, /=8.2, 1 H;
H-C(5")), 8.11 (s, 1 H; H-C(2")), 9.38 and 9.57 (2 br. s, 2 H; HoN), 12.29 ppm (br. s, 1 H; H-
N(3)); 3C NMR (150 MHz, (CD3)SO); assignment based on HSQC and HMBC spectra): J =
46.38 (C(4)), 47.58 (C(2)), 50.77 (C(5)), 50.79 (C(3)), 121.70 (C(4a")), 126.04 (C(8")), 126.40
(C(5"M), 126.53 (C(6")), 128.45 (C(3"), 128.85 (C(2"), 134.02 (C(4")), 135.47(C(1"), 144.84
(C(2")), 145.97 (C(7")), 148.67 (C(8a")), 160.32 (C(4")), 197.35 ppm (C=0). IR (ATR): /1=
3357 (br.), 3037 (m), 2919 (m), 2850 (m), 2738 (br.), 1715 (s), 1671 (s), 1656 (s), 1618 (s), 1594
(m), 1575 (m), 1497 (w), 1447 (m), 1355 (w), 1243 (m), 1060 (w), 1000 (w), 851 (m), 781 (m),
689 cm™! (s); HR-MS (ESI) m/z (%): 320.1394 (100, [M + HJ", caled for CioHisN3O,":

320.1394).
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(35,4R)-3-Benzoyl-4-(4-0x0-3,4-dihydroquinazoline-7-yl)pyrrolidinium Chloride

(()-1a).

GP-D starting from pyrrolidine (-)-13a (10 mg, 0.027 mmol) gave pyrrolidinium salt (—)-1a
(6 mg, 70%) as a yellow solid.
[a]p®® = —-85.5 (¢ = 0.05 in MeOH); 'HNMR and HR-MS (ESI) data consistent with

(+)-1a.

(3S,4R)-3-(3-Fluorobenzoyl)-4-(4-0x0-3,4-dihydroquinazolin-7-yl)pyrrolidinium

Chloride ((-)-1b).

GP-D starting from pyrrolidine (—)-13b (10 mg, 0.022 mmol) gave pyrrolidinium salt (-)-1b
(6 mg, 70%) as a yellow solid.

Prep. HPLC: & = 11 min (amino phase: LiChrospher 100 NH> (5 Om); 15 mL min,
MeOH/CHCl3 10:90); m.p. 192 °C (decomp.); [a]P20 = ~74.9 (¢ = 0.05 in MeOH); 'H NMR (600
MHz, (CDs):SO): ¢ = 3.38-3.51 (m, 2 H; H:—C(4) H-—C(5)), 3.77-3.91 (m, 3 H; H-C(2), Hy—
C(4), H—C(5)), 4.62 (q, J= 9.2 Hz, 1 H; H-C(3)), 7.47 (tdd, *J(H,F) = 8.4 Hz, J=2.6, 1.1 Hz, 1
H; H-C(4"), 7.50 (td, *J(H,F) = 2.4 Hz, J= 7.5 Hz, 1 H; H-C(5"), 7.56 (dd, J=8.2, 1.8 Hz, 1 H;
H-C(6")), 7.57 (ddd, *J(H,F) = 9.8 Hz, J= 2.5, 1.5 Hz, 1 H; H-C(2"), 7.65 (dt, J= 7.6, 1.3 Hz, 1
H; H-C(6"), 7.68 (d, J= 1.7, 1 H; H-C(8")), 8.04 (d, J = 8.2 Hz, 1 H; H-C(5")), 8.14 (s, 1 H;

H-C(2")), 9.48 and 9.68 (2 br. s, 2 H; HoN"), 12.29 ppm (br. s, | H; HN(3)); 3C NMR (150
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MHz, (CD3)S0): § = 46.35 (C(4)), 47.34 (C(2)), 50.74 (C(5)), 51.12 (C(3)), 114.97 (d, 2/(C,F)
= 22.6 Hz; C(4"), 120.85 (d, 2J(C,F) = 21.3 Hz; C(2')), 121.67 (C(4a")), 124.65 (d, “J(C,F) = 2.3
Hz; C(6'), 125.92 (C(8")), 126.42 (C(5")), 126.60 (C(6")), 131.06 (d, 3J C,F) = 7.8 Hz; C(5"),
137.74 CHCF) = 63 Hz; C(1), 144.74 (C(7"), 146.08 (C(2")), 148.40 (C(8a")), 160.27
(C(4"), 162.05 (\J(C,F) = 245.7 Hz; C(3'), 19639 ppm (C=0); 'FNMR (376 MHz;
(CD3)2S0): 6 = (—112.05)(112.10) ppm (m, 1 F); IR (ATR): fi= 3367 (br.), 3040 (m), 2607
(br.), 1714 (s), 1672 (s), 1655 (s), 1619 (m), 1573 (m),1499 (w), 1446 (m), 1355 (w), 1300 (m),
1245 (m), 995 (w), 886 (m), 781 (m), 688 cm™' (s); HR-MS (ESI) m/z (%): 339.1326 (30, [M +
H]", calcd for CioHi7FN302": 339.1321), 338.1294 (100, [M + H]", calcd for C1oHi7FN3O,":

338.1299).

(3R,45)-3-(3-Fluorobenzoyl)-4-(4-0x0-3,4-dihydrocquinazolin-7-yl)pyrrolidinium

Chloride ((+)-1b).

F

o) 2! 3
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GP-D starting from pyrrolidine (+)-13b (10 mg, 0.022 mmol) gave pyrrolidinium salt (+)-1b
(6 mg, 70%) as a yellow solid.
[a]’0 = +70.7 (¢ = 0.05 in MeOH); 'HNMR and HR-MS (ESI) data consistent with

(-)-1b.
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(35,4R)-3-(3-Chlorobenzoyl)-4-(4-0x0-3,4-dihydroquinazolin-7-yl)pyrrolidinium

Chloride ((-)-1c¢).

GP-D starting from pyrrolidine (—)-13¢ (10 mg, 0.021 mmol) gave pyrrolidinium salt (-)-1¢
(7 mg, 89%) as a white solid.

Prep. HPLC: r = 10 min (amino phase: LiChrospher 100 NH2 (5 Om); 15 mL min},
MeOH/CHCI; 10:90); m.p. 204 °C (decomp.); [a]P20 = =70.5 (¢ = 0.05 in MeOH); 'H NMR (600
MHz, (CD3)2SO); assignment based on HSQC and HMBC spectra): 6 = 3.47-3.54 (m, 2 H; Ha—
C(2), H-—C(5)), 3.75-3.89 (m, 3 H; Hv—C(2), Hv—C(5), H-C(4)), 4.62 (q, J = 9.0 Hz, 1 H; H-
C(3)), 7.48 (t,J=7.9 Hz, 1 H; H-C(5"), 7.54 (dd, /= 8.3, 1.8 Hz, 1 H; H-C(6")), 7.65 (ddd, J =
8.0,2.2, 1.0 Hz, 1 H; H-C(4")), 7.68 (d, J= 1.8 Hz, 1 H; H-C(8")), 7.70 (t, /= 1.9 Hz, 1 H; H-
C(2"), 7.74 (dt, J=7.8, 1.3 Hz, 1 H; H-C(6")), 8.05 (d, /= 8.2 Hz, 1 H; H-C(5")), 8.13 (s, 1 H;
H-C(2")), 9.44 and 9.63 (2 br. s, 2 H; HoN™), 12.31 ppm (br. s, 1 H; H-N(3"")); *C NMR (150
MHz, (CD3)2S0); assignment based on HSQC and HMBC spectra): 6 = 46.53 (C(4)), 47.24
(C(2)), 50.81 (C(5)), 51.25 (C(3)), 121.76 (C(4a")), 126.02 (C(6")), 126.42 (C(8")), 126.60
(C(5M)), 126.98 (C(6")), 128.25 (C(4")), 130.76 (C(5")), 133.52, 133.65, 137.37, 144.71 (C(7")),
146.04 (C(2")), 148.50 (C(8a")), 160.30 (C(4")), 196.40 ppm (C=0); IR (ATR): /1= 3355 (br.),
3037 (w), 2920 (m), 2851 (m), 2607 (br.), 1714 (s), 1678 (s), 1654 (s), 1619 (s), 1595 (m), 1573
(m), 1498 (w), 1447 (w), 1355 (w), 1299 (m), 1239 (m), 1060 (w), 100 (w), 851 (w), 781 (m),
688 (s), 635 cm! (w); HR-MS (ESI) m/z (%): 356.0980 (37, [M + H]", caled for

C1oH177CIN;0,": 356.0980), 354.1004 (100, [M + H]", caled for C1oH 75CIN3O,™: 354.1004).
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(3R,45)-3-(3-Chlorobenzoyl)-4-(4-0x0-3,4-dihydroquinazolin-7-yl)pyrrolidinium

Chloride ((+)-1c¢).

GP-D starting from pyrrolidine (+)-13¢ (10 mg, 0.021 mmol) gave pyrrolidinium salt (+)-1¢
(7 mg, 89%) as a white solid.

[a]P20 = +77.5 (c = 0.05 in MeOH); '"H NMR and HR-MS (MALDI) data consistent with (—)-1c.

(3R,45)-3-(3-Bromobenzoyl)-4-(4-oxo0-3,4-dihydroquinazoline-7-yl)pyrrolidinium

Chloride ((+)-1d).

GP-D starting from pyrrolidine (+)-13d (10 mg, 0.020 mmol) gave pyrrolidinium salt (+)-1d
(6 mg, 70%) as a yellow solid.

Prep. HPLC: & = 12 min (amino phase: LiChrospher 100 NH> (5 Om); 15 mL min,
MeOH/CHCI;3 10:90); m.p. 181 °C (decomp.); [a]p*® = +73.9 (¢ = 0.05 in MeOH); 'H NMR (600
MHz, (CD3),S0); assignment based on HSQC and HMBC spectra): 6 =3.38 (q, /= 7.0 Hz, 1 H;
H-C(4)), 3.72-3.90 (m, 4 H; H.—C(2), H-—C(5)), 4.61 (q, /= 8.7 Hz, 1 H; H-C(3)), 7.41 (td, J =
7.8, 0.6 Hz, 1 H; H-C(5")), 7.53 (dd, J = 8.3, 1.8 Hz, 1 H; H-C(6")), 7.68 (d, /= 1.7, 1 H; H-
C(8")), 7.74-7.81 (m, 3 H; H-C(2'"), H-C(4"), H-C(6")), 8.04 (dd, J = 8.2, 0.5 Hz, 1 H; H-C(5")),
8.12 (s, 1 H; H-C(2")), 9.43 and 9.61 (2 br. s, 2 H; HoN"), 12.31 ppm (br. s, 1 H; H-N(3""));
BC NMR (150 MHz, (CD3):S0); assignment based on HSQC and HMBC spectra): 6 = 46.59

(C(4)), 47.21 (C(2)), 50.83 (C(5)), 51.26 (C(3)), 121.80 (C(4a")), 122.04 (C(3")), 126.04 (C(8")),
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126.41 (C(5"), 126.57 (C(6")), 127.29 (C(5)), 130.95 (C(6"), 131.16 (C(2')), 136.37 (C(4")),
137.53 (C(1')), 144.68 (C(2")), 146.00 (C(7")), 148.58 (C(8a")), 160.30 (C(4")), 196.34 ppm
(C=0); IR (ATR): /1= 3357 (br.), 3037 (m), 2922 (m), 2852 (m), 2719 (br.), 1714 (s), 1682 (s),
1654 (s), 1618 (), 1567 (5),1498 (w), 1464 (m), 1422 (m), 1355 (w), 1299 (m), 1237 (m), 1212
(m), 1061 (w), 996 (w), 886 (m), 781 (m), 723 (w), 688 cm™' (s); HR-MS (ESI) m/z (%):
400.0479 (90, [M + HJ", calcd for C1oH,78'BrN302": 400.0479), 398.0497 (100, [M + H]*, caled

for C1oH17""BrN3O,": 398.0499).

(35,4R)-3-(3-Bromobenzoyl)-4-(4-0x0-3,4-dihydroquinazolin-7-yl)pyrrolidinium

Chloride ((-)-1d).

B
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GP-D starting from pyrrolidine (—)-13d (10 mg, 0.020 mmol) gave pyrrolidinium salt (-)-1d
(6 mg, 70%) as a yellow solid.
[a]’20 = —78.0 (¢ = 0.05 in MeOH); 'HNMR and HR-MS (ESI) data consistent with

(+)-1d.
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(3R,45)-3-(3-1odobenzoyl)-4-(4-0x0-3,4-dihydroquinazolin-7-yl)pyrrolidinium Chloride

((+)-1e).

GP-D starting from pyrrolidine (+)-13e (10 mg, 0.018 mmol) gave pyrrolidinium salt (+)-1e
(8 mg, 92%) as a yellow solid. This compound is unstable and shows impurities in the spectra.

Prep. HPLC: & = 16 min (amino phase: LiChrospher 100 NH> (5 Om); 15 mL min’,
MeOH/CHCI; 10:90); [a]p®® = +67.5 (¢ = 0.1 in MeOH); '"H NMR (600 MHz, (CD3):SO): § =
3.38-3.55 (m, 2 H), 3.75-3.94 (m, 2 H), 4.55-4.66 (m, 2 H), 7.24 (t,J = 7.8 Hz, 1 H), 7.46 (br. t,
J=75Hz,2H),7.51(dd, J=8.3,1.7Hz, 1 H), 7.55 (dd, J=8.3, 1.8§ Hz, 1 H), 7.61 (t,J=7.4
Hz, 1 H), 7.68 (br.t,J=7.4 Hz, 1 H), 7.79 (ddd, J="7.9, 1.7, 1.0 Hz, 1 H), 7.80-7.84 (m, 2 H),
7.89-7.94 (m, 2 H), 8.05 (d, J=8.3 Hz, 2 H), 8.12 (d, J=1.3 Hz, 1 H), 9.39 (br. s, 1 H), 9.52 (br.
s, 1 H), 12.30 ppm (br. s, 1 H); HR-MS (MALDI) m/z (%): 446.0360 (100, [M + H]", calcd for

C19H17IN30; *: 446.0360).
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(35,4R)-3-(3-1odobenzoyl)-4-(4-0x0-3,4-dihydroquinazolin-7-yl)pyrrolidinium Chloride

(()-1e).
[
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GP-D starting from pyrrolidine (—)-13e (10 mg, 0.018 mmol) gave pyrrolidinium salt (-)-1e
(9 mg, 94%) as a yellow solid. This compound is unstable and shows impurities in the spectra.

[alp® = 643 (c=0.1 in MeOH); 'HNMR and HR-MS (ESI) data consistent with

()-1e.

(BR,45)-3-[(3-Trifluoromethoxy)benzoyl]-4-(4-0x0-3,4-dihydroquinazolin-

7-yDpyrrolidinium Chloride ((-)-1f).

GP-D starting from pyrrolidine (-)-13f (6 mg, 0.012 mmol) gave pyrrolidinium salt (—)-1f (6 mg,
70%) as a yellow solid.

Prep. HPLC: & = 20 min (amino phase: LiChrospher 100 NH> (5 Om); 15 mL min,
MeOH/CHCI3 10:90); m.p. 178 °C (decomp.); [a]P20 = —48.7 (¢ = 0.05 in MeOH); "H NMR (600
MHz, (CD3)2S0); assignment based on HSQC and HMBC spectra): 0 = 3.56-3.70 (m, 2 H; Ha-
C(2), H—C(5)), 3.78-3.86 (m, 3 H; Hy—C(2), Hv—C(5), H-C(4)), 4.61 (q, J = 8.5 Hz, 1 H; H-
C(3)), 7.51 (dd, J = 8.3, 1.8 Hz, 1 H; H-C(6")), 7.68 (d, J = 1.8 Hz, 1 H; H-C(8")), 7.69 (t, J =
7.8 Hz, 1 H; H-C(5")), 7.83 (br. s, 1 H; H-C(2")), 7.92 (br. d, J=7.9 Hz, 1 H; H-C(4")), 8.01 (d,

J =83 Hz, 1 H; H-C(5")), 8.06 (br. d, J = 8.0 Hz, 1 H; H-C(6")), 8.09 (s, 1 H; H-C(2")), 9.40
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and 9.56 (2 br. s, 2 H; HoN"), 12.26 ppm (br. s, 1 H; H-N(3”’)); *C NMR (150 MHz,
(CD3)2S0); assignment based on HSQC and HMBC spectra): 6 = 46.89 (C(4)), 47.13 (C(2)),
50.70 (C(5)), 51.44 (C(3)), 121.81 (C(4a™)), 123.49 (q, 'J(C,F) = 272.2 Hz, CF3), 124.95 (q,
3J(C,F) = 3.7 Hz; C(2"), 126.22 (C(8")), 126.37 (C(5")), 126.49 (C(6")), 129.23 (q, 2J(C,F) =
32.2 Hz; C(3"), 130.07 (q, *J(C,F) = 3.4 Hz; C(4), 130.07 (C(5"), 132.19 (C(6"), 136.32
(C(1"), 144.54 (C(2")), 145.87 (C(7")), 148.83 (C(8a")), 160.31 (C(4")), 196.56 ppm (C=0);
F NMR (376 MHz, (CD3),SO): 6= —61.78 ppm (s, 3 F; CF3); IR (ATR): /1= 3363 (br.), 2919
(m), 2850 (m), 2719 (br.), 1716 (s), 1687 (s), 1655 (s), 1612 (s), 1573 (m),1499 (w), 1435 (m),
1329 (s), 1234 (w), 1167 (m), 1122 (s), 1072 (s), 891 (w), 851 (m), 814 (m), 782 (w), 732 (W),

691 cm ! (s); HR-MS (MALDI): 388.1267 (37, [M + H]", calcd for C20H;7F3N302": 388.1267).

(3S,4R)-3-[(3-Trifluoromethoxy)benzoyl]-4-(4-0x0-3,4-dihydroquinazolin-7-

yD)pyrrolidinium Chloride ((+)-1f).

GP-D starting from pyrrolidine (+)-13f (6 mg, 0.012 mmol) gave pyrrolidinium (+)-1f (6 mg,
70%) as a yellow solid.

[a]P20 = +49.6 (¢ = 0.05 in MeOH); '"H NMR and HR-MS (MALDI) data consistent with (-)-1f.
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(BR,45)-3-|(3-Trifluormethoxy)benzoyl]-4-(4-0x0-3,4-dihydroquinazolin-7-yl)pyrrolidinium

Chloride ((-)-1g).

GP-D starting from pyrrolidine (—)-13g (10 mg, 0.019 mmol) gave pyrrolidinium (—)-1g (8 mg,
quant.) as a yellow solid.

Prep. HPLC: fr =20 (amino phase: LiChrospher 100 NH2 (5 [Jm); 15 mL min!, MeOH/CHCl;
10:90); m.p. 178 °C (decomp.); [a]®20 = —78.2 (¢ = 0.05 in MeOH); 'H NMR (400 MHz,
(CD3)2S0): 0 = 3.40-3.57 (m, 2 H; H.—C(2), H-—C(5)), 3.82-3.89 (m, 3 H; Hy—C(2), H—C(5),
H-C(4)), 4.64 (q, J = 8.8 Hz, 1 H; H-C(3)), 7.55 (dd, J = 8.3, 1.8 Hz, 1 H; H-C(6")), 7.59-7.62
(m, 3 H; H-C(2"), H—C(4"), H-C(5")), 7.69 (d, J= 1.7 Hz, 1 H; H-C(8")), 7.78-7.85 (m, 1 H; H-
C(6"), 8.01 (d, J = 8.2 Hz, 1 H; H-C(5")), 8.13 (s, 1 H; H-C(2")), 9.47 and 9.67 (2 br. s, 2 H;
H,N"), 12.30 ppm (br. s, 1 H; H-N(3’*)); >*C NMR (150 MHz, (CD3),S0): § = 46.63 (C(4)),
47.29 (C(2)), 50.81 (C(5)), 51.29 (C(3)), 119.65, 120.62, 121.72, 122.87, 125.95, 130.67,
131.06, 137.63, 144.63, 146.01, 148.45, 160.25, 196.37 ppm (C=0); IR (ATR): 1= 3374 (br.),
2920 (m), 2851 (m), 2744 (br.), 1716 (s), 1686 (s), 1655 (s), 1620 (m), 1573 (m), 1442 (w), 1358
(w), 1246 (s), 1209 (s), 1155 (s), 1058 (w), 1013 (w), 889 (m), 849 (w), 782 (m), 733 (w), 690
(m), 632 cm™' (w); HR-MS (MALDI): 404.1216 (100, [M + H]*, caled for CyoH;7F3N305™:

404.1217).
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(38,4R)-3-[(3-Trifluoromethoxy)benzoyl]-4-(4-0x0-3,4-dihydroquinazolin-7-1)pyrrolidinium

Chloride ((+)-1g).

GP-D starting from pyrrolidine (+)-13g (10 mg, 0.019 mmol) gave pyrrolidinium salt (+)-1g
(6 mg, 70%) as a yellow solid.

[a]P20 = +76.9 (c = 0.05 in MeOH); '"H NMR and HR-MS (MALDI) data consistent with (—)-1g.

(3R,45)-3-(4-Fluorobenzoyl)-4-(4-0x0-3,4-dihydroquinazolin-7-yl)pyrrolidinium Chloride
((+)-1h).

GP-D starting from pyrrolidine (+)-13h (30 mg, 0.07 mmol) gave pyrrolidinium salt (+)-1h
(12 mg, 48%) as a white solid.

Prep. HPLC: tr = 25 (amino phase: LiChrospher 100 NH> (5 [Jm); 15 mL min~!, MeOH/CHCl;
10:90); m.p. 138°C (decomp.); [a]p®® = +86.4 (¢c=0.1 in MeOH); 'HNMR (400 MHz,
(CD3)2S0; assignment based on HSQC and HMBC spectra of (+)-1h): 6 = 3.31-3.54 (m, 2 H;
Ha—C(4), H-—C(5)), 3.76-3.98 (m, 2 H; Hy—C(2), Hy—C(5)), 3.94 (dd, J = 18.0, 10.4 Hz, 1 H; H-
C(4)), 4.66 (q,J=9.0 Hz, 1 H; H-C(3)), 7.31 (t and higher order splittings, J = 8.8 Hz, *J(H,F) =
8.8 Hz, 2 H; H-C(3’)), 7.66 (dd, J = 8.3, 1.7 Hz, 1 H; H-C(6"")), 7.72 (d, J = 1.6 Hz, 1 H; H-
C(8)), 7.92 (dd and higher order splittings, J = 9.0 Hz, “J(H,F) = 5.4 Hz, 2 H; H-C(2")), 8.08
(d, J=8.3Hz, 1 H; H-C(5)), 8.42 (s, 1 H; H-C(2”")), 9.78 and 10.07 (2 br. s, 2 H; HoN"),
12.1-13.5 ppm (br. s, 1 H; H-N(3*)); '*C NMR (100 MHz, (CD3),SO; assignment based on

HSQC and HMBC spectra of (+)-1h): & = 46.78 (C(4)), 47.84 (C(2 or 5)), 50.88 (C(2 or 5)),
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51.42 (C(3)), 116.44 (d, 2J(C,F) = 21.9 Hz; C(3*)), 121.77 (C(4a’’)), 124.95 (C(8>")), 127.15
(C(5)), 127.46 (C(67°)), 132.00 (d, *J(C,F) = 9.7 Hz; C(2’)), 132.83 (d, “J(C,F) = 2.7 Hz;
C(1°)), 145.78 (C(7")), 146.54 (C(2)), 147.37 (C(8a’")), 160.36 (C(4”)), 165.84 (d, 'J(C,F) =
251.8 Hz; C(4%)), 196.22 ppm (C=0); "F NMR (376 MHz, (CD3):SO): & = —104.52 ppm (tt,
3J(EH) = 8.6 Hz, “J(F,H) = 5.3 Hz, 1 F; F-C(4")); IR (ATR): /1= 3600-2200 (m), 3379 (w),
3038 (m), 2900 (m), 2709 (m), 2640 (m), 2601 (m)), 1712 (s), 1679 (s), 1655 (s), 1595 (s), 1572
(s), 1505 (m), 1463 (w), 1411 (m), 1355 (m), 1299 (m), 1231 (m), 1157 (m), 1058 (w), 1035 (w),
846 (s), 782 (m), 735 (W), 689 cm™! (m); HR-MS (ESI): m/z (%): 338.1300 (100, [M + H]", calcd

for C1oH17FN30,": 338.1299).

