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Couple-close as a synthetic paradigm has the potential to 
change the way that synthetic organic chemists approach cyclic 
scaffold construction. One class of cyclic molecules that has 
been increasingly sought after is semisaturated cyclic scaffolds, 
whose specific blend of Csp2- and Csp3-hybridized components 
confers distinct properties to these species. However, existing 
methods to construct these scaffolds are limited, often relying 
on arene saturation or annulations that require lengthy de novo 
syntheses. Herein, we describe a unified and highly modular 
couple-close strategy for the synthesis of semisaturated 
scaffolds. This approach installs bifunctional linkers onto 
aromatic rings through a range of bond-forming reactions, and 
subsequent cyclization furnishes semisaturated bicyclic 
adducts. Key to this approach is a mechanistically distinct 
cobalt-catalyzed dehydrogenative radical cyclization that 
proceeds efficiently even on electronically unbiased  
arenes, enabling a broad substrate scope under mild  
reaction conditions.

Since the advent of the Diels-Alder reaction, the development of chem-
ical transformations that allow rapid and modular access to complex 
cyclic and polycyclic scaffolds has been central to the field of organic 
synthesis. Historically, the generation of semisaturated polycycles, a 
mainstay structural core of agro- and medicinal chemistry, has re-
quired lengthy de novo synthetic sequences involving bespoke inter-
mediates, functional group interconversions, and redox manipulations. 
Recently, our laboratory introduced the concept of couple-close, an 
aliphatic-aromatic ring-forming protocol that allows modular access 
to diverse polycyclic rings in only two chemical steps from broadly 
available starting materials such as diols and pyridyl bromides (1). By 
unifying ring synthesis under a single, expedited strategy involving a 
sequence of any “couple” step followed by a “close” step from easily 
accessible precursors, couple-close as a synthetic paradigm has the 
potential to obviate many synthetic bottlenecks associated with tradi-
tional polycyclic ring formation.

Semisaturated bicycles (Fig. 1A) have recently attracted substantial 
research interest (2–7) because they are ideally positioned to balance 
classical arene interactions with the advantages of higher sp3 content. 
Additionally, the saturated component of these scaffolds restricts the 
conformation of the C(sp3) fragment, conferring additional favorable 
properties to semisaturated bicycles (8, 9). Despite their desirability, 
these semisaturated scaffolds remain underrepresented in drug dis-
covery programs and fragment libraries (10, 11). This gap stems from 
the synthetic challenges associated with their construction. Current 
approaches rely on substrate-dependent dearomative hydrogenation 
(7) or cationic (12–14) and radical (15–23) annulations. In each case, 
lengthy de novo synthesis of bespoke cyclization precursors limits 
the accessibility of this chemotype. Our initial demonstration of 

couple-close as a synthetic paradigm uses metallaphotoredox cataly-
sis to achieve the initial bond-forming “couple” step, followed by a 
Minisci-type “close” step into electron-deficient aza-heteroarenes, 
which are well-established radical acceptors (Fig. 1A).

This strategy greatly accelerates access to pyridyl-based semisatu-
rated scaffolds but has key scope limitations because only 3-pyridyl–type 
heteroaryl bromides can be reliably used as the arene substrate. This 
limitation, arising from inefficient, substrate-dependent radical cycli-
zation into arene rings, necessitates reliance on Minisci radical cycliza-
tion. The efficiency of this process derives from a lowest unoccupied 
molecular orbital (LUMO)–lowering Lewis acid coordination effect, 
which shifts the LUMO from an inaccessible +3.45 eV to a reactive 
–3.05 eV (23). However, <10% of commercial aryl bromides (24) fall un-
der the purview of a Lewis acid–enabled, Minisci couple-close se-
quence (Fig. 1A). Common aryl bromides not amenable to Minisci 
cyclization, including benzenes, 2- or 4-pyridyl heterocycles, and 
5-membered heterocycles, are not competent substrates for this couple-
close platform. These three categories account for >90% of commercial 
aryl bromides (24), so most of semisaturated bicyclic chemical space 
remains inaccessible by couple-close (1) (Fig. 1B). To access the full 
range of semisaturated bicycles, a truly general couple-close platform 
is needed. Key to this generality is the development of a substrate-
independent radical cyclization mechanism.

