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Abstract: The introduction of added ‘3-dimensionality’ through late-stage functionalisation of extended (hetero)aromatic systems is a powerful 

synthetic approach. The abundance of starting materials and cross-coupling methodologies to access the precursors allows for highly diverse 

products. Subsequent selective partial reduction can alter the core structure in a manner of interest to medicinal chemists. Herein, we describe 

the precise, partial reduction of multicyclic heteroaromatic systems using a simple heterogeneous catalyst. The approach can be extended to 

introduce deuterium (again at late-stage). Excellent yields can be obtained using simple reaction conditions.

Introduction 

Aromatic and extended aromatic compounds play a key role in 

many disciplines of chemistry, and have provided a molecular 

framework for pharmaceutical drug design in particular.[1] At least 

partially as a consequence of the success of catalytic C(sp2)–

C(sp2) cross-coupling methodologies, there has been a 

predominant trend in drug design strategies (over several 

decades) to focus on rather planar compounds.[2] However, the 

associated 2D character of extended aromatic compounds is 

often not conducive to clinical success,[3] where 3D character is 

advantageous.[4] Indeed, molecules exhibiting greater levels of 

sp3 character progress further through clinical trials (a trend 

attributed mainly to greater selectivity and solubility)[5] and many 

of the top selling pharmaceutical drugs contain saturated carbo- 

and/or heterocyclic ring systems.[4]  

Uncovering new methodologies to form less planar, novel drug 

candidates is essential for the continued success of medicines 

through clinical trials. A highly attractive approach that can enable 

synthetic access to compounds with a high degree of 3D 

character while harnessing the unparalleled scope and broad 

applicability of sp2-sp2 cross-coupling reactions is to introduce 3D 

character through hydrogenation of aromatic compounds.  As will 

be demonstrated below, this approach enables selective 

modification of highly functionalised planar aromatic compounds, 

and thus is highly suitable for late-stage modification of complex 

planar compounds of the type that are frequently encountered as 

precursors (or final products) in the latter stages of syntheses of 

pharmaceutical compounds. 

Quinolines, pyridines and furans represent critically important 

molecule classes in medicinal and natural product chemistry.[6] 

The partially reduced quinoline motif, tetrahydroquinoline, is also 

a common pharmacophore and is found in many natural products 

and pharmacologically relevant therapeutics (Figure 1 (c)).[7] 

Benzofuroquinolines (see Figure 1 (a)) are biologically significant 

compounds in which quinoline and benzofuran systems are fused 

together in a planar tetracyclic aromatic system.[8] In the research 

described herein, we focused on generation of derivatives of 

these planar compounds containing significant additional 3D 
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character (see Figure 1 (b)), since non-planar derivatives 

(containing a higher proportion of sp3 centres) of fully aromatic bi-, 

tri- and tetracyclic rings systems frequently possess very different 

biological activity to their planar, fully aromatic analogues.[9]  

 
Figure 1. (a) Fused quinoline (green) and benzofuran (black) rings to form the 

benzofuroquinoline scaffold; (b) carbocyclic reduced tetrahydroquinoline; (c) 

selected examples of reduced carbocyclic quinolines in bioactive compounds 

and natural products. 

Conditions have been reported under which simple quinolines 

undergo hydrogenation at either (i) the heterocyclic ring, (ii) the 

carbocyclic ring, or (iii) both rings.[10] However, these conditions 

are typically harsh, requiring high pressures and temperatures, 

and the reactions often suffer from issues with selectivity (i.e., 

competitive reduction of heterocyclic and carbocyclic rings).[11] 

Chemoselective reduction of the carbocyclic ring in these systems 

is rare, emphasising the urgency for novel methodologies to 

access these core structures[10a, 12] and there is limited work in 

general on the selective reduction of polycyclic aromatic 

compounds.[13] Selective reduction of the heterocyclic or 

carbocyclic ring systems in bicyclic compounds mainly utilises 

specialised homogeneous Pt,[13a, 14] Ru,[15] and Rh[16] catalysis and 

requires harsh conditions such as strongly acidic solvent, high 

pressures and/or high temperatures. Although there have been 

significant advances in homogeneous hydrogenation catalysis,[17] 

heterogenous catalysis is still at the forefront in industrial 

processes due to easier handling, separation and potential 

recyclability of the catalyst. In particular, Pd/C is a simple and 

accessible heterogeneous catalyst.[18] 

There are few examples of quinolines undergoing selective 

hydrogenation using Pd/C using atmospheric hydrogen pressure 

currently in the literature. Shelke and co-workers selectively 

reduce the carbocyclic ring in a hydrofuroquinoline derivative 

using Pd/C (10 mol%), H2 (atm.) in EtOAc at room temperature 

for 5 days.[19] In 2016, Comins used Pd/C (12 mol%), H2 (atm.), 

Li2CO3 (1.2 eq.) in EtOH at room temperature for 5 days to also 

yield the reduced carbocycle of the respective 4-

methoxyquinoline.[20]  Recently, Tanaka and Usuki subjected 

unsubstituted quinoline to Pd/C (10 ml%), H2 (atm.), AcOH at 

room temperature for 15 hours and achieved hydrogenation of 

both the carbo- and heterocycle of quinoline to form 

decahydroquinoline.[18d] 

The work described here involves the highly selective partial 

dearomatisation of benzofuroquinolines using the widely available, 

simple Pd/C catalyst. Importantly, we also introduce deuterium 

into the carbocyclic ring through ex situ D2 formation. Our 

deuterium-based experiments also revealed a surprising insight 

into the mechanistic pathway. 

