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In most Suzuki-Miyaura carbon-carbon cross-coupling reactions, the borabicyclo[3.3.1]nonane scaffold
(9-BBN) only serves as an auxiliary facilitating the transmetalation step and thus is transformed into
by-products. There are rare examples where the 9-BBN derivatives serve as the potentially diverse
C8 building blocks in cross-coupling reactions. Herein, we report a cobalt-catalyzed migratory carbon-
carbon cross-coupling reaction of the in situ formed 9-BBN ate complexes to afford diverse aryl- and
alkyl-functionalized cyclooctenes. Preliminary mechanistic studies suggest the oxidation-induced cis-
bicyclo[3.3.0]oct-1-ylborane is the key intermediate in this migratory cross-coupling reaction, which pro-
motes the development of other diverse migratory cross-coupling of borate complexes.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Transition-metal-catalyzed cross-coupling of organoborons [1]
and organic (pseudo)halides, namely Suzuki-Miyaura coupling [2],
constitutes one of the most intensively investigated and widely ap-
plied carbon-carbon (C-C) bond-forming reactions. Owing to their
ready preparation [3], the 9-BBN scaffold [4] serves as a very re-
liable and versatile auxiliary in diverse C-C cross-coupling reac-
tions (Scheme 1A, left) [5,6]. Surprisingly, there are rare investi-
gations of using 9-BBN derivatives as the potentially diverse C8
building blocks, which are typically neglected and discarded as
the by-products in most Suzuki-Miyaura cross-coupling reactions
(Scheme 1A, right).

In this context, early studies by Brown [7,8] have revealed that
lithium dibutyl-9-borabicyclo[3.3.1]nonane ate complexes under-
went an oxidant-mediated migration to form cis-bicyclo[3.3.0]oct-
1-yldibutylborane, which could be transformed into function-
alized fused hydrocarbons via the follow-up functional-group-
interconversions (Scheme 1B) [9,10]. Despite the intriguing mecha-
nistic merits, this reaction tolerated only very limited substrates
and cannot be used for the preparation of other types of C8
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skeletons. Therefore, catalytic approaches that allow diverse 9-BBN
derivatives to function as novel C8 synthons are still elusive [11].

In continuance with our research interests in redox cobalt catal-
ysis [12-17], we found the in situ formed 9-BBN ate complexes
proceed via a cobalt-catalyzed migratory C-C cross-coupling reac-
tion to afford diverse aryl- and alkyl-functionalized cyclooctenes
(Scheme 1C). Preliminary mechanistic studies, including con-
trol experiments, cyclic voltammetry studies, and density func-
tional theory (DFT) calculations suggest the oxidation-induced cis-
bicyclo[3.3.0]oct-1-ylborane [18,19] being the key intermediate in
this migratory cross-coupling reaction [20-23].

We initiated our investigations by identifying an optimal syn-
thetic procedure and cobalt catalyst for this migratory C-C cross-
coupling reaction of 9-BBN ate complexes (Scheme 2). Treatment
of the commercially available 9-BBN-OMe (1) with 3.0 equiv. of
para-tolylmagnesium bromide in THF readily generated the di-
arylated borate complex (2), which was evident by the chemical
shift of 'B NMR from trisubstituted borane (§ 56.4) to tetrasub-
stituted borate (§ —15.0). Without further purification, the in situ
formed borate [24] was then directly subjected to the Co(salen)/N-
fluorobenzenesulfonimide (NFSI) catalytic system. Interestingly, a
conjugated tolylcyclooctene (3) was obtained in 34% yield with
Co(salen) A as the catalyst. Notably, this product represents a rare
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Scheme 1. Contents of this study.

example of the migratory C-C cross-coupling of Grignard agent and
9-BBN derivative as the cyclooctene synthon.

Extensive optimization suggested the Coll(salen) cat-
alyst featuring a para-methoxy substituent (B) or a 1,2-
diphenylethylenediamine backbone (F) was effective in this
catalytic transformation. While both the di- and trivalent Co(salen)
were competent, the coordinating anion in Co'l(salen)-X catalyst
provided an extra handle for tuning reactivity. Indeed, the incor-
poration of the para-benzoate coordinating anion (J) dramatically
improved the catalytic efficiency. Assembly of these privileged
motifs from the above investigations led to an optimal catalyst
(K), which efficiently promoted the formation of the anticipated
tolylcyclooctene (3) in 77% yield. Besides phenylmagnesium bro-
mide, the corresponding lithium agent also afforded compatible
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Scheme 3. Substrate scope of «-arylated cyclooctenes. Reaction conditions: 1st
step: 9-BBN-OMe (hexane solution, 1.0 mol/L, 0.2 mmol, 1.0 equiv.), Grignard
reagent (0.6 mmol, 3.0 equiv.), 40°C, 1 h; 2nd step: Co(salen), K (0.02 mol, 10 mol%),
NFSI (0.4 mmol, 2.0 equiv.), ethyl acetate (1.0 mL), 40°C, 1 h. @ PhLi instead of Ph-
MgBr.