Radical cyclization has traditionally relied on a stepwise oxidation-
deprotonation sequence (1, 15, 16, 19) that is highly dependent on arene 
electronics and substitution pattern, limiting its scope and general 
synthetic utility. Access to diverse semisaturated chemical space there-
fore requires a mechanistic approach that decouples the “close” step 
from these constraints. Along these lines, hydrogen atom transfer 
(HAT) can achieve the same outcome through a single, concerted, and 
substrate-independent mechanism. Indeed, cobalt-catalyzed HAT has 
been used to drive radical cyclization into arenes. Beautiful work from 
the Shenvi (21, 25) and Matsunaga (22) laboratories demonstrated that 
a single cobalt catalyst can generate radicals from alkenes through a 
metal-hydride hydrogen atom transfer (MHAT) mechanism. These 
radicals then cyclize into arenes driven by cobalt-mediated HAT (Fig. 
1C). In these studies, the resulting Co–H hydrogen species has only 
been shown to be quenched by MHAT into an alkene. Consequently, 
the scope of previous applications of this strategy has been limited to 
custom-synthesized alkene precursors with inherent constraints on 
the accessible substitution patterns of the resulting semisaturated scaf-
fold. Herein, we leverage a previously underutilized Co–H hydrogen 
evolution mechanism (26, 27), in combination with the well-established 
Co-HAT activity (28–33), to develop a mild, general radical cyclization 
platform for the rapid construction of semisaturated aromatic scaffolds 
(Fig. 1D). Although previous work (33) has used hydrogen evolution 
to quench Co–H species, this strategy has not previously been applied 
to C–C bond-forming radical cyclization.

Unlike previous approaches, this reaction is general and imposes 
no substrate restrictions, expanding entry to semisaturated scaffolds, 
including previously noncompatible benzenes, 2- and 4-aza-arenes, 
and 5-membered heterocycles. The substrate-agnostic nature of this 
general couple-close platform is demonstrated through 59 examples 
in the main text and an additional 23 examples in the supplementary 
materials across 12 distinct classes of arenes and heteroarenes.

Reaction design
The major barrier to developing a truly general couple-close platform 
is the difficulty of promoting radical addition into unactivated aro-
matic rings. Although radical addition into arenes has been exten-
sively studied (15–22), substantial challenges remain. Notably, 
disruption of aromaticity renders the process reversible (34, 35), 
often in favor of the “open” form. This predisposes the radical toward 
unproductive pathways such as HAT or disproportionation (36). 
Previous studies relied on swift oxidation of the cyclized pro-aromatic 

1Merck Center for Catalysis at Princeton University, Princeton, NJ, USA. 2Global Discovery 
Chemistry, Johnson & Johnson Innovative Medicine, Spring House, PA, USA. 3Discovery 
Process Research, Johnson & Johnson Innovative Medicine, Spring House, PA, USA. 
*Corresponding author. Email: dmacmill@​princeton.​edu

D
ow

nloaded from
 https://w

w
w

.science.org at Princeton U
niversity on February 18, 2026

mailto:dmacmill@​princeton.​edu
http://crossmark.crossref.org/dialog/?doi=10.1126%2Fscience.aec5748&domain=pdf&date_stamp=2026-01-22


