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ABSTRACT: Naturally occurring isoquinolones have gained
considerable attention over the years for their bioactive properties.
While the late-stage introduction of various functionalities at
certain positions, namely, C-3, C-4, and C-8, has been widely
documented, the straightforward introduction of challenging sp3

carbon-linked acyclic aminoalkyl or aza- and oxacyclic appendages
at C-6 and C-7 remains largely underexplored. Interest in 6-
substituted azacyclic analogues has recently garnered attention in
connection with derivatives exhibiting anticancer activity. Reported
here is the first application of the versatile and recently emerging
field of Ni-catalyzed reductive cross-coupling reactions to the
synthesis of 6- and 7- hetero(cyclo)alkyl-substituted isoquinolones.
In a second and complementary approach, a new set of C-6- and C-
7-substituted positional isomers of hetero(cyclo)alkyl appendages were obtained from the merging of photocatalytic and Ni-
catalyzed coupling reactions. In both cases, 6- and 7-bromo isoquinolones served as dual-purpose reacting partners with readily
available tosylates and carboxylic acids, respectively.

■ INTRODUCTION

Isoquinolones are among a small subgroup of heteroaromatic
natural products isolated from plant sources.1 They are
frequently substituted with a hydroxy or methoxy group at
C-6 (and C-7) as in doryphornine,2 siamine,3 coryaldine,1

dorianine,4 thalflavine,5 and ruprechtstyril6 (Figure 1).
The isoquinolone core motif can also be found in tricyclic

alkaloids such as lycoricidine7 and narciclasine.8 The
heteroaromatic bicyclic structure of isoquinolone encompass-
ing a “cis-amide” group has long been recognized for its

potential to mimic peptide sequences.9 The utility of
isoquinolones as core structures, upon which diverse functional
groups can be introduced, has led to a plethora of compounds
exhibiting anticancer,10 antifungal,11 antiallergic,12 and anti-
psychotic13 activities to mention a few (Figure 2).
It is also of interest that a number of bioactive isoquinolones

carry N-substituents in conjunction with carbon-bearing
appendages at other positions.14 The advent of transition-
metal-catalyzed bond-forming reactions15 has enabled the
functionalization of diverse positions on aromatic and
heteroaromatic rings. In the isoquinolone series, the C-3
position is amenable to substitution by means of a C−H
activation process involving a directing group such as an N-
pyridyl16 or N-pyrimidyl17 functionality. The inherent
nucleophilic properties of isoquinolone, as well as the directing
ability of the 1-oxo group, enable the introduction of
substituents at C-418 and C-8,16a,18a,b,19 respectively. A large
variety of functionalities have thus been introduced on the
isoquinolone skeleton including (hetero)aryls,16c,e,17a,18a alke-
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Figure 1. Selected isoquinolone natural products.
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nes,16h,17a,19 alkynes,17b,18b alkyls,16b,d,g,k dienes,16j and various
heteroatoms.16a,f,i,18c−h

Direct introduction of substituents at C-6 and C-7 in
isoquinolones is scarce and requires prefunctionalization. In
this regard, 6-bromo isoquinolone is a pivotal substrate for the
introduction of arene moieties at C-6, which can be readily
achieved via metal-catalyzed arylation.20 It is interesting to
mention that the substitution of the 6-methoxy ether group in
naturally occurring alkaloids such as doryphornine by ether-
tethered azacyclic equivalents led to inhibitors of Rho kinase.21

Increasing the sp3 character of bioactive compounds often
comprising stereogenic carbon atoms has proven beneficial for
both their physical22 and chemical properties.22,23 There are, to
the best of our knowledge, scant reports of isoquinolones that
bear sp3 carbon-linked acyclic aminoalkyl, or aza- and oxacyclic
appendages at C-6 and C-7. The importance of the
aforementioned modifications became evident with the recent
report of 6-(3-azetidinyl-N-acryloyl) isoquinolones that show
activity greater than 50% against KRAS G12C-mutant cancer
cells after a 30 min incubation period (Figure 2).24 This
particular mutant has been labeled as an “undruggable” target
in exploring elegant solutions to the KRAS mutation problem,
as recently reported by the pioneering efforts by the Amgen
group.25 Being cognizant of the need to introduce related
saturated heterocycles at positions 6 and 7 in the isoquinolone
core by alternative methods, especially those containing usable
functionality on resident stereogenic centers, we explored two
complementary approaches toward this objective (Figure 3).
In the first of these, we were inspired by the scholarly

contributions of Weix,26 Gong,27 and Molander28 relying on
well-precedented Ni-catalyzed reductive cross-coupling reac-
tions involving alkyl (sp3) and aryl or heteroaryl (sp2) reacting
partners.29

In the second approach, we capitalized on the recent
innovative methods of merged photocatalytic and Ni-catalyzed

coupling reactions pioneered by MacMillan30,31 to forge the
same reaction between heteroaryl and a series of aza- and
oxacyclic α-carboxylic acids toward C-6 and C-7 sp3/sp2-
substituted isoquinolones for the first time.

■ RESULTS AND DISCUSSION
We began our investigations with the Ni-catalyzed reductive
cross-coupling reaction of N-benzyl 6-bromo isoquinolone 1a
with N-Boc-4-tosyloxy-piperidine (2a) as a test substrate
following similar conditions established by Molander and co-
workers28b (Scheme 1). Thus, using 3 equiv of the tosylate,
NiBr2·glyme (5 mol %), 4,4′-di-tert-butyl 2,2′-dipyridyl (4,4′-
dtbp) (5 mol %), Mn0 as the reductant (2 equiv), KI (1 equiv),
4-ethyl pyridine (1 equiv), and N,N-dimethylacetamide
(DMA) as solvent at 80 °C led to the desired cross-coupling
product 3 in a 90% yield and only trace amounts of biaryl
byproduct 4. Following the same general protocol, we engaged
the tosyloxy derivatives of a variety of azacyclic and oxacyclic
compounds in the same cross-coupling reaction to furnish the
corresponding C-6-substituted N-Bn-isoquinolones. The re-
sulting racemic compounds 5−12 consisted of equimolar
mixtures of enantiomers. In general, and with few exceptions,
yields were good to excellent with varying amounts of the
biaryl byproduct 4 being formed depending on the substrate,
especially when the yields were low. For example, biaryl
formation varying from 21 to 40% was observed in the case of
5, 9a, 18, 19, and 20, as well as some debrominated starting
material. Exceptionally, N-Boc 3-tosyloxy azetidine required
only 1 equiv to give compound 9a in a 50% yield, while the
expected product 10 from 3-tosyloxy oxetane remained
unreactive. 4-Tosyloxy tetrahydropyran and 3-tosyloxy tetrahy-
drofuran were good substrates affording the corresponding
products 11 and 12, respectively, in good yields. The
occurrence of N-methyl isoquinolones in nature (Figure 1)
led us to test the cross-coupling reaction with N-methyl 6-
bromo isoquinolone 1b. N-Me heterocycles are also widely
recognized as an important class of biologically relevant
compounds.32 The expected products 6 and 8 were formed in
moderate to excellent yield, respectively (Scheme 1). The
position of the tosylate ester with regard to the N-Boc group,
particularly in the case of the piperidines, appeared to affect the
yield (compare 3 and 5). The substantially lower yield in the
cross-coupling of 1a with racemic N-Boc 3-tosyloxy piperidine
2b compared to that of the symmetrical 4-tosyloxy counterpart
2a could be due to steric, conformational, or coordination
effects leading to an inefficient participation in the catalytic
cycle (Scheme 2, Table 1, entries 1 and 2). The same

Figure 2. 6-Substituted bioactive isoquinolones and two prototypes
from this work.

Figure 3. 6-Bromo isoquinolone: a dual-purpose cross-coupling
partner.
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observation was made by Molander in the reaction of 6-
bromoindole with N-Boc 3- and 4-tosyloxy piperidines.28b

With the successful application of the original Molander
conditions28b with achiral and racemic tosyloxy aza- and
oxacycles, we extended our study to chiral nonracemic
azacyclic tosylates derived from the readily available N-Boc
4(R)-tosyloxy-L-proline methyl ester as well as the correspond-
ing 5-O-tert-butyldiphenylsilyl-L-prolinol and related pyrroli-
dine derivatives. We were delighted that very good yields were
obtained and that the products 13−16 were highly enriched in
the trans-diastereomers as revealed by NMR analysis.
Compound 13 could be transformed to the same
CH2OTBDPS congener 15, thereby establishing their inter-
relationship as well as their similar reactivity and diaster-
eoselectivity. In spite of the modest yield of the vinyl analogue
17, the trend for conservation of the original trans-relationship
was maintained. The same sterically controlled reaction was
observed for the sugar derivative 18 albeit obtained in poor
yield. The tosylates of N-Boc L-serine methyl ester and N-Boc
L-threonine methyl ester are also suitable substrates for cross-
coupling affording compounds 19 and 20 in modest yields.
Extending the cross-coupling reactions to N-methyl 7-bromo
isoquinolinone 1c was equally successful as evidenced by the
formation of the N-Boc 4-piperidinyl and 4-tetrahydropyranyl
products 21 and 22 in good yields.
Although we adopted the experimental conditions reported

by the scholarly studies of Molander,28b we made several
observations that appear to be germane to an N-alkyl 6-bromo

Scheme 1. Ni-Catalyzed Reductive Cross-Coupling Reactions Leading to 6- and 7-Substituted Isoquinolones

a1 equiv instead of 3 equiv. b(1) HCl/dioxane, rt, 2 h; (2) acryloyl chloride, Et3N, CH2Cl2, rt, 18 h.

Scheme 2. Table 1. Evaluation of Experimental Conditions

aIsolated yield. bAlso contained a mixture of dehalogenated-1a:1a:6-
iodo isoquinolone in a 4:62:34 ratio.
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isoquinolone as a reactive partner, possibly due to its particular
electronic heteroaromatic character.
Using the test substrates N-Boc 4- and 3-tosyloxy

piperidines 2a and 2b, we conducted experiments to assess
the importance of the stoichiometry of the substrates and the
reagents (Scheme 2, Table 1, entries 1−4). Whereas 1 equiv of
the tosyloxy compounds 2 was required in the Molander cross-
coupling reactions within the N-Boc 6-bromoindole series,
which resulted in modest to good yields of coupled
products,28b 3 equiv of tosyloxy compounds 2a was needed
in our case to achieve preparatively significant to modest
yields. To improve the yield of the 3-substituted N-Boc-
piperidine product 5, we increased the concentration of the
tosyloxy precursor 2b to 5 equiv without affecting the yield
(Scheme 2, Table 1, entry 3). However, increasing the catalyst
and ligand concentration to 20 mol % (Scheme 2, Table 1,
entry 5) resulted in 35% of the biaryl dimer 4, consistent with
Weix’s observations.33 Only in the case of the azetidine
analogue 9a did we succeed in obtaining 50% yield with 1
equiv of the tosyloxy substrate (Scheme 1) accompanied by
dimer (23%). Curiously, the oxetane derivative 10 was not
formed (Scheme 1). It is of interest that under the same
conditions, Molander reported that 3-tosyloxy N-Boc-azetidine
and 3-tosyloxy oxetane failed to react with N-Boc 6-
bromoindole.28b However, in the latter case, reaction occurred
in the presence of MgCl2 as an additive and Mn as the
reductant, under otherwise similar conditions, to afford the
expected 6-oxetanyl N-Boc indole.28a Dimerization of the
isoquinolone to 4 was the main process when yields of cross-
coupled products were low or modest. Using the same reaction
conditions but in the absence of the tosylate ester 2 resulted in
the formation of 8% of dimer 4 and an inseparable mixture of
dehalogenated-1a, 1a and N-benzyl 6-iodo isoquinolone in a
4:62:34 ratio (Scheme 2, Table 1, entry 11). This result was
surprising, and it appears that the presence of the alkyl tosylate
among the other components in the reaction mixture plays a
role in determining the distribution of products. In an effort to
explore a possible coordination with the catalyst,34 we tried the
cross-coupling reaction of 1a with the (2-pyridyl) and (3-
pyridyl) sulfonate esters 2c and 2d of N-Boc 3-hydroxypiper-
idine. Unfortunately, the amount of biaryl 4 was increased
(∼30%) at the expense of the desired cross-coupling product 5
(19 and 12%, respectively) (Scheme 2, Table 1, entries 6 and
7).
The mechanism of direct Ni-catalyzed sp3/sp2-reductive

cross-coupling reactions between aryl halides and nonactivated
alkyl halides not involving preformed organometallic reagents
has been the object of elegant studies.29b,e,33,35 The original
Weix protocol for Ni-catalyzed reductive couplings of aryl
halides and unactivated alkyl halides26a has undergone some
subtle changes33 with regard to the Ni-coordinating ligand, the
reducing metal, the base, and the solvent. In the Molander
protocol that we adopted in our study of N-Boc 4-tosyloxy
piperidine, the inclusion of KI and 4-ethyl pyridine was
deemed to be important additives to ensure better
efficiency.28b The role of KI as an additive during the catalytic
cycle of these reductive Ni-catalyzed cross-coupling reactions
has been discussed in several reports.26b,28b,36 Among the
different possibilities,37 it has been suggested that the KI could
also facilitate ligand exchange.38 An in situ displacement of the
tosyloxy group to generate the corresponding iodide as the
reactive partner has been discussed by Molander,28b Weix,26b,36

and Gong.39 However, in the Molander study with N-Boc 6-

bromoindole, N-Boc 4-iodo piperidine was unreactive with and
without KI. In our case, the cross-coupling of N-Boc 6-bromo
isoquinolone 1a with N-Boc 4-iodo piperidine 2e under the
same conditions afforded a 71% yield of coupled product 3
with and without KI (Scheme 2, Table 1, entry 10). A control
experiment revealed that potassium iodide efficiently converted
N-Boc 4-tosyloxy piperidine into the corresponding iodide in
DMA at 80 °C (see the Supporting Information for details). It
has been suggested that the use of Bu4NI could increase the
ionic strength of the medium and enhance reactivity.40

