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Ruthenium(ll)-Catalyzed Double Annulation of Quinones: Step-
Economical Access to Valuable Bioactive Compounds

Eufranio N. da Silva Junior,*° Renato L. de Carvalho,®"! Renata G. Almeida,® Luisa G. Rosa,"
Felipe Fantuzzi,© Torben Rogge,® Pedro M. S. Costa, Claudia Pessoa, Claus Jacob,® and Lutz

Ackermann*1]

Abstract: Double ruthenium(ll)-catalyzed alkyne annulations of
quinones were accomplished. Thus, we report a strategy that provides
step-economical access to valuable quinones with a wide range of
applications. C—H/N-H activations for alkyne annulations of
naphthoquinones provided challenging polycyclic quinoidal
compounds by forming four new bonds in one step. The singular
power of the thus-obtained compounds was reflected by their
antileukemic activity.

Polycyclic quinones represent an important class of
substances with outstanding biological activities' and diverse
applications for example as dyes.? Consequently, there is a
continued strong demand for effective methods to access this
class of compounds in a direct and efficient fashion.® Metal-
catalyzed reactions are an effective and reliable approach for the
construction of such compounds (Scheme 1A).* Ruthenium-
alkylidene Grubbs catalysts have been used to perform ring-
closing metathesis to afford polycyclic compounds.® Nitrogenated
quinones were also prepared by three-component reactions via
C-H8 difunctionalization of naphthoquinones.” The antitumor
potential of polycyclic quinonoid compounds prepared via
palladium catalysis was described by the Koketsu group.® The
compounds exhibited important antileukemic activity and a
mechanism of action associated with the generation of reactive
oxygen species (ROS).

As part of a broad program focused on the development of
transition metal-catalyzed reactions involving quinones, we and

[a] R. L. de Carvalho, Prof. Dr. E. N. da Silva Junior,
Dr. T. Rogge, Prof. Dr. L. Ackermann
Institut fir Organische und Biomolekulare Chemie, Georg-August-
Universitat Gottingen, Tammannstrale 2, 37077 Géttingen
(Germany). E-mail: Lutz.Ackermann@chemie.uni-goettingen.de

[b] R. L. de Carvalho, R. G. Almeida, L. G. Rosa,
Prof. Dr. E. N. da Silva Junior
Institute of Exact Sciences, Department of Chemistry, Federal
University of Minas Gerais, UFMG, 31270-901, Belo Horizonte, MG
(Brazil). E-mail: eufranio@ufmg.br

[c]  Dr. F. Fantuzzi
Institute for Inorganic Chemistry, Julius-Maximilians-Universitét
Wirzburg, Am Hubland, 97074, Wirzburg (Germany).

[d] P. M. S. Costa, Prof. Dr. C. Pessoa
Department of Physiology and Pharmacology, Federal University of
Ceara, Fortaleza, CE, 60430-270 (Brazil).

[e] Prof. Dr. C. Jacob
Division of Bioorganic Chemistry, School of Pharmacy, University of
Saarland, 66123 Saarbriicken (Germany).

[f] Prof. Dr. L. Ackermann
German Center for Cardiovascular Research (DZHK), Potsdamer
Strasse 58,10785 Berlin (Germany)

Supporting information for this article is given via a link at the end of
the document.

others have developed synthetic methods for preparing
functionalized quinones based on C—H iodination,® oxygenation,*°
alkenylation,'* sequential C-H iodination/thiolation'?> and
selenation.’* Most of these methods are limited to
functionalizations at the position C-5, while the construction
polycyclic quinoidal motifs remains a challenge. Thus, on the
basis of our experience in developing annulative reactions* for
the construction of heterocyclic rings, we have identified C-H
activation/annulation as a complementary method for the
construction of the desired cyclic systems.

In this work, we report on the development and scope of a
new protocol for preparing polycyclic quinones, which provides for
the first time a versatile and efficient alternative for the synthesis
of molecules that represent a great synthetic challenge via
ruthenium(ll)-catalyzed double annulation reaction (Scheme 1B).
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Scheme 1. C-H activation/annulation for polycyclic quinone assembly.