(35,4R)-3-(4-Fluorobenzoyl)-4-(4-0x0-3,4-dihydroquinazolin-7-yl)pyrrolidinium Chloride

(()-1h).

GP-D starting from pyrrolidine (—)-13h (24 mg, 0.05 mmol) gave pyrrolidinium salt (—)-1h
(19 mg, 91%) as a white solid.

[a]p?®=—-80.2 (c = 0.1 in MeOH); 'H NMR and HR-MS (ESI) data consistent with (+)-1h

(3R,45)-3-(4-Chlorobenzoyl)-4-(4-0x0-3,4-dihydroquinazolin-7-yl)pyrrolidinium Chloride

((+)-1i).
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GP-D starting from pyrrolidine (+)-13i (20 mg, 0.04 mmol) gave pyrrolidinium salt (+)-1i
(12 mg, 72%) as a white solid.

[a]p®® = +77.5 (c=0.1 in MeOH); 'HNMR and HR-MS (ESI) data consistent with

()-1i.

(35,4R)-3-(4-Chlorobenzoyl)-4-(4-0x0-3,4-dihydroquinazolin-7-yl)pyrrolidinium Chloride

()-1).

GP-D starting from pyrrolidine 13i (20 mg, 0.04 mmol) gave pyrrolidinium salt (—)-1i (8 mg,
48%) as a white solid.

Prep. HPLC: fr = 16 min (amino phase: LiChrospher 100 NH> (5 Om); 15 mL min',
MeOH/CHCl; 10:90); m.p. 177 °C (decomp.); [a]p?® = —86.1 (c=0.1 in MeOH); 'H NMR
(400 MHz, (CD3)2S0O; assignment based on HSQC and HMBC spectra): 6= 3.36-3.49 (m, 2 H;
Ha—C(2), H—C(5)), 3.75-3.97 (m, 3 H; H—C(2), H-C(4), H—C(5)), 4.64 (dd, J=17.6, 8.8 Hz, 1
H; H-C(3)), 7.54, 7.83 (AA’MM’, J = 8.4 Hz; 4 H; CcH4Cl), 7.62 (dd, J= 8.3, 1.7 Hz, 1 H; H-
C(6")), 7.69 (d,J=1.6 Hz, 1 H; H-C(8"")), 8.08 (d, /= 8.2 Hz, 1 H; H-C(5"")), 8.30 (s, 1 H; H-
C(27°)), 9.66 and 9.94 (2 s, 2 H; HoN"), 11.8-13.2 ppm (br. s, 1 H; H-N(3)); '*C NMR (100
MHz, (CD3)2S0, signal of C(2) not visible due to fast exchange, assignment based on HSQC and
HMBC spectra): 6 = 46.79 (C(4)), 47.80 (C(2 or 5)), 50.99 (C(2 or 5)), 51.48 (C(3)), 121.93
(C(4a’)), 125.59 (C(8’)), 127.06 (C(57%)), 127.27 (C(6’)), 129.44 (C(37)), 130.78 (C(2)),
134.75 (C(17)), 139.40 (C(4’)), 145.54 (C(7’)), 147.02 (C(8a’’)), 160.53 (C(4’")), 196.81 ppm
(C=0); IR (ATR): /1= 3600-2200 (m, with 3379 (w), 3034 (m), 2904 (m), 2864 (m), 2709 (m),

2599 (m)), 1713 (s), 1680 (), 1652 (s), 1621 (m), 1586 (s), 1571 (s), 1401 (m), 1287 (m), 1245
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(m), 1090 (m), 1009 (m), 842 (m), 781 (m), 689 cm™' (m); HR-MS (ESI): m/z (%): 356.0974 (28,
[M + HJ', caled for CioHi7*’CIN;O2": 356.0975), 354.0998 (100, [M + H]*, caled for

C19H17°CIN3O2": 354.1004).

(3R,45)-3-(4-Bromobenzoyl)-4-(4-0xo0-3,4-dihydroquinazolin-7-yl)pyrrolidinium Chloride

((H)-1)).

GP-D1 starting from pyrrolidine (+)-13j (18 mg, 0.04 mmol) gave pyrrolidinium salt (+)-1j
(11 mg, 72%) as a white solid.

[alp®® = +66.2 (¢c=0.1 in MeOH); 'HNMR and HR-MS (ESI) data consistent with

)-1j.
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(35,4R)-3-(4-Bromobenzoyl)-4-(4-0x0-3,4-dihydroquinazolin-7-yl)pyrrolidinium Chloride

(&)-1)).

GP-D starting from pyrrolidine (—)-13j (19 mg, 0.04 mmol) gave pyrrolidinium salt (-)-1j
(11 mg, 68%) as a white solid.

Prep. HPLC: fr = 13 min (amino phase: LiChrospher 100 NH2 (5 Om); 15 mL min},
MeOH/CHCI; 10:90); m.p. 147 °C (decomp.); [a]p®® = —64.0 (¢c=0.1 in MeOH); 'H NMR
(400 MHz, (CD3)2S0O; assignment based on HSQC and HMBC spectra): 6= 3.36-3.50 (m, 2 H;
Ha—C(2), H-—C(5)), 3.75-3.96 (m, 2 H; Hy—C(2), Hy—C(5)), 3.91 (dd, J=17.2, 10.0 Hz, 1 H; H-
C(4)), 4.62 (t, J = 8.9 Hz, 1 H; H-C(3)), 7.60 (dd, J = 8.4, 2.0 Hz, 1 H; H-C(6")), 7.68, 7.74
(AA’MM’, J = 8.4 Hz, 4 H; CsH4Br), 7.68 (d, J= 1.6 Hz, 1 H; H-C(8"")), 8.07 (d, /=8.2 Hz, 1
H; H-C(5”)), 8.25 (s, 1 H; H-C(2")), 9.60 and 9.86 (2 br. s, 2 H; HoN™), 12.0-13.0 ppm (br. s, 1
H; H-N(3"")); *C NMR (100 MHz, (CD3),SO, signal of C(2) not visible due to fast exchange,
assignment based on HSQC and HMBC spectra): 6=46.79 (C(4)), 47.80 (C(2 or 5)), 51.05 (C(2
or 5)), 51.45 (C(3)), 122.02 (C(4a”’)), 125.90 (C(8")), 127.00 (C(5)), 127.17 (C(6")), 128.67
(C(4)), 130.84 (C(2°)), 132.39 (C(3")), 135.07 (C(1")), 145.44 (C(7")), 146.84 (C(8a’’)), 160.61
(C(4°%)), 197.80 ppm (C=0); IR (ATR): /1= 3600-2200 (m, with 3359 (w), 3030 (m), 2900 (m),
2864 (m), 2709 (m), 2595 (m)), 1713 (s), 1680 (s), 1652 (s), 1621 (m, sh), 1581 (m), 1498 (w),
1463 (w), 1397 (m), 1287 (m), 1244 (m), 1069 (m), 1005 (m), 839 (m), 781 (m), 734 (w),
689 cm™! (m); HR-MS (ESI): m/z (%): 426.9491 (100), 400.0486 (69, [M + H]", calcd for

C19H 178 BrN3O2": 400.0479), 398.0501 (68, [M + H]", caled for C19H17””BrN3O2": 398.0499).
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(3R,45)-3-(4-1odobenzoyl)-4-(4-0x0-3,4-dihydroquinazolin-7-yl)pyrrolidinium Chloride

((H)-1Kk).

GP-D starting from pyrrolidine (+)-13k (15 mg, 0.03 mmol) gave pyrrolidinium salt (+)-1k
(8 mg, 62%) as a white solid.
[a]p®® = +54.7 (¢=0.1 in MeOH); 'HNMR and HR-MS (ESI) data consistent with

(O)-1k.

(3S,4R)-3-(4-1odobenzoyl)-4-(4-0x0-3,4-dihydroquinazolin-7-yl)pyrrolidinium Chloride ((—

)-1K).

GP-D starting from pyrrolidine (—)-13k (20 mg, 0.04 mmol) gave pyrrolidinium salt (—)-1k
(3 mg, 15%) as a yellow solid.

Prep. HPLC: fr = 16 min (amino phase: LiChrospher 100 NH> (5 Om); 15 mL min,
MeOH/CHCIl; 10:90); m.p. 191 °C (decomp.); [a]p*® = —=57.5 (¢=0.1 in MeOH); 'H NMR
(400 MHz, (CD3)2S0O; assignment based on HSQC and HMBC spectra): 6= 3.35-3.49 (m, 2 H;
Ha—C(2), Ha—C(5)), 3.71-3.98 (m, 2 H; Hy—C(2), H—C(5)), 3.90 (dd, J = 17.8, 9.8 Hz, 1 H; H-
C(4)), 4.60 (q, J = 8.9 Hz, 1 H; H-C(3)), 7.56, 7.86 (AA’MM’, J = 8.4 Hz, 4 H; C¢Hal), 7.59
(dd, J=8.4, 2.0 Hz, 1 H; H-C(6”")), 7.67 (d, J= 1.6 Hz, 1 H; H-C(8"")), 8.07 (d, /= 8.2 Hz, 1
H; H-C(5™")), 8.23 (s, 1 H; H-C(2"’)), 9.58 and 9.58 (2 br. s, 2 H; HoN"), 12.1-12.9 ppm (br. s, 1
H; H-N(3*")); *C NMR (100 MHz, (CD3)2SO, signal of C(2) not visible due to fast exchange,

assignment based on HSQC and HMBC spectra): 6= 46.76 (C(4)), 47.82 (C(2 or 5)), 51.05 (C(2
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or 5)), 51.35 (C(3)), 103.51 (C(4°)), 122.03 (C(4a’")), 125.98 (C(8’*)), 127.00 (C(5°*)), 127.13
(C(67)), 130.48 (C(27)), 135.32 (C(1°)), 138.25 (C(3’)), 145.43 (C(7”)), 146.80 (C(8a’")),
160.64 (C(47)), 197.42 ppm (C=0); IR (ATR): /1= 3600-2200 (m, with 3359 (w), 3026 (m),
2855 (m), 2705 (m), 2640 (m), 2601 (m)), 1712 (s), 1652 (s), 1621 (m, sh), 1576 (m), 1498 (w),
1462 (w), 1393 (m), 1356 (m), 1245 (m), 1184 (m), 1057 (m), 1001 (m), 835 (m), 780 (m), 733
(w), 688 cm™! (m); HR-MS (ESI): m/z (%): 446.0356 (24, [M + HJ*, caled for C1oHi7IN;O5™:

446.0360).

(3R,45)-3-(4-Ox0-3,4-dihydroquinazolin-7-yl)-4-[4-(trifluoromethyl)benzoyl]-pyrrol-

o)
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GP-D starting from pyrrolidine (+)-131 (15 mg, 0.03 mmol) gave pyrrolidinium salt (+)-11 (5 mg,

idinium Chloride ((+)-11).

39%) as a white solid.

Prep. HPLC: fr = 19 min (amino phase: LiChrospher 100 NH, (5 Om); 17 mL min},
MeOH/CHCI3 10:90); m.p. 151 °C (decomp.); [a]p®® = +81.1 (¢=0.1 in MeOH); '"H NMR
(400 MHz, (CD3)2S0O; assignment based on HSQC and HMBC spectra of (+)-11): 6= 3.37-3.54
(m, 2 H; H-—C(2), H:—C(5)), 3.76-3.96 (m, 2 H; H,—C(2), H—C(5)), 3.91 (dd, J=17.8, 9.8 Hz, 1
H; H-C(4)), 4.68 (q, J= 8.9 Hz, 1 H; H-C(3)), 7.63 (dd, /= 8.3, 1.7 Hz, 1 H; H-C(6")), 7.66 (d,
J=1.6Hz, 1 H; H-C(8)), 7.81, 7.97 (AA’MM’, J = 8.1 Hz, 4 H; CsH4CF3), 8.06 (d, J =
8.2 Hz, 1 H; H-C(5”")), 8.29 (s, 1 H; H-C(2")), 9.70 and 9.95 (2 br. s, 2 H; HoN"), 12.1-
13.0 ppm (br. s, 1 H; H-N(3*")); 3*C NMR (150 MHz, (CD5),SO; assignment based on HSQC
and HMBC spectra of (+)-11): § = 46.22 (C(4)), 46.99 (C(2 or 5)), 50.55 (C(2 or 5)), 51.43

(C(3)), 121.50 (C(4a")), 123.45 (q, 'J(C,F) = 271.1 Hz; CF3), 125.60 (q, *J(C,F) = 3.6 Hz;

37



C(3%)), 125.75 (C(8”)), 126.35 (C(57)), 126.43 (C(6°")), 129.09 (C(2°)), 132.76 (q, 2/(C,F) =
31.8 Hz; C(4%)), 138.78 (C(1%)), 144.65 (C(7”)), 146.03 (C(8a>)), 147.93 (C(2”)), 160.10
(C(47)), 196.97 ppm (C=0); '°F NMR (376 MHz, (CD3):SO): §=—61.74 ppm (s, 3 F; CF3); IR
(ATR): f1=3600-2200 (m, with 3379 (w), 3034 (W), 2864 (m), 2705 (m), 2640 (m), 2601 (m)),
1713 (s), 1654 (s), 1571 (s), 1499 (m), 1463 (w), 1410 (m), 1323 (m), 1248 (m), 1166 (m), 1114
(s), 1065 (s), 1013 (m), 851 (m), 782 (m), 688 cm™' (m); HR-MS (ESI): m/z (%): 388.1262 (100,

[M + H]", caled for C20Hi7F3N30,": 388.1267).

(3S5,4R)-3-(4-Ox0-3,4-dihydroquinazolin-7-yl)-4-[4-(trifluoromethyl)benzoyl]-pyrrolidinium

Chloride ((-)-11).

GP-D starting from pyrrolidine (—)-131 (17 mg, 0.03 mmol) gave pyrrolidinium salt (-)-11 (6 mg,
42%) as a white solid.

[a]p?®=—67.1 (c = 0.1 in MeOH); '"H NMR and HR-MS (ESI) data consistent with (+)-11.

(3S,4R)-3-[(4-Trifluoromethoxy)benzoyl]-4-(4-0x0-3,4-dihydroquinazolin-

7-yD)pyrrolidinium Chloride ((-)1m).

GP-D starting from pyrrolidine (-)-13m (11 mg, 0.021 mmol) gave pyrrolidinium salt (-)-1m
(8 mg, 94%) as a yellow solid.

Prep. HPLC: fr = 22 min (amino phase: LiChrospher 100 NH, (5 Om); 15 mL min,
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MeOH/CHCl; 10:90); m.p. 174 °C (decomp.); [a]P20 = —61.7 (¢ = 0.05 in MeOH); "H NMR (400
MHz, (CD3)2S0); assignment based on HSQC and HMBC spectra): ¢ =3.39-3.51 (m, 2 H; Ha—
C(2), H—C(5)), 3.78-3.91 (m, 3 H; Hy—C(2), H—C(5), H-C(4), overlay with the (CD3).SO-
signal), 4.43 (q, /= 8.9, 1 H; H-C(3)), 7.42 (d, J = 8.3 Hz, 2 H; H-C(3"), H-C(5")), 7.57 (dd, J =
8.3, 1.6 Hz, 1 H; H-C(6")), 7.65 (d, J = 1.5 Hz, 1 H; H-C(8")), 791 (d, J = 8.9 Hz, 2 H; H-
C(2"), H-C(6"), 8.05 (d, J = 8.2 Hz, 1 H; H-C(5")), 8.17 (s, 1 H; H-C(2")), 9.55 and 9.79 (2 br.
s, 2 H; HoN"), 12.24 ppm (br. s, 1 H; H-N(3")); 3C NMR (150 MHz, (CD3)2S0O); assignment
based on HSQC and HMBC spectra): 6 = 46.42 (C(4)), 47.22 (C(2)), 50.59 (C(5)), 51.18 (C(3)),
120.79 (C(3"), C(5"), 121.59 (C(4a")), 125.75 (C(8")), 126.45(C(5")), 126.56 (C(6")), 130.93
(C(2", C(6"), 134.48 (C(1"), 144.77 (C(2")), 146.16 (C(7"), C(8a")), 151.85 (C(4")), 160.19
(C(4M), 196.23 ppm (C=0); "F NMR (376 MHz, (CD3),S0): § = -56.68 ppm (s, 3 F; CF3); IR
(ATR): /1= 3374 (br.), 2920 (m), 2851 (m), 2741 (br.), 1715 (s), 1682 (s), 1656 (s), 1621 (m),
1602 (m), 1573 (m), 1504 (w), 1464 (w), 1415 (w), 1357 (w), 1302 (w), 1250 (s), 1206 (s), 1164
(s), 1058 (w), 1013 (w), 850 (m), 782 (m), 733 (w), 690 cm™' (m); HR-MS (MALDI): 404.1216

(100 [M + H]", caled for C2oHi7F3N305": 404.1217).

(BR,45)-3-[(4-Trifluormethoxy)benzoyl]-4-(4-0x0-3,4-dihydroquinazolin-7-yl)pyrrolidin-

ium Chloride ((+)-1m).

GP-D starting from pyrrolidine (+)-13m (11 mg, 0.021 mmol) gave pyrrolidinium salt (+)-1m
(8 mg, 94%) as a yellow solid.

[a]P?° = +62.7 (c = 0.05 in MeOH) 'H NMR and HR-MS (MALDI) data consistent with (—)-1m.
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(3R,45)-3-(4-Ox0-3,4-dihydroquinolin-7-yl)-4-(thien-2-ylcarbonyl)pyrrolidinium Chloride

((H)-1n).
o
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GP-D starting from pyrrolidine (+)-13n (24 mg, 0.06 mmol) gave pyrrolidinium salt (+)-1n
(17 mg, 86%) as a white solid.

Prep. HPLC: fr = 16 min (amino phase: LiChrospher 100 NH, (5 Om); 15 mL min !,
MeOH/CHCI; 10:90); m.p. 197 °C (decomp.); [a]p®® = +140.9 (c=0.1 in MeOH); 'H NMR
(400 MHz, (CD3)2S0; assignment based on HSQC and HMBC spectra of (+)-1n): o= 3.34—
3.53 (m, 2 H; Ha—C(2), H:—C(5)), 3.77-3.97 (m, 2 H; Hy—C(2), Hv—C(5)), 3.90 (dd, J = 17.8,
10.2 Hz, 1 H; H-C(4)), 4.52 (q, J = 9.0 Hz, 1 H; H-C(3)), 7.17 (dd, J = 4.9, 3.9 Hz, 1 H; H-
C(4’)), 7.63 (dd, J=8.3, 1.7 Hz, 1 H; H-C(6"")), 7.72 (d, /= 1.7 Hz, 1 H; H-C(8"")), 7.74 (dd, J
=4.1, 1.1 Hz, 1 H; H-C(3")), 8.05 (dd, /= 5.0, 1.0 Hz, 1 H; H-C(5")), 8.09 (d, /= 8.2 Hz, 1 H;
H-C(5%)), 8.28 (s, 1 H; H-C(2")), 9.68 and 9.92 (2 br. s, 2 H; HoN"), 11.7-13.2 ppm (br. s, 1 H;
H-N(3"")); *C NMR (100 MHz, (CDs),SO, signal of C(2) not visible due to fast exchange;
assignment based on HSQC and HMBC spectra of (+)-1n): 6 = 46.39 (C(4)), 48.23 (C(2 or 5)),
51.03 (C(2 or 5)), 52.28 (C(3)), 122.06 (C(4a’’)), 125.71 (C(8’)), 127.08 (C(5")), 127.20
(C(67)), 129.48 (C(47)), 135.01 (C(3”)), 137.28 (C(57)), 143.35 (C(27)), 145.25 (C(7")), 144.98
(C(8a’")), 160.58 (C(4°")), 190.33 ppm (C=0); IR (ATR): /1= 3600-2200 (m, with 3379 (w),
3046 (w), 2855 (m), 2713 (m), 2640 (m), 2602 (m)), 1711 (s), 1651 (s), 1572 (m), 1411 (s), 1354
(m), 1298 (m), 1249 (m), 1194 (m), 1059 (m), 850 (m), 781 (m), 730 (m), 688 cm™! (m); HR-MS

(ESI): m/z (%): 326.0961 (100, [M + HJ*, calcd for Ci7H16N:0,S*: 326.0958).
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(35,4R)-3-(4-Ox0-3,4-dihydroquinolin-7-yl)-4-(thien-2-ylcarbonyl)pyrrolidinium Chloride

(()-1n).

GP-D starting from pyrrolidine (—)-In (25 mg, 0.06 mmol) gave pyrrolidinium salt (—)-1n
(18 mg, 87%) as a white solid.

[a]p?°=—-158.0 (c = 0.1 in MeOH); '"H NMR and HR-MS (ESI) data consistent with (+)-1n.

(3R,45)-3-[(5-Chlorothien-2-yl)carbonyl]-4-(4-0x0-3,4-dihydroquinazolin-7-yl)pyrrolidin-

ium Chloride ((+)-10).

GP-D starting from pyrrolidine (+)-130 (25 mg, 0.05 mmol) gave pyrrolidinium salt (+)-10
(17 mg, 81%) as a yellow solid.
[a]p®® = +1784 (c=0.1 in MeOH); 'HNMR and HR-MS (ESI) data consistent with

(-)-1o.
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(35,4R)-3-[(5-Chlorothien-2-yl)carbonyl]|-4-(4-0x0-3,4-dihydroquinazolin-7-1)pyrrolidin-

ium Chloride ((—-)-10).

GP-D starting from pyrrolidine (-)-130 (24 mg, 0.05 mmol) gave pyrrolidinium salt (-)-1o
(17 mg, 84%) as a yellow solid.

Prep. HPLC: fr = 20 min (amino phase: LiChrospher 100 NH2 (5 Om); 15 mL min},
MeOH/CHCI; 10:90); m.p. 170 °C (decomp.); [a]p®® = —173.4 (¢=0.1 in MeOH); '"H NMR
(400 MHz, (CD3)2S0O; assignment based on HSQC and HMBC spectra): 6= 3.34-3.52 (m, 2 H;
Ha—C(2), H:—C(5)), 3.76-3.92 (m, 2 H; Hy—C(2), H—C(5)), 3.88 (dd, J = 17.6, 9.6 Hz, 1 H; H-
C(4)), 4.50 (q, J = 8.8 Hz, 1 H; H-C(3)), 7.24 (d, /= 4.2 Hz, 1 H; H-C(4")), 7.61 (dd, J = 8.4,
2.2 Hz, 1 H; H-C(6”")), 7.61 (d, /= 4.0 Hz, 1 H; H-C(3")), 7.71 (d, J= 1.7 Hz, 1 H; H-C(8"")),
8.09 (d, J=8.3 Hz, 1 H; H-C(5")), 8.24 (s, 1 H; H-C(2")), 9.63 and 9.89 (2 br. s, 2 H; H2N"),
12.0-12.9 ppm (br. s, 1 H; H-N(3*’)); *C NMR (100 MHz, (CD;),SO; assignment based on
HSQC and HMBC spectra): 6= 47.40 (C(4)), 48.05 (C(2 or 5)), 51.08 (C(2 or 5)), 51.49 (C(3)),
122.17 (C(4a’*)), 125.96 (C(8")), 127.08 (C(5°)), 127.11 (C(6")), 129.74 (C(4’)), 135.18
(C(3%)), 139.80 (C(5%)), 142.23 (C(2%)), 144.96 (C(77’)), 146.16 (C(2’)), 146.87 (C(8a’")),
160.64 (C(4’)), 189.91 ppm (C=0); IR (ATR): /1= 3600-2200 (m, with 3375 (w), 3010 (m),
2855 (m), 2709 (m), 2636 (m), 2600 (m)), 1712 (s), 1651 (s), 1572 (m), 1499 (w), 1462 (w),
1413 (s), 1325 (m), 1299 (m), 1246 (m), 1058 (w), 1014 (m), 851 (m), 809 (m), 781 (m),
688 cm™! (m); HR-MS (ESI): m/z (%): 362.0541 (42, [M + HJ", calcd for C17H15*’CIN30.S™:

362.0539), 360.0565 (100, [M + H]*, caled for C17H1s*5CIN302S™: 360.0568).
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(35,4R)-3-(5-Bromothienyl)-4-(4-0x0-3,4-dihydroquinazolin-7-yl)pyrrolidinium Chloride

(&)-1p).