However, in our case with N-Boc 4-tosyloxy piperidine 2a,
replacing KI with Bu4NI significantly reduced the yield of the
product (53%) (Scheme 2, Table 1, entry 9). Omitting the salt
resulted in the recovery of both reactants in almost quantitative
yield (Scheme 2, Table 1, entry 8).
Added to this intricate protocol, in which the Molander

conditions were simulated,28b is the presumed beneficial role of
a weakly basic entity such as pyridine as an additive. We were
intrigued by the role of 4-ethyl pyridine as an additive in the
reaction conditions used by Molander. Literature reports
suggest that a base may contribute to the efficiency of the
reaction,26a although its actual role has not been definitively
established. We were surprised that the cross-coupling reaction
could be successfully achieved in the absence of 4-ethyl pyridine
to give compound 3 in an 87% yield. The same trend was
observed with 7 (70%) and 13 (81%) with minor variations
compared to the presence of the base. With these results, the
roles of KI and 4-ethyl pyridine as they relate to discrete
intermediates in the catalytic cycle of the reductive cross-
coupling of N-benzyl 6-bromo isoquinolone and nonactivated
alkyl electrophiles present a substrate-dependent conundrum
that merits further study in the future.
Adopting the mechanism postulated by Weix,33 the oxidative

addition of the N-benzyl 6-bromo isoquinolone 1a to the Ni0

catalyst generates ArNiIIBr and an alkyl radical leads to an
ArNiIIIRBr intermediate where cross-coupling takes place to
give Ar-R. A second radical is generated from the alkyl
electrophile via a NiI specie, which re-enters the catalytic cycle
in what amounts to a radical chain process. A double oxidative
mechanism has also been proposed by Gong and studied by
density functional theory (DFT) analysis.35a,c Although the
formation of alkyl radicals has been invoked in these Ni-
catalyzed reductive cross-coupling reactions, no dimer
formation was observed in spite of using 3 equiv of tosylate
2a or the iodide (2e, OTs = I), which may reflect on the
relative reactivity of the substrate-bound Ni-coordinated
intermediates and the rate at which radicals are formed and
engaged in the catalytic cycle.41 Dimer formation from 6-
bromo isoquinolone 1a in some reactions but not others under
essentially the same conditions with different alkyl tosylates
remains to be further investigated. The successful cross-
coupling of N-Boc 4(R)-tosyloxy-L-proline methyl ester and its
analogues to provide the trans-azacyclic adducts 13−16 as the
major products in excellent yield reflects the importance of
steric effects and supports the formation of free radicals. To
shed more light on the stereochemical course of the reaction,
we show that cross-coupling of N-Boc 3(R)-tosyloxy
pyrrolidine ((R)-23) and 3(S)-tosyloxy pyrrolidine ((S)-23)
under the standard conditions led to the racemic adduct 7 in
79 and 75% yields, respectively (Scheme 3). Stereochemical
erosion during related Ni-catalyzed reactions involving
substrates has been ascribed to the intermediate formation of
radicals.
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The intermediacy of alkyl radicals in Ni-catalyzed cross-
coupling reactions of alkyl halides has been discussed in
different contexts.42 It has been suggested that because of the
high-lying antibonding orbital of the C−O bond, alkyl tosylates
fail to form alkyl radicals in single electron-transfer processes;43

hence, they are less prone to undergo oxidative addition via a

radical pathway. However, there are examples of Ni-catalyzed
cross-coupling reactions of alkyl sulfonates under reductive
conditions, especially in the presence of activating
agents.27b,28b,36,41,43a,e,44 From a reactivity standpoint, radicals
generated from alkyl iodides should be the preferred partners
in metal-catalyzed reductive cross-couplings.43d With our
limited knowledge of the nature of discrete Ni-coordinated
intermediates and their reactivity during the catalytic cycle in
cross-coupling reactions of 1 with the alkyl tosylates used in
this study, we should question if the efficiency of the reactions
depends not only on whether iodides are the actual
intermediates in certain cases but also on the nature of the
substrate. For example, compounds 3, 8, 13, and 15 were
produced in excellent yields from the corresponding azacyclic
tosylates, but others were less performing (Scheme 1). In a
future study, it would be informative to compare the
reactivities of the less efficient tosylates versus their iodide
counterparts.45 Besides the use of radical clocks to study the
intermediacy of radicals,46 it is known that radicals can be
inhibited with single electron-transfer reagents.47 We were
therefore intrigued that the cross-coupling reaction of 1a and
2a took place in the presence of BHT (2,6-di-tert-butyl-4-
methylphenol) (0.5 equiv) as well as with 2,2,6,6-tetramethyl-
1-piperidinyloxy (TEMPO) leading to compound 3 in yields of

Scheme 3. Stereochemical Course of the Ni-Reductive
Cross-Coupling Reaction

Scheme 4. Dual Photoredox/Ni-Catalyzed Cross-Coupling Reactions of 6- and 7-Bromo Isoquinolones
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66 and 35%, respectively, with no significant dimer formation.
The inefficient trapping of a radical may be due to the
proportion of Ni-bound and unbound radicals. Partial
poisoning of the catalyst has been invoked in a different
context.48 No reaction took place in the presence of 1-chloro-
2,4-dinitrobenzene.47 The Reisman group developed asym-
metric reductive cross-coupling reactions between vinyl and
benzyl halides for which neither the addition of BHT or the
use of a radical clock substrate succeeded in highlighting the
presence of radicals.49a However, Biswas and Weix33 observed
rearrangement in a radical clock substrate, but the radical could
not be trapped by BHT.
In the context of introducing functionally versatile

substituents at the 6- and 7-positions of N-Boc isoquinolone,
we wished to change the site of attachment to the α-carbon
atom of azacyclic-, oxacyclic-, and selected acyclic-related
entities. The availability of the corresponding carboxylic acids
of such compounds offered an excellent opportunity to explore
the innovative merged photoredox/Ni-catalyzed decarboxyla-
tive cross-coupling strategy recently developed by MacMillan
using an iridium catalyst.40,50 We took notice that in spite of
numerous applications, this method was yet to be applied to
isoquinolones. We adopted the same protocol as directed by
MacMillan,50b utilizing the Ir catalyst 24 and 3 equiv of the
carboxylic acid 26. Thus, the decarboxylative coupling51

reaction of unprotected 6-bromo isoquinolone 25 with N-
Boc-proline led to racemic 27 in a 67% yield (Scheme 4).
However, the efficiency of the coupling appeared to be

substrate-dependent as a significant drop in yield was observed
when the reaction was performed with N-Boc-4(R)-tert-
butyldiphenylsilyloxy L-proline producing 28 (27%) over two
steps as an 85:15 trans/cis mixture of isomers. This was in line
with the preferential formation of trans-isomers from related
azacyclic tosylates in the Ni-catalyzed reductive cross-coupling
reactions (Scheme 1).50c The reaction with N-Boc indoline-2-
carboxylic acid afforded 29 (32%) and debrominated
isoquinolone (25%). Performing the same reaction with N-
benzyl 6-bromo isoquinolone 1a resulted in improved yields.
Thus, the coupling of 1a with N-Boc indoline-2-carboxylic acid
led to a 69% yield of 30 without any observable
debromination. Coupling with N-Boc L-proline and (S)-N-
Boc piperidine-2-carboxylic acid with 1a delivered 31a (67%)
and 32 (27%), respectively, as racemates. The low yield of 32
was due to partial conversion under standard reaction time
(33% conversion, 82% yield based on the recovered material).
Extended reaction times failed to improve the yield as
substantial degradation was observed over a period of 72 h.
As in the case of the Ni-catalyzed cross-coupling reactions
(Scheme 1), N-methyl 6-bromo isoquinolone performed better
than the corresponding N-benzyl counterpart, leading to 33 in
a 73% yield. The photoredox cross-coupling with azacyclic and
oxacyclic carboxylic acids was successfully extended to produce
the 6-substituted N-methyl isoquinolones harboring a 2-
azetidinyl (34, 76%) and a 2-tetrahydrofuranyl appendage
(35, 49%), respectively, as racemates (Scheme 4). A poor yield
resulted from the cross-coupling reaction with N-Boc (R)-
pyroglutamic acid (36, 16%). No cross-coupling took place
with 3-oxo N-Boc (R)-pyroglutamic acid (compound 37,
Scheme 4).
The cross-coupling reaction could be applied to acyclic

carboxylic acids represented by N-Boc-alanine and 2-
(benzyloxy)-acetic acid giving the corresponding 6-substituted
products 38 (74%) and 39 (77%), respectively. In analogy with

the Ni-catalyzed reductive cross-coupling reactions, we sought
to extend the photoredox cross-coupling to the 7-position of
the isoquinolone ring. Cross-coupled racemic products 40 and
41 were obtained in 73 and 59% yields from N-Boc L-proline
and N-Boc-azetidine carboxylic acid, respectively. In the latter
case, 91% conversion and 4% debrominated-1c were observed.
Interestingly, even though the yield of 42 (66%) was not
decreased compared to the analogous product 30 at the 6-
position, 25% of debrominated-1c was observed. The 2-
tetrahydrofuranyl analogue 43 was prepared in modest yield.
Finally, racemic N-methyl 6-(2-N-acryloyl pyrrolidinyl) iso-
quinolone 31b (77% for two steps) was prepared for
prospective testing as an anticancer agent.24

The mechanism of the merged photoredox and Ni-catalyzed
decarboxylative cross-coupling reactions has been elegantly
investigated by MacMillan,50 and the intermediacy of radicals
as single electron entities has been demonstrated.50b With few
exceptions in the current 6-bromo isoquinolone series, yields
were consistently good, which reflects on the relative stability
of the radicals next to the electron-withdrawing N-Boc group.
In this regard, the fate of the radicals may be more predictable
compared to that of the Ni-catalyzed reductive cross-coupling
reactions in the same series (Scheme 1). It is also clear that the
electron-withdrawing groups such as a carbonyl are detrimental
to the cross-coupling (Scheme 4, 36, 37). In the absence of
steric effects from resident groups on stereogenic carbon atoms
in the enantiopure carboxylic acids, the loss of chirality of
amino acids and related heterocyclic compounds would be
expected from the generated α-carbamoyl-stabilized free
radicals. In this regard, Fu and MacMillan have reported on
innovative ways to maintain high stereogenicity in the merged
photoredox Ni-catalyzed cross-couplings with α-amino acids
using chiral ligands.40 In contrast, in spite of the wide
applicability of the method, some exceptions were notable. For
example, N-Boc L-proline and N-Boc L-valine were not suitable
partners when cross-coupled to aryl and heteroaryl halides,
possibly due to steric effects as reported by Fu and
MacMillan.40