Research Articles

Science  22 January 2026 400

A

C

E

D

B

Fig. 1. Reaction design. (A) Couple-close (1) allows modular access to semisaturated scaffolds. (B) Initial couple-close has major scope limitations (1). (C) Previous work has 
shown that Co–H abstraction can drive radical cyclization from alkenes (21, 22, 25). (D) Cobalt-based dehydrogenation drives a favorable radical cyclization into unactivated 
arenes (21, 22, 25). (E) Accessing semisaturated arenes from a cobalt-enabled, unified couple-close platform (this work).
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radical followed by irreversible, rearomatizing deprotonation of the 
resulting Wheland intermediate to drive the equilibrium toward the 
cyclized product (1, 15, 16, 18, 19). This approach has been demon-
strated in limited cases, but the scope remains constrained by its 
sensitivity to the nature of the arene substrate. In addition, these 
reactions often require forcing conditions, including large excesses 
of strong acid (15) or external oxidants such as peroxides (16), further 
limiting their functional group compatibility. Moreover, the driving 
force of the oxidation does not directly benefit from rearomatiza-
tion, which only occurs after the second distinct deprotonation step. 
As a result, the overall efficiency of radical cyclization is highly sub-
strate dependent and often quite poor, precluding adoption of an 
oxidation-deprotonation approach as a general solution to radical ad-
dition into unactivated arenes.

A general cyclization strategy would require unifying the oxidation 
and deprotonation steps into a single, concerted, and substrate-agnostic 
process. This has previously been achieved by coupling arene rearoma-
tization to the cyclization step through removal of a hydrogen atom, 
thereby driving the equilibrium toward product formation (21, 22, 25). 
Such a mechanism could operate under milder, less-oxidizing condi-
tions, offering a truly general solution to the longstanding challenge of 
radical cyclization.

In this design, concerted hydrogen atom removal from the pro-
aromatic cyclized radical is expected to proceed independently of oxi-
dation propensity, which generally correlates with electronic properties. 
We hypothesized that cobalt catalysts, which have been previously 
used in hydrogen evolution (26, 27) and hydride HAT (28–33), might 
facilitate the dehydrogenation-driven radical cyclization of arenes to 

A
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Fig. 2. Proposed mechanism. (A) Proposed catalytic cycle. SET, single-electron transfer. (B) Key role of cobalt on radical cyclization. See the supplementary materials for full 
experimental conditions. (C) PhotoNMR confirms hydrogen evolution.
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generate semisaturated aromatic scaffolds (Fig. 1D). Successful realiza-
tion of this strategy would require efficient radical cyclization across 
diverse arene electronic and steric environments, followed by cobalt-
catalyzed dehydrogenation to complete the overall transformation.

Herein, we disclose a general and unified couple-close platform for 
the modular synthesis of semisaturated arenes driven by a cobalt-
catalyzed dehydrogenation event that enables an otherwise inefficient 
radical cyclization (Fig. 1E). We demonstrate that abundant and readily 
accessible bifunctional linkers, including diols, amino alcohols, and 
acid alcohols, can be coupled with aryl halides, phenols, or aldehydes 
using a variety of established cross-coupling technologies. Subsequent 
alcohol deoxygenation, enabled by photoredox catalysis (37), generates 
a radical intermediate that undergoes cobalt-catalyzed dehydrogena-
tive cyclization onto a broad range of arenes spanning 12 distinct 
classes of aromatic rings.

Reaction development
The cobalt-catalyzed dehydrogenative radical cyclization is proposed 
to proceed through the mechanism outlined in Fig. 2A. First, the alcohol 
(1) reacts with a benzoxazolium ion (NHC) to form NHC–alcohol ad-
duct 2 (37). Upon blue light irradiation, a suitable photocatalyst such 
as 1,2,3,5-tetrakis(carbazole-9-yl)-4,6-dicyanobenzene (4CzIPN) (3) 
accesses a long-lived excited state (τ of 5.1 μs) (4) that is sufficiently 
oxidizing [E1/2

red (PC*/PC–) = 1.35 V versus the saturated calomel 
electrode (SCE)] to activate the NHC- alcohol adduct (38). After de-
protonation by a base (B) and subsequent β-scission, a primary radical 
(6) is generated, which can reversibly add into the arene ring to form 
pro-aromatic radical 7. A well-established Co(II) catalyst, Co(II)
(dmgBF2)2(MeCN)2 (9), mediates selective HAT with 7 (28–33) to 
generate a Co(III)–hydride complex, 11, and the cyclized product 10. 
Finally, the Co(III)–hydride is protonated by an acid (BH+), generat-
ing the Co(III) complex (12) and releasing one equivalent of dihy-
drogen gas (26, 27). To close the photocatalytic cycle, the 4CzIPN 
radical anion 8 (E1/2

red  [PC/PC–] = –1.21 V versus SCE) (38) reduces 
12 (E1/2

red [CoIII/CoII] = 0.2V versus SCE) (39), regenerating the Co(II) 
catalyst (9). Notably, the Co(II) catalyst and the base act cooperatively 
to mediate HAT en route to dihydrogen formation.

