ROYAL SOCIETY

: oy
Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal

EDGE ARTICLE

Direct metathesis of carbon—carbon o-bonds at

{") Check for updates‘
a versatile macrocycle-supported diiron platform

Cite this: DOI: 10.1039/d5sc10054b

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Tianchang Liu, Jared E. Gonder, ¥ ¥ Ryan P. Murphy,
Michael R. Gau and Neil C. Tomson (&*

T Alexandra M. Bacon,

The metathesis of C—C g-bonds holds potential as an atom-economical strategy for molecular engineering.
While this reaction has been achieved in industrial and research settings, the former is energy-intensive and
the latter has only been reported to operate either indirectly, proceeding through well-known w-bond
metathesis chemistry, or through the use of structural/electronic factors that assist in C-C bond
activation (e.g. anchimeric effects, directing groups, photochemical effects, etc.). Herein, we report the
first example of a direct, thermodynamically favored C-C ¢-bond metathesis reaction in which the
C(sp)—C(sp?) bonds of diarylacetylenes are selectively cleaved before their fragments are metathesized
and C(sp)-C(sp?) linkages are re-formed. Building on a known macrocycle-supported diiron system that

undergoes selective C—C g-bond oxidative addition, Lewis acid catalysts are shown to reversibly abstract
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Accepted 6th February 2026 Fe-bound aryl groups and perform aryl group exchange between diiron sites. Oxidatively induced

reductive elimination reactions then re-form the C(sp)-C(sp?) o-bonds to generate metathesis products.
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These studies culminated in a stoichiometric process for C-C o¢-bond metathesis between
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Introduction

Olefin and alkyne metathesis have had an enormous impact on
academic and industrial chemistry by allowing for the facile and
selective rearrangement of C-C linkages (Fig. 1A) that were once
thought to be inert to such transformations."* Comparatively
little is known about selective C-C o-bond metathesis, in which
C(sp™)-C(sp’) (x, ¥y = 1, 2, 3) o-bond partners are rearranged in
a controlled manner.” Industrial cracking chemistry, while
effective, is energy-intensive and offers low selectivity.*” A pair
of impressive methods for molecular, metal-mediated C(sp’®)-
C(sp®) o-bond metathesis have been reported (Fig. 1A).%°
However, these systems notably require forcing conditions and
operate through key olefin metathesis steps, thus limiting their
scope and selectivity. A few methods have recently been devel-
oped to effect the metathesis of specific types of C-C g-bonds,
provided certain assistive conditions are present, like anchi-
meric effects to aid in bond activation'®** and the presence of
a diketone chromophore to promote a metal-free, photochem-
ical process.” In work most relevant to the present study, Dong
and co-workers reported Ru catalysts that perform ¢-bond
metathesis of the inter-aryl C(sp®)-C(sp®) bond of substituted
biphenyls.'* They determined that this reaction operates
through an olefin-metathesis type mechanism, in which the
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diphenylacetylene and various diarylacetylenes.

catalyst contains a fragment of the metathesis reaction and uses
this fragment to accomplish the exchange process. This is an
exciting development, but these reactions have notable draw-
backs, including the need for forcing conditions and 2,2'-based
directing groups on the substrates. These systems also produce
substantial quantities of oligomeric and C-H activation-based
side products, highlighting the difficulty of achieving selec-
tivity in such reactions. The development of novel strategies for
selective C-C o-bond metathesis for any type of C(sp*)-C(sp”)
linkage remains a significant outstanding challenge in
synthetic chemistry.