Our initial attempts to achieve the double annulation process
focused on the reaction between naphthoquinone la and
diphenylacetylene (2a) (Table 1). [RuCly(p-cymene)]; in
combination with Cu(OAc) as the catalyst known for its efficiency
to perform annulation reactions,*® provided the desired product 3a
in only 44% yield with DCE as the solvent (entry 1). This initial
result was highly encouraging when considering the challenging
formation of four new bonds in only a single step. Despite the
successful preparation of product 3a, subsequent efforts have
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been undertaken aiming at alternative ruthenium-based catalysts,
in order to improve the efficiency of the reaction. Accordingly,
Ru(O,CMes),(p-cymene), Ru(OPiv),(PPhs),, RuCl; and RuBrs
were also probed as the ruthenium source, but the efficacy was
not improved (entries 2-5). Increasing the catalyst loading of
[RuCl;(p-cymene)], did not lead to an improvement (entry 6). Next,
we evaluates the effectiveness of different solvents for the
assembly of product 3a, albeit with limited success (entries 7-10).
However, further experimentation revealed DCE as the optimal
solvent for this transformation, and, consequently, we decided to
probe the presence of additives to generate a cationic
ruthenium(ll) catalyst. Here, KPFs, KOAc, NaOAc, and NaOPiv
were evaluated as additives (entries 11-14). Further refinement
led to the reaction conditions outlined in entries 15 and 18,
delivering product 3a 80% yield (See Sl for experimental details).

Table 1. studies  for C-H

activation/annulation.®

Optimization ruthenium(ll)-catalyzed

(o] H
N_me (22)
CUGT" sk
o Additive (Y equiv)
o " Cu(OAc), . H,0 (X equiv)
1a Solvent (0.1 M), 120 °C, 24 h
Entry [Ru] (mol %) Solvent é{dedc;ﬂ:/\‘/a) ?;g;ﬁﬁl))z Y(Iu%d

1 [RuClz(p-cymene)]z (5) DCE - 2.0 44
2 Ru(O2CMes)2(p-cymene) (5) DCE - 2.0 16
3 Ru(OPiv)2(PPhs)2 (5) DCE - 2.0 NR
4 RuCls (10) DCE - 2.0 NR
5 RUBr3 (10) DCE - 2.0 NR
6 [RuClz(p-cymene)]z (10) DCE - 2.0 11
7 [RuClz(p-cymene)]2 (5) t-AmOH - 2.0 16
8 [RuClz(p-cymene)]2 (5) DMF - 2.0 16
9 [RuClz(p-cymene)]2 (5) CHCl3 - 2.0 12
10 [RuClz(p-cymene)]2 (5) o-xylene - 2.0 16
11 [RuClz(p-cymene)]z (5) DCE KPFs (0.2) 2.0 27
12 [RuClz(p-cymene)]2 (5) DCE KOAc (0.2) 2.0 50
13 [RuClz(p-cymene)]2 (5) DCE NaOAc (0.2) 2.0 48
14 [RuClz(p-cymene)]2 (5) DCE NaOPiv (0.2) 2.0 55
15 [RuClz(p-cymene)]2 (5) DCE NaOPiv (0.5) 2.0 63
16 [RuClz(p-cymene)]2 (5) DCE NaOPiv (1.0) 2.0 47
17 [RuCly(p-cymene)]z (2 x 2.5)*  DCE NaOPiv (0.5) 2.0 21
18 [RuClz(p-cymene)]2 (2 x 5)* DCE NaOPiv (0.5) 2.0 80
19 [RuClz(p-cymene)]z (2 x 5)* DCE NaOPiv (0.5) 4.0 29
20 - DCE = 2.0 NR

Reaction conditions: 1a (0.20 mmol), 2a (4.0 equiv), catalyst (5.0-10.0 mol %),
additive (0.20-1.00 equiv), Cu(OAc)2:H20 (2.0-4.0 equiv), solvent (2.0 mL), 120
°C, 24 h. NR = no reaction. In all cases, the starting material was recovered.
Yields refer to the isolated product. 2An additional amount of 2.5 or 5.0 mol %
of catalyst was added after 12 h.

To investigate the viable scope of the ruthenium-catalyzed
double annulation process, our method was employed for the
synthesis of various naphthoquinoidal compounds. Initially, we
explored the influence of the alkyne substitution pattern (Scheme
2). Thus, 2-acetylamino-1,4-naphthoquinone (1a) was used as
quinone component and both electron-donating (EDG) as well as
electron-withdrawing (EWG) substituents were probed in the C—
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H annulation reaction. The reaction with diphenylacetylenes
containing EDGs proceeded smoothly, affording the targets 3b,
3h and 3j in moderate yields. The exception here was product 3c,
which was obtained in somewhat lower yield. A decreased yield
of annulated quinolone 3k was observed with two methyl groups
being present in the respective alkyne 2k, probably due to the
steric effect caused by the substituent groups. Then, we
evaluated the presence of EWGs and, as expected, the efficiency
of the process decreased as the alkyne becomes more electron-
deficient. The yields of all the compounds described here could
be increased when an additional 5 mol % of the catalyst was
added after 12h.

