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A site-selective C(3)/C(4)-alkylation of N-pyridylisoquinolones is
achieved by employing C� C bond activation of cyclopropanols
under Ru(II)-catalyzed/Cu(II)-mediated conditions. The regioiso-
meric ratios of the products follow directly from the electronic
nature of the cyclopropanols and isoquinolones used, with
electron-withdrawing groups yielding predominantly the C(3)-
alkylated products, whereas the electron-donating groups

primarily generate the C(4)-alkylated isomers. Density functional
theory calculations and detailed mechanistic investigations
suggest the simultaneous existence of the singlet and triplet
pathways for the C(3)- and C(4)-product formation. Further
transformations of the products evolve the utility of the
methodology thereby yielding scaffolds of synthetic relevance.

Introduction

The efficient construction of diversely functionalized hetero-
cycles, particularly isoquinolone derivatives, has long been an
attractive target in synthetic chemistry. Owing to their extensive
biological activities and prevalence in naturally occurring
alkaloids as well as therapeutic agents,[1] numerous synthetic
routes have been designed over the years to achieve this
framework (Scheme 1a).[2] Site-selectivity has invariably been an
important theme in C� H functionalization of heteroarenes, and
in this regard isoquinolones are no exception. Thus, controlling
the same is a crucial challenge, which is often overcome by the
introduction of directing groups and upon tuning the catalyst
system. In this context, Hong and co-workers described a site-
selective C(4)- vs C(8)-arylation of isoquinolones by switching
the metal catalyst from [Pd] to [Ir].[2a] A similar modulation of
regioselective C(4)/C(8)-alkynylation of isoquinolones was
achieved by Patil and co-workers, utilizing [Au] and [Rh]
complexes respectively,[2b] whilst Samanta and co-workers
accomplished a regiocontrolled C(3)/C(8)-amidation of isoqui-
nolones under Ir(III)-catalysis.[2c]

Site-selective introduction of β-ketoaryl groups to arenes/
heteroarenes is gaining significance for promoting late-stage
functionalization in numerous contexts. One of the techniques
for achieving this goal involves ring opening of strained, small-

ring systems.[3] In this regard, cyclopropanols act as one of the
best suited substrates owing to their facile syntheses and
propensity to form homoenolates/β-ketoalkyl radicals under
transition metal (TM)-catalyzed conditions, thereby acting as
nucleophiles or electrophiles respectively.[4] Such disconnec-
tions of C� C bonds promoted by TM-catalysis can either be via
oxidative insertion of the TM into the C� C bond or β-C
elimination, thus assisting in facile C� C bond formation.[5]
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Scheme 1. Backdrop and synopsis of the present work.
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Hence, methods emerging from the combination of both, the
C� H and C� C bond activation strategies, are desirable for
effective construction of alkylated heteroarenes (Scheme 1b).[6]

Towards this, Li and co-workers reported a Rh(III)-catalyzed
ortho C� H alkylation of arenes via concomitant ring opening of
cyclopropanols, driven primarily by chelation assistance strat-
egy.[7(a),(b)] Moreover, Liu and co-workers had elaborated upon
the oxidative cyclization of oxazolines resulting from a similar
ring cleavage protocol.[7(c)] Recently, Anbarasan and co-workers
described a C(2)-alkylation of indoles under Rh- and Co-
catalysis.[7(d),(e)]

Given the utility and prevalence of functionalized isoquino-
lines and isoquinolones, we have been investigating methods
for their site-selective C(3)/C(4)-functionalization.[8] For this
purpose, we thought of utilizing cyclopropanols as the active
congeners since they are known to generate β-functionalized
ketone motifs. During our efforts to design an appropriate
methodology, we discovered that the propensity of cyclo-
propanols to couple with the C(3)- or C(4)-positions of
isoquinolones was dependent entirely upon the electronic
environment around the three-membered ring as well as it
relied upon the transition metal catalyst used. In this work, we
report a Ru-catalyzed, Cu-mediated, site-selective C(3)/C(4)-
alkylation of N-pyridyl isoquinolones resulting from the con-
comitant C� H and C� C bond activation approaches (Sche-
me 1c). In our studies, we realized the involvement of either of
the transition metals in the cyclopropanol ring cleavage that
form reactive intermediates for facile C(3)/C(4)-H functionaliza-
tion. The same transformation, when performed in the presence
of [Cp*RhCl2]2, led to an exclusive formation of the C(3)-isomer,
regardless of the electronic variations. This anomaly in the site-
selectivity was rationalized through a series of control experi-
ments, mechanistic investigations and DFT calculations.