We previously demonstrated the thermal activation and
hydrofunctionalization of C(sp)-C(sp*®) o-bonds by the
macrocycle-supported diiron complex, (*PDIL,)Fe,(u-N,)(PPh;),
([Fe,N,], Fig. 1B).*>** Doing so formed the isolable dinuclear
complexes (*PDI,)Fe,(u-CCE)(E')(PPh;) (E/E' = aryl, alkyl),
which feature bridging acetylide and terminal aryl/alkyl groups.
This bond activation process was proposed to proceed through
a p-1,2-n>-bound alkyne complex, as observed with an isolable
dicobalt analog,"” and was aided by the redox capacity of the
pyridyldiimine units in the macrocycle. We reasoned that the
diiron system could form the basis for a o-bond metathesis
process. To realize this goal, puzzles associated with acetylide/
aryl/alkyl-group exchange between diiron centers and C-C
bond re-formation would need to be overcome. Herein, we
report on our initial success with these pursuits, yielding a C-C
g-bond metathesis process that operates through direct, ther-
modynamically favored C-C ¢-bond activation, intermolecular
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A. Known Methods for C-C o-Bond Metathesis
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B. Proposed Scheme for a Novel, Metal-Mediated C—-C o-Bond Metathesis
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Fig.1 Carbon-carbon o-bond metathesis processes. (A) Known methods for C-C g-bond metathesis. (B) Proposed scheme for a novel, metal-

mediated C-C o-bond metathesis.

exchange, and g-bond re-formation steps. The chemistry, when
applied to diarylacetylenes, is selective for metathesis at C(sp)-
C(sp?) linkages and is successful toward a broad range of
substrates with diverse electronic and structural profiles.

Result and discussion

The proposed scheme outlined in Fig. 1B envisions three steps
for direct o-bond metathesis: bond activation, exchange, and
bond re-formation. Having previously demonstrated the bond
activation step through the oxidative addition of C(sp)-C(sp?)
bonds at [Fe,N,] to form (*PDI,)Fe,(u-CCAr®)(Ar?)(PPh,) (1RK;
Ar® = 4-R-C¢H,), we next sought to identify a method of
exchanging the cleaved organic fragments between 1%% diiron
complexes as a way to achieve the exchange portion of the
proposed scheme. As outlined in Scheme 1 (top), we have
termed this exchange of Fe-bound aryl/acetylide groups
between two different C-C activation complexes as “Fe-Fe
exchange” (e.g. 1%% + 18% — 1RR 4 1®R) and note that it
presents a unique challenge from that of olefin/alkyne
metathesis, for which the activation and exchange compo-
nents of the process occur in reactions akin to the microscopic
reverse of one another (i.e. cycloaddition/cycloreversion). In the
present system, it was trivial to determine that the desired
exchange of aryl/acetylide groups between diiron complexes
does not occur spontaneously under thermal conditions in the
absence of additives. We next considered the use of a Lewis acid
(LA) to catalyze the Fe-Fe exchange reaction. This presents yet
another layer of exchange, so to further disambiguate the
complex series of reactions under discussion, the exchange of
aryl/acetylide groups between a diiron complex and a Lewis acid
is referred to here as “Fe-LA exchange” (Scheme 1).

We envisioned that Fe-LA exchange could operate through
various potential mechanisms, including the direct abstraction
of an aryl/acetylide group from 1, the formation of a LA adduct
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with 1, or the delivery of an anion to 1 to generate an “ate”
complex (Scheme 1, bottom). To evaluate the feasibility of this
process as a whole, we initially performed stoichiometric reac-
tions between 1™ and traditional organometallic reagents. As
will be described presently, we were gratified to find that this
Fe-LA exchange process proceeded rapidly and achieved an
appreciable equilibrium as would be required for a LA to
operate within an Fe-Fe exchange scheme. The specific

Proposed Exchange Mechanism via LA Catalysis

e e o
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Scheme 1 Top: Graphical

illustration of the proposed Fe-Fe
exchange reaction as catalyzed by a LA through sequential Fe—LA
exchange reactions. Bottom: Various proposed Fe—LA exchange
mechanisms.
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mechanism by which the LA mediates this exchange will be
discussed below.