■ CONCLUSIONS
In conclusion, we have successfully achieved the Ni-catalyzed
cross-coupling reaction of N-Boc 6-bromo isoquinolone with
3- and 4-tosyloxy N-Boc piperidines, 3-tosyloxy N-Boc
pyrrolidines, 4-tosyloxy tetrahydropyran, and 3-tosyloxy
tetrahydrofuran toward the synthesis of novel 6-substituted
isoquinolones containing appended azacyclic and oxacyclic
motifs. The reaction could be extended to N-methyl 7-bromo
isoquinolone. Using chiral nonracemic tosyloxy esters derived
from a prototypical sugar derivative, and N-Boc amino acid
methyl ester and related derivatives of L-proline, the cross-
coupling reaction with N-benzyl 6-bromo isoquinolone gave
access to the corresponding diastereomerically highly enriched
N-Boc 6-substituted isoquinolones for the first time in this
series (Scheme 1). Reactions with tosylates derived from
acyclic amino acid derivatives such as L-serine and L-threonine
were equally possible albeit in lower yields. Having adopted the
original methodology reported by Molander and inspired by
the mechanistic insights of Weix,29b,33 Gong,35a,c and Diao,35b

our own Ni-catalyzed cross-coupling study of 6- and 7-bromo
isoquinolones with unactivated primary and secondary tosylate
esters allowed us to make pertinent observations with regard to
the role of additives such as KI and 4-ethyl pyridine. The
successful adaptation of the MacMillan-merged photoredox
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and Ni-catalyzed cross-coupling to a number of saturated
heterocyclic and acyclic α carboxylic acids complements the
reductive cross-coupling reactions and highlights the use of 6-
bromo N-alkyl isoquinolones as dual-purpose partners. The
timely discovery that acrylamide derivatives of 6-azacyclic N-
aryl isoquinolones possess anticancer activity24 augurs well to
extend the scope of our work toward related positional isomers
as covalent inhibitors in biological targets.52

Although the preparative aspects of the Ni-catalyzed
reductive and merged photoredox cross-coupling reactions
were achieved using methods essentially developed by the
Molander and MacMillan groups, respectively, certain
enigmatic observations made during the course of this study
remain germane to the use of N-alkyl 6- and 7-bromo
isoquinolones as the aryl partner and reflect on the complexity
of generalized mechanistic interpretations.

■ EXPERIMENTAL SECTION

General Information. Unless otherwise noted, all of the
reactions were carried out using standard Schlenk techniques.
Glassware was oven- (135 °C) or flame-dried prior to use.
Anhydrous dichloromethane and tetrahydrofuran (THF) were
obtained using solvent purification system. Dimethylacetamide
and dimethylformamide were purchased at Sigma-Aldrich with
a Sure/Seal packaging. Potassium iodide was flame-dried in a
flask under vacuum prior to use. All other solvents and
reagents were used as received. For photocatalytic reactions, a
40 W blue LED Kessil lamp was used. Reactions were
monitored by thin-layer chromatography carried out on a 0.25
mm silica plate (SIL 60, G-25, UV254) and were visualized
using a UV lamp (254 nm). NMR spectra were recorded on
Bruker AV-300, ARX-400, AV-400, or AV-500 spectrometers
with complete proton decoupling for nucleus other than 1H.
1H and 13C chemical shifts are reported in parts per million
with the solvent resonance as the internal standard (CDCl3,
1H: δ 7.26 ppm, 13C: δ 77.16 ppm). Coupling constants are
reported in Hertz (Hz). Abbreviations are used as follows: s =
singlet, d = doublet, t = triplet, q = quadruplet, quint =
quintuplet, sept = septuplet, dd = double doublet, dt = double
triplet, ddd = double double doublet, dtt = double triple triplet,
m = multiplet, br = broad. Spectra were analyzed and
processed using MestReNova. High-resolution mass spectrom-
etry (HRMS) analysis was performed at the Centre Reǵional
de Spectromet́rie de Masse de l’Universite ́ de Montreál.
Important information: Tosylates might not always easily
solidify after purification. Coevaporation with pentane and/
or adding hexane and allowing the solution to sonicate in an
ultrasound bath generally helped for solidification.
We observed a better reproducibility of the Ni-catalyzed

coupling reactions when solid tosylates were used.
tert-Butyl 4-(Tosyloxy)piperidine-1-carboxylate (2a). N-

Boc-4-hydroxypiperidine (2 g, 9.94 mmol, 1 equiv) in
dichloromethane (25 mL) was treated by tosyl chloride (2.8
g, 14.9 mmol, 1.5 equiv) and 4-dimethylaminopyridine
(DMAP, 364 mg, 2.98 mmol, 0.3 equiv) at rt. Then,
triethylamine (2.8 mL, 19.9 mmol, 2 equiv) was added and
the resulting mixture was stirred overnight at rt. Excess tosyl
chloride was readily decomposed upon the addition of N,N-
dimethylethylenediamine and stirring for 10 min at room
temperature. Water was added to the mixture, and the product
was extracted with dichloromethane, washed with brine, dried
over Na2SO4, and concentrated under reduced pressure.

Purification on SiO2 using hexane/EtOAc = 90/10−80/20
led to the isolation of 2a as a white solid (3.03 g, 86% yield).
1H NMR (300 MHz, CDCl3) δ 7.78 (d, J = 8.3 Hz, 2H), 7.33
(d, J = 8.0 Hz, 2H), 4.66 (tt, J = 7.4, 3.8 Hz, 1H), 3.64−3.51
(m, 2H), 3.24 (ddd, J = 13.6, 7.5, 4.1 Hz, 2H), 2.44 (s, 3H),
1.82−1.59 (m, 4H), 1.42 (s, 9H). 13C NMR (75 MHz, CDCl3)
δ 154.7, 144.9, 134.4, 130.0, 127.7, 80.0, 78.2, 40.4, 31.4, 28.5,
21.8. HRMS (ESI) calcd for C17H25NO5S (M + Na)+: m/z
378.13456, found: 378.13556 (−2.64 ppm).

tert-Butyl 3-(Tosyloxy)piperidine-1-carboxylate (2b).
Tosyl chloride (1.4 g, 7.46 mmol, 1.5 equiv) in dichloro-
methane (8 mL) was treated by trimethylamine hydrochloride
(47 mg, 0.50 mmol, 0.1 equiv) and triethylamine (1.4 mL, 9.94
mmol, 2 equiv) at 0 °C. Then, N-Boc-3-hydroxypiperidine (1
g, 4.97 mmol, 1 equiv) in dichloromethane (2 mL) was added
at 0 °C. The resulting mixture was stirred overnight. Excess
tosyl chloride was readily decomposed upon the addition of
N,N-dimethylethylenediamine and stirring for 10 min at room
temperature. Water was added to the mixture, and the product
was extracted with dichloromethane, washed with brine, dried
over Na2SO4, and concentrated under reduced pressure.
Purification on SiO2 using hexane/EtOAc = 80/20 led to the
isolation of 2b as a white solid (1.64 g, 93% yield). 1H NMR
(300 MHz, CDCl3) δ 7.82−7.77 (m, 2H), 7.37−7.30 (m, 2H),
4.45 (br s, 1H), 3.55 (dd, J = 13.6, 3.1 Hz, 1H), 3.46−3.18 (m,
3H), 2.44 (s, 3H), 1.92−1.66 (m, 3H), 1.52−1.40 (m, 1H),
1.43 (s, 9H). 13C NMR (75 MHz, CDCl3) δ 154.7, 144.8,
134.3, 130.0, 127.8, 80.1, 75.9, 48.5, 43.5, 30.4, 28.4, 22.0, 21.8.
HRMS (ESI) calcd for C17H25NO5S (M + Na)+: m/z
378.13456, found: 378.1347 (−0.35 ppm).

tert-Butyl 3-(Pyridin-2-ylsulfonyl)piperidine-1-carboxylate
(2c). 2-Pyridylsulfonyl chloride (612 mg, 3.45 mmol, 1.4
equiv) in dichloromethane (5 mL) was treated by trimethyl-
amine hydrochloride (233 mg, 2.46 mmol, 1 equiv) and
triethylamine (0.69 mL, 4.96 mmol, 2 equiv) at 0 °C. Then, N-
Boc-3-hydroxypiperidine (495 mg, 2.46 mmol, 1 equiv) in
dichloromethane (2 mL) was added. The resulting mixture was
stirred overnight at 0 °C. Water was added to the mixture, and
the product was extracted with dichloromethane, washed with
brine, dried over Na2SO4, and concentrated under reduced
pressure. Purification on SiO2 using hexane/EtOAc = 60/40
led to the isolation of 2c as a colorless thick oil (560 mg, 70%
yield). 1H NMR (400 MHz, CDCl3) δ 8.74 (ddd, J = 4.7, 1.8,
0.9 Hz, 1H), 8.03 (dt, J = 7.9, 1.1 Hz, 1H), 7.94 (td, J = 7.7,
1.7 Hz, 1H), 7.56 (ddd, J = 7.6, 4.7, 1.2 Hz, 1H), 4.98−4.88
(m, 1H), 3.68−3.18 (m, 4H), 2.10−1.69 (m, 3H), 1.53−1.42
(m, 1H), 1.40 (s, 9H). 13C NMR (101 MHz, CDCl3) δ =
154.7, 150.4, 138.4, 127.7, 126.6, 123.0, 80.1, 78.6, 48.7, 43.1,
30.5, 28.4, 21.8. HRMS (ESI) calcd for C15H22N2O5S (M +
Na)+: m/z 365.11416, found: 365.11457 (−1.11 ppm).

tert-Butyl 3-(Pyridin-3-ylsulfonyl)piperidine-1-carboxylate
(2d). 3-Pyridylsulfonyl chloride (505 mg, 2.84 mmol, 1.4
equiv) in dichloromethane (5 mL) was treated by trimethyl-
amine hydrochloride (194 mg, 2.03 mmol, 1 equiv) and
triethylamine (0.57 mL, 4.06 mmol, 2 equiv) at 0 °C. Then, N-
Boc-3-hydroxypiperidine (409 mg, 2.03 mmol, 1 equiv) in
dichloromethane (1 mL) was added. The resulting mixture was
stirred overnight at 0 °C. Water was added to the mixture, and
the product was extracted with dichloromethane, washed with
brine, dried over Na2SO4, and concentrated under reduced
pressure. Purification on SiO2 using hexane/EtOAc = 60/40
led to the isolation of 2d as a white solid (627 mg, 90% yield).
1H NMR (500 MHz, CDCl3) δ 9.12 (dd, J = 2.4, 0.8 Hz, 1H),
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8.86 (dd, J = 4.9, 1.7 Hz, 1H), 8.20 (dt, J = 8.2, 2.0 Hz, 1H),
7.50 (ddd, J = 8.1, 4.9, 0.9 Hz, 1H), 4.61 (br s, 1H), 3.59−3.46
(m, 2H), 3.42−3.22 (m, 2H), 1.93−1.68 (m, 3H), 1.52−1.44
(m, 1H), 1.41 (s, 9H). 13C NMR (126 MHz, CDCl3, mixture
of rotamers) δ = 154.6, 154.4, 148.5, 135.4, 134.2 124.0, 80.3,
76.9, 48.6, 47.2, 43.9, 43.0, 30.3, 28.4, 21.7. HRMS (ESI) calcd
for C15H22N2O5S (M + Na)+: m/z 365.11416, found:
365.11454 (−1.02 ppm).
tert-Butyl (2S,4R)-2-(((tert-Butyldiphenylsilyl)oxy)methyl)-