Our initial efforts to optimize a general couple-close strategy fo-
cused on the deoxygenative radical cyclization of 4-phenyl-1-butanol 
to form tetrahydronaphthalene (table S1). This model system was 
chosen because of its lack of Thorpe-Ingold bias and the electronic 
neutrality of the arene. As in our prior work, we were pleased to 
observe that the oxidizable NHC adduct was readily formed by sim-
ply premixing the substrate with NHC–CF3 in the presence of pyri-
dine. This adduct was added, without isolation, to a solution 
containing the 4CzIPN photocatalyst, the Co(dmgBF2)2(MeCN)2 de-
hydrogenation catalyst, catalytic base (TBAOAc), and MeCN. Upon 
irradiation with 450-nm light-emitting diodes for 24 hours, the de-
sired cyclized product was obtained. Control experiments indicated 
that all components are necessary to ensure optimal reaction per-
formance (for additional optimization details, see tables S1 to S12.)

In the presence of catalytic Co(dmgBF2)2(MeCN)2, we observed the 
formation of the desired product in 58% yield, along with uncyclized 
by-products (22% combined yield), corresponding to a 2.6:1 ratio of 
cyclized to uncyclized product. Exclusion of Co(dmgBF2)2(MeCN)2 
resulted in a sharp decrease in yield to 5%, with uncyclized radical 
by-products, such as the proto-deoxygenation product arising from 
primary radical HAT with solvent, obtained in 6% yield, reflecting a 
1:1 ratio of cyclized and uncyclized product (Fig. 2B). Extensive attempts 
to optimize the same cyclization under net-oxidative conditions, in 
which the radical cyclization step relies on an oxidation-deprotonation 
mechanism, were unsuccessful (table S13). This approach afforded 
only up to 30% yield of the desired product and very poor mass bal-
ance, consistent with oxidative substrate decomposition. These find-
ings suggest that (i) the cobalt dehydrogenation catalyst plays a 

crucial role in driving the equilibrium of the reaction to the cyclized 
product, and (ii) cobalt-mediated dehydrogenative radical cyclization 
offers a milder alternative to existing strategies, enabling otherwise 
inefficient transformations.

Several experiments and control reactions were conducted to 
evaluate the proposed mechanism. Stern-Volmer analysis revealed 
that both NHC-alcohol adduct 2 and Co(II)(dmgBF2)2(MeCN)2 (9) 
are competent quenchers of the excited photocatalyst. Given the 
200-fold higher concentration of NHC-alcohol adduct, we propose an 
initial reductive quenching mechanism for the photocatalyst (fig. S6). 
We next sought to evaluate the ability of Co(II)(dmgBF2)2(MeCN)2 to 
perform HAT from the pro-aromatic radical 7 under reaction condi-
tions. If cobalt-mediated dehydrogenation were operative, then we 
would expect higher loadings of cobalt catalyst to lead to increased 
formation of uncyclized alkene by-products through premature de-
hydrogenation (27). Under optimal conditions with 0.5 mol % cobalt, 
the desired product is formed in 58% yield, whereas the alkene by-
product is formed in just 2% yield (29:1 cyclized:alkene). However, 
increasing the cobalt loading to 1.5 mol % results in 50% yield of 
the desired product, along with 12% yield of the alkene by-product 
(4:1 cyclized:alkene) (table S7). These results strongly support the 
involvement of a cobalt-mediated HAT step. Finally, evolution of 
dihydrogen gas, consistent with turnover of the cobalt catalytic cycle, 
was observed in photo–nuclear magnetic resonance (photoNMR) experi-
ments (Fig. 2C). Additional mechanistic discussion can be found in 
the the supplementary materials.