(2)

O H
u M [RuCly(p-cymene)]; (5.0 mol %)
O‘ N\n’ e NaOPiv (50 mol %)
H o Cu(OAc),.H,0
o DCE (0.1 M), 120 °C, 24 h

3i: 60% (63%)°

3j: 55% (87%)?

3k: 25% (64%)°

2An additional 5.0 mol % of catalyst was added after 12 h.

Scheme 2. Double annulation reaction between quinone 1a and alkynes 2.
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The effectiveness of the annulation process herein developed
was also proven with the use of A-ring substituted quinones 1b-g
(Scheme 3). Naphthoquinone 1b possessing C-7 and C-8
substitution underwent an efficient annulation reaction with 71%
yield. Quinone 1c with a methoxy group at C-5 delivered the
product in 39% yield. As expected, a more electron-deficient
benzenoid ring decreased the reactivity of the quinoidal system
and, consequently, nitro-substituted quinone 4c was produced in
only 12% vyield. When the corresponding quinone le bearing a
hydroxyl group was used, the expected products 4d and 4e were
obtained in 18% and 19% yield, respectively. The reaction in the
absence NaOPiv allowed the preparation of product 4d as a
single product. Surprisingly, when sulphur-containing quinone 1f
and 2-acetamide-1,4-antraquinone (1g) were used, only the
products 4f and 4g via the first C-H/N—H annulation process were
isolated. The products were unambiguously characterized by X-
ray crystallographic analysis.

MeO =

\n’ e [RuCly(p-cymene)], (5.0 mol %)
R o NaOPiv (50 mol %)
H
o Cu(OAc),.H,0

1 DCE (0.1 M), 120 °C, 24 h

H OMe
C‘ 4d: 18% (36%)° 4e: 19% (0%)°

Me,
SPh O o)
COG-0
1y
o @

OMe CCDC: 1984932
4F: 24% (41%)°

4g: 13% (44%)°
R = 4-OMe-Ph

OMe

2An additional 5.0 mol % of catalyst was added after 12 h. bWithout NaOPiv.

Scheme 3. Double annulation reaction between quinones 1 and alkyne 2b.

Finally, the use of unsymmetrically-substituted alkynes was
also explored. Compound la was reacted with 1-phenyl-1-
propyne (2l) affording compounds 5a and 5b in a 1:1 ratio. The
product structures were also unambiguously confirmed by X-ray
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analysis and ORTEP-3 projections for both compounds are
presented in the Scheme 4.
0
Me,

I%‘:E;. :

(21 5a: 30% (38%)? CCDC: 1984934
[RuCly(p-cymene)], (5.0 mol %) .
; NaOPiv (50 mol %)
a
Cu(OAc), . H,0
DCE (0.1 M), 120 °C, 24 h (sj Mo
[e]

COG-D=1

5b: 34% (41%)°

CCDC: 1984935

Scheme 4. Double annulation reaction between quinone la and asymmetric
alkyne 2I. 2An additional 5.0 mol % of catalyst was added after 12 h.

Based on previous mechanistic studies,***® we propose a
plausible catalytic cycle to commence with sequential C—H/N-H
activation steps to form key intermediate 6 (Scheme 5).
Coordination of 2a followed by migratory insertion leads to the first
C-C coupling and the formation of B. The next step is the
reductive elimination of the intermediate 3a’ after ruthenium-
mediated C—N coupling and regeneration of the active catalytic
ruthenium(ll) species by reoxidation. Intermediate 3a’, which
bears a terminal pyrrole ring, undergoes a subsequent
transformation, where a new sequence of C—H/N-H activation
steps leads to intermediate 7. After coordination of 2a and
migratory insertion, a seven-membered metallacycle is formed
(intermediate E). Product 3a is then generated after ruthenium-
mediated C—N coupling followed by reductive elimination.

Given the remarkable formation of four new bonds by our
strategy, we became attracted to better understand the C—C and
C-N coupling steps through density functional theory (DFT)
calculations (Figure 1). Geometry optimizations and frequency
calculations were performed at the wB97XD/def2-DZVPP?’ level
of theory and single point energies at the SMD-wB97XD/def2-
TZVPP18 |evel of theory. The energy barrier for the first
migratory  insertion starting from the alkyl-coordinated
intermediate A is merely 10.7 kcal mol?, while intermediate B is
stabilized by 31.6 kcal mol? in comparison to A. However, the
initial C—N coupling is achieved through an energy barrier of 25.9
kcal mol™. In the second catalytic cycle, the energy barrier of the
migratory insertion step is 14.5 kcal mol' and the following
intermediate E is favorable by 12.6 kcal mol** in comparison to D.
However, the second C-N coupling has an energy barrier of 43.3
kcal mol?, with E and F being nearly equiergic. This value
indicates the reductive elimination to be rate-determining, and is
in line with the reaction proceeding at 120 °C, while in select
cases only the first annulation was thus observed (vide supra).
Comparable results were obtained using Truhlar's MO06
functional®® with D3 correction.?°