4-(tosyloxy)pyrrolidine-1-carboxylate (S1). Tosyl chloride
(240 mg, 1.26 mmol, 1.5 equiv) in dichloromethane (4 mL)
was treated by trimethylamine hydrochloride (8 mg, 0.084
mmol, 0.1 equiv) and triethylamine (0.23 mL, 1.68 mmol, 2
equiv) at 0 °C. Then, N -Boc-(2S ,4R)-2-(((ter t -
butyldiphenylsilyl)oxy)methyl)-4-hydroxypyrrolidine (384
mg, 0.84 mmol, 1 equiv) in dichloromethane (1 mL) was
added at 0 °C. The resulting mixture was stirred for 3 h. Excess
tosyl chloride was readily decomposed upon the addition of
N,N-dimethylethylenediamine and stirring for 10 min at room
temperature. Water was added to the mixture, and the product
was extracted with dichloromethane, washed with brine, dried
over Na2SO4, and concentrated under reduced pressure.
Purification on SiO2 using hexane/EtOAc = 90/10 led to the
isolation of S1 as a white solid (340 mg, 66% yield). 1H NMR
(400 MHz, CDCl3, mixture of rotamers) δ 7.76 (d, J = 7.0 Hz,
2H), 7.57 (dd, J = 16.3, 10.3 Hz, 4H), 7.47−7.28 (m, 8H),
5.17 (s, 1H), 4.10−3.99 (m, 1H), 3.96 (br s, 0.5H), 3.76 (dd, J
= 10.0, 3.8 Hz, 0.5H), 3.67−3.52 (m, 2H), 3.46 (dd, J = 10.6,
7.0 Hz, 1H), 2.44 (s, 3H), 2.42−2.21 (m, 1.5H), 2.21−2.09
(m, 0.5H), 1.45 (s, 4.5H), 1.31 (s, 4.5H), 1.00 (s, 9H). 13C
NMR (101 MHz, CDCl3, mixture of rotamers) δ 154.0, 145.0,
135.6, 134.0, 133.9, 133.5, 133.2, 133.1, 133.1, 130.1, 129.9,
129.9, 127.9, 80.1, 79.9, 79.4, 65.0, 64.1, 57.2, 52.8, 52.2, 35.7,
34.4, 29.8, 28.6, 28.5, 27.0, 21.8, 19.4, 19.3. HRMS (ESI) calcd
for C33H43NO6SSi (M + Na)+: m/z 632.24726, found:
632.24846 (−1.91 ppm).
Oxetan-3-yl 4-Methylbenzenesulfonate (S2). A solution of

3-oxetanol (1 g, 13.5 mmol, 1 equiv) and tosyl chloride (5.15
g, 27 mmol, 2 equiv) in dichloromethane (35 mL) was treated
at 0 °C by triethylamine (7.5 mL, 54 mmol, 4 equiv). The
resulting mixture was allowed to stir overnight at room
temperature. Excess tosyl chloride was readily decomposed
upon the addition of N,N-dimethylethylenediamine and
stirring for 10 min at room temperature. Water was added to
the mixture, and the product was extracted with dichloro-
methane, washed with brine, dried over Na2SO4, and
concentrated under reduced pressure. Purification on SiO2
using hexane/EtOAc = 95/5−80/20 led to the isolation of S2
as a white solid (2.5 g, 81% yield). 1H NMR (300 MHz,
CDCl3) δ 7.81−7.75 (m, 2H), 7.40−7.33 (m, 2H), 5.30 (tt, J
= 6.3, 5.5 Hz, 1H), 4.76−4.62 (m, 4H), 2.46 (s, 3H). 13C
NMR (75 MHz, CDCl3) δ 145.6, 133.1, 130.2, 128.0, 77.2,
71.6, 21.8. HRMS (ESI) calcd for C10H12O4S (M + H)+: m/z
229.05291, found: 229.05292 (0 ppm).
1-(tert-Butyl) 2-Methyl (2S,4S)-4-(Tosyloxy)pyrrolidine-

1,2-dicarboxylate (S3). Tosyl chloride (234 mg, 1.23 mmol,
1.5 equiv) in dichloromethane (1.5 mL) was treated by
trimethylamine hydrochloride (7.8 mg, 0.082 mmol, 0.1 equiv)
and triethylamine (0.23 mL, 1.64 mmol, 2 equiv) at 0 °C.
Then, N-Boc-cis-4-hydroxy-L-proline methyl ester (200 mg,
0.82 mmol, 1 equiv) in dichloromethane (0.5 mL) was added
at 0 °C. The resulting mixture was stirred overnight. Excess
tosyl chloride was readily decomposed upon the addition of

N,N-dimethylethylenediamine and stirring for 10 min at room
temperature. Water was added to the mixture, and the product
was extracted with dichloromethane, washed with brine, dried
over Na2SO4, and concentrated under reduced pressure.
Purification on SiO2 using hexane/EtOAc = 90/10−70/30
led to the isolation of S3 as a white solid (175 mg, 53% yield).
1H NMR (300 MHz, CDCl3, mixture of rotamers) δ 7.79−
7.69 (m, 2H), 7.33 (d, J = 8.0 Hz, 2H), 5.08−4.96 (m, 1H),
4.36 (ddd, J = 31.8, 7.8, 4.3 Hz, 1H), 3.66 (s, 3H), 3.64−3.51
(m, 2H), 2.46−2.38 (m, 1H), 2.42 (s, 3H), 2.37−2.28 (m,
1H), 1.40 (d, J = 12.6 Hz, 9H). 13C NMR (75 MHz, CDCl3,
mixture of rotamers) δ 172.0, 171.7, 153.8, 153.4, 145.2, 133.7,
133.6, 130.4, 130.1, 130.0, 129.3, 127.8, 80.7, 78.9, 77.8, 57.4,
57.1, 52.5, 52.3, 52.2, 51.6, 37.0, 36.1, 28.4, 28.3, 21.8, 14.1.
HRMS (ESI) calcd for C18H25NO7S (M + Na)+: m/z
422.12439, found: 422.12556 (−2.77 ppm).

General Procedure A for the Nickel-Reductive Cross-
Coupling Reactions. A sealed tube was charged with the
bromo isoquinolone derivative (1 equiv), NiBr2·glyme (0.05
equiv), 4,4′-di-tert-butyl 2,2′-dipyridyl (0.05 equiv), potassium
iodide (1 equiv), and manganese (2 equiv) and was purged
with argon. A solution of tosylate (3 equiv) in DMA (0.2 M
with respect to isoquinolone) was then added followed by 4-
ethyl pyridine (1 equiv). The tube was sealed, and the resulting
mixture was stirred at 80 °C for 18 h. Completion of the
reaction was checked by thin-layer chromatography (TLC,
hexane/EtOAc = 6/4). After cooling down to room temper-
ature, the mixture was filtered over a pad of celite and rinsed
with acetonitrile. After evaporation, the crude was purified over
SiO2 using typically hexane/EtOAc = 8/2 to 6/4 as eluent.

General Procedure B for the Photoredox Cross-
Coupling Reactions. (Prepared in the dark) To a 25 mL
(16 mm × 150 mm) test tube dried and flushed under argon
were added successively bromo isoquinolone (0.250 mmol, 1.0
equiv), carboxylic acid (0.750 mmol, 3.0 equiv), 4,4′-di-tert-
butyl 2,2′-dipyridyl (10.1 mg, 37.6 μmol, 0.15 equiv), NiCl2·
glyme (5.6 mg, 25.1 μmol, 0.1 equiv), (Ir[dF(CF3)-
ppy]2(dtbpy))PF6 (2.8 mg, 2.51 μmol, 0.01 equiv), and
Cs2CO3 (248 mg). One vacuum/argon cycle was performed,
and DMF (12.5 mL) was added. The green suspension was
vigorously stirred while being degassed with argon for 20 min.
The reaction was then sealed and irradiated with a 40 W blue
LED Kessil lamp placed at a distance of 6−8 cm. A fan was
placed above to dispel the heat, and the reaction was stirred at
rt for 18 h whereby TLC/liquid chromatography−mass
spectrometry (LC−MS) analysis indicated that the reaction
went to completion. The suspension was transferred to a
separatory funnel containing a 1:1 Et2O/NaHCO3 aq biphasic
solution (100 mL) and extracted. The aqueous layer was
collected and further extracted ×2 with Et2O (50 mL). The
organic layers were combined, washed ×1 with distilled H2O
(50 mL), ×1 with brine (50 mL), dried over Na2SO4, filtered,
and concentrated under vacuum. The residual oil was
chromatographed over SiO2.

tert-Butyl 4-(2-Benzyl-1-oxo-1,2-dihydroisoquinolin-6-yl)-
piperidine-1-carboxylate (3). Following general procedure A,
the crude oil was chromatographed over SiO2 (7:3 hexane/
EtOAc) to afford 3 as a white solid (60 mg, 90%). 1H NMR
(500 MHz, CDCl3) δ 8.39 (d, J = 8.3 Hz, 1H), 7.36−7.24 (m,
7H), 7.07 (d, J = 7.4 Hz, 1H), 6.44 (d, J = 7.4 Hz, 1H), 5.20
(s, 2H), 4.27 (s, 2H), 2.92−2.68 (m, 3H), 1.86 (d, J = 12.7 Hz,
2H), 1.67 (qd, J = 12.6, 3.8 Hz, 2H), 1.48 (s, 9H). 13C NMR
(126 MHz, CDCl3) δ 162.2, 154.9, 150.4, 137.4, 137.0, 131.6,
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128.9, 128.5, 128.0, 127.9, 126.4, 124.9, 123.6, 106.5, 79.6,
51.7, 44.2, 43.0, 33.0, 28.6. HRMS (ESI) calcd for C26H30N2O3
(M + H)+: m/z 419.23292, found: 419.23466 (4.16 ppm).
tert-Butyl 3-(2-Benzyl-1-oxo-1,2-dihydroisoquinolin-6-yl)-

piperidine-1-carboxylate (5). Following general procedure A,
the crude oil was chromatographed over SiO2 (7:3 hexane/
EtOAc) to afford 5 as a white solid (28 mg, 42%). 1H NMR
(500 MHz, CDCl3) δ 8.40 (d, J = 8.3 Hz, 1H), 7.39−7.27 (m,
7H), 7.07 (d, J = 7.4 Hz, 1H), 6.44 (d, J = 7.4 Hz, 1H), 5.21
(s, 2H), 4.33−4.01 (m, 2H), 2.96−2.60 (m, 3H), 2.06 (d, J =
12.7 Hz, 1H), 1.83−1.55 (m, 3H), 1.49 (s, 9H). 13C NMR
(126 MHz, CDCl3) δ 162.2, 154.9, 148.2, 137.4, 137.1, 131.7,
128.9, 128.5, 128.1, 127.9, 126.5, 125.0, 124.2, 106.5, 79.8,
51.7, 50.3, 44.2, 42.8, 31.7, 28.6, 25.4. HRMS (ESI) calcd for
C26H30N2O3 (M + H)+: m/z 419.23292, found: 419.23277
(0.36 ppm).
tert-Butyl 3-(2-Methyl-1-oxo-1,2-dihydroisoquinolin-6-yl)-

piperidine-1-carboxylate (6). Following general procedure A,
the crude oil was chromatographed over SiO2 (7:3 hexane/
EtOAc) to afford 6 as a white solid (23 mg, 42% yield). 1H
NMR (400 MHz, CDCl3) δ 8.36 (d, J = 8.1 Hz, 1H), 7.40−
7.29 (m, 2H), 7.05 (d, J = 7.3 Hz, 1H), 6.44 (d, J = 7.3 Hz,
1H), 4.36−4.04 (m, 2H), 3.59 (s, 3H), 2.88−2.71 (m, 2H),
2.12−2.01 (m, 1H), 1.84−1.54 (m, 4H), 1.47 (s, 9H). 13C
NMR (75 MHz, CDCl3) δ 162.6, 154.9, 148.0, 137.5, 132.8,
128.0, 126.4, 124.9, 124.1, 106.1, 79.8, 67.8, 59.6, 58.7, 50.2,
45.9, 44.3, 42.8, 37.1, 31.7, 30.9, 29.8, 28.6, 25.5. HRMS (ESI)
calcd for C20H26N2O3 (M + Na)+: m/z 365.18356, found:
365.18376 (−0.53 ppm).
tert-Butyl 3-(2-Benzyl-1-oxo-1,2-dihydroisoquinolin-6-yl)-

pyrrolidine-1-carboxylate (7). Following general procedure A,
the crude oil was chromatographed over SiO2 (7:3 hexane/
EtOAc) to afford 7 as a white solid (48 mg, 75%). 1H NMR
(500 MHz, CDCl3) δ 8.40 (d, J = 8.3 Hz, 1H), 7.38−7.35 (m,
1H), 7.34−7.25 (m, 6H), 7.08 (d, J = 7.3 Hz, 1H), 6.44 (d, J =
7.1 Hz, 1H), 5.21 (s, 2H), 3.91−3.78 (m, 1H), 3.61 (dt, J =
47.7, 8.2 Hz, 1H), 3.51−3.29 (m, 3H), 2.36−2.26 (m, 1H),
2.09−1.97 (m, 1H), 1.48 (d, J = 5.2 Hz, 9H). 13C NMR (126
MHz, CDCl3) δ 162.1, 154.6, 146.3, 146.3, 137.4, 137.0, 131.8,
128.9, 128.6, 128.0, 127.9, 126.4, 125.2, 124.0, 106.4, 79.5,
52.4, 51.7, 51.6, 46.0, 45.7, 44.4, 43.5, 33.4, 32.4, 28.7. HRMS
(ESI) calcd for C25H28N2O3 (M + Na)+: m/z 427.19921,
found: 427.19922 (−0.02 ppm).
tert-Butyl 3-(2-Methyl-1-oxo-1,2-dihydroisoquinolin-6-yl)-