GP-D starting from pyrrolidine (—)-13p (8 mg, 0.015 mmol) gave pyrrolidinium salt (-)-1p
(6 mg, 70%) as a yellow solid.

Prep. HPLC: fr = 21 min (amino phase: LiChrospher 100 NH, (5 Om); 15 mL min !,
MeOH/CHCI3 10:90); m.p. 192 °C; [a]®2 = —137.5 (¢ = 0.05 in MeOH); 'H NMR (600 MHz,
(CD3)2S0); assignment based on HSQC and HMBC spectra): 6 = 3.36-3.43 (m, 2 H; H.—C(2),
H.—C(5)), 3.78-3.88 (m, 3 H; Hy—C(2), Hv—C(5), H-C(4)), 4.46 (q, J = 9.0 Hz, 1 H; H-C(3)),
7.33 (d,J=4.1 Hz, 1 H; H-C(4")), 7.52 (d, J=4.2 Hz, 1 H; H-C(3")), 7.57 (dd, /= 8.3, 1.8 Hz, 1
H; H-C(6")), 7.69 (d, J = 1.7 Hz, 1 H; H-C(8")), 8.08 (d, J= 8.2 Hz, 1 H; H-C(5")), 8.15 (s, 1
H; H-C(2")), 9.51 and 9.71 (2 br. s, 2 H; HoN"Y), 12.37 ppm (br. s, 1 H; H-N(3”)); 3*C NMR
(150 MHz, (CD3)2S0); assignment based on HSQC and HMBC spectra): d = 46.96 (C(4)), 47.63
(C(2)), 50.72 (C(5)), 51.13 (C(3)), 121.80 (C(4a")), 123.82 (C(5"), 125.90 (C(8")), 126.51
(C(5")), 126.53 (C(6")), 132.64 (C(4")), 135.23 (C(3")), 144.36 (C(2")), 144.41 (C(2"), 146.15
(C(7")), 148.42 (C(8a")), 160.28 (C(4")), 189.26 ppm (C=0); IR (ATR): /1= 3379 (br.), 3034
(W), 2920 (w), 2855 (w), 2713 (br.), 1712 (s), 1651 (s), 1655 (s), 1573 (m), 1521 (w), 1463 (W),
1407 (s), 1299 (w), 1248 (m), 1149 (m), 1060 (w), 887 (m), 894 (m), 849 (w), 808 (w), 779 (m),
714 (w), 687 (s) , 664 (W), 631 cm™! (m); HR-MS (MALDI): 406.0043 (47, [M + H]", calcd for

C17H15s*' BrNO,S™: 406.0048), 404.0063 (49, [M + H]", calcd for C17H1s”’BrNO>S*: 404.0063).
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(35,4R)-3-(5-Bromothienyl)-4-(4-0x0-3,4-dihydroquinazolin-7-yl)pyrrolidinium Chloride

((H)-1p).

GP-D starting from pyrrolidine (+)-13p (8 mg, 0.015 mmol) gave pyrrolidinium (+)-1p (5 mg,
80%) as a yellow solid.

[a]P20 = +147.1 (¢ = 0.05 in MeOH); 'H NMR and HR-MS (MALDI) data consistent with (-)-

1p.

Diethyl (2-Oxo-2-phenylethyl)phosphonate (4a).

GP-A (10 mL THF) starting from ethyl benzoate (2a, 1 g, 6.7 mmol). FC (SiO2; EtOAc) gave
phosphonate 4a (1.2 g, 70%) as a colorless oil.

R¢=0.45 (EtOAc); '"H NMR (400 MHz, CDCl3): §=1.28 (td, J = 7.0 Hz, “J(H,P) = 0.5 Hz, 6 H;
2 CHs), 3.63 (d, 2J(H,P) = 22.7 Hz, 2 H; H>-C(1)), 4.10-4.17 (m, 4 H; 2 OCH>), 7.47 (br. t, J =
7.4 Hz, 1 H; H-C(3"), H-C(5")), 7.59 (tt, J = 7.4, 1.9 Hz, 1 H; H-C(4")), 8.01 ppm (br. d, /= 7.4
Hz, 2 H; H-C(2'), H-C(6"); *C NMR (100 MHz, CDCl3): 6 = 16.38 (d, *J(C,P) = 6.3 Hz; 2
CHs), 38.67 (d, 'J(C,P) = 129.9 Hz; C(1)), 62.78 (d, 2J(C,P) = 6.5 Hz; 2 OCH>), 128.74 (C(3"),
C(5"), 129.20 (C(2*)), 133.79 (C@4"), 136.71 (d, *J(C,P) = 2.0 Hz; C(1"), 192.10 ppm (d,
3J(C,P) = 6.7 Hz; C=0); *'P NMR (162 MHz; CDCl3): 6 = 19.85 ppm (tquint., 1 P; POs); IR
(ATR): /1= 2983 (w), 1736 (W), 1678 (s), 1598 (w), 1581 (w), 1478 (w), 1448 (w), 1392 (w),
1369 (w), 1249 (s), 1200 (w), 1162 (w), 1130 (w), 1097 (w), 1051 (m), 1020 (s), 1003 (s), 957

(s), 869 (W), 835 (w), 781 (s), 738 (m), 688 cm™! (m); HR-MS (ESI) m/z (%): 279.0756 (86, [M
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+ Na]", caled for C12HisNaO4P™: 279.0762), 257.0937 (100, [M + H]*, caled for Ci2H 304P*:
257.0937), 229.0621 (60, [M — C2Ha+ H]*, calcd for CioH1404P*: 229.0630), 201.0309 (90, [M —

2 CaHa+ HJ, caled for CsHioO4P*: 201.0317).

Diethyl [2-(3-Fluorophenyl)-2-oxoethyl]phosphonate (4b).

A solution of 3-fluorbenzoic acid (1b, 0.5g, 3.6 mmol) in EtOH (10 mL) was treated with 95%
H>SO4 (19 pL, 0.36 mmol), heated to 80 °C for 22 H; cooled to 22 °C, and evaporated. The
residue was treated with sat. ag. NaHCOs3 solution (50 mL). The aqueous phase was extracted
with EtOAc (3 x 50 mL). The combined organic phases were dried over MgSQa, filtered, and
evaporated to afford ester 3b.

GP-A (10 mL THF) starting from ester 3b. FC (SiO2; EtOAc) gave phosphonate 4b (820 mg,
79%) as a colorless oil.

R¢=0.51 (EtOAc); '"H NMR (400 MHz, CDCl3): 6= 1.28 (t, J = 7.0 Hz, 6 H; 2 CH3), 3.60 (d,
2J(H,P) = 22.8 Hz, 2 H; H»—C(1)), 4.06-4.20 (m, 4 H; 2 OCH,), 7.27 (t, J = 8.5 Hz, 1 H; H-
C(4"), 7.45 (td, J = 8.0 Hz, “J(H,F) = 5.4 Hz, 1 H; H-C(5")), 7.68 (ddd, *J(H,F) =9.5 Hz, J = 2.7,
1.5 Hz, 1 H; H-C(2"), 7.80 ppm (ddd, J = 7.8, 2.4, 1.5 Hz, 1 H; H-C(6")); '*C NMR (100 MHz,
CDCls): 6 = 16.36 (q, *J(C,P) = 6.3 Hz; CH3), 38.90 (t, 'J(C,P) = 129.7 Hz; C(1)), 62.87 (t,
2J(C,P) = 6.5 Hz; 2 OCH>), 115.76 (d, 2J(C,F) = 22.7 Hz; C(2"), 120.82 (d, J(C,F) = 21.5 Hz;
C(4"), 125.09 (d, “J(C,F) = 3.0 Hz; C(6")), 130.40 (d, *J(C,F) = 7.6 Hz; C(5"), 138.70 (d, °J(C,F)
= 6.4 Hz, 3J(C,P) = 1.9 Hz; C(1"), 190.88 (d, 2J(C,P) = 6.8 Hz; C=0); *'P NMR (162 MHz;
CDCl3): 6 = 18.95-19.44 ppm (m, 1 P; PO3); 'F NMR (376 MHz; CDCls): §=—111.72 ppm (td,

J=28.8,54 Hz, 1 F); IR (ATR): /1= 2984 (w), 1682 (m), 1588 (m),1485 (w), 1443 (w), 1393

45



(w), 1369 (w), 1251 (s), 1199 (m), 1163 (w)1098 (w), 1052 (s), 1018 (s), 961 (s), 901 (m), 888
(m), 831 (w), 788 (s), 711 (w), 681 (w), 667 cm™' (m); HR-MS (ESI) m/z (%): 275.0840 (44,
[M]", calcd for C12H7FO4P*: 275.0843), 297.0670 (100, [M + Na]*, calcd for Ci2H7FO4PNa*:
297.0668), 268.9975 (35, caled for CgHi4O4FP*: 268.9979), 247.0523 (31, caled for

CioH13FO4P*: 298.9821).

Diethyl [2-(3-Chlorophenyl)-2-oxoethyl]phosphonate (4¢).

A solution of 3-chlorobenzoic acid (3¢, 800 mg, 5.11 mmol) in EtOH (20 mL) was treated with
95% H2S04 (27 nL, 0.51 mmol), heated to 80 °C for 6.5 h, cooled to 22 °C, and evaporated. The
residue was treated with sat. aq. NaHCO3 solution (100 mL). The aqueous phase was extracted
with EtOAc (3 x 100 mL). The combined organic phases were dried over MgSOy, filtered, and
evaporated to afford ester 2c.

GP-A (10 mL THF) starting from ester 2¢. FC (SiO»; EtOAc/heptane 4:1) gave phosphonate 4¢
(1075 mg, 72%) as a colorless oil.

Rs = 0.40 (SiOz; EtOAc); '"HNMR (300 MHz, CDCl3): 6 = 1.28 (br. t, J = 7.1 Hz, 6 H; 2
OCH,CHs), 3.59 (dd, 2J(H,P) = 22.8 Hz, J = 0.5 Hz, 2 H; H-C(1)), 4.06-4.20 (m, 4 H; 2
OCH>CH3), 7.41 (t, J = 7.9 Hz, 1 H; H-C(5")), 7.54 (ddd, J = 7.7, 1.9, 1.0 Hz, 1 H; H-C(4")),
7.89 (ddd, J= 7.8, 1.5, 1.2 Hz, 1 H; H-C(6")), 7.97 ppm (t, J = 2.0 Hz, 1 H; H-C(2")); *C NMR
(75 MHz, CDCl3): 6= 16.11 (d, *J(C,P) = 6.4 Hz; 2 OCH,CH3), 38.62 (d, 'J(C,P) = 128.8 Hz;
C(1)), 62.63 (d, 2J(C,P) = 6.6 Hz; 2 OCH,CH3), 127.13 (C(6)), 128.92 (C(‘2)), 129.80 (C(5)),
133.41 (C(4°)), 134.83 (C(3)), 137.89 (C(1’)), 190.95 ppm (C=0); *'P NMR (121 MHz,

CDCL3): = 19.46 ppm (s, 1 P; PO3); IR (ATR): /1= 2983 (w), 2932 (w), 2912 (w), 1683 (m),
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1571 (m), 1475 (w), 1424 (w), 1392 (w), 1284 (m), 1248 (s), 1199 (w), 1163 (w), 1098 (w),
1052 (m, sh), 1016 (s), 959 (s), 871 (w), 786 (s), 675 (m), 660 cm™' (m); HR-MS (ESI): m/z (%):
293.0524 (29, [M + HJ", caled for C12H17'CI04P*: 293.0519), 291.0550 (85, [M + H]*, caled for
C12H175ClO4P™: 291.05472), 265.0212 (25), 263.0238 (71, [M — CoH, + H]Y), 236.9893 (36),

234.9923 (100).

Diethyl (2-(3-Bromophenyl)-2-oxoethyl)phosphonate (4d).

GP-A (10 mL THF) starting from ethyl-3-bromobenzoate (2d, 1.0 g, 4.3 mmol). FC SiOy;
EtOAc) gave phosphonate 4d (213 mg, 88%) as a colorless oil.

R¢=0.52 (EtOAc); 'H NMR (400 MHz, CDCl3): = 1.29 (td, J = 7.1 Hz, *J(H,P) = 0.6 Hz, 6 H;
2 CH3), 3.59 (d, 2J(H,P) = 22.8 Hz, 2 H; H>~C(1)), 4.10-4.18 (m, 4 H; CH>), 7.23 (t, J = 7.9 Hz,
1 H; H-C(5"), 7.71 (ddd, J = 8.0, 2.0, 1.0 Hz, 1 H; H-C(4")), 7.95 (ddd, J=7.8, 1.7, 1.0 Hz, 1 H;
H-C(6"), 8.14 ppm (t, J = 1.8 Hz; H-C(2")); '*C NMR (100 MHz, CDCl3): 6= 16.39 (d, *J(C,P)
= 6.4 Hz; CH3), 38.87 (d, 'J(C,P) = 129.5 Hz; C(1)), 62.92 (d, *J(C,P) = 6.5 Hz; 2 OCH»),
123.07 (C(3"), 127.84 (C(6")), 130.31 (C(5")), 132.16 (C(2")), 136.61 (C(4"), 138.32 (d, *J(C,P) =
1.7 Hz; C(1")), 190.79 ppm (d, 2J(C,P) = 6.8 Hz; C=0); *'P NMR (162 MHz; CDCls): § = 18.90—
19.29 ppm (m. 1 P; PO3); IR (ATR): 1= 2982 (w), 1735 (w), 1682 (s), 1567 (m), 1475 (w),
1442 (w), 1369 (w), 1248 (s), 1198 (w), 1163 (w), 1134 (w), 1097 (w), 1052 (s), 1017 (s),
961 (s), 870 (w), 833 (W), 787 (s), 670 (m), 654 cm™' (m); HR-MS (EI) m/z (%): 337.0014 (98,
[M]*, caled for Ci2Hi7 3'BrO4P*: 337.0027), 335.0034 (100, [M]*, calcd for Ci2Hi7""BrO4P*:
335.0042), 306.9724 (36, [M — C2Ha]*, caled for CioHi3""BrOsP*: 306.9735), 308.9703 (45,

caled for C'H;3¥'BrOsP*: 308.9703), 280.9390 (39, calcd for CgHo®'BrOsP*: 280.9401),
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278.9410 (44, [M — 2 x C2Ha]", caled for CsHo " BrOsP™: 278.9422).

Diethyl [2-(3-Iodophenyl)-2-oxoethyl]phosphonate (4e).

GP-A (10 mL THF) starting from ethyl-3-iodobenzoate (2e, 1.0 g, 3.6 mmol). FC SiO,; EtOAc)
gave phosphonate 4e (213 mg, 15%) as a colorless oil.

R = 0.14 (EtOAc/cHex, 1:1); '"H NMR (400 MHz, CDCl3): §=1.29 (td, J = 7.0, 0.5 Hz, 6 H,
CH3), 3.58 (d, 2J(H,P) = 22.8 Hz, 2 H; H>-C(1)), 4.09-4.19 (m, 4 H; 2 OCH»), 7.23 (t, J =
7.8 Hz, 1 H; H-C(§")), 7.91 (ddd, J = 7.8, 1.7, 1.0 Hz, 1 H; H-C(4")), 7.98 (ddd, J = 7.8, 1.7,
1.0 Hz, 1 H; H-C(6"), 8.33 ppm (t, J = 1.7 Hz, 1 H; H-C(2"); *C NMR (100 MHz, CDCl3): §=
16.26 (d, *J(C,P) = 6.4 Hz; CHs), 38.63 (d, 'J(C,P) = 129.3 Hz; C(1)), 62.76 (d, 2J(C,P) =
6.5 Hz; 2 OCHz), 94.27 (C(3")), 128.28 (C(6"), 130.28 (C(5"), 137.92 (C(2°)), 142.35 (C(4")),
190.59 ppm (d, 2/ C,P) = 6.8 Hz; C=0); *'P NMR (162 MHz; CDCl3): 6= 18.94-19.32 ppm (m.
1 P; POs); IR (ATR: /1= 2981 (w), 2931 (w), 1681 (m), 1562 (w), 1442 (w), 1418 (w), 1368
(w), 1248 (s), 1197 (w), 1162 (w), 1133 (w), 1097 (w), 1050 (m), 1015 (s), 960(s), 870 (w), 833
(W), 790 (m), 669 (m), 647 cm™' (m); HR-MS (ESI) m/z (%): 382.9906 (100, [M]*, calcd for

C12H17104P™: 382.9904).
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Diethyl {2-Oxo-2-[4-(trifluoromethyl)phenyl]ethyl}phosphonate (4f).

\\ 4 CF3
O
vO*,&[%@Z
6 2

0]

A solution of 4-(trifluoromethyl)benzoic acid (1f, 861 pL, 5.26 mmol) in EtOH (18.4 mL) was
treated with 95% H>SO4 (28 pL, 0.53 mmol). The mixture was stirred at 80 °C for 4 h and
evaporated. The residue was treated with 0.1 M aq. NaOH (50 mL). The aqueous phase was
extracted with EtOAc (3 x 50 mL). The combined organic phases were washed with brine
(50 mL), dried over MgSOQs, filtered, and evaporated to afford ester 3f as a colorless oil.

GP-A (10 mL THF) starting from ester 2f. FC (SiO2; EtOAc/heptane 2:1 — 4:1) gave
phosphonate 4f (1314 mg, 77%) as a colorless oil.

Rs = 0.58 (SiO2; EtOAc); '"HNMR (400 MHz, CDCl3): 6 = 1.29 (td, J = 7.0 Hz, “J(H,P) =
1.4 Hz, 6 H; 2 OCH2CHs), 3.66 (d, 2J(H,P) = 22.9 Hz, 2 H; CH,), 4.14 and 4.16 (2 qd, J =
7.2 Hz, *J(H,P) = 0.9 Hz, 4 H; 2 OCH,CHs), 7.75, 8.14 ppm (AA’MM’, J = 8.2 Hz, 4 H; CsHa);
3C NMR (100 MHz, CDCl3): 6= 16.21 (d, *J(C,P) = 6.2 Hz; 2 OCH2CH3), 38.96 (d, 'J(C,P) =
128.3 Hz; C-P), 62.81 (d, *J(C,P) = 6.4 Hz; 2 OCH>CH3), 123.49 (q, 'J(C,F) = 271.1 Hz; CF3),
125.65 (q, *J(C,F) = 3.7 Hz; C(3)), 129.41 (C(2)), 134.82 (q, >J(C,F) = 32.6 Hz; C(4)), 139.10
(C(1)), 191.09 ppm (d, 2J(C,P) = 6.6 Hz; C=0); 'F NMR (376 MHz, CDCl3): 6 = —63.25 ppm
(s, 3 F; CF3); 3P NMR (162 MHz, CDCl3): 5= 18.52-19.26 ppm (m, 1 P; POs); IR (ATR): /1=
2986 (w), 1686 (m, C=0), 1582 (w), 1513 (w), 1445 (w), 1412 (w), 1326 (s), 1251 (s), 1166 (m),
1125 (m), 1064 (s), 1020 (s), 1002 (s), 959 (s), 858 (w), 818 (m), 719 cm™! (m); HR-MS (ESI):

m/z (%): 325.0827 (100, [M + H]", calcd for C13H17F304P*: 325.0811).
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Diethyl {2-Oxo-2-[3-(trifluoromethoxy)phenyl]ethyl}phosphonate (4g).
s
4 6
F 1 1 /O
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)

A solution of 3-trifluormethoxybenzoic acid (3g, 1.0 g, 4.7 mmol) in EtOH (10 mL) was treated
with 95% H2SO4 (25 pL, 0.47 mmol), heated to 80 °C for 22 H; cooled to 22 °C, and evaporated.
The residue was treated with sat. aq. NaHCO3 solution (50 mL). The aqueous phase was
extracted with EtOAc (3 x 50 mL). The combined organic phases were dried over MgSQOa,
filtered, and evaporated to afford ester 2g.

GP-A (10 mL THF) starting from ester 2g. FC (Si02; EtOAc) gave phosphonate 4g (1.1 g, 69%)
as a colorless oil.

Ry = 0.46 (EtOAc); '"H NMR (400 MHz, CDCl3): 6= 1.28 (t, J = 7.1 Hz, 6 H; 2 CH3), 3.61 (d,
2J(H,P) = 22.9 Hz, 2 H; H>-C(1)), 4.10-4.18 (m, 4 H; CH>), 7.44 (br. d, J = 8.2 Hz, 1 H; H-
C4"), 7.53 ppm (t, J = 8.0 Hz, 1 H; H-C(5")), 7.85 (br. s, 1 H; H-C(2")), 7.96 ppm (dt, J = 7.8,
1.3 Hz, 1 H; H-C(6")); 3*C NMR (100 MHz, CDCls): = 16.35 (d, *J(C,P) = 6.3 Hz; CH3), 38.97
(d, 'J(C,P) = 129.3 Hz; C(1)), 62.93 (d, 2J(C,P) = 6.6 Hz; 2 OCH>), 121.39 (q, 'J(C,F) = 259.2
Hz; CF3), 120.40 (C(2"), 126.07 (C(4")), 127.64 (C(6")), 130.30 (C(5"), 138.45 (d, *J(C,P) = 1.8
Hz; C(1"), 149.61 (q, *J(C,F) = 2.0 Hz; C(3")), 190.69 ppm (d, 2J(C,P) = 6.8 Hz; C=0); 3'P
NMR (162 MHz; CDCl3): §=19.00 ppm (tquint., 1 P; PO3); ’F NMR (376 MHz, CDCl3): 5= —
57.89 ppm (s, 3 F; CF3); IR (ATR): /1=2994 (w), 2923 (w), 1679 (s), 1611 (w), 1584 (w), 1487
(w), 1454 (w), 1415 (w), 1397 (w), 1371 (w),1241 (s), 1209 (s), 1160 (s), 1124 (m), 1056 (m),
1016 (s), 967 (s), 943 (s), 900 (W), 878 (m), 833 (m), 788 (s), 749 (w), 733 (w), 694 (W), 679
(W), 666 (w), 634 cm™ (w); HR-MS (ESI) m/z (%): 341.0766 (100, [M]*, calcd for
Ci3H17F30sP™: 341.0760), 313.0452 (40, [M — CyH4]*, caled for CiiHizF30sP*™: 313.0453),

285.0139 (34, [M — 2 C2H4]*, caled for CoHoF30sP*: 285.0140).
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Diethyl [2-(4-Fluorophenyl)-2-oxoethyl|phosphonate (4h).