Scope evaluation
With optimized conditions in hand, we first explored the generality of 
the couple-close strategy based on the well-established metallapho-
toredox deoxygenative arylation (37). To evaluate the scope of the reac-
tion with respect to the arene component, a model diol derived from 
ribose was used as a coupling partner (Fig. 3). We were pleased to see 
that benzenes ranging from electron-rich and neutral (13 to 18) to 
electron-poor (19 to 26) underwent efficient cyclization. Notably, even 
highly sterically congested arenes underwent efficient “close” (15 and 
26) and “couple” (25).

Next, we evaluated the scope of heterocycles that could be incor-
porated into the semisaturated scaffold through the couple-close 
sequence. We were pleased to observe that arenes capable of Minisci-
type closes were competent substrates, including pyridines, pyrimi-
dines, pyrazines, quinolines, and isoquinolines (27 to 32). Notably, 
2-halo-pyridines and isoquinolines proved to be viable substrates, 
undergoing radical cyclization at the non-Minisci 3-position of the 
pyridine ring. Although radical addition into the 2- or 4-position of 
pyridines is well established (40), addition at the 3-position is rare 
because of polarity mismatching (15). Here, however, cobalt-catalyzed 
dehydrogenation is able to overcome unfavorable, polarity-mismatched 
radical addition, enabling cyclization at this challenging, nontra-
ditional site (27 and 32). Additionally, whereas cobalt-catalyzed 
radical cyclization can occur with non-Minisci selectivity, traditional 
Minisci cyclizations are also possible, even in the absence of ad-
ditional Lewis acid (28 to 30). Aside from 6-membered arenes 
and heteroarenes, this method is also capable of generating semi-
saturated scaffolds from 5-membered ring heterocycles, including 
indoles, benzothiophenes, indazoles, thiophenes, thiazoles, and 
oxazoles (33 to 38).

The scope of the linker component was evaluated using a range of 
aryl and heteroaryl halides (Fig. 4). A variety of cyclic diol linkers 
were engaged to rapidly construct complex bridged bicyclic archi-
tectures (39 and 40). In addition, primary (41), secondary (42 to 45), 
and tertiary (46 to 49) radicals were efficiently generated and cyclized, 
affording a diverse range of semisaturated scaffolds. The reaction exhibited 
broad functional group tolerance, accommodating motifs commonly 
found in biomolecules or useful for downstream functionalization, 
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Fig. 3. Scope of deoxygenative arylation couple-close. All yields are isolated unless otherwise noted. See the supplementary materials for full detailed experimental 
conditions. *Couple step is SNAR, and assay yield was determined by ultraperformance liquid chromatography–mass spectrometry (UPLC-MS) versus 1,3,5-trimethoxybenzene. 
†Assay yield was determined by 1H-NMR versus 1,3,5-trimethoxybenzene. r.r., regioisomeric ratio.
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Fig. 4. Scope of alternative coupling steps. All yields are isolated unless otherwise noted. See the supplementary materials for full detailed experimental conditions. *Assay 
yield was determined by UPLC-MS versus 1,3,5-trimethoxybenzene. †Assay yield was determined by 19F-NMR versus 1,4-difluorobenzene. d.r., diastereomeric ratio.
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including protic functionality such as amides (41), protected amines 
(42), pseudohalides (45), sulfonamides (43), and aldehydes (48). We 
demonstrated that cyclization could occur “across the ring” to furnish 
distinct semisaturated tricyclic cores (50). Additionally, 2- or 4-halo-​
pyridines could also be cyclized, giving the non-Minisci adducts in 
good yields (51 to 54).