In order to investigate the electronic structure of the polycyclic
guinones synthesized, we furthermore performed additional
computational studies for the species l1la, 3a' and 3a at the
B3LYP?'-D3(BJ)??/def2-TZVPP+SMD(DCE)*" level of theory
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(Figure 2). Our calculations show that, while the HOMO of
naphthoquinone la is mainly localized on the C=C bonds of the
quinoidal ring, for product 3a' it is delocalized through the 1-space
of the pyrrole ring and its aryl substituents. After the second
annulation and formation of the final product 3a, the HOMO
delocalizes only through the pyrrole ring and the newly formed T11-
extended system. In contrast, the LUMO is localized on the

1/, [RuCly(p-cymene)],
2 Cu(OAc),

2 Cu(OAc)
g

N M
2 Cu(OAc)
Me

1“ C-HIN-H acnvauon 2 Cu(OAC)z

MeCO2 0*

2 AcOH
[Ru®(p-cymene)]

15t reductlve elimination v

"P’ i-Pr Me
0 1 Ar
R{‘u,o 15t catalytic cycle Rull,
N2 Ar—Z 10
~L N-(
Me o. Me
0 6 o

Intermedlate 3a’'

' y
2"d C-H/N-H activation,
Me

2 Cu(OAc)
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quinoidal ring for all compounds irrespective of the level of -
extension. The HOMO-LUMO gap decreases systematically as
the T-system is extended in a similar fashion as in n-acenes.?®
Thus, we expect that adapting our synthetic strategy for preparing
high-order polycyclic quinones could eventually lead to the
development of novel organic semiconducting materials.

AcOH + Ac,0

2" " catalytlc cycle

>‘\

2 Cu(OAc),

[Ru®(p-cymene)]

Scheme 5. Proposed catalytic cycle.

[ wB97XD |
| M06-D3 |

AGyg; [keal mol™]

191C-C L 19 C—N L
}

24 C-N )

20 CC .
!

coupling v coupling

! coupling

coupling

Figure 1. Relative Gibbs free energy profile for the C—C and C-N coupling steps of the reaction of 1a with 2a at the wB97XD/def2-TZVPP+SMD(DCE) (—) and

MO06-D3/def2-TZVPP+SMD(DCE) (—) levels of theory.

Finally, we evaluated the novel quinoidal compounds against
cancer cell lines (Table S20 in the SlI). Compounds 3d and 4g
exhibited antitumor activity against leukaemia cancer cells (HL-
60) with 1Cso values of 2.92 and 3.17 puM, respectively. We
evaluated the compounds against five other tumour cell lines
(NCI-H460, HCT-116, SNB-19, MCF-7 and PC3) and against one

normal cell line (L-929) and the compounds were not active in
these cell lines. These results are indicative of the substances
featuring considerable potential selectivity for leukaemia cells.
More detailed studies are in progress in our laboratories to
understand the aspects related to the cytotoxicity presented by
these compounds against leukaemia cancer cells.
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HOMO (-6.91 eV)

HOMO (-5.78 eV) LUMO (-2.80 eV)

Figure 2. Energies and shapes of frontier orbitals (HOMO and LUMO) of 1a, 3a’

and 3a calculated at the B3LYP-D3(BJ)/def2-TZVPP+SMD(DCE) level of theory.

In summary, we have reported on the first ruthenium(ll)-
catalyzed C—H/N-H double annulation of quinones with various
alkynes. We have described an effective and robust method for
the formation of four bonds in an expedient and versatile fashion,
affording quinoidal compounds with value in medicinal chemistry,
with potential application in the treatment of cancer. Thus, the
annulation reaction is viable with ample scope and formation of
challenging compounds in just one step. Additionally, we
performed computational studies in order to provide more
information about the catalytic cycle of this reaction and the
electronic structure of the intermediates and products. Finally, we
also conducted antitumor studies against cancer cells,
highlighting the biological activity of the compounds obtained
herein.
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Ruthenium(ll)-catalyzed C—H/N—H double annulation were realized for the formation
of polycyclic quinones enabling the assembly of antitumor compounds.
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