Results and Discussions

To explore the feasibility of our approach, we initiated our
investigations by using 2-(pyridin-2-yl)isoquinolin-1(2H)-one
(1a) and 1-phenylcyclopropan-1-ol (2b) as the model substrates
for optimization (Table 1). We initiated our screening by
employing [Cp*RhCl2]2 as the catalyst, along with CsOAc and
Cu(OAc)2 ·H2O as the additive and oxidant respectively, in
MeOH as the solvent (entry 1, Table 1). The C(3)-coupled
product was formed exclusively with no trace of the C(4)-
isomer. To achieve our goal of obtaining site-selectivity, we
next screened the various transition metal catalysts (entries 2, 4
and 5, Table 1), out of which the Ru-catalyst offered the desired
result with an initial yield of 20% and a 3 :1 ratio of the
C(3) :C(4)-alkylated products. The effect of the reaction temper-
ature also proved to be a vital parameter, with an improved
yield obtained at 80 °C (entries 2 and 3, Table 1). Next, the role
of different additives in the reaction outcome was examined.
The replacement of CsOAc with Ag(I) salts did not result in a
significant increment in yields (entries 6 and 7, Table 1).
Addition of 1-AdCO2H, in turn, afforded the best result with an
overall isolated yield of 73%, whereas other carboxylic acid

additives did not yield notable results (entries 8–10, Table 1).
Polar protic solvents were the best choices for the trans-
formation, where MeOH proved to be the most suitable
amongst those scanned. It must be noted here that the ratio of
the C(3) :C(4) coupled products did not vary significantly for
reactions carried out in MeOH or EtOH, but a predominant
solvent effect was observed upon increasing the polarity.
Fluorinated alcoholic solvents such as TFE yielded the C(3)-
alkylated product predominantly (C(3) :C(4)=4.5 :1), whereas
HFIP resulted in the formation of the C(3) isomer exclusively
(entries 11–13, Table 1).[9]

With the optimized condition in hand, we then began
screening various substrates for compatibility with the trans-
formation. Interestingly, it was observed that the electronic
environment of the substituents on the aryl ring of the
cyclopropanol largely dictated the product regioselectivity. For
instance, a preferential alkylation at the C(3)-position was

Table 1. Optimization of the reaction conditions.[a,c]

Entry Catalyst/Additive/Oxidant Solvent Temp
[°C]

Yield
[%][b]

1c [Cp*RhCl2]2/CsOAc/Cu-
(OAc)2 ·H2O

MeOH RT 65

2 [Ru(p-cym)Cl2]2/CsOAc/Cu-
(OAc)2 ·H2O

MeOH RT 20

3 [Ru(p-cym)Cl2]2/CsOAc/Cu-
(OAc)2.H2O

MeOH 80 45

4 Pd(OAc)2/ CsOAc/Cu-
(OAc)2 ·H2O

MeOH 80 NR

5 [Cp*IrCl2]2/CsOAc/Cu-
(OAc)2 ·H2O

MeOH 80 NR

6 [Ru(p-cym)Cl2]2/AgSbF6/Cu-
(OAc)2 ·H2O

MeOH 80 16

7 [Ru(p-cym)Cl2]2/AgBF4/Cu-
(OAc)2 ·H2O

MeOH 80 48

8 [Ru(p-cym)Cl2]2/PivOH/ Cu-
(OAc)2 ·H2O

MeOH 80 45

9 [Ru(p–cym)Cl2]2/1-AdCO2H/
Cu(OAc)2 ·H2O

MeOH 80 73

10 [Ru(p-cym)Cl2]2/PhCO2H/Cu-
(OAc)2 ·H2O

MeOH 80 47

11 [Ru(p-cym)Cl2]2/1-AdCO2H/
Cu(OAc)2 ·H2O

EtOH 80 48

12[d] [Ru(p-cym)Cl2]2/1-AdCO2H/
Cu(OAc)2 ·H2O

TFE 80 42

13[e] [Ru(p-cym)Cl2]2/1-AdCO2H/
Cu(OAc)2 ·H2O

HFIP 80 45

[a] Unless otherwise mentioned, all reactions were carried out using 1a
(0.1 mmol, 1.0 equiv.), 2b (0.2 mmol, 2.0 equiv.), catalyst (4 mol%),
additive (25 mol%), oxidant (2.1 equiv.) in solvent (1 mL) for 3 h in a
pressure tube. [b] Isolated yields. [c] Relative ratio of C(3) :C(4) isomer=
3 :1 deduced via 1H NMR analysis of the crude reaction mixture. [d]
C(3) :C(4)=4.5 : 1. [e] C(3)-isomer exclusively. NR=No Reaction.
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obtained when EWG groups such as � CF3 was present para to
the quaternary ring carbon (3a, Scheme 2). However, if a strong
EDG such as p-OMe was present, C(4)-coupled product was
obtained as the major isomer (3g/4g, Scheme 2). Specifically,

we obtained products representing the two extremities of
selectivity, i. e., p-CF3 and 3,4-di-OMe, affording the C(3)- and
C(4)-isomers exclusively (3a, 4m, Scheme 2). Substituents
whose electronic nature lay between these two extremities