pyrrolidine-1-carboxylate (8). Following general procedure A,
the crude oil was chromatographed over SiO2 (7:3 hexane/
EtOAc) to afford 8 as a white solid (50 mg, 96%). 1H NMR
(500 MHz, CDCl3, mixture of rotamers) δ 8.35 (d, J = 8.2 Hz,
1H), 7.36−7.30 (m, 2H), 7.05 (d, J = 7.1 Hz, 1H), 6.43 (d, J =
6.9 Hz, 1H), 3.90−3.78 (m, J = 22.6, 14.5 Hz, 1H), 3.68−3.62
(m, 0.6H), 3.57 (s, 3H), 3.56−3.52 (m, 0.4H), 3.49−3.36 (m,
2.4H), 3.36−3.30 (m, 0.6H), 2.36−2.24 (m, J = 4.1 Hz, 1H),
2.08−1.98 (m, 1H), 1.47 (d, J = 5.3 Hz, 9H). 13C NMR (126
MHz, CDCl3, mixture of rotamers) δ 162.50, 154.59, 146.07,
145.98, 137.52, 132.90, 128.20, 126.26, 124.97, 123.94, 105.94,
79.53, 52.35, 51.64, 45.96, 45.67, 44.40, 43.46, 37.08, 33.35,
32.40, 28.64, 28.13. HRMS (ESI) calcd for C19H24N2O3 (M +
H)+: m/z 329.18597, found: 329.18645 (−1.46 ppm).
tert-Butyl 3-(2-Benzyl-1-oxo-1,2-dihydroisoquinolin-6-yl)-

azetidine-1-carboxylate (9a). Following general procedure A,
the crude oil was chromatographed over SiO2 (7:3 hexane/
EtOAc) to afford 9a as a thick pale oil (31 mg, 50%). 1H NMR
(500 MHz, CDCl3) δ 8.44 (d, J = 8.3 Hz, 1H), 7.44 (dd, J =

12.2, 3.9 Hz, 2H), 7.35−7.26 (m, 5H), 7.10 (d, J = 7.4 Hz,
1H), 6.46 (d, J = 7.4 Hz, 1H), 5.21 (s, 2H), 4.38 (t, J = 8.7 Hz,
2H), 4.05−3.98 (m, 2H), 3.87−3.79 (m, 1H), 1.47 (s, 9H).
13C NMR (126 MHz, CDCl3) δ 162.2, 156.5, 146.9, 137.5,
137.0, 132.0, 128.9, 128.9, 128.1, 128.0, 125.9, 125.3, 123.9,
106.3, 79.9, 56.4, 51.8, 33.7, 28.5. HRMS (ESI) calcd for
C24H26N2O3 (M + H)+: m/z 391.20162, found: 391.20128
(0.86 ppm).

6-(1-Acryloylazetidin-3-yl)-2-benzylisoquinolin-1(2H)-one
(9b). 9a (30 mg, 0.077 mmol, 1 equiv) was treated by a 4 M
solution of HCl.dioxane (0.4 mL, 1.54 mmol, 20 equiv) at
room temperature for 2 h under argon. After complete
evaporation of the solvent, the residue was taken up in
dichloromethane (0.8 mL) and subsequently treated by
triethylamine (22 μL, 0.154 mmol, 2 equiv) and acryloyl
chloride (30 μL, 0.385 mmol, 5 equiv). The resulting mixture
was allowed to stir at room temperature for 18 h. The reaction
was quenched upon the addition of an excess 1 M NaOH
aqueous solution. The product was extracted with ethyl
acetate, and the organic phase was washed with brine and dried
over Na2SO4. Purification on SiO2 using hexane/EtOAc = 7/
3−4/6 as eluent furnished product 9b (19 mg) in a 72% yield.
1H NMR (300 MHz, CDCl3) δ 8.45 (d, J = 8.8 Hz, 1H),
7.46−7.40 (m, 2H), 7.37−7.26 (m, 5H), 7.11 (d, J = 7.4 Hz,
1H), 6.46 (d, J = 7.4 Hz, 1H), 6.39 (dd, J = 17.0, 2.0 Hz, 1H),
6.24 (dd, J = 17.0, 10.1 Hz, 1H), 5.71 (dd, J = 10.2, 2.0 Hz,
1H), 5.22 (s, 2H), 4.68 (t, J = 8.7 Hz, 1H), 4.54 (t, J = 9.6 Hz,
1H), 4.33−4.17 (m, 2H), 3.97 (ddd, J = 8.8, 7.4, 4.4 Hz, 1H).
13C NMR (75 MHz, CDCl3) δ 165.9, 162.1, 146.1, 137.6,
136.9, 132.2, 129.1, 129.0, 128.1, 128.0, 127.9, 125.8, 125.7,
125.5, 123.8, 106.3, 57.4, 54.9, 51.8, 33.7. HRMS (ESI) calcd
for C22H20N2O2 (M + H)+: m/z 345.15975, found: 345.16108
(−3.85 ppm).

2-Benzyl-6-(tetrahydro-2H-pyran-4-yl)isoquinolin-1(2H)-
one (11). Following general procedure A, the crude oil was
chromatographed over SiO2 (7:3 hexane/EtOAc) to afford 11
as a white solid (39 mg, 78%). 1H NMR (300 MHz, CDCl3) δ
8.41 (d, J = 8.3 Hz, 1H), 7.37 (dd, J = 8.4, 1.7 Hz, 1H), 7.34−
7.25 (m, 6H), 7.08 (d, J = 7.4 Hz, 1H), 6.46 (d, J = 7.2 Hz,
1H), 5.22 (s, 2H), 4.16−4.06 (m, 2H), 3.55 (td, J = 11.5, 2.9
Hz, 2H), 2.95−2.81 (m, 1H), 1.97−1.77 (m, 4H). 13C NMR
(75 MHz, CDCl3) δ 162.3, 150.5, 137.5, 137.1, 131.6, 128.9,
128.5, 128.0, 127.9, 126.4, 124.9, 123.6, 106.6, 68.4, 51.7, 41.9,
33.7. HRMS (ESI) calcd for C21H21NO2 (M + H)+: m/z
320.16451, found: 320.1651 (−1.86 ppm).

2-Benzyl-6-(tetrahydrofuran-3-yl)isoquinolin-1(2H)-one
(12). Following general procedure A, the crude oil was
chromatographed over SiO2 (7:3 hexane/EtOAc) to afford 12
as a white solid (31 mg, 64%). 1H NMR (300 MHz, CDCl3) δ
8.40 (d, J = 8.2 Hz, 1H), 7.42−7.25 (m, 7H), 7.08 (d, J = 7.4
Hz, 1H), 6.44 (d, J = 7.3 Hz, 1H), 5.21 (s, 2H), 4.20−4.05 (m,
2H), 3.99−3.89 (m, 1H), 3.82 (dd, J = 8.6, 6.9 Hz, 1H), 3.58−
3.45 (m, 1H), 2.49−2.36 (m, 1H), 2.05 (ddd, J = 15.7, 12.4,
7.8 Hz, 1H). 13C NMR (75 MHz, CDCl3) δ 162.1, 147.9,
137.4, 137.0, 131.8, 128.9, 128.7, 128.0, 127.9, 126.6, 125.0,
124.2, 106.4, 74.6, 68.6, 51.7, 45.2, 34.8. HRMS (ESI) calcd
for C20H19NO2 (M + H)+: m/z 306.14886, found: 306.14915
(−0.96 ppm).

1-(tert-Butyl) 2-Methyl (2S,4S)-4-(2-Benzyl-1-oxo-1,2-di-
hydroisoquinolin-6-yl)pyrrolidine-1,2-dicarboxylate (13).
Following general procedure A, the crude oil was chromato-
graphed over SiO2 (7:3 hexane/EtOAc) to afford 13 as a white
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solid (65 mg, 88%). dr = 8/2 1H NMR (300 MHz, CDCl3,
mixture of rotamers) δ 8.40 (d, J = 8.2 Hz, 1H), 7.39−7.22 (m,
7H), 7.08 (d, J = 7.4 Hz, 1H), 6.42 (dd, J = 7.4, 2.0 Hz, 1H),
5.20 (s, 2H), 4.58−4.51 (m, 0.4H), 4.42 (t, J = 5.6 Hz, 0.6H),
4.05 (ddd, J = 19.9, 8.9, 6.3 Hz, 1H), 3.76 (s, 3H), 3.74−3.39
(m, 3H), 2.43−2.35 (m, 1H), 1.45 (d, J = 10.4 Hz, 9H). 13C
NMR (75 MHz, CDCl3, mixture of rotamers) δ 173.4, 173.2,
162.1, 154.3, 153.7, 145.1, 137.4, 137.0, 132.0, 128.9, 128.8,
128.0, 128.0, 126.1, 125.4, 124.2, 106.3, 80.4, 59.2, 58.9, 52.9,
52.4, 52.3, 52.2, 51.8, 42.6, 41.7, 37.8, 36.8, 28.5, 28.4, 22.4,
14.2. HRMS (ESI) calcd for C27H30N2O5 (M + H)+: m/z
463.22275, found: 463.22276 (−0.02 ppm).
di-tert-Butyl (2S,4S)-4-(2-Benzyl-1-oxo-1,2-dihydroisoqui-

nolin-6-yl)pyrrolidine-1,2-dicarboxylate (14). Following gen-
eral procedure A, the crude oil was chromatographed over
SiO2 (7:3 hexane/EtOAc) to afford 14 as a white solid (60 mg,
75%). dr = 8/2. 1H NMR (400 MHz, CDCl3, mixture of
rotamers) δ 8.40 (d, J = 8.3 Hz, 1H), 7.37−7.27 (m, 7H), 7.08
(d, J = 7.4 Hz, 1H), 6.43 (dd, J = 7.3, 4.3 Hz, 1H), 5.20 (s,
2H), 4.44−4.39 (m, 0.3H), 4.30 (dd, J = 7.5, 3.4 Hz, 0.7H),
4.10−3.95 (m, 1H), 3.71−3.56 (m, 1H), 3.54−3.35 (m, 1H),
2.37 (dt, J = 11.9, 8.4 Hz, 2H), 1.49 (d, J = 4.0 Hz, 9H), 1.46
(d, J = 3.5 Hz, 9H). 13C NMR (101 MHz, CDCl3, mixture of
rotamers) δ 172.0, 162.1, 154.2, 153.9, 145.5, 137.4, 137.0,
131.9, 128.9, 128.8, 128.0, 128.0, 126.3, 126.2, 125.3, 124.3,
124.2, 106.4, 81.5, 81.4, 80.2, 80.1, 60.0, 59.9, 53.0, 52.3, 51.8,
43.8, 42.9, 42.6, 41.6, 38.3, 37.9, 37.3, 36.8, 28.5, 28.5, 28.2.
HRMS (ESI) calcd for C30H36N2O5 (M + H)+: m/z 505.2697,
found: 505.26909 (1.2 ppm).
tert-Butyl (2S,4S)-4-(2-Benzyl-1-oxo-1,2-dihydroisoquino-