We sought to extend the couple-close platform to the construction 
of highly sought-after heterocycles by leveraging other classical “cou-
ple” strategies. To that end, by forging C–N or C–O bonds in the initial 
“couple” step, we aimed to gain rapid and modular access to pharma-
ceutically relevant tetrahydronaphthrydines (41), tetrahydroisoquino-
lines (42, 43), and chromanes (44, 45) (Fig. 4). Amino alcohols were 

Fig. 5. Complex molecule applications. All yields are isolated. See the supplementary materials for detailed reaction conditions.
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appended through nucleophilic aromatic substitution (SNAr) onto 
electron-poor pyridines, and subsequent non-Minisci cyclization fur-
nished tetrahydronaphthrydine 55. Similarly, 1,3-diols were used in a 
SNAr-couple sequence to prepare 3,4-dihydro-2H-pyrano[2,3-b]pyri-
dines (57 and 58). In cases where the SNAr step was inefficient, copper-
catalyzed Ullmann-Goldberg cross-coupling enabled the initial C–N 
bond formation en route to tetrahydronaphthrydine adducts (59). We 
further demonstrated that acid alcohols undergo decarboxylative 
arylation-cyclization (46, 47) to access tetrahydroisoquinolines (60). 
Other historically robust coupling reactions also proved effective. 
Synthesis of tetrahydroisoquinolines (61) can be achieved through 
reductive amination, demonstrating the power of cobalt-promoted 
dehydrogenative radical cyclization to unify different retrosyn-
thetic disconnections into the same synthetic outcome. Furthermore, 
Mitsunobu conditions facilitated coupling of phenols with diols to 
generate chromanes (62).

Finally, we evaluated the direct application of the couple-close se-
quence to complex biomolecules to enable the modular synthesis of 
unnatural amino acids (UAAs), direct modification of peptides, and 
functionalization of arene-containing drugs. As shown in Fig. 5, applica
tion of the couple-close platform to tyrosine provided access to chromane-​
containing UAAs in good yields (63 and 64). Bromophenylalanine and 
representative diols were subjected to the reaction conditions, affording 
semisaturated analogs with good efficiency (65 to 67). This strategy was 
further extended to more complex peptides (68), showcasing the power 
of this method to generate elaborate structurally rich scaffolds. The 
ability to rapidly access UAAs and modified peptides in this manner 
supports the development of semisaturated libraries for the discovery 
of therapeutic peptides with distinct pharmacological properties.

To further build on the potential of this process and challenge its 
bounds, we attempted late-stage modification of drug-like molecules 
and natural products. A range of pharmaceuticals (69 and 70) and 
natural products (71) were productively used as either arene partners 
or linkers. These results highlight the potential of this method to en-
able streamlined modification of advanced synthetic intermediates, 
thus circumventing the need for lengthy de novo synthesis and ac-
celerating structure–activity relationship studies.

Outlook
Semisaturated bicycles are increasingly valued in drug discovery be-
cause of their distinct and enhanced properties (1–9); however, their 
synthesis poses a persistent challenge. Here, we report a general and 
unified couple-close strategy to access truly diverse semisaturated bi-
cyclic scaffolds that features a cobalt-catalyzed dehydrogenative radi-
cal cyclization enabled by hydrogen evolution. This platform proceeds 
under mild reaction conditions, tolerates a wide range of functional 
groups, and, unlike the Minisci-based couple-close platform, is largely 
agnostic to the identity of the substrate. We anticipate that this platform 
will greatly accelerate access to previously underexplored semi-
saturated scaffolds and allow these motifs to be more widely repre-
sented across organic synthesis, including drug discovery programs, 
fine chemicals, agrochemistry, and materials science.
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Editor’s summary
Many of the most efficient reactions currently used in pharmaceutical research link together flat molecular fragments.
Finding ways to diversify structures in the third dimension is thus a burgeoning area of research. Xie et al. report
a versatile method of fusing flat aromatic rings to nonplanar saturated counterparts. After tethering one end of the
saturated backbone to the aromatic cycle, the authors used a cobalt catalyst together with a photoredox catalyst to
close the second ring, releasing hydrogen as a by-product. —Jake S. Yeston
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