Scheme 2. Substrate scope for site-selective C(3)/C(4)-alkylation.[a,b,c] [a] Reaction conditions: 1 (0.1 mmol), 2 (0.2 mmol), [Ru(p-cym)Cl2]2 (4 mol%), 1-AdCO2H
(25 mol%), Cu(OAc)2 ·H2O (2.1 equiv) in 1 mL of MeOH at 80 °C in a pressure tube. [b] Isolated yields after column chromatography. [c] Relative ratio of the
C(3) :C(4) are calculated through crude 1H NMR. [d] Performed on a 1 mmol scale; combined yield of 3b/4b: 71%. [e] Yield of gram scale reaction.
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yielded a mixture of the two isomers in a ratio determined
solely by their electronic push/pull effects (3b/4b–3h/4h,
Scheme 2).

For meta substituted arenes, a similar trend was observed;
m-Cl revealed a greater inclination towards C(3)-alkylation as
compared to m-Me (3 i/4 i, 3 l/4 l, Scheme 2). Complementary
observation was detected for m-OMe and m-Br as well,
considering their inductive effects (3 j/4 j and 3k/4k, Scheme 2).
The feasibility of the transformation was extended to aliphatic
cycloalkanols containing benzyl, cyclohexyl and octyl groups as
well, yielding the desired products, albeit in lower yields (3n/
4n–3p, Scheme 2). Poor selectivity was observed in these cases
owing to reduced effects of substituent electronics. 1-hetero-
arylcyclopropanols were also suitable substrates for the trans-
formation with an improved ratio of C(3)/C(4)-products, ob-
tained upon moving from the more electron-withdrawing 2-
furyl to comparatively lesser 2-thienyl group (3q/4q and 3r/4 r,
Scheme 2). In addition to the electronic parameters, steric
hindrance also played a vital role, since a decrease in yield
arising from both incomplete consumption of the isoquinolone
and degradation of the cyclopropanol was observed upon
substituting the phenyl group at the ortho position (3s/4s and
3t/4 t, Scheme 2). 2-alkyl substituted as well as the o/p-
disubstituted aryl cyclopropanols failed to generate the desired
products, probably owing to these steric effects (5e and 5f,
Scheme 2). Similar trends were observed upon substituting the
2-(pyridin-2-yl)isoquinolin-1(2H)-ones. Substitutions at the 6-
and 7-positions of the isoquinolones were well-tolerated, there-
by dictating the ratio of the regioisomeric products in
accordance with their electronic properties (3u/4u–3aa/4aa,
Scheme 2). The 6-CN substituent led to a substantial depletion
of electron density on the isoquinolone ring and thus generated
the C(3)-product exclusively, again in accordance with the traits
observed for cyclopropanols (3y, Scheme 2). Also, a much-
reduced yield was obtained primarily due to the lower solubility
of 6-CN substrate in MeOH. For the 5-substituted 2-(pyridin-2-
yl)isoquinolin-1(2H)-ones, only the C(3)-products were obtained
predominantly due to steric congestion faced at the peri C(5)-
position (3bb and 3cc, Scheme 2). Additionally, as depicted in
Scheme 2, decreased product yields were observed for reac-
tions which employed alcohols with EDGs on the phenyl rings
as coupling partners. For EWG-containing cyclopropanols, the
reaction proceeded to completion with the cycloalkanol
persisting in the reaction medium for prolonged period where-
as with electron-donating substituents, the isoquinolones were
often recovered back. This arises mainly due to their higher
oxidation propensity, via ring opening under the reaction
conditions.

Late-stage modification of drug molecules and naturally
occurring products enhanced the utility of the transformation,
thereby providing a scope for their step-economic functionali-
zation (3dd–3gg, Scheme 2).

To further validate the site-selective alkylation, a set of N-
heterocycles known to induce site-selectivity were screened. In
this regard, substrates such as 1-(pyridin-2-yl)-1H-indole (5a,
Scheme 2) and 1(pyrimidin-2-yl)-1H-indole (5b, Scheme 2),
upon subjecting to our optimized reaction condition, resulted

in the C(2)-coupled product formation exclusively, in lower
yields, whereas the 3-phenylisoxazole (5d, Scheme 2) failed to
react. Upon replacing the pyridyl with a pyrimidyl group (5c,
Scheme 2), no product formation, either at the C(3)- or C(4)-
position resulted, thereby indicating that pyridyl is the optimal
directing group for the transformation. An attempt to extrap-
olate the reactivity of cyclopropanols to cyclobutanols did not
yield any product (5g, Scheme 2).