lin-6-yl)-2-(((tert-butyldiphenylsilyl)oxy)methyl)pyrrolidine-
1-carboxylate (15). Following general procedure A, the crude
oil was chromatographed over SiO2 (7:3 hexane/EtOAc) to
afford 15 as a white solid (84 mg, 79%). dr = 9/1. 1H NMR
(500 MHz, CDCl3, mixture of rotamers) δ 8.44 (d, J = 8.3 Hz,
1H), 7.70 (s, 4H), 7.48−7.27 (m, 13H), 7.10 (d, J = 7.4 Hz,
1H), 6.46 (d, J = 7.3 Hz, 1H), 5.23 (s, 2H), 4.28−4.16 (m,
0.5H), 4.10−4.03 (m, 0.5H), 4.02−3.61 (m, 4H), 3.54 (t, J =
10.0 Hz, 0.5H), 3.39 (t, J = 9.8 Hz, 0.5H), 2.60−2.50 (m, J =
11.9, 6.5 Hz, 0.5H), 2.47−2.37 (m, J = 11.7, 6.7 Hz, 0.5H),
2.31−2.07 (m, 1H), 1.49 (s, 4H), 1.39 (s, 5H), 1.11 (s, 9H).
13C NMR (126 MHz, CDCl3, mixture of rotamers) δ 162.1,
154.4, 146.8, 146.7, 145.8, 137.4, 137.0, 135.7, 133.7, 133.7,
133.6, 133.4, 131.8, 129.9, 129.8, 128.9, 128.6, 128.0, 127.9,
127.9, 126.6, 126.4, 125.2, 125.1, 124.4, 124.1, 106.4, 79.7,
79.5, 64.8, 64.6, 58.8, 53.6, 52.8, 51.7, 42.6, 41.5, 36.5, 35.5,
28.6, 28.5, 27.0, 19.4. HRMS (ESI) calcd for C42H48N2O4Si
(M + Na)+: m/z 695.32756, found: 695.32909 (−2.21 ppm).
tert-Butyl (2R,4S)-4-(2-Benzyl-1-oxo-1,2-dihydroisoquino-

lin-6-yl)-2-methylpyrrolidine-1-carboxylate (16). Following
general procedure A, the crude oil was chromatographed over
SiO2 (7:3 hexane/EtOAc) to afford 16 as a white solid (47 mg,
71%). dr = 8/2. 1H NMR (300 MHz, CDCl3, mixture of
rotamers) δ 8.41 (d, J = 8.3 Hz, 1H), 7.41−7.26 (m, 7H), 7.09
(d, J = 7.4 Hz, 1H), 6.45 (dd, J = 7.3, 2.8 Hz, 1H), 5.22 (s,
2H), 4.25−3.74 (m, 2H), 3.68−3.23 (m, 2H), 2.65−2.49 (m,
0.2H), 2.31−2.13 (m, 0.8H), 2.01 (br s, 0.8H), 1.84−1.64 (m,
0.2H), 1.47 (s, 9H), 1.31 (br s, 3H). 13C NMR (75 MHz,
CDCl3, mixture of rotamers) δ 162.2, 146.4, 145.6, 137.4,
137.3, 137.0, 131.8, 128.9, 128.6, 128.5, 128.0, 127.9, 126.4,
126.4, 125.1, 124.2, 124.1, 106.4, 79.4, 53.2, 51.7, 41.2, 40.8,
39.7, 28.7, 21.1. HRMS (ESI) calcd for C26H30N2O3 (M +
H)+: m/z 419.23292, found: 419.23421 (−3.08 ppm).

tert-Butyl (3S,4R)-3-(2-Benzyl-1-oxo-1,2-dihydroisoquino-
lin-6-yl)-4-vinylpyrrolidine-1-carboxylate (17). Following
general procedure A, the crude oil was chromatographed
over SiO2 (7:3 hexane/EtOAc) to afford 17 as a white solid
(29 mg, 44%). dr = 97/3. 1H NMR (500 MHz, CDCl3) δ 8.41
(d, J = 8.1 Hz, 1H), 7.40−7.25 (m, 7H), 7.08 (d, J = 7.1 Hz,
1H), 6.44 (d, J = 7.0 Hz, 1H), 5.66 (ddd, J = 17.6, 10.3, 7.6
Hz, 1H), 5.20 (s, 2H), 5.03−4.87 (m, 2H), 3.97−3.72 (m,
2H), 3.44 (dt, J = 33.6, 10.7 Hz, 1H), 3.33−3.11 (m, 2H), 2.98
(dt, J = 18.1, 9.0 Hz, 1H), 1.48 (d, J = 12.0 Hz, 9H). 13C NMR
(126 MHz, CDCl3) δ 162.1, 154.4, 154.4, 144.3, 144.2, 137.4,
137.0, 136.3, 136.2, 131.8, 128.9, 128.7, 128.1, 128.0, 126.7,
125.4, 125.1, 117.5, 106.4, 79.7, 53.2, 52.5, 51.8, 51.3, 50.9,
50.8, 50.4, 50.0, 49.2, 28.6. HRMS (ESI) calcd for C27H30N2O3
(M + H)+: m/z 431.23292, found: 431.23474 (−4.23 ppm).

2-Benzyl-6-((3aR,5S,6S,6aR)-5-((R)-2,2-dimethyl-1,3-diox-
olan-4-yl)-2,2-dimethyltetrahydrofuro[2,3-d][1,3]dioxol-6-
yl)isoquinolin-1(2H)-one (18). Following general procedure A,
the crude oil was chromatographed over SiO2 (7:3 hexane/
EtOAc) to afford 18 as a white solid (10 mg, 13%). dr > 99/1.
1H NMR (500 MHz, CDCl3) δ 8.36 (d, J = 8.3 Hz, 1H), 7.40
(d, J = 8.3 Hz, 1H), 7.36 (s, 1H), 7.34−7.27 (m, 5H), 7.08−
7.04 (m, J = 7.4 Hz, 1H), 6.43 (d, J = 7.4 Hz, 1H), 6.01 (d, J =
3.7 Hz, 1H), 5.21 (s, 2H), 4.58 (d, J = 3.7 Hz, 1H), 4.32 (dd, J
= 7.2, 3.9 Hz, 1H), 4.23 (d, J = 3.9 Hz, 1H), 3.80−3.72 (m,
1H), 3.15 (dd, J = 14.5, 2.5 Hz, 1H), 2.92 (dd, J = 14.4, 9.9
Hz, 1H), 1.50 (s, 3H), 1.33 (d, J = 5.3 Hz, 6H), 1.13 (s, 3H).
13C NMR (126 MHz, CDCl3) δ 162.4, 143.3, 137.2, 137.1,
131.4, 129.0, 128.6, 128.2, 128.1, 128.0, 126.3, 124.9, 112.4,
106.6, 106.5, 101.1, 84.3, 83.3, 75.1, 72.6, 51.8, 39.9, 27.4, 26.7,
24.1, 23.9. HRMS (ESI) calcd for C28H31NO6 (M + H)+: m/z
478.22241, found: 478.22368 (−2.64 ppm).

Methyl (S)-3-(2-Benzyl-1-oxo-1,2-dihydroisoquinolin-6-
yl)-2-((tert-butoxycarbonyl)amino)propanoate (19). Follow-
ing general procedure A, the crude oil was chromatographed
over SiO2 (7:3 hexane/EtOAc) to afford 19 as a white solid
(26 mg, 36%). 1H NMR (300 MHz, CDCl3) δ 8.38 (d, J = 8.0
Hz, 1H), 7.36−7.22 (m, 7H), 7.08 (d, J = 7.4 Hz, 1H), 6.42
(d, J = 7.3 Hz, 1H), 5.21 (s, 2H), 5.02 (d, J = 8.2 Hz, 1H),
4.64 (dd, J = 13.7, 6.4 Hz, 1H), 3.71 (s, 3H), 3.20 (qd, J =
13.7, 6.0 Hz, 2H), 1.41 (s, 9H). 13C NMR (126 MHz, CDCl3,
mixture of rotamers) δ 173.0, 172.2, 162.2, 155.5, 155.1, 141.0,
137.3, 137.0, 131.8, 129.0, 128.5, 128.4, 128.1, 128.0, 126.5,
125.4, 106.4, 54.4, 52.6, 52.5, 51.8, 38.6, 29.0, 28.4. HRMS
(ESI) calcd for C25H28N2O5 (M + H)+: m/z 437.2071, found:
437.20645 (1.48 ppm).

Methyl (2S)-3-(2-Benzyl-1-oxo-1,2-dihydroisoquinolin-6-
yl)-2-((tert-butoxycarbonyl)amino)butanoate (20). Follow-
ing general procedure A, the crude oil was chromatographed
over SiO2 (7:3 hexane/EtOAc) to afford 20 as a white solid
(31 mg, 43%). dr = 1/1. 1H NMR (300 MHz, CDCl3, mixture
of rotamers) δ 8.39 (d, J = 8.8 Hz, 1H), 7.37−7.22 (m, 7H),
7.08 (d, J = 7.4 Hz, 1H), 6.45 (d, J = 7.3 Hz, 1H), 5.21 (s,
2H), 5.12 (d, J = 9.3 Hz, 0.45H), 4.86 (d, J = 8.9 Hz, 0.55H),
4.58 (dd, J = 15.3, 9.2 Hz, 1H), 3.68 (s, 1.65H), 3.57 (s,
1.35H), 3.51−3.39 (m, 0.45H), 3.32 (p, J = 7.0 Hz, 0.55H),
1.48−1.31 (m, 3H), 1.40 (s, 9H). 13C NMR (126 MHz,
CDCl3, mixture of rotamers) δ 172.1, 172.1, 166.1, 162.2,
155.6, 155.3, 146.5, 145.9, 137.3, 137.2, 137.0, 137.0, 131.8,
131.7, 129.0, 128.9, 128.6, 128.4, 128.1, 128.0, 127.9, 126.8,
125.5, 125.4, 124.9, 124.9, 106.5, 106.5, 80.2, 67.9, 58.8, 58.7,
52.3, 51.8, 43.0, 42.5, 39.0, 30.7, 29.8, 29.1, 28.4, 24.1, 23.1,
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17.4, 16.5, 14.2, 11.2. HRMS (ESI) calcd for C26H30N2O5 (M
+ H)+: m/z 451.22275, found: 451.22332 (−1.27 ppm).
tert-Butyl 4-(2-Methyl-1-oxo-1,2-dihydroisoquinolin-7-yl)-

piperidine-1-carboxylate (21). Following general procedure
A, the crude oil was chromatographed over SiO2 (8:2 hexane/
EtOAc) to afford 21 as a white solid (40 mg, 73%). 1H NMR
(500 MHz, CDCl3) δ 8.27−8.22 (m, J = 1.0 Hz, 1H), 7.49−
7.42 (m, 2H), 7.02 (d, J = 7.3 Hz, 1H), 6.45 (d, J = 7.3 Hz,
1H), 4.25 (br s, 2H), 3.58 (s, 3H), 2.92−2.74 (m, 3H), 1.85
(d, J = 13.0 Hz, 2H), 1.68 (ddd, J = 25.6, 12.5, 4.4 Hz, 2H),
1.48 (s, 9H). 13C NMR (126 MHz, CDCl3) δ 162.7, 154.9,
144.8, 135.7, 132.0, 131.3, 126.3, 125.4, 105.9, 79.6, 44.4, 42.8,
37.2, 33.2, 28.6. HRMS (ESI) calcd for C20H26N2O3 (M +
Na)+: m/z 365.18356, found: 365.18458 (−2.77 ppm).
2-Methyl-7-(tetrahydro-2H-pyran-4-yl)isoquinolin-1(2H)-

one (22). Following general procedure A, the crude oil was
chromatographed over SiO2 (8:2 hexane/EtOAc) to afford 22
as a white solid (30 mg, 78%). 1H NMR (500 MHz, CDCl3) δ
8.28 (d, J = 1.3 Hz, 1H), 7.49 (dt, J = 19.2, 5.0 Hz, 2H), 7.03
(d, J = 7.3 Hz, 1H), 6.46 (d, J = 7.3 Hz, 1H), 4.13−4.06 (m,
2H), 3.59 (s, 3H), 3.55 (td, J = 11.7, 2.2 Hz, 2H), 2.90 (tt, J =
11.9, 3.9 Hz, 1H), 1.89 (dtd, J = 16.2, 11.9, 4.4 Hz, 2H), 1.81
(ddd, J = 7.9, 4.6, 2.7 Hz, 2H). 13C NMR (126 MHz, CDCl3)
δ 162.7, 144.9, 135.7, 132.0, 131.2, 126.3, 125.4, 105.9, 68.4,
41.7, 37.2, 33.9. HRMS (ESI) calcd for C15H17NO2 (M +
H)+: m/z 244.13321, found: 244.13391 (−2.89 ppm).
tert-Butyl 2-(1-Oxo-1,2-dihydroisoquinolin-6-yl)-