Results and Discussion 

Optimisation Studies  

We began our optimisation using unsubstituted 

benzofuroquinoline 1a. We observed that tetrahydro-

benzofuroquinoline 2a could be formed from 1a in very high yield 

using Pd/C (10 mol%) and H2 (balloon) in AcOH after stirring at 

room temperature for 24 hours (Table 1, entry 1).  Reduction of 

the amount of catalyst (to 5 mol%) also allowed for full conversion 

at 50 °C (entry 2). Further lowering of catalyst led to reduced 

amount of product (entries 3 and 4). Using hexafluoroisopropanol 

(pKa = 9.3 in H2O)[21] as solvent instead of AcOH (pKa = 4.72 in 

H2O)[22] resulted in just 9% conversion from 1a to  2a (entry 5). 

Use of trifluoroacetic acid (pKa = −0.3 in H2O)[23] also led to 

selective reduction of the A-ring of 1a in excellent yield (entry 6). 

Table 1. Initial optimisation of reaction conditions. 

 

a Conversion determined using 1H NMR analysis of 1a and 2a. b Isolated yield in 

parentheses.HFIP: hexafluoroispropanol, TFA: trifluoroacetic acid, r.t.: room 

temperature 

Substrate Scope 

Based on our success in the selective reduction of the A-ring of 

benzofuroquinoline 1a[24] to 2a (Table 1), we adopted 5 mol% 

Pd/C, 50 °C, and 24 hour reaction time in AcOH solvent (under a 

H2 atmosphere provided through a balloon) as our standard 

Entry Pd/C (mol%) Solvent Temp. (°C) 
% Conversion a 

(Isolated)b 

1 10 AcOH r.t. 100 (96) 

2 5 AcOH 50 100 (94) 

3 2 AcOH 80 75 

4 2 AcOH r.t. 5 

5 10 HFIP r.t. 9 

6 10 TFA r.t. 100 (95) 

10.1002/chem.202400102

A
cc

ep
te

d 
M

an
us

cr
ip

t

Chemistry - A European Journal

This article is protected by copyright. All rights reserved.

 15213765, ja, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/chem
.202400102 by U

niversity O
f Southam

pton, W
iley O

nline L
ibrary on [29/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



COMMUNICATION          

3 

 

  
Scheme 1. Substrate scope with substitution on the A-ring, B-ring and D-ring.  a Pd/C (5 mol%), 50 °C, 24 h. b Pd/C (10 mol%), 100 °C, 72 h. c Pd/C (10 mol%), 

100 °C, 48 h. 

 
Scheme 2. Extended Scope of Selectively Reduced Substituted Benzofuroquinolines. Conditions X: MsOH (2M, 3 eq.) in iPrOH, 80 °C, 24 h. Conditions Y: AcOH, 

80 °C, 72 h. a Used conditions X. b Used conditions Y.
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conditions.  These conditions were applied in the selective 

reductions of a diverse array of substituted benzofuroquinolines. 

Substitution at C-7 of the benzofuroquinoline skeleton did not 

hinder product formation and selectively reduced products 2b–e 

were obtained from the corresponding fully aromatic compounds 

(1b–e) in moderate to excellent yields (54–92%) (Scheme 1). 

2-Methylbenzofuroquinoline 1i required elevated temperature and 

extended time for full reduction of the A-ring. However, an 

excellent yield (91%) of 2i was obtained. 

Products bearing substituents at the C-6 position were, in some 

cases, formed in lowered yields (2f, 2h). However, 6-methyl-

substituted product 2g was produced in a yield of 78%. The effect 

of C-8 substitution on the efficacy of selective A-ring 

hydrogenation was investigated through examination of the. 

conversion of 1j (incorporating the 2,8-bis(trifluoromethyl) 

quinoline motif commonly present in anti-malarial compounds)[25] 

to 2j. Pleasingly, 2j was isolated in 87% yield. D-ring substituted 

products 2k–o were also obtained in good to excellent yields (68–

92%). In several cases (2a, 2b, 2m, 2n, 2p, 3e and 3f), the 

structures of the products were verified by obtaining X-ray crystal 

structures of the crystalline products. 