Mechanistic studies and control experiments

Considering literature reports, we initially proposed two dis-
tinctly different pathways for the C(3) and C(4)-alkylation; i. e.,
pyridyl directed proximal C� H metalation vs. a distal C� H
metalation, for C(3)- and C(4)-H activations respectively, in a
one-pot fashion.[8] Given the site-selectivity obtained, which was
dependent upon the electronic environment of the coupling
partners, as well as to explore the role of each of the reaction
components, control experiments were carried out. While both
Rh- and Ru-catalysts worked well for the transformation, only
the latter demonstrated the regiodivergent selectivity. When 1-
(3,4-di-methoxyphenyl)cyclopropan-1-ol (2m) was used as the
coupling partner under Rh-catalyzed condition, exclusive for-
mation of the C(3)-isomer was obtained which remained in
contrast to the Ru-catalyzed condition (Scheme 3a, see
Scheme S12 of the Supporting Information (SI) for details). No
product formation was observed in the absence of the Ru-
catalyst which indicated that the catalyst was mandatory for the
transformation (Scheme 3b).

Further, to rule out the possibility of a 1,2-migration of the
metal either from C(3)- to C(4)- or vice versa, either position was
blocked. No alkylation was observed, suggesting that the steric
hindrance played a pivotal role in the reaction outcome as well
as negated the possibility of any migration (Scheme 3c). Also, to
rationalize the importance of pyridyl as the optimum directing
group, it was replaced with � Me, � Pym and � Ph groups. No
alkylation either at the C(3)- or C(4)- was observed, which
indicated the importance of the directing group for carrying
out the C� H functionalization (Scheme 3d). Further, the detec-
tion of trace amounts of enone (2b’) in the 1H NMR of the crude
reaction aliquot suggested the involvement of a β-H elimination
step, following ring-opening of cyclopropanols.[7a] Therefore, to
probe its participation as an intermediate, 1-phenylprop-2-en-1-
one (2b’) was independently synthesized and coupled with 2-
(pyridin-2-yl)isoquinolin-1(2H)-one (1a) under the optimized
reaction condition. Formation of the alkylated C(3)-product,
although with reduced yields, indicated the intermediacy of the
enone in one of the steps for C(3)-alkylation pathway
(Scheme 3e(I)). No C(4)-product was detected. However, a
coupling reaction with 1-(3,4-dimethoxyphenyl)cyclopropan-1-
ol (2m) (which gave exclusively the C(4)-isomer under standard
reaction conditions), when arrested after 2 min, showed signifi-
cant formation of the corresponding enone (see the Supporting
Information (Figure 3) for details). Analogously, a reaction when
replicated with 1-(3,4-dimethoxyphenyl)prop-2-en-1-one (2m’),
showed no trace of either the C(3)- or C(4)-isomer which
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indicated that the electronically rich enones may not be
reactive intermediates in the C(3)-alkylation pathway
(Scheme 3e(II)).

Isolation of the five-membered ruthenacycle [6] was crucial
for gaining further insight into the reaction pathway. The
metalacycle when reacted stoichiometrically with the cyclo-
propanols (2a, 2b, 2g) in presence of Cu(OAc)2 ·H2O, yielded

the C(3)-isomer solely, for both electronically neutral and
electronically rich alcohols, thereby pointing towards a distinct
Ru-catalyzed pathway for the C(4)-alkylation (Scheme 3f). It
must be highlighted that electronically deficient alcohols gave
better yields as compared to the electronically rich systems,
thereby indicating the metalacycle’s compatibility with the
different cycloalkanols. Also, when a similar reaction was
performed by substituting alcohols with enones as the coupling
partner, exclusive formation of the C(3)-product occurred for
2b’ whereas 2m’ remained unreacted, thereby further support-
ing the consistency of the metalacycle with the coupling
congeners (alcohols/in situ generated enones) (Scheme 3 g).

We next probed the role of Cu(OAc)2 ·H2O in the plausible
reaction mechanisms. In addition to acting as an oxidant for the
C(3)-alkylation pathway,[7a] it also contributed towards the ring
opening of cyclopropanols,[10] and was found to be essential for
the C(4)-product formation. To further rationalize its role, the
reaction involving 1-(3,4-dimethoxyphenyl) cyclopropan-1-ol
(2m) as the coupling partner, under standard reaction con-
ditions, was performed in the absence of Cu(OAc)2 ·H2O
(Scheme 3 h(I)). No C(4)-product was observed even after
prolonged reaction times. A control reaction when carried out
with 1-phenylcyclopropan-1-ol (2b) as the substrate, in absence
of the Ru-catalyst (entry 3, Scheme 3 h(II)), yielded the corre-
sponding enone as the major product. This substantiated the
role of Cu(OAc)2 ·H2O in generating the active enone intermedi-
ate for the C(3)-alkylation.