GP-A (10 mL THF) starting from ethyl 4-fluorobenzoate (2h, 351 pL, 2.38 mmol). FC (SiO;
EtOAc/heptane 4:1) gave phosphonate 4h (652 mg, quant.) as colorless oil.

Rf = 0.20 (SiO2; EtOAc/heptane 4:1); 'H NMR (400 MHz, CDCls): 6 = 1.29 (td, J = 7.2 Hz,
*J(H,P) = 0.4 Hz, 6 H; 2 OCH2CHs), 3.61 (d, 2J(H,P) = 22.8 Hz, 2 H; H-C(1)), 4.09-4.21 (m, 4
H; 2 OCH,CHs), 7.13-7.20 (m, 2 H; H-C(3")), 8.03-8.13 ppm (m, 2 H; H-C(2)); *C NMR
(100 MHz, CDCl5): §=16.25 (d, *J(C,P) = 6.3 Hz; 2 OCH,CHj3), 38.66 (d, 'J(C,P) = 128.6 Hz;
C(1)), 62.70 (d, 2J(C,P) = 6.5 Hz; 2 OCH,CH3), 115.75 (d, 2J(C,F) = 21.9 Hz; C(3)), 131.87 (d,
3J(C,F) = 9.5 Hz; C(2), 132.98 (dd, “J(C,F) = 2.8 Hz, *J(C,P) = 1.8 Hz; C(1°)), 166.10 (d,
\J(C,F) = 254.5 Hz; C(4°)), 190.33 ppm (d, %J(C,P) = 6.5 Hz; C=0); ""F NMR (376 MHz,
CDCl): 8 = (-104.17)~(~104.06) ppm (m, 1 F); 3P NMR (162 MHz, CDCl3): § = 19.55 ppm
(tquint., 2J(P,H) = 24.0 Hz, *J(P,H) = 8.1 Hz, 1 P; PO3); IR (ATR): /1= 2984 (w), 2934 (w),
1678 (m), 1595 (m), 1508 (w), 1479 (w), 1444 (w), 1413 (w), 1393 (w), 1276 (m, sh), 1238 (s),
1159 (m), 1098 (w), 1052 (m, sh), 1020 (s), 1003 (s), 958 (s), 852 (w, sh), 806 (s), 719 (w),
643 cm™' (w); HR-MS (ESI): m/z (%): 275.0837 (95, [M + HJ", caled for Ci2Hi7FO4P™:

275.0843), 219.0210 (100)
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Diethyl [2-(4-Chlorophenyl)-2-oxoethyl]phosphonate (4i).

GP-A (20 mL THF) starting from ethyl-4-chlorobenzoate (2i, 649 uL, 4.08 mmol). FC (SiO;
EtOAc/heptane 2:1 — 1:0) gave phosphonate 4i (892 mg, 75%) as a colorless oil.

Ry = 0.51 (SiO2; EtOAc); 'HNMR (400 MHz, CDCl3): 6 = 1.31 (t, J = 7.1Hz, 6 H; 2
OCH,CHs), 3.62 (d, >J(H,P) = 22.8 Hz, 2 H; H-C(1)), 4.10-4.20 (m, 4 H; OCH,CHj3), 7.48,
7.99 ppm (AA’MM’, J = 8.8 Hz, 4H; CsHa); *C NMR (100 MHz, CDCl3): 5= 16.26 (d, >J(C,P)
= 6.3 Hz; 2 OCH,CH3), 38.69 (d, 'J(C,P) = 128.5 Hz; C(1)), 62.75 (d, *J(C,P) = 6.5 Hz;
OCH:CHs), 128.94 (C(3”)), 130.52 (C(2’)), 134.85 (C(1”)), 140.28 (C(4’)), 190.75 ppm (d,
2J(C,P) = 6.5 Hz; C=0); *'P NMR (161 MHz, CDCl3): §=19.11-19.68 ppm (m, 1 P; PO3); IR
(ATR): f1=2983 (w), 2932 (w), 1679 (m, C=0), 1588 (m), 1571 (w), 1489 (w), 1443 (w), 1397
(W), 1249 (s), 1091 (m), 1052 (m), 1020 (s), 1000 (s), 958 (s), 804 (m), 762 cm™' (m); HR-MS
(ESD): m/z (%): 313.0383 (100, [M + Na]", caled for C12HisCINaO4P™: 313.0367), 291.0547 (63,

[M + H]", caled for C12Hi7C104P™: 291.0547).
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Diethyl [2-(4-Bromophenyl)-2-oxoethyl|phosphonate (4)).

GP-A (10 mL THF) starting from ethyl 4-bromobenzoate (2j, 346 uL, 2.07 mmol). FC (SiO;
EtOAc/heptane 4:1) gave phosphonate 4j (614 mg, quant.) as a colorless oil.

Rf = 0.26 (SiO2; EtOAc/heptane 4:1); 'H NMR (400 MHz, CDCls): 6 = 1.30 (td, J = 7.1 Hz,
“J(H,P) = 2.1 Hz, 6 H; 2 OCH,CH3), 3.60 (d, >J(H,P) = 22.8 Hz, 2 H; H-C(1)), 4.09-4.19 (m, 4
H; 2 OCH>CH3), 7.63, 7.90 ppm (AA’MM’, J = 9.1 Hz, 4 H; Ce¢H4); *C NMR (100 MHz,
CDCl3): 6=16.26 (d, *J(C,P) = 6.2 Hz; 2 OCH2CH3), 38.67 (d, 'J(C,P) = 128.4 Hz; C(1)), 62.74
(d, 2J(C,P) = 6.4 Hz; 2 OCH>CH3), 129.07 (C(4°)), 130.51 (C(2°)), 131.94 ((3°)), 135.24 (d,
3J(C,P) = 1.7 Hz; C(1°)), 190.95 ppm (d, 2J(C,P) = 6.5 Hz; C=0); *'P NMR (162 MHz, CDCl5):
5= 19.33 ppm (tquint., 2/(P,H) = 24.1 Hz, *J(P,H) = 8.1 Hz, 1 P; POs); IR (ATR): /1=2982 (w),
2932 (w), 1679 (m), 1585 (m), 1568 (w, sh), 1484 (w), 1443 (w), 1395 (w), 1248 (s), 1200 (w),
1163 (w), 1098 (w), 1052 (s, sh), 1019 (s), 998 (s), 956 (s), 872 (w), 802 (s), 738 (m), 704 cm!
(w); HR-MS (ESI): m/z (%): 337.0027 (100, [M + HJ', calcd for Cio2Hi73'BrO4P*: 337.0022),

335.0044 (88, [M + HJ*, caled for C12Hi77BrOsP™: 335.0042).
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Diethyl [2-(4-Iodophenyl)-2-oxoethyl]phosphonate (4k).

GP-A (10 mL THF) starting from ethyl 4-bromobenzoate (2k, 346 pL, 2.07 mmol). FC (SiOz;
EtOAc/heptane 4:1) gave phosphonate 4k (789 mg, quant.) as a colorless oil.

Ri = 0.28 (SiO2; EtOAc/heptane 4:1); 'H NMR (400 MHz, CDCls): 6 = 1.30 (td, J = 7.1 Hz,
*J(H,P) = 0.4 Hz, 6 H; 2 OCH,CH>), 3.59 (d, 2J(H,P) = 22.8 Hz, 2 H; H-C(1)), 4.09-4.19 (m, 4
H; 2 OCH>CH3), 7.74, 7.86 ppm (AA’MM’, J = 8.8 Hz, 4 H; Ce¢H4); '*C NMR (100 MHz,
CDCls): 8= 16.27 (d, *J(C,P) = 6.2 Hz; 2 OCH>CH3), 38.60 (d, 'J(C,P) = 128.4 Hz; C(1)), 62.74
(d, 2J(C,P) = 6.5 Hz; 2 OCH>CH3), 102.00 (C(4°)), 130.42 (C(3*)), 135.77 (d, *J(C,F) = 1.7 Hz;
C(1)), 137.95 (C(2°)), 191.27 ppm (d, 2J(C,P) = 6.6 Hz; C=0); *'P NMR (162 MHz, CDCl3): &
= 19.32 ppm (tquint., 2J(P,H) = 24.0 Hz, 3J(P,H) = 8.1 Hz, 1 P; PO3); IR (ATR): /1= 2981 (w),
2931 (w), 1677 (m), 1580 (m), 1561 (w), 1480 (w), 1442 (w), 1391 (m), 1368 (w), 1247 (s),
1199 (w), 1162 (w), 1097 (w), 1053 (s), 1019 (s), 995 (s), 956 (s), 872 (w), 800 (s), 733 (m),
701 cm™' (w); HR-MS (ESI): m/z (%): 382.9898 (100, [M + H]", caled for Ci2Hi7104P™:

382.9904).
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Diethyl {2-Oxo-2-[4-(trifluoromethyl)phenyl]ethyl}phosphonate (41).
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A solution of 4-(trifluoromethyl)benzoic acid (31, 861 puL, 5.26 mmol) in EtOH (18.4 mL) was
treated with 95% H2SO4 (28 pL, 0.53 mmol). The mixture was stirred at 80 °C for 4 h and
evaporated. The residue was treated with 0.1 M aq. NaOH (50 mL). The aqueous phase was
extracted with EtOAc (3 x 50 mL). The combined organic phases were washed with brine
(50 mL), dried over MgSOQs, filtered, and evaporated to afford ester 21 as a colorless oil.

GP-A (20 mL THF) starting from ester 21. FC (SiO2; EtOAc/heptane 2:1 — 4:1) gave
phosphonate 41 (1314 mg, 77%) as a colorless oil.

Rs = 0.58 (SiO2; EtOAc); 'HNMR (400 MHz, CDCl3): 6 = 1.29 (td, J = 7.0 Hz, “J(H,P) =
1.4 Hz, 6 H; 2 OCH2CHs), 3.66 (d, 2J(H,P) = 22.9 Hz, 2 H; H-C(1)), 4.14 and 4.16 (2 qd, J =
7.2 Hz, *J(H,P) = 0.9 Hz, 4 H; 2 OCH>CH3), 7.75, 8.14 ppm (AA’MM’, J = 8.2 Hz, 4 H; C¢Ha);
3C NMR (100 MHz, CDCls): 6= 16.21 (d, *J(C,P) = 6.2 Hz; 2 OCH,CH3), 38.96 (d, 'J(C,P) =
128.3 Hz; C(1)), 62.81 (d, *J(C,P) = 6.4 Hz; 2 OCH,CH3), 123.49 (q, 'J(C,F) = 271.1 Hz; CF3),
125.65 (q, *J(C,F) = 3.7 Hz; C(3°)), 129.41 (C(2°)), 134.82 (q, 2J(C,F) = 32.6 Hz; C(4")), 139.10
(C(1")), 191.09 ppm (d, 2J(C,P) = 6.6 Hz; C=0); '’F NMR (376 MHz, CDCls): 6 = —63.25 ppm
(s, 3 F; CF3); *'P NMR (162 MHz, CDCl3): 6= 18.52-19.26 ppm (m, 1 P; PO3); IR (ATR): /1=
2986 (w), 1686 (m, C=0), 1582 (very w), 1513 (w), 1445 (w), 1412 (w), 1326 (s), 1251 (s), 1166
(m), 1125 (m), 1064 (s), 1020 (s), 1002 (s), 959 (s), 858 (W), 818 (m), 719 cm™! (m); HR-MS

(ESI): m/z (%): 325.0827 (100, [M + H]*, caled for C13Hi7F304P*: 325.0811).
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Diethyl {2-Oxo-2-[4-(trifluoromethoxy)phenyl]ethyl}phosphonate (4m).
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A solution of 4-trifluormethoxybenzoic acid (3m, 1.0 g, 4.7 mmol) in EtOH (10 mL) was treated
with 95% H>SO4 (25 pL, 0.47 mmol), heated to 80 °C for 20 h, cooled to 22 °C, and evaporated.
The residue was treated with sat. ag. NaHCOs3 solution (50 mL). The aqueous phase was
extracted with EtOAc (3 x 50 mL). The combined organic phases were dried over MgSQOa,
filtered, and evaporated to afford ester 2m.

GP-A (10 mL THF) starting from ester 2m. FC (SiO2; EtOAc) gave phosphonate 4m (1.1 g,
69%) as a colorless oil.

Ry = 0.46 (EtOAc); 'H NMR (400 MHz, CDCl3): §=1.28 (t,J = 7.1 Hz, 6 H; 2 CH3), 3.60 (d,
2J(H,P) = 22.9 Hz, 2 H; H>-C(1)), 3.95-4.30 (m, 4 H; 2 OCH>), 7.29 (br. d, J = 8.2 Hz, 2 H; H-
C(3"), H-C(5"), 8.08 ppm (br. d, J = 8.8 Hz, 2 H; H-C(2"), H-C(6"); '*C NMR (100 MHz,
CDCl3): §=16.38 (d, *J(C,P) = 6.3 Hz; CH3), 38.93 (d, 'J(C,P) = 129.1 Hz; C(1)), 62.92 (d,
2J(C,P) = 6.5 Hz; 2 OCH>), 120.39 (q, 'J(C,F) = 259.1 Hz; CF3), 120.40 (C(3"), 131.34 (C(2"),
134.81 (d; *J(C,P) = 1.7 Hz; C(1"), 153.17 (q, *J(C,F) = 1.8 Hz; C(4")), 190.57 ppm (d, 2J(C,P) =
6.5 Hz; C=0); *'P NMR (162 MHz; CDCl3): §= 19.25 ppm (tquint., J = 24.2, 8.2 Hz, 1 P; PO3);
F NMR (376 MHz; CDCl3): §=—57.61 ppm (s, 3 F; CF3); IR (ATR): /1=2986 (w), 1683 (s),
1602 (m), 1507 (w), 1445 (w), 1416 (w), 1247 (s), 1206 (s), 1162 (s), 1099 (m), 1053 (s), 1021
(s), 1003 (s), 959 (s), 804 (m), 730 (w), 659 cm™ (w); HR-MS (EI) m/z (%): 341.0756 (100,
[M]", calcd for Ci13H17F305P™: 341.0760), 313.0442 (46, [M — C2H4]*, calcd for Ci1Hi3F305P*:

313.0453), 285.0128 (38, [M — 2 C2H4]*, caled for CoHoF305P*: 285.0140).
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Diethyl [2-Oxo0-2-(thien-2-yl)ethyl]phosphonate (4n).
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GP-A (10 mL THF) starting from ethyl thiophene-2-carboxylate (2n, 215 pL, 1.60 mmol). FC
(S102; EtOAc/heptane 2:1 — 1:0) gave phosphonate 4n (261 mg, 62%) as an off-white oil.

Ry = 0.43 (SiO2; EtOAc); 'HNMR (400 MHz, CDCl3): § = 1.30 (t, J/ = 7.1Hz, 6 H; 2
OCH,CHs), 3.55 (d, 2J(H,P) = 22.5 Hz, 2 H; H-C(1)), 4.14 and 4.17 (2 qd, *J(H,P) = 1.1 Hz, J =
7.1 Hz, 4 H; 2 OCH>CH3), 7.16 (dd, J=4.9, 3.9 Hz, 1 H; H-C(4’)), 7.70 (dd, /=49, 1.1 Hz, 1
H; H-C(5%)), 7.83 ppm (dd, J = 3.8, 1.1 Hz, 1 H; H-C(3")); '*C NMR (100 MHz, CDCl3): 6 =
16.25 (d, *J(C,P) = 6.3 Hz; 2 OCH>CH3), 39.42 (d, 'J(C,P) = 129.2 Hz; C(1)), 62.77 (d, *J(C,P)
= 6.5 Hz; 2 OCH>CH3), 128.33 (C(5%)), 134.17 (C(4’)), 135.09 (C(‘3)), 143.93 (d, *J(C,P) =
2.2 Hz; C(2°)), 184.21 ppm (d, 2J(C,P) = 6.5 Hz; C=0); *'P NMR (161 MHz, CDCl3): &§ =
19.00-19.71 ppm (m, 1 P; PO3); IR (ATR): /1= 2924 (w), 2852 (w), 1658 (w), 1557 (s; C=0),
1480 (s), 1440 (s), 1367 (m), 1302 (m), 1232 (s), 1163 (m), 1114 (m), 1037 (s), 989 (m), 966
(m), 934 (m), 857 (w), 799 cm™! (s); HR-MS (ESI): m/z (%): 285.0350 (100, [M + Na]", calcd

for C1oHisNaO4PS™: 285.0321).
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Diethyl [2-(5-Chloro-thien-2-yl)-2-oxoethyl]phosphonate (40).

A solution of 5-chlorothiophene-2-carboxylic acid (30, 321 pL, 2.29 mmol) in EtOH (8 mL) was
treated with 95% H>SO4 (12 pL, 0.23 mmol), stirred at 80 °C for 30 h, and evaporated. The
residue was treated with 1.0 M agq. NaOH (50 mL). The aqueous phase was extracted with
EtOAc (3 x 50 mL). The combined organic phases were washed with brine (50 mL), dried over
MgSOsq, filtered, and evaporated to afford ester 20 as a yellow oil.

GP-A (10 mL THF) starting from ester 20. FC (SiO2; EtOAc) afforded phosphonate 40
(594 mg, 87%) as a slightly yellow oil.

Ry = 0.27 (SiO2; EtOAc); 'HNMR (400 MHz, CDCls): 6 = 1.31 (t, J = 72 Hz, 6 H; 2
OCH.CHs), 3.47 (d, 2J(H,P) = 22.6 Hz, 2 H; H-C(1)), 4.06-4.23 (m, 4 H; OCH>CH3), 6.98 (d, J
= 4.1 Hz, 1 H; H-C(4")), 7.63 ppm (d, J = 4.1 Hz, 1 H; H-C(3’)); *C NMR (100 MHz, CDCls):
8 =16.26 (d, *J(C,P) = 6.2 Hz; OCH,CH3), 38.96 (d, 'J(C,P) = 129.0 Hz; C(1)), 62.84 (d,
3J(C,P) = 6.5 Hz; OCH,CH3), 127.85 (C(4°)), 133.84 (C(3")), 141.11 (C(1°)), 142.32 (d, *J(C,P)
= 2.0 Hz; C(5°)), 183.33 ppm (d, 2J(C,P) = 6.4 Hz; C=0); *'P NMR (162 MHz, CDCl3): § =
18.88 ppm (tquint., 2J(P,H) = 24.5 Hz, 3J(P,H) = 8.2 Hz, 1 P; PO3); IR (ATR): /1= 2982 (w),
2931 (w), 1715 (w), 1655 (m), 1528 (w), 1418 (s), 1327 (w), 1283 (m), 1249 (s), 1202 (w), 1162
(W), 1049 (m, sh), 1012 (s), 943 (s), 869 (W), 796 (m), 738 (m), 682 cm™' (w); HR-MS (ESI): m/z
(%): 299.0077 (34, [M + H]", calcd for C1oH15°’CI04PS™: 299.0082), 297.0102 (100, [M + H]",

caled for C1oHi5°°Cl04PS™: 297.0112).
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Diethyl [2-(5-Bromothien-2-yl)-2-oxoethyl]phosphonat (4p).

A solution of 5-bromothiophen-2-carbonic acid (3p, 1.0 g, 4.8 mmol) in EtOH (18~mL) was
treated with 95% H2SO4 (28 pL, 0.53 mmol). The mixture was stirred at 80 °C for 4 h and
evaporated. The residue was treated with 0.1 M aq. NaOH (50 mL). The aqueous phase was
extracted with EtOAc (3 x 50 mL). The combined organic phases were washed with brine
(50 mL), dried over MgSOQs, filtered, and evaporated to afford ester 2p as a colorless oil.

GP-A (10 mL THF) starting from ester 2p. FC (SiO2; EtOAc) gave phosphonate 4p (1.1 mg,
67%) as a yellow solid.

Ri=0.34 (EtOAc); m.p. 60-62 °C; 'H NMR (400 MHz, CDCl3): 5= 1.30 (td, “J(H,P) = 0.6 Hz,
J =17.0 Hz, 6 H; 2 CH3), 3.47 (d, 2J(H,P) = 22.6 Hz, 2 H; H»-C(1)), 4.10-4.18 (m, 4 H; 2
OCH»), 7.12 (d, J = 4.1 Hz, 1 H; H-C(4")), 7.57 ppm (d, J = 4.0 Hz; H-C(3"); *C NMR
(100 MHz, CDCl3): §=16.41 (d, *J(C,P) = 6.3 Hz; CH3), 39.09 (d, 'J(C,P) = 129.7 Hz; C(1)),
62.99 (d, 2J(C,P) = 6.5 Hz; OCH»), 124.47 (C(5")), 130.28 (C(3"), 131.62 (C(4"), 145.35 (d,
3J(C,P) = 2.0 Hz; C(2"), 183.28 ppm (d, 2J(C,P) = 8.4 Hz; C(2)); *'P NMR (162 MHz, CDCl3): &
= 18.88 ppm (tquint., J = 24.2, 8.2 Hz, 1 P; PO3); IR (ATR): /1=3106 (w), 3080 (W), 2967 (W),
2915 (w), 1652 (s), 1522 (w), 1482 (w), 1441 (w), 1404 (s), 1369 (w), 1322 (w), 1208(s), 1237
(s), 1212 (s), 1165 (m), 1127 (m), 1098 (w), 1020 (s), 984 (s), 968 (s), 945 (s), 881 (m), 801 (s),
738 (m), 679 cm™' (m); HR-MS (ESI): m/z (%): 364.9408 (100, [M + Nal]+, caled for
C10H14*'BrNaO4PS™: 364.9406), 362.9427 (99, [M + Na]*, caled for CioHi4’BrNaO4PS™:
362.9426), 342.9587 (66, [M + H]", calcd for CioHis*'BrO4PS™: 342.9586), 340.9608 (59, [M +

H]", caled for C1oHis""BrO4PS™: 340.9607).
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4-Methoxyquinazoline-7-carbaldehyde (5).
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A suspension of alcohol 9 (317 mg, 1.45 mmol) in CH>Cl> (10 mL) at 0 °C ander argon was
treated with PCC (470 mg, 2.18 mmol) and stirred for 40 min at 0 °C and for 3 h 20 min at
22 °C. The mixture was filtered over Celite and washed with CH>Cl,. Evaporation and
chromatography (SiO2; MeOH/CH»Cl 2:98) gave aldehyde 5 (273 mg, 99%) as a white solid.

Ry = 0.37 (SiO2; MeOH/CH:Cl, 1:19); m.p. 156-157 °C; 'H NMR (400 MHz, CDCl3): 6 = 4.22
(s, 3 H; OMe), 8.05 (dd, J = 8.5, 1.5 Hz, 1 H; H-C(6)), 8.29 (d, J = 8.5 Hz, 1 H; H-C(5)), 8.39
(d, J = 1.0 Hz, 1 H; H-C(8)), 8.91 (s, 1 H; H-C(2)), 10.23 ppm (s, 1 H; H-C=0); 3C NMR
(100 MHz, CDCl): 6 = 54.73 (OMe), 120.01 (C(4a)), 124.20, 124.82, 132.58 (C(8)), 139.93
(C(7)), 151.04 (C(8a)), 155.53 (C(2)), 167.16 (C(4)), 191.62 ppm (CHO); IR (ATR): /1= 2962
(W), 2923 (w), 2855 (w), 1942 (w), 1693 (s), 1569 (s), 1493 (s), 1450 (s), 1396 (w, sh), 1370 (s),
1351 (s), 1295 (m), 1256 (m), 1155 (s), 1091 (s), 1005 (w), 970 (s), 873 (s), 833 (m), 790 (s),
768 (s), 744 (w), 677 (s), 639 (m), 626 cm™' (m); HR-MS (ESI): m/z (%): 189.0659 (100, [M +

H]*, calcd for C1oHoN>O>": 189.0659).
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Methyl 4-Oxo-3,4-dihydroquinazoline-7-carboxylate (7)./23!