pyrrolidine-1-carboxylate (27). Following general procedure
B, the crude oil was chromatographed over SiO2 (3:7 hexane/
EtOAc) to afford 27 as a white foam (53 mg, 67%). 1H NMR
(500 MHz, CDCl3, mixture of rotamers) δ 11.72 (m, 1H), 8.35
(m, 1H), 7.35−7.27 (m, 2H), 7.22−7.09 (m, 1H), 6.51 (m,
1H), 5.12−4.82 (m, 1H), 3.65 (m, 2H), 2.38 (m, 1H), 2.03−
1.77 (m, 3H), 1.45 (s, 3H), 1.13 (s, 6H). 13C NMR (126
MHz, CDCl3, mixture of rotamers) δ 164.5, 154.6, 150.3,
149.3, 138.4, 128.2, 128.0, 127.8, 127.5, 124.8, 124.7, 124.4,
122.7, 106.9, 106.7, 79.7, 61.4, 61.0, 47.6, 47.3, 36.0, 34.9, 28.6,
28.5, 28.2, 23.8, 23.4. HRMS (ESI) calcd for C18H22N2O3 (M
+ H)+: m/z 315.17032, found 315.16986.
tert-Butyl (2S,4R)-4-Hydroxy-2-(1-oxo-1,2-dihydroisoqui-

nolin-6-yl)pyrrolidine-1-carboxylate (28). Following general
procedure B, the crude oil was transferred in a one-neck round-
bottomed flask dried and flushed under argon. THF (2.5 mL)
was added, and the yellow solution was cooled to 0 °C,
whereby tetra-n-butylammonium fluoride (TBAF, 300 μL, C =
1.0 M in THF, 0.3 mmol, 1.2 equiv) was added. Stirred at 0 °C
for 5 min and then for 3h at rt, whereby LC−MS analysis
indicated that the reaction went to completion. The reaction
was quenched with a saturated aq NaHCO3 solution (5.0 mL),
and the aqueous layer was extracted ×3 with EtOAc (5.0 mL).
The organic layers were combined, washed ×1 with distilled
H2O (5.0 mL), ×1 with brine (5.0 mL), dried over Na2SO4,
filtered, and concentrated under vacuum. The crude oil was
chromatographed over SiO2 (97:3 CHCl3/MeOH) to afford
28 as a white solid (22 mg, 27% over two steps). dr = 85:15.
1H NMR (500 MHz, CDCl3, mixture of rotamers) δ 10.97 (m,
1H), 8.34 (m, 1H), 7.48−7.30 (m, 2H), 7.12 (m, 1H), 6.50
(m, 1H), 5.23−4.89 (m, 1H), 4.52 (m, 1H), 3.98−3.55 (m,
2H), 2.71−2.16 (m, 2H), 2.05 (m, 0.15H) 1.99 (m, 0.85H),
1.44 (m, 3H), 1.10 (m, 6H). 13C NMR (126 MHz, CDCl3,
mixture of rotamers) δ 164.1, 155.0, 150.1, 138.4, 128.1, 127.9,
125.0, 124.6, 123.0, 106.7, 80.1, 70.2, 69.7, 60.4, 56.1, 45.2,

28.6, 28.2. HRMS (ESI) calcd for C18H22N2O4 (M + H)+: m/z
331.16523, found 331.16679.

tert-Butyl 2-(1-Oxo-1,2-dihydroisoquinolin-6-yl)indoline-
1-carboxylate (29). Following general procedure B, the
crude oil was chromatographed over SiO2 (96:4 CHCl3/
MeOH) to afford 29 as a beige solid (29 mg, 32%). 1H NMR
(700 MHz, CDCl3, mixture of rotamers) δ 10.66 (br s, 1H),
8.35 (d, J = 8.3 Hz, 1H), 7.42−7.28 (m, 2H), 7.17−7.09 (m,
2H), 7.01 (td, J = 7.5, 1.0 Hz, 1H), 6.47 (d, J = 7.1 Hz, 1H),
5.49 (br s, 1H), 3.79−3.65 (m, 1H), 3.06−2.89 (m, 1H), 1.27
(m, 9H). 13C NMR (176 MHz, CDCl3, mixture of rotamers) δ
163.9, 152.4, 149.7, 143.3, 138.5, 128.3, 128.0, 127.9, 125.4,
125.0, 124.4, 123.0, 122.5, 114.9, 106.8, 81.2, 62.6, 37.8, 28.3.
HRMS (ESI) calcd for C22H22N2O3 (M + H)+: m/z
363.17032, found 363.17178; calcd for C22H22N2O3 (M +
Na)+ 385.15226, found 385.15465.

tert-Butyl 2-(2-Benzyl-1-oxo-1,2-dihydroisoquinolin-6-yl)-
indoline-1-carboxylate (30). Following general procedure B,
the crude oil was chromatographed over SiO2 (8:2 Hex/
EtOAc) to afford 30 as a pale yellow oil (50 mg, 69%). 1H
NMR (500 MHz, CDCl3, mixture of rotamers) δ 8.40 (d, J =
8.3 Hz, 1H), 7.36−7.23 (m, 8H), 7.13 (dd, J = 7.4, 1.4 Hz,
1H), 7.06 (d, J = 7.4 Hz, 1H), 7.00 (td, J = 7.4, 1.1 Hz, 1H),
6.40 (d, J = 7.4 Hz, 1H), 5.48 (br s, 1H), 5.20 (s, 2H), 3.73
(ddt, J = 16.2, 10.7, 1.1 Hz, 1H), 2.96 (dd, J = 16.4, 3.7 Hz,
1H), 1.59−1.11 (m, 9H). 13C NMR (126 MHz, CDCl3,
mixture of rotamers) δ 162.2, 152.4, 149.2, 143.1, 137.4, 137.0,
131.8, 128.9, 128.2, 128.0, 128.0, 125.5, 125.0, 124.5, 122.9,
122.1, 114.9, 106.5, 81.2, 62.5, 51.8, 37.8, 28.3. HRMS (ESI)
calcd for C14H23NO4 (M + Na)+: m/z 292.15193, found
292.15222.

tert-Butyl 2-(2-Benzyl-1-oxo-1,2-dihydroisoquinolin-6-yl)-
pyrrolidine-1-carboxylate (31a). Following general procedure
B, the crude oil was chromatographed over SiO2 (7:3 hexane/
EtOAc) to afford 31a as a colorless oil (68 mg, 67%). 1H NMR
(500 MHz, CDCl3, mixture of rotamers) δ 8.40 (d, J = 8.3 Hz,
1H), 7.36−7.28 (m, 7H), 7.18−6.95 (m, 1H), 6.44 (d, J = 7.4
Hz, 1H), 5.21 (s, 2H), 4.95 (m, 1H), 3.62 (m, 2H), 2.37 (br s,
1H), 1.89 (m, 3H), 1.45 (s, 3H), 1.16 (s, 6H). 13C NMR (101
MHz, CDCl3, mixture of rotamers) δ 162.3, 154.7, 149.9,
137.2, 137.1, 131.7, 128.9, 128.7, 128.4, 128.2, 128.0, 125.2,
124.9, 124.6, 122.3, 106.8, 106.5, 79.7, 61.4, 61.0, 51.8, 47.7,
47.3, 36.0, 28.6, 28.3, 28.2, 23.8, 23.4. HRMS (ESI) calcd for
C25H28N2O3 (M + H)+: m/z 405.21727, found 405.21879;
calcd for C25H28N2O3 (M + Na)+: m/z 427.19921, found
427.19996.

tert-Butyl 2-(2-Benzyl-1-oxo-1,2-dihydroisoquinolin-6-yl)-
piperidine-1-carboxylate (32). Following general procedure B,
the crude oil was chromatographed over SiO2 (8:2 hexane/
EtOAc) to afford 32 as a pale yellow oil (28 mg, 27% (33%
conversion)). 1H NMR (500 MHz, CDCl3) δ 8.42 (d, J = 8.5
Hz, 1H), 7.38−7.27 (m, 7H), 7.08 (d, J = 7.3 Hz, 1H), 6.45
(dd, J = 7.4, 0.6 Hz, 1H), 5.48 (m, 1H), 5.22 (s, 2H), 4.16−
4.02 (m, 1H), 2.80 (ddd, J = 13.5, 11.9, 4.0 Hz, 1H), 2.35 (dd,
J = 14.1, 3.4 Hz, 1H), 1.95 (m, 1H), 1.63−1.56 (m, 2H), 1.45
(s, 10H), 1.42−1.32 (m, 1H). 13C NMR (126 MHz, CDCl3) δ
162.5, 156.0, 146.0, 137.6, 137.3, 131.9, 129.2, 128.9, 128.4,
128.2, 125.9, 125.2, 124.0, 106.9, 80.3, 54.0, 52.0, 40.8, 28.8,
28.7, 25.7, 19.8. HRMS (ESI) calcd for C26H30N2O3 (M +
H)+: m/z 419.23292, found 419.23371; calcd for C26H30N2O3
(M + Na)+: m/z 441.21486, found 441.21490.

tert-Butyl 2-(2-Methyl-1-oxo-1,2-dihydroisoquinolin-6-yl)-
pyrrolidine-1-carboxylate (33). Following general procedure
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B, the crude oil was chromatographed over SiO2 (3:7 hexane/
EtOAc) to afford 33 as a pale green solid (60 mg, 73%). 1H
NMR (500 MHz, CDCl3, mixture of rotamers) δ 8.35 (d, J =
8.3 Hz, 1H), 7.29 (m, 2H), 7.05 (m, 1H), 6.42 (d, J = 7.3 Hz,
1H), 5.10−4.78 (m, 1H), 3.62 (m, 5H), 2.45−2.24 (m, 1H),
1.88 (m, 3H), 1.45 (s, 3H), 1.12 (s, 6H). 13C NMR (126
MHz, CDCl3, mixture of rotamers) δ 162.6, 154.6, 149.7,
148.7, 137.3, 132.8, 132.6, 128.2, 128.0, 124.9, 124.8, 122.5,
122.3, 106.3, 106.0, 79.6, 61.4, 60.9, 47.6, 47.3, 37.1, 36.0, 34.9,
28.6, 28.2, 23.8, 23.4. HRMS (ESI) calcd for C19H24N2O3 (M
+ H)+: m/z 329.18597, found 329.18729; calcd for
C19H24N2O3 (M + Na)+: m/z 351.16791, found 351.16882.
tert-Butyl 2-(2-Methyl-1-oxo-1,2-dihydroisoquinolin-6-yl)-

azetidine-1-carboxylate (34). Following general procedure B,
the crude oil was chromatographed over SiO2 (3:7 hexane/
EtOAc) to afford 34 as a yellow oil (60 mg, 76%). 1H NMR
(500 MHz, CDCl3) δ 8.40 (d, J = 8.3 Hz, 1H), 7.51−7.39 (m,
2H), 7.06 (d, J = 7.3 Hz, 1H), 6.46 (d, J = 7.3 Hz, 1H), 5.28 (t,
J = 7.7 Hz, 1H), 4.03 (m, 2H), 3.59 (s, 3H), 2.67 (m, 1H),
2.24−2.07 (m, 1H), 1.51−1.15 (m, 9H). 13C NMR (126 MHz,
CDCl3) δ 162.6, 156.7, 146.8, 137.5, 132.8, 128.2, 125.4,
124.6, 122.9, 106.2, 79.9, 64.0, 46.6, 37.1, 28.4, 25.4. HRMS
(ESI) calcd for C18H22N2O3 (M + H)+: m/z 315.17032, found
315.17152; C18H22N2O3 (M + Na)+: m/z 337.15226, found
337.15313.
2-Methyl-6-(tetrahydrofuran-2-yl)isoquinolin-1(2H)-one

(35). Following general procedure B, the crude oil was
chromatographed over SiO2 (3:7 hexane/EtOAc) to afford 35
as a yellow solid (28 mg, 49%). 1H NMR (500 MHz, CDCl3)
δ 8.38 (d, J = 8.3 Hz, 1H), 7.55−7.44 (br s, 1H), 7.41 (dd, J =
8.3, 1.6 Hz, 1H), 7.06 (d, J = 7.3 Hz, 1H), 6.47 (d, J = 7.3 Hz,
1H), 5.01 (t, J = 7.2 Hz, 1H), 4.14 (dt, J = 8.3, 6.8 Hz, 1H),
3.99 (dt, J = 8.2, 6.9 Hz, 1H), 3.59 (s, 3H), 2.40 (dq, J = 13.2,
6.7 Hz, 1H), 2.13−1.95 (m, 2H), 1.82 (dq, J = 12.2, 7.8 Hz,
1H). 13C NMR (126 MHz, CDCl3) δ 162.7, 148.1, 137.4,
132.7, 128.0, 125.3, 124.6, 122.3, 106.2, 80.4, 69.1, 37.1, 34.8,
26.1. HRMS (ESI) calcd for C14H15NO2 (M + H)+: m/z
230.11756, found 230.11731; calcd for C14H15NO2 (M +
Na)+: m/z 252.09950, found 252.09903.
tert-Butyl 2-(2-Methyl-1-oxo-1,2-dihydroisoquinolin-6-yl)-