results. However, a survey of various oxidants other than NFSI
only resulted in no reactivity or much lower yields (for details, see
Supporting information).
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Scheme 2. The identification of an optimal catalyst.
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Scheme 4. Substrate scope of «-alkylated cyclooctenes. Reaction conditions: 1st step: Co(salen)

43,47% (6: 1)
from dlacetone fructose

I (0.02 mol, 10 mol%), 9-BBN (THF solution, 0.5 mol/L, 0.3 mmol, 1.5 equiv.),

alkene (0.2 mmol, 1.0 equiv.), 40°C, 2 h; 2nd step: NFSI (0.4 mmol, 2.0 equiv.), ethyl acetate (1.0mL), 40°C, 1h.

The substrate scope of this cobalt-catalyzed migratory C-C
bond-forming reaction was delineated as Grignard reagents
are either commercially available or readily accessible from
organohalides (Scheme 3). This reaction tolerated diverse para-
(4-8), meta-(9-13), and ortho-substituted (14) phenylmagnesium
bromides. Polycyclic aromatic hydrocarbons, including naphtha-
lene (15) and phenanthrene (16), can be readily hinged onto the
cyclooctene framework. This protocol also tolerated many func-
tional groups, such as alkene (17), thioether (18), and acetal (19),
saving plenty of opportunities for further derivatization of the
cyclooctenes. Besides arylmagnesium bromides, diverse Grignard
reagents were amenable in the functionalization of cyclooctene
to afford the corresponding conjugated diene (20), enynes (21,
22), and heteroaryl cyclooctenes (23, 24). Though (1,3-dioxan-2-
ylethyl)magnesiumbromide can be used in this transformation to
afford the anticipated product (25) with high endo/exo regioselec-
tivity (vide infra), attempts to incorporate other aliphatic chains
into the cyclooctene framework were not successful yet.

To access a-alkylated cyclooctenes, we found the in situ formed
alkyl 9-BBN derivatives from hydroboration served as competent
candidates in the analogously migratory cross-coupling reaction
with Co(salen) I as the catalyst (Scheme 4). Though hydrobora-
tion of 9-BBN and alkene generally proceeds without a catalyst,
early incorporation of this cobalt complex throughout the current
one-pot synthesis is beneficial to reaction yields. The anticipated
«-alkylated cyclooctenes were obtained as the major products ac-
companied by minor amounts of exo-isomers. Diverse aliphatic ter-
minal alkenes were well-tolerated to afford the corresponding -
alkylated cyclooctenes (26-33) in synthetically useful yields. Note
that the endo/exo selectivity dramatically increased by using a
bulky 3,3-dimethyl-1-butene (34) or a cyclic alkene (35). This ap-
proach displayed remarkable functionality tolerance, which could
not be replicated by using organometallic reagents such as Grig-
nard or organolithium agents. For instance, the mild reaction con-

ditions rendered a wide array of aliphatic/aromatic halides (36, 37),
esters (38, 41), phenol derivatives (39, 40), o-phthalimide (42), and
the diacetonefructose-derived alkene (43) intact.

Cyclic voltammetry studies of Co(salen) and NFSI provided
some mechanistic insights (Scheme 5). While NFSI only displayed
one irreversible reduction peak (Ep;, =—0.80V), two reversible re-
dox couples of Co(salen) appeared wherein —0.36 V and —1.77 V
were assigned to E(Co"/Co) and E(Co'/Co"), respectively [25].
Therefore, NFSI was competent to mediate both the single-electron
transfer processes of Co' to Co" (IV-to-V) and Co!' to Co! (I-to-
II), the latter of which is likely via an inner-sphere manner [26].
Remarkably, the Co''-F (II) underwent a facile fluoride-to-hydride
exchange reaction [27,28] to afford the formal Co''-H (IIl) [29,30],
which is acidic (pK; 10—15) [31,32] and thus can be interpreted as
Co'(H*) (Iv) [33].