. 0
N TE
O A G 2
8
e

A solution of dimethyl-2-aminoterephthalate (5000 mg, 23.9 mmol) in formamide (30 mL) under
argon was stirred for 3 h at 150 °C, for 14.5 h at 22 °C, for 5 h at 150 °C, and cooled to 0 °C.
The brown suspension was treated with ice-cold H>O (100 mL), the solid was filtered off and
washed with ice-cold HoO (25 mL). The filtrate was dried in the vacuum oven at 50 °C for
several days to afford quinazolinone 7 (3057 mg, 63%) as an off-white solid.

Ry = 0.12 (SiO; EtOAc/heptane 2:1); m.p. 250-254 °C (Ref:?! 252-254 °C); 'H NMR
(300 MHz, CDs0D): 6 =3.97 (s, 3 H; OMe), 8.11 (dd, J = 8.4, 1.6 Hz, 1 H; H-C(6)), 8.15 (s, 1
H; H-C(2)), 8.29-8.32 ppm (m, 2 H; H-C(5); H-C(8)). *C NMR (100 MHz, CDON(CDs),): &
= 52.50 (OMe), 126.48 (C(8)), 126.50 (C(4a)), 126.89 (C(6)), 128.85 (C(5)), 135.29 (C(7)),
146.81 (C(2)), 149.39 (C(8a)), 160.61 (C(4)), 165.91 ppm (CO:Me); IR (ATR): /1= 3165 (w),
3016 (w), 2871 (w), 1732 (s, CO), 1661 (s, CO), 1607 (s), 1558 (m), 1434 (s), 1389 (m), 1266
(s), 1220 (s), 1155 (m), 1098 (m), 988 (s), 916 (s), 881 (m), 790 cm™' (m); HR-EI-MS: m/z (%):
204.0529 (88, [M]", caled for C1oHsN203": 204.0530); 173.0342 (100, [M — OMe]", calcd for

CoHsN20,™: 173.0346.
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Methyl 4-Methoxyquinazoline-7-carboxylate (8).
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A solution of quinazolinone 7 (1000 mg, 4.90 mmol) in toluene (12 mL) was degassed with
argon, heated to 80 °C, treated with POCI3 (2242 pL, 24.49 mmol), stirred for 5 min, treated
with DBU (732 pL, 4.90 mmol) at 90 °C, and stirred at 120 °C for 1 h. The mixture was cooled
to 0 °C and carefully treated with 25% NaOMe in MeOH (10.6 g, 49 mmol) yielding a brown
suspension, which was stirred at 22 °C for 30 min, and diluted with sat. aq. NH4Cl solution
(100 mL) and brine (100 mL). The aqueous phase was extracted with EtOAc (5x100 mL). The
combined organic phases were washed with brine (200 mL), dried over MgSQg, filtered, and
evaporated. Chromatography (SiO2; EtOAc/heptane 1:1) gave ester 8 (862 mg, 81%) as a white
solid.

R¢ = 0.44 (SiO2; MeOH/CH2Cl, 1:19); m.p. 154-155 °C; 'H NMR (400 MHz, CDCl3): § = 4.02
(s, 3 H; CO:Me), 4.21 (s, 3 H; OMe), 8.16 (dd, J= 8.5, 1.6 Hz, 1 H; H-C(6)), 8.22 (dd, J = 8.5,
0.6 Hz, 1 H; H-C(5)), 8.62 (dd, J = 0.8, 0.4 Hz, 1 H; H-C(8)), 8.88 ppm (s, 1 H; H-C(2));
3C NMR (100 MHz, CDCl3): 6= 52.67, 54.57, 119.05, 123.90, 126.73, 129.91, 134.67, 150.52,
155.14, 166.15, 167.04 ppm; IR (ATR): /1= 2959 (w), 1961 (w), 1721 (s), 1629 (w), 1574 (s),
1496 (s), 1454 (m), 1438 (m), 1392 (s), 1367 (m), 1312 (s), 1280 (s), 1235 (m), 1183 (m), 1166
(m), 1137 (m), 1091 (s), 961 (m), 907 (m), 872 (s), 847 (W), 791 (m), 758 (s), 677 (m), 648 cm™'
(w); HR-MS (ESI): m/z (%): 219.0763 (100, [M + H]", caled for C11H11N203": 219.0764);
elemental analysis (%) calcd for C11H10N2O3 (218.2): C 60.55, H 4.62, N 12.84; found: C 60.51,

H4.73,N 12.64.
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(4-Methoxyquinazolin-7-yl)methanol (9).
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A suspension of ester 8 (862 mg, 3.95 mmol) in THF (20 mL) at 0 °C under argon was carefully
treated with a 2 M LiAlH4 solution in THF (1975 pL, 3.95 mmol). The resulting black mixture
was stirred at 0 °C for 1 h 20 min and carefully diluted with sat. aq. NH4Cl solution (100 mL).
The aqueous phase was extracted with CH>Cl> (3 x 100 mL). The combined organic phases
were dried over MgSOQa, filtered, and evaporated. Chromatography (SiO2; MeOH/CH>Cl, 1:99
— 3:97) gave alcohol 9 (636 mg, 85%) as a white solid.

R¢=0.29 (SiO2; MeOH/CH:Cl> 1:19); m.p. 119-121 °C; 'H NMR (400 MHz, CDCl3): 5= 2.09—
2.42 (br. s, 1 H; OH), 4.21 (s, 3 H; OMe), 4.94 (s, 2 H; CH), 7.59 (dd, J = 8.5, 1.5 Hz, 1 H; H-
C(6)), 7.96 (d, J=0.7 Hz, 1 H; H-C(8)), 8.16 (d, /= 8.4 Hz, 1 H; H-C(5)), 8.82 ppm (s, 1 H; H-
C(2)); C NMR (100 MHz, CDCl3): 5= 54.38 (OMe), 64.64 (CH,OH), 115.74 (C(4a)), 123.77
(C(5)), 124.42 (C(8)), 125.83 (C(6)), 147.28 (C(7)), 150.86 (C(8a)), 154.62 (C(2)), 167.10 ppm
(C(4)); IR (ATR): /1=3167 (br. m), 2850 (m), 1945 (w), 1629 (m), 1574 (s), 1494 (s), 1452 (s),
1392 (s), 1372 (s), 1344 (s), 1311 (m), 1195 (w), 1161 (m), 1118 (w), 1098 (s), 1062 (s), 976 (s),
883 (s), 834 (w), 785 (s), 737 (m), 683 (s), 638 (W), 624 cm™! (w); HR-MS (ESI): m/z (%):

191.0821 (100, [M + HJ", caled for C1oHiiN202": 191.0815).
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(2E)-3-(4-Methoxyquinazolin-7-yl)-1-phenylprop-2-en-1-one (10a).

O a J
8a N

GP-B2 starting from phosphonate 4a (136 mg, 531 umol) (0.5 equiv. KO7Bu; 4 h at 22 °C).
MPLC (40 g SiOz; 40 mL min~!, MeOH/CH2Cl» 0:100 — 2:98) gave impure alkene 10a (38 mg,

25%) as an off white solid, which was used for the next step without further purification.

HR-MS (MALDI) m/z (%): 291.1127 (100, [M + H]*, caled for C1sHisN2O2*: 291.1128).

(2E)-1-(3-Fluorophenyl)-3-(4-methoxyquinazolin-7-yl)prop-2-en-1-one (10b).
O a J
8a N
GP-B2 starting from phosphonate 4b (146 mg, 542 umol) (0.6 equiv. of KO7Bu; 5 h at 22 °C).
MPLC (40 g SiO2; 40 mL min~!, MeOH/CH>Cl, 0:100 — 2:98) gave impure alkene 10b

(173 mg, quant.) as a clear oil which was used for the next step without further purification.

HR-MS (MALDI) m/z (%): 309.1033 (100, [M + H]*, caled for C1sH14FN205*: 309.1034).
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(2E)-1-(3-Chlorophenyl)-3-(4-methoxyquinazolin-7-yl)prop-2-en-1-one (10c).
cl ~o
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GP-B1 starting from phosponate 4¢ (200 mg, 0.69 mmol) in THF (4 mL) (2 h 45 min at 22 °C).
FC (Si02; MeOH/CHCl; 2:98 — 2.5:97.5) gave impure alkene 10¢ (171 mg, 77%; (E/Z) 87:13)
as an off-white solid, of which a small amount was purified by HPLC (Reprosil; 15 mL min!,
hexane/iPrOH/CHCI3 75:3:22) to afford impure alkene 10¢ (£/7) 87:13) as an off-white solid.
The compound appears to react upon concentration and was therefore used for the next step
without further purification.

R¢=0.43 (SiO2; MeOH/CH,Cl 1:19); 'H NMR (400 MHz, CDCls, contains approx. 15% of (Z)-
isomer): signals of (E)-isomer: 6 =4.24 (s, 3 H; OMe), 7.51 (t, J = 7.8 Hz, 1 H; H-C(5’)), 7.62
(ddd, J/=8.0, 2.1, 1.1 Hz, 1 H; H-C(4")), 7.69 (d, J=15.7 Hz, 1 H; CH=CH-C=0), 7.86 (dd, J =
8.6, 1.5 Hz, 1 H; H-C(6)), 7.95 (dt, J = 7.6, 1.4 Hz, 1 H; H-C(6)), 7.98 (d, J = 15.2 Hz, 1 H;
CH=CH-C=0), 8.05 (t, /= 1.8 Hz, 1 H; H-C(2")), 8.19 (d, /= 1.2 Hz, 1 H; H-C(8)), 8.23 (d, J
= 8.4 Hz, 1 H; H-C(5)), 8.88 ppm (s, 1 H; H-C(2)); additional signals of (Z)-isomer: 6=4.18 (s,
0.4 H; OMe), 6.83 ppm (d, J = 12.8 Hz, 0.2 H; CH=CH-C=0); HR-MS (ESI): m/z (%):
327.0706 (31, [M + H]*, caled for CisH14*’CIN20,": 327.0710), 325.0726 (100, [M + H]", calcd

for C1sH14*>CIN20,": 325.0738).
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(2E)-1-(3-Bromophenyl)-3-(4-methoxyquinazolin-7-yl)prop-2-en-1-one (10d).
O a J
8a N
GP-B2 starting from phosphonate 4d (178 mg, 531 pmol) (0.6 equiv. of KO7Bu; 4 h at 22 °C)

gave impure alkene 10d (50 mg, 34%) as an off white solid. The compound appears to react

upon concentration and was therefore used for the next step without further purification.

(2E)-1-(3-iodophenyl)-3-(4-methoxyquinazolin-7-yl)prop-2-en-1-one (10e).

O a J
8a N

GP-B2 starting from phosphonate 4e (203 mg, 531 pmol) (0.6 equiv. of KO7Bu; 5 h at 22 °C).
MPLC (40 g SiO;; 40 mL min!, MeOH/CH,Cl, 0:100 — 2:98) gave impure alkene 10e

(116 mg, 53%) as a clear oil which was used for the next step without further purification.

HR-MS (MALDI) m/z (%): 417.0093 (100, [M + HJ", caled for C1sH14IN202": 417.0094).
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(2E)-3-(4-Methoxyquinazolin-7-yl)-1-[3-(trifluoromethyl)phenyl]prop-2-en-

1-on (10f).

GP-B1 starting from phosponate 4f (210 mg, 530 mmol) in THF (5 mL) (2 h at 22 °C). FC
(Si02; MeOH/CH2Cl> 0:100 — 98:2) gave impure alkene 10f (150 mg, 78%) as an off-white
solid. The compound appears to react upon concentration and was therefore used for the next

step without further purification.

HR-MS (MALDI): 359.1001 (100, [M + H]", cald for C19H14FsN20,": 359.1002).

(2E)-3-(4-Methoxyquinazolin-7-yl)-1-[3-(trifluoromethoxy)phenyl]|prop-2-en-1-one (10g).

OCF, o
N
3 s s " 8a N 2

O
GP-B2 starting from phosphonate 4g (181 mg, 772 umol) (0.4 equiv. of KO7Bu; 5 h at 22 °C).
MPLC (40 g SiO2; 40 mL min~!, MeOH/CH>Cl, 0:100 — 2:98) gave impure alkene 10g

(156 mg, 79%) as a yellow solid which was used for the next step without further purification.

HR-MS (MALDI) m/z (%): 375.0949 (100, [M + H]", caled for C1oH14F3N20,": 375.0951).
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(2E)-1-(4-Fluorophenyl)-3-(4-methoxyquinazolin-7-yl)prop-2-en-1-one (10h).
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GP-B1 starting from the phosphonate 4h (100 mg, 0.37 mmol). After addition of aldehyde 5
(69 mg, 0.37 mmol), stirring for 40 min at 0 °C and LC/MS control, aldehyde 5 (30 mg,
0.16 mol) was added. FC (SiO2; MeOH/CHCl; 1:99 — 1.5:98.5) and MPLC (80 g SiOy;
120 mL min"!, MeOH/CH,Cl, 0:100 — 2:98), and MPLC (80 g SiO; 120 mL min !,
MeOH/CH2Cl; 0:100 — 1.5:98.5) gave impure alkene 10h (56 mg, 50%) as an off-white solid,
of which a small amount was purified by HPLC (Reprosil; 15 mL min!, hexane/iPrOH/CHCI;
75:3:22) to afford impure alkene 10h as an off-white solid. The compound decomposed into
several unidentified compounds upon concentration and was therefore used for the next step
without further purification.

Re=0.31 (SiO2; MeOH/CH,Cl, 1:19); HR-MS (ESI): m/z (%): 309.1029 (100, [M + H]", caled

for C18H14FN202+1 309. 1034).

(2E)-1-(4-Chlorophenyl)-3-(4-methoxyquinazolin-7-yl)prop-2-en-1-one (10i).
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GP-B1 starting with phosphonate 4i (150 mg, 0.52 mmol), 15h at 22 °C). FC (SiOy;
MeOH/CH>Cl; 1:99 — 2:98) gave impure alkene 10i (140 mg, 84%; (E/Z) 95:5) as an off-white
solid, of which a small amount was purified by HPLC (Reprosil; 12 mL min!, hexane/CHCl;
45:55 — 40:60) to afford impure alkene 10i ((£/2) 95:5) as an off-white solid. The compound
appears to react upon concentration and was therefore used for the next step without further

purification.
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R¢ = 0.42 (SiO2; MeOH/CH2Cl> 1:19); 'H NMR (400 MHz, CDCls; (E/Z) 95:5): signals of the
(E)-isomer: 0=4.22 (s, 3 H; OMe), 7.52, 8.02 (AA’MM’, J = 8.8 Hz, 4 H; C¢H4Cl), 7.69 (d, J =
15.7 Hz, 1 H; CH=CH-C=0), 7.83 (dd, J = 8.5, 1.6 Hz, 1 H; H-C(6)), 7.95 (d, J=16.0 Hz, 1 H;
CH=CH-C=0), 8.16 (d, J = 1.2 Hz, 1 H; H-C(8)), 8.20 (d, J = 8.4 Hz, 1 H; H-C(5)), 8.86 ppm
(s, 1 H; H-C(2)); additional signals of the (Z)-isomer: 6=4.16 (s, 0.1 H; OMe), 6.79 ppm (d, J =
12.8 Hz, 0.1 H; CH=CH-C=0); '3C NMR (100 MHz, CDCI;): signals of the (E)-isomer: & =
54.52, 117.45, 124.33, 124.38, 125.71, 128.34, 129.11 (2 C), 129.99 (2 C), 136.08, 139.64,
139.69, 143.50, 151.20, 155.28, 166.96, 188.59 ppm; IR (ATR): /1= 2937 (w), 2864 (w), 1658
(m), 1620 (w), 1590 (s), 1574 (s), 1495 (m), 1455 (m), 1399 (m), 1380 (s), 1362 (s), 1323 (m),
1275 (s), 1209 (m), 1168 (m), 1092 (s), 1025 (m), 1009 (m), 993 (s), 978 (s), 906 (W), 875 (m),
863 (m), 815 (s), 784 (s), 746 (m), 674 (s), 629 cm™' (m); HR-MS (ESI): m/z (%): 327.0717 (33,
[M + H]", caled for CisHis’’CIN2O2": 327.0738), 325.0739 (100, [M + H]J', caled for

CisH14>CIN20,": 325.0738).

(2E)-1-(4-Bromophenyl)-3-(4-methoxyquinazolin-7-yl)prop-2-en-1-one (10j).
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GP-B1 starting from phosphonate 4j (110 mg, 0.33 mmol), 20 h at 22 °C. MPLC (80 g SiO;
120 mL min~!, MeOH/CH,Cl, 0:100 — 2:98) gave impure alkene 10j (77 mg, 64%; (E/Z) 99:1)
as an off-white solid, of which a small amount was purified by HPLC (Reprosil; 15 mL min™!,
hexane/iPrOH/CHCl; 72:3:25) to afford impure alkene 10d as an off-white solid. The
compound appears to react upon concentration and was therefore used for the next step without
further purification.

Re = 0.38 (SiO2; MeOH/CHACl, 1:19); m.p. 203-206 °C; 'H NMR (400 MHz, CDCls): & = 4.23

(s, 3 H; OMe), 7.69 (d, J = 15.8 Hz, | H; CH=CH-C=0), 7.70, 7.95 (AA’MM’, J = 8.4 Hz, 4 H;
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CeH4Br), 7.84 (dd, J= 8.5, 1.6 Hz, 1 H; H-C(6)), 7.97 (d, J=15.6 Hz, 1 H; CH=CH-C=0), 8.17
(d, /= 1.2 Hz, 1 H; H-C(8)), 8.22 (d, J = 8.8 Hz, 1 H; H-C(5)), 8.87 ppm (s, 1 H; H-C(2));
3C NMR (100 MHz, CDCl3): §= 54.52 (OMe), 117.48 (C(4a)), 124.35, 124.38, 125.73 (C(5)),
128.36 (CH=CH-C=0), 128.41 (C(4’)), 130.10 (C(2)), 132.11 (C(37)), 136.52 (C(1")), 139.64
(C(7)), 143.58 (CH=CH-C=0), 151.22 (C(8a)), 155.30 (C(2)), 166.98 (C(4)), 188.84 ppm
(C=0); IR (ATR): /1= 2923 (w), 2853 (w), 1658 (m), 1619 (w), 1586 (m), 1574 (s), 1495 (m),
1455 (m), 1397 (w), 1380 (s), 1361 (s), 1322 (m), 1276 (m), 1209 (m), 1168 (m), 1096 (m), 1071
(m), 1025 (m), 993 (s), 977 (m), 906 (w), 875 (m), 862 (m), 813 (s), 784 (s), 764 (W), 745 (m),
732 (m), 682 (m), 673 (m), 629 cm™! (m); HR-MS (ESI): m/z (%): 371.0211 (63, [M + H]", calcd
for C1sH143'BrN,O>": 371.0213), 369.0230 (67, [M + H]", calcd for CisH14”’BrN,O>": 369.0233),

177.1271 (96), 150.0367 (100).

(2E)-1-(4-1odophenyl)-3-(4-methoxyquinazolin-7-yl)prop-2-en-1-one (10k).
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GP-B2 starting from phosphonate 4k (120 mg, 0.31 mmol) (5 h at 22 °C). The crude product
was purified by MPLC (80 g SiO2; 120 mL min~!, MeOH/CH>Cl, 0:100 — 2:98) to afford
impure alkene 10k (116 mg, 89%; (E/Z) 92:8) as an off-white solid, of which a small amount
was purified by HPLC (Reprosil; 15 mL min™!, hexane/iPrOH/CHCIs 73:3:25) to afford impure
alkene 10k as an off-white solid. The compound appears to react upon concentration and was
therefore used for the next step without further purification.

Rf = 0.29 (SiO2; MeOH/CH,Cl> 1:19); m.p. 218-220 °C; 'H NMR (400 MHz, CDCls; contains
9% of (Z)-isomer): 6=4.23 (s, 3 H; OMe), 7.68 (d, /= 15.7 Hz, 1 H; CH=CH-C=0), 7.79, 7.93
(AA’MM’, J = 8.4, 2.0 Hz, 4 H; CsHal), 7.84 (dd, J = 8.4, 1.6 Hz, 1 H; H-C(6)), 7.97 (d, J =

16.0 Hz, 1 H; CH=CH-C=0), 8.17 (d, /= 1.4 Hz, 1 H; H-C(8)), 8.22 (d, /= 8.5 Hz, 1 H; H-
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C(5)), 8.87 ppm (s, 1 H; H-C(2)); *C NMR (100 MHz, CDCl3): § = 54.53 (OMe), 101.17
(C#4)), 117.48 (C(4a)), 124.34 (C(6), C(8)), 125.74 (C(5)), 128.35 (CH=CH-C=0), 129.96
(C(2°)), 137.06 (C(17)), 138.11 (C(3’)), 139.65 (C(7)), 143.58 (CH=CH-C=0), 151.21 (C(8a)),
155.30 (C(2)), 166.98 (C(4)), 189.14 ppm (C=0); IR (ATR): 1=13049 (w), 2924 (w), 1915 (w),
1660 (m), 1621 (m), 1603 (m), 1576 (s), 1558 (s), 1494 (m), 1456 (m), 1441 (s), 1378 (s), 1358
(s), 1305 (m), 1288 (s), 1247 (m), 1221 (m), 1190 (m), 1178 (m), 1159 (m), 1124 (m), 1103 (m),
1094 (m), 1062 (m), 1024 (m), 1007 (s), 970 (s), 847 (m), 832 (m), 810 (s), 789 (s), 738 (m), 671
(s), 630 cm™! (s); HR-MS (ESI): m/z (%): 417.0084 (100, [M + HJ, caled for Ci1sH14IN,O>":

417.0094).

(2E)-3-(4-Methoxyquinazolin-7-yl)-1-[4-(trifluoromethyl)phenyl|prop-2-en-1-one (101).
§ . o
T I N ,:( 2

GP-B2 starting from phosphonate 41 (110 mg, 0.34 mmol) (3 h at 22 °C). MPLC (80 g SiO;
120 mL min~!, MeOH/CH2Cl» 0:100 — 2:98) gave impure alkene 101 (105 mg, 86%; (E/Z) 96:4)
as an off-white solid, of which a small amount was purified by HPLC (Reprosil; 15 mL min™!,
hexane/iPrOH/CHCI; 75:3:22) to afford impure alkene 101 as an off-white solid. The compound
appears to react upon concentration and was therefore used for the next step without further
purification.

Ry = 0.36 (SiO2; MeOH/CH,Cl> 1:19); 'TH NMR (400 MHz, CDCl3): & = 4.24 (s, 3 H; OMe),
7.71 (d, J=15.7 Hz, 1 H; CH=CH-C=0), 7.83, 8.18 (AA’MM’, J = 8.0 Hz, 4 H; C¢H4CF3), 7.82
(dd, J = 8.4, 1.6 Hz, 1 H; H-C(6)), 7.99 (d, J = 15.7Hz, 1 H; CH=CH-C=0), 8.16 (d, J =
1.6 Hz, 1 H; H-C(8)), 8.24 (d, J = 8.5 Hz, 1 H; H-C(5)), 8.88 ppm (s, 1 H; H-C(2)); *C NMR
(100 MHz, CDCl3): § = 54.55 (OMe), 117.60 (C(4a)), 123.61 (q, 'J(C,F) = 271.1 Hz; CF3),

12439 (CH=CH-C=0), 124.42 (C(5)), 125.71 (C(8)), 125.84 (q, 3J(C,F) = 3.7 Hz; C(3")),
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128.54 (C(6)), 128.88 (C(2%)), 134.43 (q, 2/(C,F) = 32.7 Hz; C(4’)), 139.42 (C(7)), 140.60
(C(1")), 144.26 (CH=CH-C=0), 151.22 (C(8a)), 155.36 (C(2)), 166.98 (C(4)), 189.09 ppm
(C=0); '°F NMR (376 MHz, CDCls): 6= —63.07 ppm (s, 3 F; CFs); IR (ATR): /1= 2964 (w),
1933 (w), 1660 (m), 1605 (s), 1575 (s), 1563 (s), 1496 (s), 1454 (m), 1384 (s), 1360 (m), 1320
(s), 1283 (m), 1213 (m), 1165 (s), 1124 (s), 1109 (s), 1097 (s), 1066 (s), 1032 (m), 1012 (m), 985
(s), 978 (s), 883 (m), 874 (m), 831 (s), 796 (s), 748 (m), 728 (m), 699 (m), 680 cm " (s); HR-MS

(ESI): m/z (%): 359.1001 (100, [M + H]", calcd for C1oH14F3N202": 359.1002).