5-oxopyrrolidine-1-carboxylate (36). Following general pro-
cedure B, the crude oil was chromatographed over SiO2 (100
EtOAc) to afford 36 as a pale yellow solid (14 mg, 16%). 1H
NMR (400 MHz, CDCl3) δ 8.43 (d, J = 7.9, 1H), 7.33 (m,
2H), 7.10 (d, J = 7.3 Hz, 1H), 6.51−6.35 (m, 1H), 5.25 (dd, J
= 8.1, 3.9 Hz, 1H), 3.61 (s, 3H), 2.82−2.43 (m, 3H), 1.99−
1.85 (m, 1H), 1.25 (s, 9H). 13C NMR (101 MHz, CDCl3) δ
174.7, 162.4, 149.5, 146.9, 137.7, 133.4, 128.9, 125.7, 124.2,
121.7, 105.8, 83.4, 61.5, 37.2, 31.3, 27.8, 27.2. HRMS (ESI)
calcd for C19H22N2O4 (M + H)+: m/z 343.16523, found
343.16598.
tert-Butyl (1-(2-Methyl-1-oxo-1,2-dihydroisoquinolin-6-

yl)ethyl)carbamate (38). Following general procedure B, the
crude oil was chromatographed over SiO2 (3:7 hexane/
EtOAc) to afford 38 as a pale yellow oil (56 mg, 74%). 1H
NMR (500 MHz, CDCl3) δ 8.37 (d, J = 8.8 Hz, 1H), 7.41 (m,
2H), 7.05 (d, J = 7.3 Hz, 1H), 6.44 (d, J = 7.3 Hz, 1H), 4.92
(m, 2H), 3.58 (s, 3H), 1.55−1.33 (m, 12H). 13C NMR (126
MHz, CDCl3) δ 162.5, 155.2, 148.6, 137.5, 132.8, 128.3, 125.3,
124.8, 123.0, 106.1, 79.8, 50.3, 37.1, 28.5, 22.8. HRMS (ESI)
calcd for C17H22N2O3 (M + H)+: m/z: 303.17032, found
303.17065; calcd for C17H22N2O3 (M + Na)+: m/z 325.15226,
found 325.15258.

6-((Benzyloxy)methyl)-2-methylisoquinolin-1(2H)-one
(39). Following general procedure B, the crude oil was
chromatographed over SiO2 (3:7 hexane/EtOAc) to afford 39
as a yellow oil (54 mg, 77%). 1H NMR (500 MHz, CDCl3) δ
8.42 (m, 1H), 7.54−7.51 (m, 1H), 7.49 (m, 1H), 7.42−7.28
(m, 4H), 7.06 (d, J = 7.3 Hz, 1H), 6.48 (m, 1H), 4.67 (s, 2H),
4.62 (s, 2H), 3.60 (s, 3H). 13C NMR (126 MHz, CDCl3) δ
162.6, 142.8, 138.0, 137.4, 132.8, 132.5, 132.1, 128.6, 128.0,
127.9, 127.8, 126.9, 126.1, 126.0, 125.6, 124.3, 106.1, 106.1,
72.7, 71.7, 37.1, 37.1. HRMS (ESI) calcd for C18H17NO2 (M +
H)+: m/z 280.13321, found 280.13461; calcd for C18H17NO2
(M + Na)+: m/z 302.11515, found 302.11662.

tert-Butyl 2-(2-Methyl-1-oxo-1,2-dihydroisoquinolin-7-yl)-
pyrrolidine-1-carboxylate (40). Following general procedure
B, the crude oil was chromatographed over SiO2 (3:7 hexane/
EtOAc) to afford 40 as a yellow oil (60 mg, 73%). 1H NMR
(500 MHz, CDCl3, mixture of rotamers) δ 8.27 (br s, 1H),
7.48 (br s, 2H), 7.06 (m, 1H), 6.50 (m, 1H), 5.16−4.85 (m,
1H), 3.74−3.51 (m, 5H), 2.47−2.27 (m, 1H), 1.89 (m, 3H),
1.48 (br s, 4H), 1.18 (br s, 5H). 13C NMR (126 MHz, CDCl3,
mixture of rotamers) δ 162.7, 154.7, 144.3, 143.4, 135.9, 132.1,
130.2, 129.6, 126.2, 126.0, 124.7, 123.9, 105.9, 79.5, 61.4, 60.8,
47.5, 47.3, 37.2, 36.3, 35.0, 28.7, 28.3, 23.6, 23.5. HRMS (ESI)
calcd for C19H24N2O3 (M + Na)+: m/z 351.16791, found
351.16775; calcd for C19H24N2O3 (M+K)+: m/z 367.14185,
found 367.14163.

tert-Butyl 2-(2-Methyl-1-oxo-1,2-dihydroisoquinolin-7-yl)-
azetidine-1-carboxylate (41). Following general procedure B,
the crude oil was chromatographed over SiO2 (3:7 hexane/
EtOAc) to afford 41 as a yellow oil (46 mg, 59%). 1H NMR
(500 MHz, CDCl3) δ 8.38 (s, 1H), 7.68 (dd, J = 8.2, 1.9 Hz,
1H), 7.51 (d, J = 8.2 Hz, 1H), 7.05 (d, J = 7.3 Hz, 1H), 6.48
(d, J = 7.3 Hz, 1H), 5.32 (dd, J = 8.8, 6.3 Hz, 1H), 4.03 (t, J =
8.4 Hz, 2H), 3.61 (s, 3H), 2.71−2.56 (m, 1H), 2.17 (m, 1H),
1.29 (m, 9H). 13C NMR (101 MHz, CDCl3) δ 162.7, 156.7,
141.6, 136.5, 132.4, 130.1, 126.3, 105.9, 79.7, 64.1, 46.7, 37.2,
28.4, 25.6. HRMS (ESI) calcd for C18H22N2O3 (M + Na)+: m/
z 337.15226, found 337.15131; calcd for C18H22N2O3 (M
+K)+: m/z 353.12620, found 353.12973.

tert-Butyl 2-(2-Methyl-1-oxo-1,2-dihydroisoquinolin-7-yl)-
indoline-1-carboxylate (42). Following general procedure B,
the crude oil was chromatographed over SiO2 (5:5 hexane/
EtOAc) to afford 42 as a yellow oil (62 mg, 66%). 1H NMR
(500 MHz, CDCl3, mixture of rotamers, mixture with 2-
methylisoquinolin-1(2H)-one (S4)) δ 8.43 (d, J = 8.1 Hz,
0.35H, S4), 8.30 (s, 1H), 7.62 (ddd, J = 8.2, 7.1, 1.4 Hz,
0.35H, S4), 7.53−7.44 (m, 0.70H, S4), 7.42 (m, 2H), 7.26−
7.21 (t, J = 9.2 Hz, 1H), 7.11 (d, J = 7.5 Hz, 1H), 7.06 (d, J =
7.3 Hz, 0.35H, S4), 7.03 (d, J = 7.3 Hz, 1H), 6.98 (t, J = 7.4
Hz, 1H), 6.48 (d, J = 7.3 Hz, 0.35H, S4), 6.44 (d, J = 7.2 Hz,
1H), 5.52 (br s, 1H), 3.72 (dd, J = 16.3, 10.7 Hz, 1H), 3.59 (d,
J = 8.0 Hz, 4H), 2.97 (dd, J = 16.4, 3.7 Hz, 1H), 1.46−1.20
(m, 9H). 13C NMR (126 MHz, CDCl3, mixture of rotamers,
mixture with S4) δ 162.7 (S4), 162.6, 152.4, 143.5, 143.1,
137.3 (S4), 136.4, 132.5 (S4), 132.4, 132.1 (S4), 129.1, 127.9,
127.8 (S4), 126.9 (S4), 126.6, 126.3, 126.2, 126.0 (S4), 124.9,
122.8, 115.0, 106.1 (S4), 105.8, 81.1, 62.6, 37.9, 37.1 (S4),
28.3. HRMS (ESI) calcd for C23H24N2O3 (M + Na)+: m/z
399.16791, found 399.16950; calcd for C23H24N2O3 (M+K)+:
m/z 415.14185, found 415.14340.

2-Methyl-7-(tetrahydrofuran-2-yl)isoquinolin-1(2H)-one
(43). Synthetized following general procedure B, the crude oil
was chromatographed over SiO2 (3:7 hexane/EtOAc) to afford
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43 as a yellow oil (23 mg, 40%). 1H NMR (500 MHz, CDCl3)
δ 8.34 (s, 1H), 7.65 (dd, J = 8.2, 1.9 Hz, 1H), 7.49 (d, J = 8.2
Hz, 1H), 7.04 (d, J = 7.3 Hz, 1H), 6.47 (d, J = 7.3 Hz, 1H),
5.02 (t, J = 7.2 Hz, 1H), 4.13 (dt, J = 8.3, 6.9 Hz, 1H), 3.96
(ddd, J = 8.3, 7.4, 6.4 Hz, 1H), 3.60 (s, 3H), 2.38 (m, 1H),
2.03 (m, 2H), 1.84 (ddt, J = 12.3, 8.6, 7.6 Hz, 1H). 13C NMR
(126 MHz, CDCl3) δ 162.8, 142.7, 136.4, 132.3, 129.9, 126.2,
126.1, 124.7, 106.0, 80.6, 69.0, 37.2, 34.9, 26.2. HRMS (ESI)
calcd for C14H15NO2 (M + H)+: m/z 230.11756, found
230.11748; calcd for C14H15NO2 (M + Na)+: m/z 252.09950,
found 252.09909.
6-(1-Acryloylpyrrolidin-2-yl)-2-benzylisoquinolin-1(2H)-

one (31b). 31a (35 mg, 0.086 mmol, 1 equiv) was treated by a
4 M solution of HCl.dioxane (0.7 mL, 2.84 mmol, 33 equiv) at
room temperature for 2 h under argon. After complete
evaporation of the solvent, the residue was taken up in
dichloromethane (0.9 mL) and subsequently treated by
triethylamine (27 μL, 0.19 mmol, 2.2 equiv) and acryloyl
chloride (36 μL, 0.43 mmol, 5.0 equiv). The resulting mixture
was stirred at room temperature for 18 h. The reaction was
quenched upon the addition of an excess saturated NH4Cl
aqueous solution. The product was extracted with dichloro-
methane (×3). The organic phase was washed with distilled
water, brine, dried over Na2SO4, and concentrated under
reduced pressure. The crude oil was chromatographed over
SiO2 (1:9 hexane/EtOAc) to afford 31b as a white solid (24
mg, 77%). 1H NMR (400 MHz, CDCl3, mixture of rotamers)
δ 8.45 (m, 1H), 7.37−7.29 (m, 6H), 7.26 (m, 0.7H), 7.10 (m,
1H), 6.61 (m, 0.35H), 6.49−6.41 (m, 1H), 6.39 (m, 0.35H),
6.34 (m, 0.35H), 6.11 (m, 0.7H), 5.75 (m, 0.35H), 5.49 (m,
0.7H), 5.37 (m, 0.35H), 5.23 (s, 2H), 5.19 (m, 0.7H), 3.91 (m,
1H), 3.86−3.76 (m, 1H), 2.57−2.32 (m, 1H), 2.10−1.84 (m,
3H). 13C NMR (101 MHz, CDCl3, mixture of rotamers) δ
165.5, 164.7, 162.2, 162.0, 147.9, 147.8, 137.5, 137.3, 137.2,
136.9, 132.2, 131.6, 129.6, 129.2, 129.0, 128.9, 128.8, 128.7,
128.7, 128.6, 128.6, 128.2, 128.2, 128.1, 128.1, 128.0, 127.9,
125.7, 125.3, 124.7, 124.6, 122.7, 122.5, 106.7, 106.4, 61.3,
61.0, 51.9, 51.7, 47.9, 47.3, 36.2, 34.1, 24.2, 21.8. HRMS (ESI)
calcd for C23H22N2O2 (M + H)+ 359.1754, found 359.17524.
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