Additionally, to probe for the relative rates of alkylation for
the electron-donating and electron-withdrawing alcohols, a 1 : 1
mixture of 1-(4-(trifluoromethyl)phenyl)cyclopropan-1-ol (2a)
and 1-(3,4-dimethoxyphenyl)cyclopropan-1-ol (2m) was taken
in the same vessel and subjected to the standard reaction
condition. A 10 :1 mixture of the respective products was
detected (via 1H NMR) with 1-(4-(trifluoromethyl)
phenyl)cyclopropan-1-ol (2a) and 2-(pyridin-2-yl)isoquinolin-
1(2H)-one (1a) persisting in the reaction mixture. This observa-
tion also demonstrated the rapid consumption of EDG contain-
ing alcohols in the given reaction condition, and hence the
observed ratio of products (Scheme 3i). A similar conclusion
was drawn through a parallel experiment, run in presence of an
internal standard via 1H NMR experiments (see the Supporting
Information (section IX) for details).

Studies to check for the reversibility of the initially proposed
C� H activation steps were carried out, both in the presence and
absence of the cyclopropanol (Scheme 4a). Initially, deuterium
exchange was observed only at the C(3)-position, with no
deuteration at the C(4) (Scheme 4a(I)). The experiment when
repeated in the presence of EWG-containing alcohol 2a, yielded
a similar conclusion (Scheme 4a(IIB)). These experiments, in
addition to the isolated ruthenacycle, confirm the C(3)-H bond
activation.

We next proceeded to probe for the existence of the
proposed C(4)-H activation as an intermediate step for the C(4)-
alkylation pathway. To check for its reversibility, the reaction
was subjected to a higher loading of the ruthenium catalyst
and 1-(3,4-dimethoxyphenyl)cyclopropan-1-ol (2m) was used as
the coupling partner (Scheme 4a(IIIA)). Here too, an 8% D-

Scheme 3. Control experiments.
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incorporation was observed at the C(4). Further, to rule out the
possibility of an electrophilic deuteration (via SEAr), a control
reaction was conducted in the absence of [Ru] (Scheme 4a(IIIB)),
where no ’H/D’ exchange was observed. These results although
indicative of a C(4)-H activation, did not yield confirmatory
conclusions, unlike C(3). Also, for the C(3)-H activation, no
deuterium scrambling occurred at the α-C of the product,
suggesting the probable β-H elimination step to be irreversible
(Scheme 4a(IIA)). Further, studies to check for a primary kinetic
isotope effect in the C(3)-H activation and the probable C(4)-H
activation steps were carried out, both via parallel and
competition experiments. In either case, no primary KIE was
observed which indicated that the turnover limiting step did
not involve C� H bond scission (Scheme 4b). In fact, a
diminished value of 0.86 for C(4) is indicative of an inverse
secondary kinetic isotope effect arising due to a hybridization
change at the C(4).[11] Additionally, competition experiments
were performed for EWG and EDG-containing alcohols, thereby
attaining similar conclusions (Scheme 4b (II) and (IV)).

Next, to gain further insights into the mechanism for the
C(4)-product formation, a set of experiments were performed
where radical scavengers such as TEMPO, BHT, diphenyl

ethylene and galvinoxyl were added into the reaction mixture
(Scheme 5). While TEMPO, BHT and diphenylethylene failed to
provide conclusive results at the elevated reaction temperature,
it was observed that in the case of galvinoxyl, on subsequent
increase in the number of equivalents of galvinoxyl used (from
1.0 equiv to 3.0 equiv), a considerable decline in the ratio of the
C(3):C(4) isomers was observed (Scheme 5a). This outcome hints
towards the probable involvement of a radical pathway for the
C(4)-alkylation process and not a C(4)-H activation. Additionally,
our findings were further corroborated when an N-centered
radical quencher such as 1,1-diphenyl-2-picrylhydrazyl yielded
the alcohol adduct, with no trace of the C(4)-isomer (Sche-
me 5b). The fact that 7 did not arise from a conjugate addition
of the reagent to the corresponding enone, supported the
conclusion that the adduct 7 arose from the quenching of the
corresponding β-ketoalkyl radical generated in situ (see the
Supporting Information (Scheme S27C) for details).