(2E)-3-(4-Methoxyquinazolin-7-yl)-1-(4-(trifluoromethoxy)phenyl)prop-2-en-1-one (10m).

GP-B2 starting from phosphonate 4m (181 mg, 772 umol) (0.4 equiv. of KozBu; 5 h at 22 °C).
MPLC (40 g SiO; 40 mL min~', MeOH/CH>Cl, 0:100 — 2:98) gave impure alkene 10m
(156 mg, 79%) as a yellow solid which was used for the next step without further purification.

HR-MS (MALDI) m/z (%): 375.0950 (100, [M + H]", caled for C1oH14F3N20,": 375.0951).

(2E)-3-(4-Methoxyquinazolin-7-yl)-1-(thien-2-yl)prop-2-en-1-one (10n).

~o
4 4 6 5434\N3
5'/ | /)
S72 X7 a~N~ 2
1 8 1
(e}

GP-B1 starting from phosphonate 4n (130 mg, 0.50 mmol) (1h at 22°C. FC (SiOz;
MeOH/CHCl; 1:99 — 3:97) gave impure alkene 10n (147 mg, quant.; (E/Z) 92:8) as an off-
1

white solid, of which a small amount was purified by HPLC (Reprosil; 15 mL min—,

hexane/CHCI3 50:50 — 35:65) to afford impure alkene 10m as an off-white solid. The
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compound appears to react upon concentration and was therefore used for the next step without
further purification.

Ry = 0.18 (SiO2; MeOH/CH>Cl> 2:98); m.p. 191 °C (decomp.); 'H NMR (400 MHz, CDCls;
contains 9% of the (Z2)-isomer): 6=4.23 (s, 3 H; OMe), 7.25 (dd, J=4.9, 3.8 Hz, 1 H; H-C(4")),
7.64 (d, J=15.6 Hz, 1 H; CH=CH-C=0), 7.76 (dd, J=4.9, 1.1 Hz, 1 H; H-C(5”)), 7.85 (dd, J =
8.6, 1.5 Hz, 1 H; H-C(6)), 7.94 (dd, J = 3.8, 1.1 Hz, 1 H; H-C(3")), 8.00 (d, /= 15.6 Hz, 1 H;
CH=CH-C=0), 8.23 (d, /= 8.4 Hz, 1 H; H-C(9)), 8.23 (d, /= 0.8 Hz, 1 H; H-C(8)), 8.88 ppm
(s, 1 H; H-C(2)); >*CNMR (100 MHz, CDCl3): & = 54.66 (OMe), 117.30 (C(4a)), 124.35
(C(4°)), 124.87 (C(6)), 126.20 (C(8)), 127.65 (C(5)), 128.44 (CH=CH—-C=0), 132.30 (C(5)),
134.53 (C(37)), 139.94 (C(7)), 142.18 (CH=CH-C=0), 145.17 (C(2’)), 150.70 (C(8a)), 155.07
(C(2)), 167.16 (C(4)), 181.51 ppm (C=0); IR (ATR): /1= 3061 (w), 2922 (W), 2852 (w), 1647
(s), 1618 (m), 1591 (s), 1575 (s), 1563 (s), 1496 (s), 1455 (s), 1414 (s), 1382 (s), 1365 (s), 1326
(m), 1282 (s), 1235 (m), 1211 (m), 1167 (m), 1095 (s), 1061 (m), 1046 (m), 975 (s), 877 (s), 827
(s), 790 (s), 747 (s), 738 (s), 712 (s), 678 (s), 632 cm ™' (m); HR-MS (ESI): m/z (%): 297.0682

(100, [M + H]", caled for Ci6H13N202S™: 297.0692).

(2E)-1-(5-Chlorothien-2-yl)-3-(4-methoxyquinazolin-7-yl)prop-2-en-1-one (100).

0
4' 3 6 2 484\N3
a— | J,

GP-B1 starting from phosphonate 40 (100 mg, 0.34 mmol) (20.5h at 22 °C. FC (SiOz;
MeOH/CH:Cl 1:99 — 1.5:98.5) and MPLC (80 g SiO»; 120 mL min™!, MeOH/CH,Cl, 0:100 —
3:97) gave impure alkene 100 (105 mg, 94%; (E/Z) 93:7) as an off-white solid, of which a small
amount was purified by HPLC (Reprosil; 15 mL min™', hexane/CHCls 55:45 — 43:57) to afford
impure alkene 100 as an off-white solid. The compound appears to react upon concentration and

was therefore used for the next step without further purification.
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R¢ = 0.49 (SiO2; MeOH/CH:Cl> 1:19); '"H NMR (400 MHz, CDCls; contains traces of the (Z)-
isomer): 6=4.23 (s, 3 H; OMe), 7.07 (d, J =4.1 Hz, 1 H; H-C(4")), 7.53 (d, /= 15.6 Hz, 1 H;
CH=CH-C=0)), 7.71 (d, J = 4.1 Hz, 1 H; H-C(3")), 7.82 (dd, J = 8.5, 1.6 Hz, 1 H; H-C(6)),
7.98 (d, J=15.6 Hz, 1 H; CH=CH-C=0), 8.18 (d, /= 1.4 Hz, 1 H; H-C(8)), 8.22 (d, /= 8.5 Hz,
1 H; H-C(5)), 8.87 ppm (s, 1 H; H-C(2)); 3C NMR (100 MHz, CDCl3; contains traces of the
(Z2)-isomer): 6 = 54.53 (OMe), 117.51 (C(4a)), 123.38 (C(6)), 124.36 (C(8)), 125.87 (C(5)),
127.88 (C(4°)), 128.23 (CH=CH-C=0), 131.64 (C(3")), 139.47 (2°), 140.51 (C(5")), 142.77
(CH=CH-C=0), 143.91 (C(7)), 151.20 (C(8a)), 155.31 (C(2)), 166.98 (C(4)), 180.57 ppm
(C=0); IR (ATR): /1= 2922 (w), 1646 (m), 1616 (m), 1592 (s), 1573 (s), 1526 (m), 1495 (m),
1455 (m), 1443 (w), 1422 (s), 1383 (s), 1363 (s), 1325 (s), 1283 (s), 1214 (m), 1167 (m), 1095
(s), 1075 (m), 1017 (s), 989 (m), 973 (m), 875 (s), 851 (m), 828 (m), 798 (m), 786 (s), 747 (m),
710 (m), 677 (s), 632 cm™' (m); HR-MS (ESI): m/z (%): 333.0273 (38, [M + H]", caled for
Ci6H12*’CIN20,S*:  333.0274), 331.0295 (100, [M + H]", caled for CisHi2*>CIN20,S™:

331.0303).

(2E)-1-(5-Bromothien-2-yl)-3-(4-methoxyquinazolin-7-yl)prop-2-en-1-one (10p).

GP-B2 starting from phosphonate 4p (180 mg, 530 mmol) (0.4 equiv. of KO7Bu; 6 h at 22 °C).
MPLC (40 g SiO; 40 mL min~', MeOH/CH,Cl, 100:0 — 98:2) gave impure 10p (130 mg, 65%)

as a white solid which was used for the next step without further purification.

HR-MS (MALDI): 374.9797 (100, [M + H]", caled for C16H12BrN20,S™: 374.9797).
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(BR,4S5)- and (4R,3S5)-tert-Butyl 3-Benzoyl-4-(4-methoxyquinazolin-7-yl)pyrrolidine-1-

carboxylate ((+)-13a and (-)-13a).

GP-C starting from alkene 10a (100 mg, 0.34 mmol). FC (SiO2; MeOH/CH>Cl> 1:99) and chiral
HPLC (Reprosil; 15 mL min ™!, hexane/iPrOH/CHCl3 75:3:22) gave pyrrolidines (+)-13a (12 mg,
7%) and (-)-13a (12 mg, 7%) as colorless oils.

Data of (+)-13a: Ry = 0.28 (CH2Clo/MeOH 98:2); prep. HPLC: fr = 67 min (Reprosil, 15 mL
min'; Hex/iPrOH/CHCI; 75:3:22); [a]p?® = +35.2 (¢ = 0.05 in CHCl3); 'H NMR (400 MHz,
CDCl3): 6=1.49 (s, 9 H; C(CH3)3), 3.57-3.68 (m, 2 H; H.—C(2), H-—C(5)), 3.96-4.30 (m, 4 H;
Hy—C(2), Hb—C(5), H-C(3), H-C(4)), 4.16 (s, 3 H; OCH3), 7.42 (t, J = 7.8 Hz, 2 H; H-C(3")),
7.49 (dd, J = 8.5 Hz, 1 H; H-C(6")), 7.54 (br. t, J = 7.4 Hz; H-C(4")), 7.82 (br. s, 1 H; H-C(8")),
7.88 (d, J=7.4 Hz, 2 H; H-C(2")), 8.09 (d, J = 8.5 Hz, H-C(5)), 8.77 ppm (br. s, 1 H; H-C(2));
3C NMR (100 MHz, CDCl3): 6= 28.64 (C(CHa3)3), 46.40 and 46.71 (C(4)), 49.63 (C(2)), 52.11
and 52.38 (C(3)), 52.75 (C(5)), 54.47 (OCH3), 80.16 (C(CHs)3), 115.79 (C(4a")), 124.30 (C(5")),
125.70 (C(8")), 127.39 (C(6")), 128.59 (C(3")), 128.98 (C(2"), 133.90 (C(4")), 151.29 (C(8a")),
154.95 (C(2")), 167.09 (C(4")), 197.97 ppm (s; C=0) (two signals of N—-C=0 and C(1') in noise);
IR (ATR): /1=2975 (w), 2933 (w), 2880 (w), 1681 (s), 1624 (m), 1596 (w), 1568 (s), 1496 (m),
1454 (m), 1377 (s), 1364 (s), 1256 (w), 1168 (m), 1122 (m), 1099 (m), 1013 (w), 976 (w), 910
(W), 877 (m), 825 (w), 796 (w), 770 (w), 749 (m), 730 (s), 687 (m), 659 cm™' (w); HR-MS (ESI)
m/z (%): 456.1890 (75, [M + Na]*, caled for CasH27NaN3;O4": 456.1894), 434.2074 (24, [M +
H]*, caled for C2sH2sN304*: 434.2080), 378.1448 (100, [M — C4Hs + H]*,calcd for C21H20N304*:

378.1448).
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Data of (-)-13a: tr = 97 min; [a]p?’=—41.7 (¢ = 0.1 in CHCI3); 'H NMR and HR-MS (ESI) data

consistent with (+)-13a.

(BR,4S5)- and (4R,3S)-tert-Butyl 3-(3-Fluorobenzoyl)-4-(4-methoxyquinazolin-7-yl)-

pyrrolidine-1-carboxylate ((+)-13b and (-)-13b).

GP-C1 starting from alkene 10b (100 pg, 324 pmol) in toluene (20mL). FC (SiOy;
MeOH/CHCl, 1:99) and chiral HPLC (Reprosil; 15 mL min!, hexane/iPrOH/CHCl; 75:3:22)
gave pyrrolidines (+)-13b (14 mg, 10%) and (—)-13b (14 mg, 10%) as yellow oils.

Data for (+)-13b: Rf = 0.27 (CH2Clo/MeOH 1:20); prep. HPLC: fr = 42 min (Reprosil, 15 mL
min'; Hex/iPrOH/CHCI; 75:3:22); [a]p®® = +33.9 (¢ = 0.05 in CHCI3); '"H NMR (400 MHz,
CDClL): 6 =1.49 (s, 9 H; C(CHz3)3), 3.56-3.65 (m, 2 H; H.-—C(2), H-—C(5)), 3.96-4.20 (m, 4 H;
Hy—C(2), Hy—C(5), H-C(3), H-C(4)), 4.16 (s, 3 H; OCH3),7.24 (tdd, *J(H,F) = 8.2 Hz, J = 8.2,
2.6, 1.0 Hz, 1 H; H-C(4"), 7.40 (td, “J(H,F) = 5.5 Hz, J = 8.0 Hz, 1 H; H-C(5") 7.49 (dd, J =
8.5, 1.5 Hz, 1 H; H-C(6")), 7.56 (br. d, 2J(H,F) = 9.5 Hz, 1 H; H-C(2")), 7.64 (br. d, J = 7.8 Hz,
1 H; H-C(6")), 7.81 (br. s, 1 H; H-C(8")), 8.10 (d, J= 8.4 Hz, 1 H; H-C(5")), 8.77 ppm (s, 1 H;
H-C(2)). ®CNMR (100 MHz, CDCl3): 6 = 28.63 (C(CHs)3), 46.49 and 46.75 (C(4)), 49.54
(C(2)), 52.07 and 52.35 (C(3) and C(5)), 54.50 (OCH3), 80.27 (C(CH3)3), 115.32 (d, 2J(C,F) =
22.5 Hz; C(4")), 115.86 (C(4a™")), 120.98 (d, 2/(C,F) = 22.5 Hz; C(2)), 124.28, 124.30, 124.40
(C(5™)), 125.73 (C(8")), 127.25, 130.63, 130.71, 151.30 (C(8a")), 155.02 (C(2")), 163.06 (d,
IJ(C,F) = 248.9 Hz, C(3"), 167.10 (C(4")), 196.83 ppm (C=0) (N-C=0 and C(7) signals not
visible); '°F NMR (376 MHz; CDCls): § =—111.11 ppm (d, J = 30.5 Hz, 1 F); IR (ATR): fi=

2969 (w), 2923 (W), 2855 (w), 1685 (s), 1624 (m), 1569 (s), 1497 (m), 1455 (m), 1379 (s),
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1251 (w), 1164 (m), 1122 (m), 976 (w), 878 (m), 797 (w), 688 cm™! (s); HR-MS (ESI) m/z (%):
474.1805 (27, [M + Na]", calcd for C2sH26FN3NaO4": 474.1800), 452.1986 (38, [M + H]*, calcd
for CasH27FN304™: 452.1980), 396.1366 (100, [M — Cs4Hg + HJ", caled for C2iHi9FN3O4":
396.1354).

Data for (—)-13b: t (prep. HPLC) = 62 min; [a]p?® = —25.1 (¢=0.1 in CHCl3); '"H NMR and

HR-MS (ESI) data consistent with (+)-13b.

(BR.,4S)- and (4R,3S)-tert-Butyl 3-(3-Chlorobenzoyl)-4-(4-methoxyquinazolin-7-yl)pyro-

lidine-1-carboxylate ((+)-13c and (-)-13c¢).

GP-C starting from alkene 10c¢ (100 mg, 0.30 mmol). FC (SiO2; MeOH/CH2Cl> 1:99) and chiral
HPLC (Reprosil; 15 mL min~!, hexane/iPrOH/CHCI3 75:3:22) gave pyrrolidines (+)-13¢ (12 mg,
8%) and (—)-13c¢ (12 mg, 8%) as colorless waxes.

Data of (+)-13c: Rf = 0.23 (CH2Clo/MeOH 98:2); prep. HPLC: tr = 49 min (Reprosil, 15 mL
min'; Hex/iPrOH/CHCI; 75:3:22); [a]p?® = +37.6 (¢ = 0.05 in CHCl3); '"H NMR (400 MHz,
CDChL): 6= 1.48 (s, 9 H; C(CH3)3), 3.56-3.67 (m, 2 H; H.—C(2), H:—C(5)), 3.94-4.21 (m, 4 H;
Hy—C(2), Hv—C(5), H-C(3), H-C(4)), 4.16 (s, 3 H; OCH3), 7.35 (t, J = 7.9 Hz, 1 H; H-C(5"),
7.48 (br. d, J=8.4, 1.6 Hz, 1 H; H-C(6")), 7.50 (ddd, J = 8.0, 2.1, 1.0 Hz; H-C(4")), 7.72 (br. d,
J =17.8 Hz, 1 H; H-C(6"), 7.81 (br. s, 2 H; H-C(2"), H-C(8")), 8.09 (d, J = 8.4 Hz, 1 H; H-
C(5")), 8.77 ppm (br. s, 1 H; H-C(2)); 3*C NMR (100 MHz, CDCl3): 6= 28.62 (C(CH3)s3), 46.54
and 46.75 (C(4)), 49.48 (C(2)), 52.03 and 52.94 (C(3)), 52.32 (C(5), 54.51 (OCHs;), 80.29
(C(CH3)3), 115.86 (C(4a")), 124.41 (C(5")), 125.72 (C(8")), 126.59 (C(6")), 127.25 (C(1"),

127.26 (C(3'), 128.66, 130.27, 133.80, 135.40, 146.41 (C(7")), 151.24 (C(8a")), 154.20 (N—
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C=0), 155.01 (C(2")), 167.09 (C(4")), 196.82 ppm (C=0); IR (ATR): /1= 2973 (w), 2930 (w),
2880 (w), 1683 (m), 1624 (m), 1568 (s), 1497 (m), 1477 (w), 1454 (m), 1377 (s), 1364 (s), 1254
(w), 1163 (m), 1123 (m), 1098 (m), 977 (w), 907 (w), 876 (m), 837 (w), 796 (m), 770 (w), 730
(s), 688 (m), 672 cm! (w); HR-MS (ESI) m/z (%): 470.1662 (20, [M + H]*, calcd for
CasH273"CIN;O4*: 470.1657), 468.1677 (47,[M + H]*, caled for CasHa7 CIN3O4*: 468.1685),
414.1030 (37; [M — C4Hs + H]*, caled for C21H19>’CIN3O4™: 414.1029), 412.1052 (47; [M — C4Hs
+ H]*, caled for C21H19>>CIN3O4*: 412.1059).

Data of (—)-13¢: fr = 67 min; [a]p*°=-30.8 (¢ = 0.1 in CHCI3); '"H NMR and HR-MS (ESI) data

consistent with (+)-13c.

(BR,45)- and (4R,3S)-tert-Butyl 3-(3-Bromobenzoyl)-4-(4-methoxyquinazolin-7-yl)pyrro-

lidine-1-carboxylate ((+)-13d and (-)-13d).

GP-C starting from alkene 10d (100 pg, 271 umol). FC (SiO2; MeOH/CH2Cl; 1:99) and chiral
HPLC (Reprosil; 15 mL min!, hexane/iPrOH/CHCl3 75:3:22) gave pyrrolidines (+)-13d (10 mg,
7%) and (-)-13d (10 mg, 7%) as yellow oils.

Data of (+)-13d Rr = 0.27 (CH2Cl,/MeOH 96:4); prep. HPLC: tr = 45 min (Reprosil, 15 mL
min'; Hex/iPrOH/CHCI; 75:3:22); [a]p?® = +34.8 (¢ = 0.05 in CHCl3); 'H NMR (400 MHz,
CDCl3): 6=1.49 (s, 9 H; C(CHs)3), 3.57-3.68 (m, 2 H; H:—C(2), H-—C(5)), 3.944.23 (m, 4 H;
Hy—C(2), H—C(5), H-C(3), H-C(4)), 4.16 (s, 3 H; OCH3), 7.29 (t, J = 7.9 Hz, 1 H; H-C(5")),
7.48 (dd, J = 8.4, 1.8 Hz, 1 H; H-C(6")), 7.65 (ddd, J = 8.0, 2.0, 1.0 Hz; H-C(4")), 7.73-7.52 (m,
2 H; H-C(6"), H-C(8")), 7.95 (br. s, 1 H; H-C(2")), 8.10 (dd, /= 8.5, 0.5 Hz, 1 H; H-C(5")), 8.77

ppm (s, 1 H; H-C(2")); *C NMR (100 MHz, CDCl3): & = 28.63 (C(CHs)3), 46.59 and 46.80
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(C(4)), 49.46 (C(2)), 52.31 and 52.32 (C(3)), 52.32 (C(5)), 54.51 (OCH3), 80.30 (C(CHs)s),
115.87 (C(4a"), 123.37 (C(3") 124.42 (C(2")), 125.75 (C(8")), 127.03 (C(6")), 127.26 (C(5"),
129.94 (C(6)), 130.51 (C(2)), 131.16 (C(4)), 136.72 (C(1), 146.38 (C(7")), 151.27 (C(8a")),
154.12 (N-C=0), 155.02 (C(2")), 167.10(C(4")), 196.76 ppm (C=0): IR (ATR): /1= 2965 (w),
2923 (w), 2852 (w), 1683 (s), 1624 (m), 1568 (s), 1497 (m), 1454 (m), 1378 (s), 1257 (w), 1163
(m), 1122 (m), 1100 (s), 977 (w), 876 (m), 796 (w), 770 (w), 749 (w), 730 (s), 688 (), 671 (w),
646 cm™' (w); HR-MS (ESI) m/z (%): 514.1162 (36, [M + H]*, calcd for CasHae®'BrN;Os™:
514.1164), 512.1180 (36, [M + HJ*, caled for CasHarBrN;Os*: 512.1179), 456.0554 (100, [M —
C4Hg + HJ*, caled for C21H19””BrN3O4™: 456.0553), 458.0534 (96, [M—C4Hs + H]*, caled for
C21H198'BrN304™: 458.0533).

Data of (-)-13d: & =41 min; [a]p*°=-39.5 (¢ =0.1 in CHCl3); 'H NMR and HR-MS (ESI) data

consistent with (+)-13d.

(3S,4R)- and (3R,4S)-tert-Butyl 3-(3-lodobenzoyl)-4-(4-methoxyquinazolin-7-yl)pyrro-

lidine-1-carboxylate ((+)-13e und (-)-13e).

GP-C1 starting from alkene 10e (100 pg, 240 mmol) (20~mL toluene; 10~equiv. para-
formaldehyde). FC (SiO2; MeOH/CH2Cl, 1:99) and chiral HPLC (Reprosil; 15 mL min!,
hexane/iPrOH/CHCI; 75:3:22) gave pyrrolidines (+)-13e (15 mg, 11%) and (—)-13e (10 mg, 7%)
as yellow oils. This compound is instable and contains impurities in the spectra.

Data for (+)-13e: Rf = 0.27 (CH2Cl2/MeOH 1:19); tr (prep. HPLC) = 61 min (Reprosil, 15 mL

min'; Hex/iPrOH/CHCIl; 75:3:22); [a]p®® = +27.0 (¢ = 0.05 in CHCl3); '"H NMR (400 MHz,
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CDClL): 6=1.49 (s, 9 H; C(CH3)3), 3.57-3.67 (m, 2 H; H-C(2), H-C(5)), 3.92—4.21 (m, 4 H; H-
C(2), B—-C(5), H-C(3), H-C(4)), 4.16 (s, 3 H; OCHa), 7.14 (t, J = 7.8 Hz, 1 H; H-C(5")), 7.40—
7.56 (m, 2 H; H-C(6), H-C(4') or H-C(6")), 7.78-7.89 (m, 3 H; H-C(6') or H-C(4"), H-C(8), H—
C(2"), 8.08-8.13 (m, 1 H; H-C(5")), 8.77 ppm (s, 1 H; H-C(2")); *C NMR (150 MHz, CDCl5):
0 = 28.63 (C(CH3)3), 46.72 und 46.88 (C(4)), 49.44 (C(2)), 52.11 und 52.29 (C(3)), 54.48
(OCH3), 80.16 (C(CH3)3), 124.30 (C(5)), 125.68 (C(8)), 127.40 (C(6)), 128.59, 128.98, 130.59,
133.90, 137.52, 142.58, 151.27 (C(8a")), 154.95 (N-C=0), 155.01 (C(2")), 167.10 (C(4")),
196.97 ppm (C=0) (signals of (4a") und C(7") not visible); IR (ATR): /1= 2969 (w), 2927 (w),
2860 (w), 1682 (s), 1624 (m), 1568 (s), 1496 (m), 1454 (m), 1378 (s), 1255 (w), 1167 (m), 1122
(m), 1100 (s), 976 (w), 877 (m), 796 (w), 770 (w), 749 (w), 730 (s), 688 (s), 645 cm™' (w); HR-
MS (ESI) m/z (%): 622.0288 (74), 560.1041 (27, [M + H]", calcd for C2sH27IN304": 560.1041),
378.1447 (78), 177.1274 (40), 150.0372 (100).