Next, substrates with olefin pendant groups (easily installed via a 

Heck-Mizoroki reaction)[24c] could have both the carbocyclic ring 

and the alkene functional group of the starting material reduced 

(Scheme 2), conveniently yielding alkylated products (4a–4d) in 

yields of 29–88% (again, the presence of a methoxy substituent 

at the 6-position resulted in a low yield for 4a – cf. compound 2h 

in Scheme 1). Additionally, we were pleased to find that the acid-

labile tert-butyl esters in products 4c and 4d were retained. Next, 

the concomitant reduction of a nitro group in substrate 5 was 

investigated under our standard conditions. Surprisingly, a 

mixture of the amine product 6a (ca. 56%) and N-acetylated 

product 6b (ca. 44%) was observed initially. To achieve selective 

amine formation, we revisited alternative acids. Pleasingly, we 

found that using 3 equivalents of methanesulfonic acid (MsOH, 

pKa = −2.6 in H2O)[22] in iPrOH allowed for selective formation of 

6a in 90% yield.  

Selective hydrogenation of 1a was also undertaken on larger (5 

mmol, 1.10 g) scale, and gave an isolated yield of 2a of 91% 

(using Pd/C (5 mol%), AcOH, H2, 24 h, 50 °C). 

Finally, when the substrates 1a and 1j were subjected to extended 

reaction times, yields of 80% and 81% of 7a and 7b respectively, 

could be obtained (see Scheme 3). Interestingly, reduction of 

three of the four rings in tetracycle 1a, was observed, leaving the 

pyridine ring untouched, whereas with the bis-trifluoro compound 

1j, two of the four rings were reduced. For reference, 

hydrogenation of C2-methylated compound 1i under the same 

conditions resulted in reduction of the A-ring only, i.e., in formation 

of compound 2i (see Scheme 1). Muti-ring reduction products 7a 

and 7b represent new heterocyclic cores and will be the subject 

of future work. 

Some competition studies (see SI for details) show that 

substitution of the A-ring leads to reduced reactivity relative to 1a. 

Bias then appears to favour electron donating groups, with 2d 

formation outcompeting 2c, for example (see SI for details). 

 
Scheme 3. Highly unusual selectivity; double ring reduction products. aIsolated 

yields. 

Deuterium incorporation 

Deuterated compounds have many important applications, and 

are extensively used in studies of reaction mechanisms and 

pharmacokinetics.[26] Additionally, in 2017, the first deuterium 

containing drug, deutetrabenazine, was approved by the FDA.[27] 

The difficulty in accessing D2 gas directly, can in some cases be 

circumvented by using the ‘COware’ apparatus, which allows for 

ex-situ gas generation (Scheme 4 and SI).[28] In our case, using 

DCl and Zn metal to generate D2 gas, we observed full reduction 

but no deuterium incorporation into the A-ring (Scheme 4a). The 

source of hydrogen was unclear to us. However when AcOD-d4 

was used in conjunction with D2, full incorporation of deuterium 

was observed (Scheme 4b)[29] In the latter case, 98% deuterium 

incorporation was also observed at the C-2 position (Scheme 4b).  

 
Scheme 4. Deuterium incorporation using COware apparatus. aIsolated yield. 

To gain an insight into the structural requirements for selective 

carbocyclic reduction, several carefully chosen substituted 

quinolines were subjected to the optimised hydrogenation 

conditions (Scheme 5). In reactions of quinolines bearing a 

methyl or phenyl group substituent at the 3- or 4-position, little or 

no selectivity was exhibited between hydrogenation of the 

carbocyclic ring and the heteroaromatic ring (Scheme 5a). In 

contrast, reactions of 3- or 4-methoxy or phenoxy-substituted 

quinolines exhibited exclusive carbocyclic ring hydrogenation 

(Scheme 5b and 5c, see SI for conversions and more details). 
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This indicates that a more electron rich heterocyclic ring or 

improved nitrogen basicity impacts the selectivity of this reaction.  

 
Scheme 5. Requirements for selective carbocyclic reduction. Standard 

Conditions: Pd/C (5 mol%), AcOH, H2 (balloon), 50 °C, 24 h.  

Conclusions 

Uncovering practical methodologies to effect small (yet 

significant) changes to the core structure of medicinally important 

compounds has recently gained traction, due to the urgent need 

for increased clinical success of drug candidates.[3d] With this type 

of approach (recently termed molecular editing),[30] selectivity is 

the key. In the work described here, the selective hydrogenation 

of substituted benzofuroquinolines was demonstrated, using a 

simple, highly accessible heterogeneous catalyst. This 

methodology demonstrates a great strategy for late-stage 

modification of complex heteroaromatic structures of the type that 

appear widely in existing, highly planar pharmaceutical 

compounds, thus providing straightforward access to analogues 

with a high degree of 3-dimensionality. In addition, deuterium 

could be introduced very conveniently through in-situ D2 formation. 

The latter experiments suggested that the AcOD-d4 was also a 

source of the deuterium for the reduction. Finally, the ‘O’ at the 4-

position in these substrates helps control selectivity. 
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