To further enhance the synthetic utility of the alkylated
products, the pyridyl directing group was deprotected. Here,
the C(4)-alkylated isomers gave exclusively the corresponding
N-deprotected isoquinolones in appreciable yields (9a–9c,
Scheme 6(i)). Also, an access to propyl substituted isoquino-
lones was achieved, upon subjecting the C(4)-N-deprotected
isomer to hydrogenolysis (10a, Scheme 6(ii)). Such propyl
substituted isoquinolone scaffolds are difficult to synthesize via

Scheme 4. Mechanistic studies.

Scheme 5. Effect of galvinoxyl: 1H NMR plot showing its diminishing effect
on the C(4)-isomer formation; adduct formation with 1,1-diphenyl-2-
picrylhydrazyl radical.
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conventional methods and hence, the present approach assists
in assembling the same step-economically.

Also, in continuation with our efforts to obtain the pyridyl
group deprotection for the C(3)-isomer, a concomitant removal
and rearrangement of the directing group was observed (11a–
11b, Scheme 6(iii)). Simultaneously, we were also successful in
constructing a 6,6,5-tricyclic scaffold 13, which finds widespread
prevalence in many natural products.[12] The reaction proceeds
through an intramolecular electrophilic cyclization of the
corresponding alcohol 12 at the C(4) and subsequent amide
reduction.

Computational investigations

To further understand the overall reaction mechanism and the
energetics governing the C(3)- and C(4)-alkylation selectivity,
we performed Density Functional Theory (DFT) computations at
the PBE0-D4/def2-TZVPP//SMD(MeOH)-PBE0-D3(BJ)/def2-SVP
level of theory using Gaussian16 and ORCA (see the Supporting
Information for computational details).[13] Conformational
searching was carried out using the conformer-rotamer ensem-
ble search tool (CREST) with the GFN2-xTB method.[14] Wave-
function stability was verified for all singlet structures. Both

singlet and triplet states were considered throughout (see the
Supporting Information for preliminary studies on quintet state
structures, which were found to be energetically irrelevant for
the pathways presented here). Various metal-ligand combina-
tions were considered (see the Supporting Information for
details), but only the most energetically favorable are discussed
below.

We began by modeling the cyclopropanol ring-opening
with Cu2(OAc)4(MeOH)2 as shown in Figure 1. A concerted
deprotonation/ring-opening is predicted to form the organo-
cuprate intermediate IN via TSA. The deprotonation is facili-
tated by the acetate ligand on one copper, while the
homoenolate formed following the ring-opening is coordinated
to the other copper atom. This process is predicted to proceed
with a reasonable barrier of 24 kcal/mol on both singlet and
triplet surfaces. Enone formation is enabled via deprotonation
mediated by an acetate ligand and tandem Cu oxidation
(ΔG� =27 and 28 kcal/mol on triplet and singlet surface,
respectively).

We arrived at two distinct mechanisms for the C(3)- and
C(4)-alkylation (Figure 2). For the C(3)-alkylation, we predict a
C(3)-H activation via concerted metalation deprotonation (CMD)
through TS1C3, which generates the five-membered metalacycle
IM1C3, following dissociation of the acetic acid (ΔG� =25 kcal/
mol on the singlet surface).

Further oxidative transmetalation, in which the alkyl group
is transferred from the organocuprate IN and the p-cym ligand
dissociates, yields IM2C3. Finally, reductive coupling via TS2C3
(ΔG� =26 kcal/mol on the triplet surface, rate determining for
the C(3)-pathway) leads to the formation of the C(3)-activation

Scheme 6. Synthetic transformations.

Figure 1. Computed free-energy profile of Cu-mediated ring opening of 2b
in kcal/mol at PBE0-D4/def2-TZVPP//SMD(MeOH)-PBE0-D3(BJ)/def2-SVP level
of theory. Selected distances are shown in Å.
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product PC3. We excluded other mechanism that procced
without a CMD step due to high predicted activation barriers
(see the Supporting Information for details).

In contrast, we predict that the C(4)-alkylation proceeds
through a distinctly different mechanism. Following trans-
metalation from IN, dissociation of the p-cym ligand and
association of the isoquinolone substrate forms IM3C4. A 1,3-
alkyl migration then leads to intermediate IM4C4 through TS3C4
(ΔG� =28 kcal/mol on the triplet surface). Facile intramolecular
deprotonation by an acetate ligand (TS4C4, ΔG

� =22 kcal/mol
on the singlet surface) leads to the C(4)-alkylation product. This
mechanism is predicted to prevail over any C(4) CMD C� H
activation process for which barriers of at least 31 kcal/mol are
predicted (see the Supporting Information for details). Signifi-
cant diradicaloid character at TS3C4 and TS4C4 is consistent with
inhibition by radical scavengers (see the Supporting Information
for spin population analysis).