Data for (-)-13e: tr (prep. HPLC) = 85 min; [a]p®® = —32.3 (¢ =0.1 in CHCl3); '"H NMR and

HR-MS (ESI) data consistent with (+)-13e.

(4R,3S)- and (3R ,4S)-tert-Butyl 3-(4-Methoxyquinazolin-7-yl)-4-(3-(trifluoro-methyl)-

benzoyl)pyrrolidine-1-carboxylate ((+)-13f and (-)-13f).

GP-C1 starting from alkene 10f (100 pg, 279 umol). FC (Si02; MeOH/CH2Cl, 1:99) and chiral
HPLC (Reprosil; 15 mL min™', hexane/iPrOH/CHCl3 75:3:22) gave pyrrolidines (+)-13f (10 mg,
7%) and (—)-13f (10 mg, 7%) as yellow oils.

Data for (+)-13f: prep. HPLC: tr = 34 min (Reprosil, 15 mL min™'; Hex/iPrOH/CHCl; 75:3:22);

[a]p® = +57.7 (¢ = 0.05 in CHCL3); 'H NMR (400 MHz, CDCL3): 6= 1.49 (s, 9 H; C(CHs)3),
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3.60-3.70 (m, 2 H; Hi—C(2), Hi=C(5)), 3.96-4.25 (m, 4 H; Hy—C(2), Hy—C(5), H-C(3), H-C(4)),
4.16 (s, 3 H; OCHs), 7.49 (br. d, J = 8.0 Hz, 1 H; H-C(6"), 7.56 (t, J = 7.7 Hz, 1 H; H-C(5),
7.77-7.81 (m, 2 H; H-C(4"), H-C(8")), 8.03 (br. s, 1 H; H-C(2")), 8.05 (d, J = 8.3 Hz, 1 H; H-
C(4), 8.10 (d, J = 8.5 Hz, 1 H; H-C(5")), 8.77 ppm (s, 1 H; H-C(2"):; '3C NMR (150 MHz,
CDCl3): & = 28.63 (C(CHs)3), 46.83 and 46.98 (C(4)), 49.37 (C(2)), 52.07 and 52.37 (C(3)),
53.05 (C(5)), 54.52 (OCHs), 80.34 (C(CHs)s), 115.90 (C(4a")), 123.56 (q, J(C,F) = 272.7 Hz:
CF3), 124.49 (C(5")), 125.37 (q, *J(C,F) = 3.6 Hz; C(2")), 125.38 (C(8")), 125.78 (C(8")), 127.08
and 127.19 (C(6")), 129.68 (C(5")), 130.24 (q, *J(C,F) = 3.2 Hz: C(4")), 131.64 (q, 2J(C,F) = 33.0
Hz; C(3)), 131.64 (C(6"), 136.60 and 136.71 (C(1')), 151.25 (C(8a")), 154.09 and 154.19 (N—
C=0), 155.05 (C(2"), 167.10 (C(4")), 196.81 ppm (C=0); '°F NMR (376 MHz, CDCls): 5= —
62.93 (s; CFs): IR (ATR): /1= 2965 (w), 2924 (m), 2853 (w), 1686 (s), 1624 (m), 1568 (m),
1497 (m), 1455 (m), 1378 (s), 1329 (s), 1256 (w), 1165 (s), 1124 (s), 1256 (w), 1165 (s), 1124
(s), 1097 (s), 1072 (s), 976 (w), 876 (s), 838 (w), 796 (m), 838 (w), 796 (m), 769 (m), 749 (m),
733 (m), 689 (s), 648 cm™' (w); HR-MS (ESI) m/z (%): 524.1765 (38, [M + Na]", caled for
Ca6H26F3N3NaO4": 524.1768), 502.1945 (38, [M + H]", calcd for Ca6H27F3N304": 502.1948),
446.1318 (100, [M — CsHg + H]", caled for C2oH 9F3N304": 446.1322).

Data for (—)-13f: tr (prep. HPLC) = 43 min; [a]p** = —59.6 (c = 0.1 in CHCl3); 'H NMR and HR-

MS (ESI) data consistent with (+)-13f.
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(BR,4S5)- and (4R,3S)-tert-Butyl 3-(4-Methoxyquinazolin-7-yl)-4-(3-(trifluoro-methoxy)-

benzoyl)pyrrolidine-1-carboxylate ((+)-13g and (-)-13g).

OCF,

GP-C2 starting from alkene 10g (100 pg, 267 umol). FC (SiO2; MeOH/CHCl, 1:99) and chiral
HPLC (Reprosil; 15 mL min™!, hexane/iPrOH/CHCls 75:3:22) gave pyrrolidines (+)-13g (10 mg,
7%) and (—)-13g (10 mg, 7%) as clear oils.

Data of (+)-13g: prep. HPLC: fr = 33 min (Reprosil, 15 mL min!; Hex/iPrOH/CHCls 75:3:22);
[a]p?® = +57.7 (¢ = 0.05 in CHCl3); '"H NMR (400 MHz, CDCl3): 6= 1.49 (s, 9 H; C(CHs)3),
3.58{3.66 (m, 2 H; H.—C(2), H:—C(5)), 3.96-4.22 (m, 4 H; Hy—C(2), Hy—C(5), H-C(3), H-C(4)),
4.16 (s, 3 H; OCH3), 7.39 (dm, J = 8.2 Hz, 1 H; H-C(4"), 7.45 (t, /= 7.9 Hz, 1 H; H-C(5")), 7.49
(dd, J = 7.1, 1.1 Hz, 1 H; H-C(6")), 7.69 (br. s, 1 H; H-C(2")), 7.78 (d, J = 8.0 Hz, 1 H; H-
C(6"), 7.81 (br. s, 1 H; H-C(8")), 8.10 (d, J = 8.5, 1 H; H-C(5§")), 8.77 ppm (s, 1 H; H-C(2"));
3C NMR (100 MHz, CDCls): & = 28.62 (C(CH3)3), 46.59 and 46.84 (C(4)), 49.43 and 49.50
(C(2)), 52.33 (C(3)), 54.50 (OCH3), 80.31 (C(CHs)3), 115.88 (C(4a")), 120.44 (q, 'J C,F) =
258.0 Hz; CFs), 120.85, 124.45 (C(5")), 125.75 (C(8")), 126.13, 126.79, 127.23 (arom. C and
C(6")), 130.55, 149.79 (C(3"), 151.29 (C(8a")), 153.14 (N-C=0), 155.04 (C(2")), 167.09
(C(4M), 196.63 ppm (C=0) (2 signals missing); '°F NMR (376 MHz; CDCI3): §= —57.90 ppm
(s, 3 F; OCF3); IR (ATR): /1=2977 (w), 2933 (w), 2888 (w), 1683 (s), 1624 (m), 1568 (s), 1497
(m), 1455 (m), 1378 (s), 1252 (s), 1211 (s), 1155 (s), 1122 (m), 1099 (s), 1001 (w), 976 (w), 876
(m), 845 (w), 796 (w), 770 (W), 749 (w), 732 (m), 688 (m), 658 (w), 633 cm! (w); HR-MS (ESI)
m/z (%): 541.1759 (15), 540.1752 (50, [M + Na]", caled for CasH26F3NaN3Os™: 540.1717),
518.1907 (35, [M + H]", calcd for Ca6H27F3N30s": 518.1897), 462.1276 (100, [M — C4Hs + H]",

caled for C2oHi9F3N304™: 462.1271).
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Data of (-)-13g: tr = 41 min; [a]p*’=—-59.6 (¢ = 0.1 in CHCI3); 'H NMR and HR-MS (ESI) data

consistent with (+)-13g.

(BR,4S5)- and (4R,3S)-tert-Butyl 3-(4-Fluorobenzoyl)-4-(4-methoxyquinazolin-7-yl)pyrro-

lidine-1-carboxylate ((+)-13h and (-)-13h).

GP-C starting from alkene 10h (83 mg, 0.27 mmol) (after addition of Boc2O stirred at 22 °C for
2h 15 min and evaporated). FC (SiO2; MeOH/CH2Cl; 1:99 — 2.5:97.5) and chiral HPLC
(Reprosil; 15 mL min™!, hexane/iPrOH/CHCI; 75:3:22) gave pyrrolidines (+)-13h (30 mg, 25%)
and (-)-13h (24 mg, 20%) as colorless waxes.

Data of (+)-13h: Rf = 0.35 (SiO2; MeOH/CH2Cl> 1:19); tr (prep. HPLC) = 34 min; [a]p®® =
+41.6 (c = 0.1 in CHCl3); 'H NMR (400 MHz, CDCl3; approx. 1:1 mixture of diastereoisomers,
assignment based on HSQC and HMBC spectra of (+)-13h): 6 = 1.50 (s, 9 H; C(CH3)3, 3.56—
3.70 (m, 2 H; H:—C(2), H:—C(5)), 3.96-4.27 (m, 4 H; H,—C(2), H-C(3), H-C(4), H,—C(5)), 4.18
(s, 3 H; OCHa), 7.05-7.15 (m, 2 H; H-C(3")), 7.50 (dd, /= 8.5, 1.4 Hz, 1 H; H-C(6"")), 7.82 (br.
s, | H; H-C(8”")), 7.87-7.97 (m, 2 H; H-C(2’)), 8.11 (d, J = 8.5 Hz, 1 H; H-C(5”’)), 8.79 ppm
(s, 1 H; H-C(2")); '*C NMR (100 MHz, CDCls; approx. 1:1 mixture of diastereoisomers): & =
28.48, 46.43 and 46.68, 49.47, 51.92, 52.22 and 52.53, 54.34, 80.07, 115.68, 116.01 (d, 2J(C,F) =
21.9 Hz; C(3")), 124.21, 125.55, 127.18, 131.12 (d, *J(C,F) = 9.4 Hz; C(4")), 132.48 (d, “J(C,F)

= 5.8 Hz; C(1°)), 146.17 and 146.43, 151.13, 153.99 and 154.08, 154.86, 166.08 (d, 'J(C,F) =
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254.8 Hz; C(4°)), 166.94, 196.25 ppm (C=0); 'F NMR (376 MHz, CDCl3): 6 = (-103.75)—(—
103.61) ppm (m, 1 F); IR (ATR): /1= 2965 (w), 2932 (w), 2872 (w), 1681 (s), 1624 (m), 1597
(m), 1568 (s), 1497 (m), 1454 (m), 1405 (s, sh), 1377 (s), 1364 (s, sh), 1296 (w), 1227 (m), 1156
(s), 1121 (s), 1099 (s), 976 (w), 877 (m), 847 (m), 796 (m), 769 (m), 749 (m), 687 cm™' (m); HR-
MS (ESI): m/z (%): 452.1987 (52, [M + H]", calcd for CasH27FN3O4": 452.1980), 396.1359
(100).

Data of (-)-13h: [a]p**=-39.8 (¢ = 0.1 in CHCI5); tr (prep. HPLC) = 50 min; '"H NMR and HR-

MS (ESI) data consistent with (+)-13h

(BR,45)- and (4R,3S)-tert-Butyl 3-(4-Chlorobenzoyl)-4-(4-methoxyquinazolin-7-yl)pyrro-

lidine-1-carboxylate ((+)-13i and (-)-13i).

GP-C starting from alkene 10i (66 mg, 0.20 mmol) (after addition of Boc,O stirred at 22 °C for
1 h 40 min and evaporated). FC (SiO2; MeOH/CH,Cl> 1:99 — 2.5:97.5) and chiral HPLC
(Reprosil; 15 mL min!, hexane/iPrOH/CHCl3 75:3:22 — 66:4:30) gave pyrrolidines (+)-13i
(20 mg, 21%) and (-)-13i (20 mg, 21%) as colorless waxes.

Data of (+)-13i: Ry= 0.35 (SiO2; MeOH/CH,Cl> 1:19); tr (prep. HPLC) = 32 min; [a]p™® = +26.1
(¢c=0.1 in CHCL3); 'HNMR (400 MHz, CDCls; approx. 1:1 mixture of diastereoisomers,
assignment based on HSQC and HMBC spectra of (+)-13i): 6= 1.50 (s, 9 H; C(CH3)3), 3.56—
3.70 (m, 2 H; Ha—C(2), H:—C(5)), 3.94-4.27 (m, 4 H; Hy—C(2), H-C(3), H-C(4), H,—C(5)), 4.18
(s, 3 H; OCH3), 7.40, 7.82 (AA’MM’, J = 8.5 Hz, 4 H; H-C(3’), H-C(2)), 7.50 (dd, J = 8.5,
1.7Hz, 1 H; H-C(6"")), 7.83 (br. s, 1 H; H-C(8")), 8.11 (d, J = 84 Hz, 1 H; H-C(5)),

8.79ppm (s, 1 H; H-C(2’’)); “CNMR (100 MHz, CDCls; approx. 1:1 mixture of
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diastereoisomers): o = 28.48, 46.42 and 46.72, 49.42, 51.97, 52.21 and 52.59, 54.36, 80.10,
115.69, 124.25, 125.55, 127.13, 129.17, 129.80, 134.29 and 134.36, 140.36, 146.14 and 146.37,
151.11, 153.95 and 154.06, 154.87, 166.95, 197.70 ppm; IR (ATR): /1= 2974 (w), 2937 (w),
2884 (w), 1682 (s), 1624 (m), 1568 (s), 1496 (m), 1454 (m), 1377 (s), 1166 (s), 1092 (s), 1010
(m), 976 (m), 876 (m), 842 (m), 796 (m), 769 (m), 749 (m), 688 cm™' (m); HR-MS (ESI): m/z
(%): 470.1682 (5, [M + H], caled for CasHa7*"CIN3O4": 470.1657), 468.1694 (13, [M + HJ',
caled for C2sHo7* CIN3O4': 468.1685), 414.1046 (28), 412.1066 (85), 149.0236 (100).

Data of (—)-13i: & (prep. HPLC) = 54 min; [a]p?’=—29.4 (¢ = 0.1 in CHCl3); '"H NMR and HR-

MS (ESI) data consistent with (+)—13i.

(BR.,4S)- and (4R,3S)-tert-Butyl 3-(4-Bromobenzoyl)-4-(4-methoxyquinazolin-7-yl)pyrro-

lidine-1-carboxylate ((+)-13j and (-)-13j).

GP-C starting from alkene 10j (67 mg, 0.18 mmol) (after addition of Boc>O stirred at 22 °C for
2h 45 min and evaporated). FC (SiO2; MeOH/CH2Cl, 1:99 — 2.5:97.5) and chiral HPLC
(Reprosil; 15 mL min™!, hexane/iPrOH/CHCl3 75:3:22) gave pyrrolidines (+)-13j (18 mg, 19%)
and (—)-13j (19 mg, 20%) as colorless waxes.

Data of (+)-13j: Rr=0.33 (SiO2; MeOH/CH,Cl, 1:19); tr (prep. HPLC) = 40 min; [a]p*’ = +23.2
(¢c=0.1 in CHCl3); 'HNMR (400 MHz, CDCls; approx. 1:1 mixture of diastereoisomers,
assignment based on HSQC and HMBC spectra of (+)-13j): 0= 1.51 (s, 9 H; C(CH3)3), 3.60 (dd,
J=10.5,7.9 Hz, 1 H; H—C(2 or 5)), 3.64-3.71 (m, 1 H; H:—C(2 or 5)), 3.96-4.26 (m, 4 H; Hy—
C(2), H-C(3), H-C(4), Hx—C(5)), 4.18 (s, 3 H; CH3), 7.49 (dd, J = 8.5, 1.4 Hz, 1 H; H-C(6”")),
7.57,7.74 (AA’MM’, J = 8.6 Hz, 4 H; H-C(2’), H-C(3")), 7.82 (br. s, 1 H; H-C(8"")), 8.11 (d, J

= 8.5 Hz, 1 H; H-C(5”")), 8.80 ppm (s, 1 H; H-C(2’")); *C NMR (100 MHz, CDCl3; approx. 1:1
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mixture of diastereoisomers): 0 = 28.48, 46.43 and 46.74, 49.39, 51.91 and 51.97, 52.20 and
52.60, 54.36, 80.11, 115.72, 124.26, 125.57, 127.10, 129.13, 129.87, 132.17, 134.70, 146.16 and
146.34, 151.13, 153.97 and 154.03, 154.88, 166.95, 196.93 ppm; IR (ATR): /1= 2974 (w), 2937
(w), 2876 (w), 1682 (s), 1624 (m), 1581 (m), 1567 (m), 1496 (m), 1454 (m), 1377 (s), 1256 (w),
1167 (m), 1121 (m), 1098 (m), 1070 (m), 1007 (m), 976 (w), 877 (m), 839 (m), 796 (m), 769
(m), 749 (m), 688 cm™! (m); HR-MS (ESI): m/z (%): 514.1168 (69, [M + H]", calcd for
C2sH27%'BrN3O4™: 514.1160), 512.1183 (73, [M + H]", caled for CasHa7”BrN3;O4™: 512.1179),
458.0540 (99), 456.0556 (100).

Data of (-)-13j: tr (prep. HPLC) = 58 min; [a]p**=-23.1 (¢ = 0.1 in CHCIl3); 'H NMR and HR-

MS (ESI) data consistent with (+)-13j

(BR.,4S)- and (4R,3S)-tert-Butyl 3-(4-Iodobenzoyl)-4-(4-methoxyquinazolin-7-yl)pyrro-

lidine-1-carboxylate ((+)-13k and (-)-13k).

GP-C starting from alkene 10k (170 mg, 0.33 mmol) (in 8 mL tolulene; second addition of
glycine and para-formaldehyde at 120 °C; after addition of Boc2O stirred at 22 °C for 2.5 h).
FC (SiO2; MeOH/CHxCl, 1:99 — 2.5:97.5) and chiral HPLC (Reprosil; 15 mL min,
hexane/iPrOH/CHCIl3; 75:3:22) gave pyrrolidines (+)-13k (42 mg, 23%) and (—)-13k (42 mg,
23%) as colorless waxes.

Data for (+)-13k: R = 0.29 (SiO2; MeOH/CH,Cl> 1:19); tr (prep. HPLC) = 41 min; [a]p®® =
+18.4 (¢ =0.1 in CHCIl3); '"H NMR (400 MHz, CDCls; approx. 1:1 mixture of diastereoisomers,
assignment based on HSQC and HMBC spectra of (+)-13k): 6= 1.51 (s, 9 H; C(CHs)3), 3.55—

3.72 (m, 2 H; Ho-C(2), Ha-C(5)), 3.93-4.27 (m, 4 H; Hy-C(2), H-C(3), H-C(4), H-C(5)), 4.19
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(s, 3 H; OCHz3), 7.49 (dd, J= 8.5, 1.6 Hz, 1 H; H-C(6")), 7.58, 8.02 (AA’MM’, J=8.3 Hz, 4 H;
CeHal), 7.82 (br. s, 1 H; H-C(8")), 8.11 (d, J = 8.5 Hz, 1 H; H-C(5”’)), 8.80 ppm (s, 1 H; H-
C(2")); *C NMR (100 MHz, CDCls; approx. 1:1 mixture of diastereoisomers, assignment based
on HSQC and HMBC spectra of (+)-13k): 6 = 28.48 (C(CH3)3), 46.39 and 46.75 (C(3 or 4)),
49.37 (C(2 or 5)), 51.91 (C(2 or 5)), 52.20 and 52.54 (C(3 or 4)), 54.37 (OCHs), 80.10
(C(CHs)s), 102.00 (C(4)), 115.70 (C(4a’*)), 124.26 (C(5)), 125.56 (C(8")), 127.11 (C(6")),
129.69 (C(37)), 135.25 (C(17)), 138.18 (C(2’)), 146.35 (C(7°’)), 151.10 (C(8a’*)), 154.04 (CO»),
154.88 (C(27)), 166.96 (C(4°")), 197.26 ppm (C=0); IR (ATR): /1= 2973 (w), 2937 (w), 2872
(W), 1682 (s), 1623 (w), 1579 (m), 1567 (m), 1496 (m), 1454 (m), 1378 (s), 1167 (m), 1121 (m),
1098 (m), 1058 (m), 1003 (m), 877 (m), 836 (w), 796 (m), 769 (m), 749 (m), 688 cm™' (m); HR-
MS (ESI): m/z (%): 560.1039 (44, [M + H]", calcd for C2sH27IN304": 560.1041), 504.0407 (100),
150.0367 (47).

Data for (-)-13k: fr (prep. HPLC) = 60 min; [a]p*® = —18.9 (¢ =0.1 in CHCl3); 'H NMR and

HR-MS (ESI) data consistent with (+)-13k

(BR.,4S5)- and (4R ,3S)-tert-Butyl 3-(4-Methoxyquinazolin-7-yl)-4-[4-(trifluoromethyl)-

benzoyl]|pyrrolidine-1-carboxylate ((+)-131 and (-)-131).

GP-C starting from alkene 101 (220 mg, 0.14 mmol) (addition of 15 equiv. of para-
formaldehyde; second addition of glycine and para-formaldehyde at 120 °C). FC (SiOy;
MeOH/CH>Cl,  1:99 — 2.5:97.5) and chiral HPLC (Reprosil; 15mL min’,
hexane/iPrOH/CHCI3 75:3:22) gave pyrrolidines (+)-131 (15 mg, 8%) and (—)-131 (17 mg, 9%) as

colorless waxes.
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Data of (+)-131: R¢= 0.35 (SiO2; MeOH/CHCl> 1:19); tr (prep. HPLC) = 28 min; [a]p*® = +38.5
(¢c=0.1 in CHCl3); 'HNMR (400 MHz, CDCls; approx. 1:1 mixture of diastereoisomers,
assignment based on HSQC and HMBC spectra of (+)-131): 6= 1.51 (s, 9 H; C(CH3)3), 3.63 (dd,
J=10.8, 8.0 Hz, 1 H; H-C(2 or 5)), 3.66-3.74 (m, 1 H; H-C(2 or 5)), 3.96-4.24 (m, 4 H; H-
C(2), H—C(3), H—C(4), H-C(5)), 4.18 (s, 3 H; OCH3), 7.50 (dd, J = 8.5, 1.7 Hz, 1 H; H-C(6"")),
7.69, 7.98 (AA’BB’, J = 8.2 Hz, 4 H; C¢H4CF3), 7.83 (br. s, 1 H; H-C(8")), 8.12 (d, J = 8.5 Hz,
1 H; H-C(5")), 8.80 ppm (s, 1 H; H-C(2’*)); 3*C NMR (100 MHz, CDCls; approx. 1:1 mixture
of diastereoisomers, assignment based on HSQC and HMBC spectra of (+)-131): 6 = 28.47
(C(CHs)3), 46.46 and 46.78 (C(3 or 4)), 49.24 (C(2 or 5)), 51.89 and 52.16 (C(2 or 5)), 52.36 and
53.01 (C(3 or 4)), 54.37 (OCH3), 80.19 (C(CH3)3), 115.74 (C(4a”)), 123.36 (q, 'J(C,F) =
271.3 Hz; CF3), 124.33 (C(5")), 125.62 (C(8>")), 125.89 (q, *J(C,F) = 3.7 Hz; C(3’)), 127.00
(C(6”)), 128.74 (C(2)), 134.95 (q, 2J(C,F) = 32.7 Hz; C(4°)), 138.62 and 138.65 (C(1")), 145.95
and 146.16 (C(7°)), 151.13 (C(8a’’)), 153.95 and 154.05 (CO2), 154.93 (C(2”’)), 166.95
(C(4°)), 197.12 ppm (C=0); FNMR (376 MHz, CDCl3): § = -63.28 ppm (s, 3 F; CF3); IR
(ATR): f1=12977 (w), 2941 (w), 2884 (w), 1687 (m), 1624 (w), 1568 (m), 1497 (w), 1455 (m),
1409 (m, sh), 1379 (s), 1323 (s), 1167 (s), 1127 (s), 1066 (s), 1013 (m), 877 (m), 769 (m), 749
(m), 688 cm™ (m); HR-MS (ESI): m/z (%): 502.1950 (48, [M + H]", calcd for CasH27F3N304™:
502.1948), 446.1327 (100).