Early studies have shown that the bridge-head hydrogen atoms
of dibutyl-9-borabicyclo[3.3.1]nonane ate complexes are competent
organic hydrides in various reduction reactions [34-37]. Indeed,
the diarylated 9-BBN borate complex (44a) in Scheme 6 exhib-
ited a similar hydride feature but was much less effective in re-
ducing the 9-fluorenone derivative (45). The headspace analysis
detected a small amount of dihydrogen (0.7%), a minor hydro-
gen evolution reaction pathway from the Co'l-H species [38-41].
Without the cobalt catalyst, the borate complex (44a) reacted with
NESI only to afford the diarylborinic acid (47, 68% yield) accom-
panied by trace amounts of cyclooctene (6) and biaryl (46). The
extensive screening of various oxidants revealed the use of ox-
alyl chloride transformed the borate complex (44b) into a new
boron species (48, 1'B, § 80.6). Unfortunately, attempts to isolate
this boron species or its tetra-coordinated variant were not suc-
cessful yet, probably owing to its ease of decomposition, which
was tentatively proposed as the diphenyl analog of the known cis-
bicyclo[3.3.0]oct-1-yldibutylborane (!B, § 81.8) [10,18,19]. While
organomagnesium and organolithium compounds were both effec-
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tive coupling agents in the current transformation, the formation
of intermediate (48) could be detected only by using lithium bo-
rate (44b). Exposure of this in situ generated boron species to the
standard reaction conditions resulted in a high conversion forming
the anticipated cyclooctene (4). Under the standard reaction condi-
tions, ortho-borylated 2-phenylpyridine (49) [42] was readily con-
verted into its fluoroborate derivative with a cis-bicyclo[3.3.0]oct-
1-yl scaffold (50) in 66% yield (Scheme 7). Further treatment with
2.0 equiv. NaOMe in methanol resulted in a quantitative formation
of its methoxide analog (51), which was unambiguously confirmed
by X-ray diffraction analysis.

Gibbs free energies are given in kcal/mol (see Supporting information for calcu-
lation details).

As illustrated in Scheme 8, DFT calculations were employed to
elucidate the possible reaction pathway for the formation of «-aryl
cyclooctene (6) from the cis-bicyclo[3.3.0]oct-1-yldiphenylborane
(48’). We selected the fluorinated borate (A) as the model sub-
strate, which might proceed with an ionic boron-to-carbon phenyl
migration [43-45]. According to our calculations, the cis orien-
tated, front migration of the phenyl group (B) required a moder-
ate energy barrier (AG#, 10.7 kcal/mol), giving rise to a thermody-
namic more stable carbanion (C, —3.3 kcal/mol) through the cleav-
age of the bridged C-C bond. By contrast, the back migration of the
phenyl group trans to the bridged C-C bond was disfavored both
by an exceptionally high energy barrier (AG#, 79.0kcal/mol) and
generation of the undesired 9-BBN-type borate as the only located
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product (Fig. S14 in Supporting information). The subsequent pro-
tonation, likely by the in situ formed acidic Co!(H"), delivered a cy-
clooctylborane (D), which then proceeded with a kinetically (AG#,
28.5 kcal/mol) and thermodynamically (AG, 4.9 kcal/mol) accessi-
ble dehydroboration to give the anticipated cyclooctene (Fig. S16 in
Supporting information). The resultant borane is likely involved in
the fluoride-to-hydride exchange reaction of Co'-F toward Co"-H
[46]. Meanwhile, another reaction pathway for the conversion of
cyclooctylborane (D) to «-aryl cyclooctene (6) through the oxida-
tion of alkyl borane to the corresponding alkyl radical [47-49] and
subsequent cobalt-mediated hydrogen-atom transfer (HAT) [50,51]
is also possible (Scheme 9).

In summary, we have disclosed a cobalt-catalyzed migratory
C-C cross-coupling reaction of the in situ formed 9-BBN ate com-
plexes, affording a wide variety of aryl- and alkyl-functionalized
cyclooctenes. Preliminary mechanistic studies suggested a cis-
bicyclo[3.3.0]oct-1-yl-borane as the key intermediate, which was
achieved by the oxidation-induced rearrangement of the 9-BBN
ate complex. Mechanistic insights gained from the current studies
should promote the development of other diverse migratory cross-
coupling of borate complexes.
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