To account for the formation of the C(3)-product when
reacting the enone and IM1C3 in the absence of Cu2(OAc)4, we
computed the reaction as shown in Figure 2 (see also
Scheme 3(g)). The computed coupling step via migratory

insertion of the enone to the C(sp2)� Ru bond is predicted to
have a reasonable barrier of 23 kcal/mol on the singlet surface,
leading to IM6C3. Protodemetalation with acetic acid ensues
(ΔG� =2.3 kcal/mol), forming the C(3)-product. Under the
standard reaction conditions used, IM1C3 can, in principle, react
with either IN or enone generated in situ by cyclopropanol and
Cu. However, the formation of enone requires the cyclo-
propanol to overcome a 27 kcal/mol barrier through TSB, which
is higher than the (now rate-determining) coupling barrier via
TS2C3. Interestingly, neither pathway is kinetically controlled by
the initial CMD step (ΔG� =25 kcal/mol). The existence of the
two mechanisms for the C(3)-product formation is consistent
with the experimental result in Scheme 5(a). The fact that the
formation of the C(3)-product cannot be deterred by the radical
scavengers also indicates that the C(3)-enone coupling pathway
lacks intermediates with radical character.

While the selectivity of the reaction is not perfectly
reproduced, ΔΔG� =3 kcal/mol of the C(3) compared to C(4)
pathway is within error for DFT calculations and accounts for
formation of both products. These mechanisms are also
consistent with the results of the KIE experiments. For the C(3)

Figure 2. Free-energy profile of 3b and 4b generation in kcal/mol at PBE0-D4/def2-TZVPP//SMD(MeOH)-PBE0-D3(BJ)/def2-SVP level of theory. Selected
distances are shown in Å.
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pathway, these experiments suggested that the CMD step is
not rate-determining. For C(4), an inverse secondary KIE was
observed, consistent with the DFT prediction that TS3C4, with a
Csp2!Csp3 hybridization change, is rate-determining.

Based on the above experimental investigations and Density
Functional Theory calculations, a plausible mechanism is
proposed in Scheme 7. Two distinctly different catalytic path-
ways are suggested to operate simultaneously, with the initial
step involving ligand exchange of the dimer with MeOH to
form the [Ru] species I. For the C(3)-catalytic cycle, three
pathways are proposed to be operative. After an initial C(3)-H
activation assisted by the acetate or adamantane carboxylate
and the pyridyl groups, a five membered ruthenacycle IM1C3 is
generated; the intermediate being confirmed by spectroscopic
analysis (see the Supporting Information (Scheme S16) for
details). The pathway A involves an oxidative transmetalation,[15]

in which the alkyl group from the Cu-homoenolate species IN
gets transferred to IM1C3 and a ligand exchange with p-cym
generates the intermediate bimetallic complex IM2C3. Subse-
quent reductive elimination yields the C(3)-isomer.[16] The other
pathway B involves ligation of the ruthenacycle VI with the
in situ generated enone to form the complex IM5C3. Subsequent
migratory insertion of the enone into the C(sp2)� Ru bond
generates the seven-membered intermediate IM6C3, which
following a protodemetalation, leads to the formation of the
C(3)-isomer.

A third pathway C bifurcates into two different routes,
namely C1 and C2. An initial ligand exchange of the chloride/
acetate with cyclopropanol (intermediate II) leads to the Ru-
assisted ring cleaved intermediate III. Path C1 involves a direct
reductive elimination, assisted by ligand exchange to afford the

desired product with the regeneration of the active catalyst I.
On the other hand, the path C2 is characterized by a β-H
elimination to form the Ru-H intermediate complex IV, which
after successive migratory insertion (intermediate V) and
protodemetalation yields the product molecule. To corroborate
this proposed route, attempts to detect the Ru-H species or H2

through spectroscopic means failed and this failure was further
rationalized through DFT calculations (see the Supporting
Information (Figures 1 and 3 and 6) for details). As evident from
Scheme 7, route C does not involve Cu2(OAc)4 in any of the
step, nevertheless induces the product formation in trace
quantities (see Scheme S20B of the Supporting Information for
details). This result also points towards a reduced operational
probability of Path C into the catalytic cycle. Thus, through
combined DFT calculations and experimental observations, it is
evident that the pathways A and B contribute majorly in the
C(3)-product formation.