Data of (-)-131: t (prep. HPLC) = 34 min; [a]p**=-37.2 (¢ = 0.1 in CHCl3); 'H NMR and HR-

MS (ESI) data consistent with (+)-131
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(BR,4S5)- and (4R,35)-tert-Butyl 3-(4-Methoxyquinazolin-7-yl)-4-(4-(trifluoromethoxy)-

benzoyl)pyrrolidine-1-carboxylate ((+)-13m and (—)-13m).

GP-C1 starting from alkene 10m (100 pg, 267 umol). FC (SiO2; MeOH/CH>Cl; 1:99) and chiral
HPLC (Reprosil; 15 mL min!, hexane/iPrOH/CHCIl3 75:3:22) gave pyrrolidines (+)-13m
(12 mg, 9%) and (-)-13m (12 mg, 9%) as clear oils.

Data of (+)-13m: prep. HPLC: fr = 34 min (Reprosil, 15 mL min™'; Hex/iPrOH/CHCls 75:3:22);
[a]p?® = +57.6 (¢ = 0.05 in CHCl3); '"H NMR (400 MHz, CDCl3): 6 = 1.49 (s, 9 H; C(CH:s)3),
3.57{3.66 (m, 2 H; H:—C(2), H-—C(5)), 3.95-4.24 (m, 4 H; Hy—C(2), H,—C(5), H-C(3), H-C(4)),
4.16 (s, 3 H; OCH3), 7.22 (dd, J = 8.8 Hz, °J(C,F) = 0.8 Hz, 1 H; H-C(3")), 7.47 (dd, J= 8.5, 1.8
Hz, 1 H; H-C(6")), 7.80 (br. s, 1 H; H-C(8")), 7.91 (d, J = 8.5 Hz, 2 H; H-C(2")), 8.09 (dd, J =
8.4, 0.5 Hz, 1 H; H-C(5")), 8.77 ppm (s, 1 H; H-C(2")); *C NMR (100 MHz, CDCl3): § =
28.63 (C(CHs3)3), 46.83 and 46.87 (C(4)), 49.51 (C(2)), 52.02 and 52.35 (C(3)), 52.24 (C(5)),
54.50 (OCH3), 80.28 (C(CHa)3), 115.84 (C(4a")), 120.33 (q, 'J(C,F) = 260.2 Hz; CF3), 120.65
(g, *J(C,F) = 0.8 Hz; C(3"), C(5"), 124.41 (C(5")), 125.72 (C(8")), 127.24 (C(6")), 130.62 (C(2"),
C(6"), 134.29 (C(1")), 146.44 (C(7")), 151.27 (C(8a")), 153.18 (N-C=0), 155.04 (C(2")), 167.09
(C(4M), 196.52 ppm (C=0); ’F NMR (376 MHz; CDCl3): § = -57.32 ppm (t, J = 1.0 Hz, 3 F;
OCF3); IR (ATR): /1=2972 (w), 2937 (w), 2884 (w), 1683 (s), 1624 (m), 1602 (w), 1568 (m),
1497 (m), 1455 (m), 1378 (s), 1252 (s), 1208 (s), 1162 (s), 1122 (s), 1099 (s), 1013 (W), 977 (W),
920 (w), 877 (m), 796 (w), 770 (w), 749 (w), 731 (m), 688 (m), 656 (w), 612 cm™' (w); HR-MS
(ESD) m/z (%): 541.1743 (29), 540.1760 (100, [M + Na]", caled for CasH26F3NaN3Os':
540.1717), 518.1888 (34, [M + H]", calcd for CasH27F3N30s5": 518.1897), 462.1258 (86, [M —

CaHs + HJ', caled for CooH oF3N304™: 462.1271), 304.2670 (50).
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Data of (-)-13m: 1 = 42 min; [a]p?® = —58.1 (¢ =0.1 in CHCI3); '"H NMR and HR-MS (ESI)

data consistent with (+)-13m.

(BR,4S5)- and (4R,3S)-tert-Butyl 3-(4-Methoxyquinazolin-7-yl)-4-(thien-2-ylcarbonyl)-

pyrrolidine-1-carboxylate ((+)-13n and (-)-13n).

GP-C starting from alkene 10n (105 mg, 0.35 mmol) (in 10~mL toluene; addition of 9~equiv. of
para-formaldehyde; second addition of glycine and para-formaldehyde at 120 °C; after addition
of BocoO stirred for 1 h). FC (SiO2; MeOH/CH2Cl; 1:99 — 2.5:97.5) and chiral HPLC
(Reprosil; 15 mL min~!, hexane/iPrOH/CHCIl; 75:3:22 — 65:5:30) gave pyrrolidines (+)-13n
(15 mg, 10%) and (—)-13n (16 mg, 10%) as colorless waxes.

Data of (+)-13n: Rf = 0.40 (SiO2; MeOH/CH2ClL, 1:19); [a]p®® = +62.3 (¢ =0.1 in CHCl3);
'HNMR (400 MHz, CDCls; approx. 1:1 mixture of diastereoisomers, assignment based on
HSQC and HMBC spectra of (+)-13n): 6= 1.50 (s, 9 H; C(CH3)3), 3.60-3.74 (m, 2 H; H:—C(2),
Ha—C(5)), 3.94-4.23 (m, 4 H; H,—C(2), H-C(3), H-C(4), H,—C(5)), 4.17 (s, 3 H; OCH3), 7.07
(dd, J=4.8,3.9 Hz, 1 H; H-C(4)), 7.50 (d, /= 8.4 Hz, 1 H; H-C(6")), 7.60-7.68 (m, 2 H; H-
C(3’), H-C(57)), 7.84 (s, 1 H; H-C(8"")), 8.10 (d, /= 8.5 Hz, 1 H; H-C(5")), 8.79 ppm (s, 1 H;
H-C(2*)); *C NMR (100 MHz, CDCl3; approx. 1:1 mixture of diastereoisomers, assignment
based on HSQC and HMBC spectra of (+)-13n): 6= 28.49 (3 C; C(CH3)3), 46.76 and 47.04 (C(3
or 4)), 49.70 and 49.81 (C(2 or 5)), 52.00 and 52.27 (C(2 or 5)), 53.25 and 54.00 (C(3 or 4)),
54.34 (OCHs), 80.02 (C(CHz)3), 115.72 (C(4a’)), 124.19 (C(57’)), 125.57 (C(8’*)), 127.20
(C(67)), 128.39 (C(4’)), 132.59 (C(3”)), 134.93 (C(5’)), 143.53 and 143.67 (C(2’)), 146.00 and

146.25 (C(77)), 151.13 (C(8a™)), 154.03 (CO,), 154.81 (C(2”)), 166.94 (C(4°")), 190.54 ppm
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(C=0); IR (ATR): /1= 2965 (w), 2926 (w), 2862 (W), 1686 (s), 1656 (m), 1624 (m), 1577 (m,
sh), 1567 (s), 1495 (m), 1452 (m), 1404 (s), 1391 (s), 1378 (s), 1365 (s), 1345 (s), 1284 (m),
1260 (m), 1235 (m), 1201 (m), 1164 (m), 1126 (m), 1099 (m), 1054 (m), 980 (w), 970 (w), 880
(m), 845 (m), 800 (m), 770 (m), 738 (s), 688 cm™! (s); HR-MS (ESI): m/z (%): 440.1626 (26, [M
+ H]", caled for C23H26N304S™: 440.1639), 384.1000 (100).

Data of (-)-13n [a]p** = -70.5 (¢ =0.1 in CHCl3); '"H NMR and HR-MS (ESI) data consistent

with (+)-13n.

(BR.,4S)- and (4R,3S)-tert-Butyl 3-[(5-Chlorothien-2-yl)carbonyl]-4-(4-methoxy-quinazolin-

7-yDpyrrolidine-1-carboxylate ((+)-130 and (-)-130).

GP-C starting from alkene 100 (100 mg, 0.30 mmol) (in 14~mL toluene; addition of 3 an
6~equiv. of para-formaldehyde; second addition of glycine and para-formaldehyde at 120 °C).
FC (SiO2; MeOH/CH:Cl, 1:99 — 2.5:97.5) and chiral HPLC (Reprosil; 15 mL min,
hexane/iPrOH/CHCIl; 75:3:22 — 66:4:30) gave pyrrolidines (+)-130 (25 mg, 17%) and (-)-130
(24 mg, 17%) as colorless waxes.

Data of (+)-130: Rf= 0.24 (SiO2; MeOH/CH:Cl, 1:19); tr = 36 min; [a]p*° = +84.0 (c=10.1 in
CHCI3); '"H NMR (400 MHz, CDCl;s; approx. 1:1 mixture of diastereoisomers, assignment based
on HSQC and HMBC spectra of (+)-130): 6= 1.50 (s, 9 H; C(CHs)3), 3.60-3.72 (m, 2 H; Ha—
C(2), H:—C(5)), 3.93-4.13 (m, 4 H; Hy—C(2), H-C(3), H-C(4), Hv—C(5)), 4.18 (s, 3 H; OCH3),
6.88 (d, J=4.1 Hz, 1 H; H-C(4")), 7.38 (br. s, 1 H; H-C(5")), 7.48 (dd, J = 8.4, 1.7 Hz, 1 H; H-
C(6)), 7.82 (br. s, 1 H; H-C(8"")), 8.11 (d, J = 8.4 Hz, 1 H; H-C(5"")), 8.80 ppm (s, 1 H; H-

C(2)); 3C NMR (100 MHz, CDCls; approx. 1:1 mixture of diastereoisomers, assignment based
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on HSQC and HMBC spectra of (+)-130): 6 = 28.48 (C(CHz3)3), 46.89 and 47.17 (C(3 or 4)),
49.62 and 49.71 (C(2 or 5)), 52.00 and 52.25 (C(2 or 5)), 52.48 and 53.22 (C(3 or 4)), 54.37
(OCHs), 80.11 (C(CHs3)3), 115.77 (C(4a’’)), 124.30 (C(5)), 125.53 (C(8’’)), 127.09 (C(6")),
127.85 (C(4)), 132.09 (C(3’)), 141.20 (C(5)), 142.14 and 142.22 (C(2’)), 145.71 and 145.95
(C(77)), 151.11 (C(8a’’)), 153.97 and 154.01 (CO2), 154.89 (C(2’)), 166.96 (C(4)),
189.74 ppm (C=0); IR (ATR): 1= 2975 (w), 2937 (W), 2884 (w), 1690 (m), 1656 (m), 1624
(m), 1567 (m), 1496 (m), 1454 (m), 1407 (s), 1376 (s), 1325 (m), 1163 (m), 1120 (m), 1098 (m),
1016 (m), 975 (w), 878 (m), 796 (m), 769 (m), 749 (w), 687 cm™!' (m); HR-MS (ESI): m/z (%):
476.1234 (18, [M + H]", calcd for C23Ha5*’CIN304S™: 476.1221), 474.1255 (42, [M + H]", calcd
for C23Has*>CIN304S*: 476.1249), 420.0605 (41), 418.0631 (100).

Data of (-)-130: fr = 50 min; [a]p**=-91.0 (c = 0.1 in CHCI3); '"H NMR and HR-MS (ESI) data

consistent with (+)-130.

(BR.,4S)- and (4R,3S)-tert-Butyl 3-(5-Bromothioene-2-carbonyl)-4-(4-methoxy-quinazolin-7-

yDpyrrolidine-1-carboxylate ((+)-13p and (-)-13p).

GP-C1 starting from alkene 10p (100 pg, 266 umol) in toluene (20 mL). FC (SiOy;
MeOH/CH:Cl, 1:99) and chiral HPLC (Reprosil; 15 mL min!, hexane/iPrOH/CHCl; 75:3:22)
gave pyrrolidines (+)-13p (10 mg, 7%) and (—)-13p (10 mg, 7%) as yellow oils.

Data of (+)-13p: prep. HPLC: tr: 48 (Reprosil, 15 mL min~!; Hex/iPrOH/CHCls 75:3:22); [a]p®
= +72.4 (¢ = 0.1 in CHCl3); '"H NMR (600 MHz, CDCl3): §=1.49 (s, 9 H; C(CH3)3), 3.57-3.71
(m, 2 H; H-—C(2), H:—C(5)), 3.924.11 (m, 4 H; H—C(2), Hv—C(5), H-C(3), H-C(4)), 4.19 (s, 3

H; OCHs), 7.03 (d, /= 3.9 Hz, 1 H; H-C(4"), 7.35 (d, J= 3.9 Hz, 1 H; H-C(3"), 7.50 (br. d, J =
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8.4 Hz; H-C(6")), 7.90 (br. s, 1 H; H-C(8")), 8.12 (d, J=8.1 Hz, 1 H; H-C(5")), 8.81 ppm (br. s,
1 H; H-C(2)); *C NMR (150 MHz, CDCls): 5= 28.63 (C(CH3)3), 47.00 and 47.32 (C(4)), 49.79
and 49.92 (C(2)), 52.41 (C(3)), 52.81 (C(5)), 54.90 (OCHs), 80.31 (C(CHa3)3), 115.76 (C(4a")),
124.56 (C(5"), 131.65, 131.72, 132.97, 145.09, 146.56, 154.13, 154.60 (d; C(2)), 167.52 (q;
C(4"), 189.62 ppm (s; C=0); IR (ATR): /1= 2953 (w), 2922 (m), 2851 (w), 1688 (m), 1657
(m), 1624 (w), 1568 (w), 1523 (w), 1497 (m), 1455 (m), 1405 (s), 1377 (s), 1320 (w), 1258 (w),
1163 (m), 1121 (s), 1098 (s), 975 (w), 878 (m), 796 (m), 770 (w), 749 (m), 730 (s), 688 cm'(w);
HR-MS (ESI) m/z (%): 520.0724 (45, [M + H]", caled for Ca3Has®'BrN304S™: 520.0729),
518.0741 (45, [M + HJ', caled for CaHas”BrN3O4S™: 518.0744), 464.0093 (98, [M—
C4Hs + HJ, calcd for C19H;7%'BrN304S™: 464.0097), 462.0113 (100, [M — C4Hs + H]", calcd for
C19H17""BrN304S™: 462.0118).

Data of (—)-13p: & = 78 min; [a]p?’= —68.0 (c = 0.1 in CHCl3); 'H NMR and HR-MS (ESI) data

consistent with (+)-13p.
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S6. 'H and *C NMR spectra

As an example, the HSQC and COSY NMR spectra of (+)-1i are included.
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Figure S7. '"H NMR spectrum of (+)-1a in (CD3)2SO, 600 MHz, 298 K and

13C NMR spectrum of (+)-1a 3 in (CD3)SO, 150 MHz, 298 K.
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95



TS9E'E~_

ey
£018°€~
1588°c
0965

L8T8t)
SQ,.\N
€199

9ELYL
9595°2
wmvaV

12992
wmww.m\

8€50'8
.08
6L11°8

02L8°6~
18€5°6—

Teeeei—

"

Toey

FSL1

S6'€
Mam.o
00T

IT'1T
WNN.H

[4s
89'T

TFost

1 (ppm)

Figure S10. '"H NMR spectrum of (+)-1b in (CD3),SO, 600 MHz, 298 K.

615799~
€07 L~
65£9°05~
8910157

9€6L V1T
TEV6PTT
2949°0¢1
€218°0CT
€eLS T
0TvS'vZT
€655°¥CT
S618°SCT
8YTE9CT
v16v°92T
15€5°8CT
Hmwm.mwﬂy
mmmmdeV
¥826°0€T
LETILET
wmmo.nﬂv.

0LEYPYT~_
26£6'SYT—
¥S92°8YT-"

YEIT 09T~
L82T°191—
9952°291"

WQRN.mmﬁ
womw.wmﬁv

20

30

50

60

90 80

100

f1 (ppm)

Figure S11. 3C NMR spectrum of (+)-1b in (CD3).SO, 150 MHz, 298 K.

200 190 180 170 160 150 140 130 120 110

210

96



b “mo “om I
3 S Rea BnS8n RER
a g S0na nNS8 NR2
~N LR ] 285 ®Nin
] oo ©w SYYY mom
A% AN'd N NS

< n oo - L

2 g 8 =2 ) 5

— - - — -

L o S s S S e I T
7.78 776 7.74 7.72 7.70 7.68 7.66 7.64 7.62 7.60 7.58 7.56 7.54 7.52 7.50 7.48 7.46
1 (ppm)

:

— T T -, y T T
L A rrnrerrl X A
© == S QoQo-—~ © QN
= i SOSSSCI 5 oo
125 12.0 115 110 10.5 10.0 9.5 9.0 8.5 8.0 7.5 7. 11645 ) 6.0 5.5 5.0 4.5 4.0 35 3.0 2.5 2.0 15 1.0 0.5
o

Figure S12. '"H NMR spectrum of (+)-1¢ in (CD3)2SO, 600 MHz, 298 K.

. .
© = NN
i i T

‘ ‘
Dl Il

|
‘
‘ |
‘
‘ ‘
‘

Figure S13. >*C NMR spectrum of (+)-1¢ in (CD3)2SO, 150 MHz, 298 K.

97



ZhEY E—

8EERE—

8985t
6809't
6629t
PALTRY

295727
Y92y L
196b°2
1625°2
9EES L
86vS'L
THSS L
22Y9°LA|
SLY9 L
86592
1599'2
89/9°2
BS.N%
2£69'2-

veeL L
82522
8S€0°'8
79508
8SET'8-
TS9b'6—
LYS9'6—

952€2T—

Fsee
Fooe

e

;—,Ywm.m

65
f1(ppm)

7.0

7.5

"H NMR spectrum of (-)-1¢ in (CD3)2SO, 600 MHz, 298 K.

Figure S14

b —

5608°€—

7595t
Y285t

9209t
mmNo.wW

LL8€°L
Y6012
€8Z1L
6205°L
12052
SETSL
8125
¥8L9'L
€289

6S9L°L
Y0LLL
YE8LL

788L°L
€SE0'8
65508
6€0T'8
9TTE 6~
9Shy'6—

8062721 —

Fose
Feee

Fuiez

20T
Zoot
=0T
ozz

80°T
Wwo.o

60T
FeeT

wﬁmvw

98

S15. 'H NMR spectrum of (-)-1d in (CD3),SO, 600 MHz, 298 K.

Figure



HCI

vLE0°8
18€0'8
01508
81508
mqwﬁ.w\‘
Nmmﬁ.w

8S2Y'6—
78096 —

L60€°2T—

TH9E'E
85LE7E~
7L8€° €]

TP6E°L
Mmmm.N/.
TL0¥°L
ﬁmoTNv.
NoNv.n\
112v's
1125°2
1324 WA
6vES LT
mNMm.n\

SLLY L~
$089°2

0£922—
8Y6LL—

7.4

75

76
f1(ppm)

LT

Fose

=IET

MH\OMA
ESET

~{Fse1

Nowm.mw/
otz L=
80€8°05~
8852157

mNow.:ﬁ
?NMO.NNH/
6.¥0°921
814921
2045921
62221
0TS60€T
L8ST'TET
£69€°96T
662S°LET
1589'bT~
6866°SYT—
VESS'SYT

TP0E'09T—

99€€796T—

Figure S16. '"H NMR spectrum of (+)-1d in (CD3).SO, 600 MHz, 298 K.

136 134 132 130 128 126 124 122 120
f1 (ppm)

138

140

190 180 170 160 150 140 130 120 110 100 90
f1 (ppm)

200

13C NMR spectrum of (+)-1d in (CD3).SO, 150 MHz, 298 K.

Figure S17

99



HCI

282°€
v8/€
962" mv T
208°€ T~
655
085t ~__
609'% T~
219y
TR
_
~N
o~
N
%mm.
(2a}
~N
N
~
VENE
rO.
wmm. ~
Frzp s
~NE
1826~ g
0Tr'6~" T«. e
o
7o ™~
o
0

83 82 81

8.4

%No.m

Foot

Freo

13.0 12.5 12.0 11.5 11.0 10.5 10.0 9.5 9.0 8.5

3.0 25 2.0 1.5 1.0 0.5

4.0 3.5

5.0 4.5

7.0 6.5 6.0 5.5
f1 (ppm)

8.0 7.5

HCI

6/5S°E~_
1889°€~
825276~
8298°¢/

TL59°F
0TL9'P

8989
moomé\

€66£6—
6095°6—

6852°CT—

Figure S18. '"H NMR spectrum of unstable (-)-1e in (CD3).SO, 600 MHz, 298 K.

8EL9L
6.9 NV
2289 L
12989’ m“
1669°L

6EERL—

91672
ﬁhﬁm.u/.
Z816°L—
1826°L-F
ﬁog.m\“
Y1€67L

6100 8—
LST0'8—

€2908—
§S208—
10608 —

7.85 7.80 7.75 7.70 7.65

7.90
1 (ppm)

i

Figure S19. '"H NMR spectrum of (-)-1f in (CD3)2SO, 600 MHz, 298 K.

8.10 8.05 8.00 7.95

8.15

L

L

Ev6C
Fue

EvyT

20T
L6'T
00'T
MTOH
2660
Mmoﬁ
$8°0

Es61
Fe61

Fere

6.5 6.0
f1 (ppm)

7.0

120 115 110 105 100

125

100



</

HN™4"

9668°99
TVET LV~
9896'05~
68cr1s7

TSvTe9—

9S22°69—

0212°921
€26¥°921
ST2T62T~,

YSEE6LT
98¥5°621
YPIT0ET
o¢w~.mm~\
ZLTE9ET
ETVSvPI~

vL8SYT
2L28°8Y1—

¥182°021
0508°T2T
§485°221
14438741
mmwm.qwﬁ/

60T€°09T—

0¥95°96T—

40

50

190 180 170 160 150 140 130 120 110 100
1 (ppm)

200

Figure S20. °C NMR spectrum of (+)-1f in (CD3).SO, 600 MHz, 298 K.
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Figure S30. COSY spectrum of (+)-1i in (CD3)2S0O, 400 MHz, 298 K.
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Figure S31. HSQC spectrum of (+)-1i in (CD3),SO, 400 MHz, 298 K, part I
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Figure S33. '"H NMR spectrum of (-)-1i in (CD3).SO, 400 MHz, 298 K.
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Figure S50. '"H NMR spectrum of (—)-10 in (CD3)SO, 400 MHz, 298 K.
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Figure S63. 'H NMR spectrum of 4e in CDCls, 400 MHz, 298 K.
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Figure S69. 'H NMR spectrum of 4h in CDCls, 400 MHz, 298 K.
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