For the C(4)-product formation, an oxidative transmetalation
from the Cu-homoenolate IN and dissociation of the p-cym
leads to the formation of the Ru/Cu bimetallic complex IM3C4.
Subsequent 1,3-alkyl migration from Ru to C center generates
the intermediate IM4C4 which is predicted to be the rate-
limiting step as per the energy calculations. An intramolecular
acetate assisted E2-type elimination further generates the
alkene-ligated Ru complex VII, which after a p-cym ligand
exchange restores the active catalyst I.

Additionally, we also investigated how substituents on the
cyclopropanol substrate affect the barrier for the step involving
3TS3C4, taking 2a (R2=CF3), 2b (R2=H), 2g (R2=OMe) and 2m
(R2=3,4-di-OMe) as representatives. As shown in Table 2,
electron-withdrawing groups are predicted to lead to an
increase in free energy barrier, while electron-donating groups
are predicted to lead to a decrease, consistent with the
regioselectivity observed experimentally. Thus, we predict from
the energy calculations that the C(3)/C(4) selectivity is deter-
mined solely by the TS3C4, which is under the control of
substituent effects on cyclopropanol (see the Supporting
Information for details).

Conclusions

In summary, we have developed a Ru-catalyzed, Cu-mediated
ring opening of cyclopropanols and their site-selective coupling
with N-pyridylisoquinolones in a one-pot fashion, thereby
furnishing the C(3)- and C(4)-alkylated products. The strategy

Figure 3. Computed free-energy profile of enone coupling mechanism for
C3 at PBE0-D4/def2-TZVPP//SMD(MeOH)-PBE0-D3(BJ)/def2-SVP level of
theory. Selected distances are shown in Å.

Table 2. Summary of computational and experimental substituent effect
studies. ΔG� is the 3TS3C4(T) free energy activation barrier of the C(3)/C(4)
selectivity determining step.

entry R2 C(4) ΔG� C(3) :C(4) (experiment)

2a CF3 29.9 only C(3)

2b H 28.0 3 :1

2g OMe 25.4 1 :13

2m 3,4-di-OMe 24.9 only C(4)
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remains sensitive to the electronic environment around the
coupling substrates which dictates the regioselectivity of the
products formed. The EWG favors the C(3)-product formation

over C(4) and vice versa. Hence, a diverse spectrum of β-
carbonyl aryl frameworks can be accessed with the regioselec-
tivity tuned in accordance with the electronic parameters.

Scheme 7. Plausible mechanistic cycle showing the C(3)- and C(4)-products formation.
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Additionally, the protocol involves tandem C� C and C� H
activation strategies, generating a wide array of isoquinolone
derivatives in a single step, the accessibility of which are quite
limited and involve multistep protocols via conventional means.
Mechanistic investigations propose the simultaneous existence
of singlet and triplet pathways, the energies of which dictate
the product selectivity. Thus, given the ubiquity of isoquinolone
skeletons in biologically and pharmaceutically active molecules,
this method can improve the existing synthetic toolbox for
accessing late-stage modification.

Experimental Section
General methods, procedures for the synthesis of the starting
materials, experimental details for the Ru-catalyzed, Cu-mediated
site-selective alkylation, further derivatization of the alkylation
products and the control experiments along with mechanistic
studies are described in the Supporting Information. All computa-
tional details, spectral characterization and analyses including that
of SC-XRD are provided in the Supporting Information.

Deposition Numbers 2065285 (for 3b) and 2124076 (for 4s) contain
the supplementary crystallographic data for this paper. These data
are provided free of charge by the joint Cambridge Crystallographic
Data Centre and Fachinformationszentrum Karlsruhe Access Struc-
tures service.

General procedure for Ru-catalyzed, Cu-mediated site-selective
alkylation: In a pressure tube equipped with a magnetic stir bar,
was added the corresponding 2-(pyridin-2-yl)isoquinolin-1(2H)-one
(1, 0.1 mmol, 1.0 equiv), cyclopropanol (2, 0.2 mmol, 2.0 equiv) and
MeOH (1 mL, HPLC grade). The reaction mixture was degassed with
N2 for 5 min followed by the addition of the [Ru(p-cym)Cl2]2
(0.04 equiv), 1-AdCO2H (0.25 equiv), and Cu(OAc)2 ·H2O (2.1 equiv).
The pressure tube was sealed under a flow of N2, dipped into an oil
bath pre-heated at 80 °C and allowed to stir for 1–3 h. The progress
of the reaction was monitored by TLC. After the completion of the
reaction, the crude reaction mixture was passed through a pad of
Celite, washed with EtOAc (15 mL) and the solvent was removed
under reduced pressure. Isolation of the product(s) was performed
by silica gel flash column chromatography (230–400 mesh, eluent:
Petroleum ether: EtOAc).

Supporting Information

Additional references are cited within the Supporting Informa-
tion (Ref. [17–39]).
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