Treatment of 1" with 1 equiv. of ZnEt, resulted in the rapid
appearance of (*PDI,)Fe,(u-CCPh)(Et)(PPh;) (2) in the mixture's
'H and *'P{'H} NMR spectra. This result is indicative of
a successful Fe-LA exchange reaction (Scheme 2 and Fig. S54)
and suggests that the Fe-bound aryl group is more available to
exchange than the acetylide group. The conversion of 1™ to 2
reached a maximum of 31% in 1 h. Further reaction monitoring
revealed that the concentrations of 1"* and 2 maintained a ca.
2:1 ratio over time. Treatment of 1™"* with superstoichiometric
amounts of ZnkEt, resulted in increased conversion to 2, sug-
gesting the presence of an equilibrium reaction mixture, though
this could not be determined quantitatively due to slow §-H
elimination from the Fe-Et unit (Fig. S55-58). Finally, treatment
of isolated 2 with ZnPh, led to the formation of 1""™ in a similar,
apparent equilibrium mixture, with 2 not being completely
consumed until 3 equiv. of ZnPh, had been added (Fig. S59).
These data suggest that Zn>" ions and organozinc reagents
undergo Fe-LA exchange, prompting us to investigate the extent
to which Lewis acids can catalyze Fe-Fe exchange through
a series of reversible Fe-LA exchange processes.

Next, to perform the Fe-Fe exchange reaction screening, we
sought ready access to a mixture of two activation complexes,
1®® and 1%°R which, following exposure to an appropriate
Lewis acid, would generate the two exchange products 1*® and
1¥® (Fig. 2, top). The desired mixture was generated through
the treatment of [Fe,N,] with 1 equiv. of Ar™*CCAr°™ (see SI).
Doing so resulted in a gradual color change from red to green,
along with the formation of two new signals in the mixture's *'P
{"H} NMR spectrum at 62.2 and 62.4 ppm in a ca. 55 : 45 ratio.
Further NMR spectroscopic and crystallographic studies
revealed these signals to result from a mixture of 1™°* and
19EtMe regpectively, each of which was formed by the activation
of one of the C(sp)-C(sp®) bonds present within the starting
alkyne.

No reactivity to form 1™*™¢ and 1°F“°F*' was observed
between 1™*°F* and 1°F™* in solution (Fig. 3, top), but treat-
ment of the roughly equimolar mixture with catalytic loadings
of various Lewis acid chloride salts (5 mol% with respect to the
total starting material) caused rapid changes in the reaction
mixture (Fig. 3, bottom; Fig. S43-53). Monitoring the solutions
by *'P{"H} NMR spectroscopy revealed the formation of two new
features (62.0, 62.6 ppm). These were confirmed through

V. \\ Vi
7., +ZnEt, PhaP_ 7, _Et

PhsP__
Fe—Fe\ = Fe—TF¢
S P
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2

Scheme 2 Stoichiometric Fe—LA exchange with organometallic
reagents.
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independent syntheses to result from the presence of 1™
and 1°%%°®_indicative of successful Fe-Fe exchange processes.
In all cases, the signals for 1M*®® and 1°*M¢ decreased in
intensity during the reaction but did not disappear. The final
ratios of the concentrations of 1M®9Ft 0EtMe qMeMe and 17
OFLOEt were close to 1:1:1:1, suggesting the system is under
thermodynamic control and that the Ar™® and Ar°® groups
exert comparable steric and electronic effects on the thermo-
dynamics of the system. This means the maximum yield ex-
pected for each of the products, 1™*™¢ and 1°F*°®* would be ca.
25%.

Alkali metal ions (Fig. 2, entries 1 and 2) were unable to
mediate Fe-Fe exchange under the reaction conditions inves-
tigated. The chloride salts of several higher valent ions - MgCl,,
ZnCl,, AlCl;, and TiCl, - were found to be competent for Fe-Fe
exchange (entries 3-5 and 7), but ZnCl, provided superior yields
in substantially shorter reaction times. A screen of the identity
of the anion associated with Zn(u) revealed that chloride is not
essential to the Fe-Fe exchange process. Other halide and
carboxylate anions provide exchange products (entry 8-12),
though chloride was the most effective of those studied to date.
Comparison of the Gutmann acceptor numbers (ANs, see SI) for
these Lewis acids revealed optimal performance at mid-range
ANs (~35-70). These data are consistent with an Fe-Fe
exchange mechanism that relies primarily on the electron-
accepting nature of the Lewis acid, presumably through
involvement of the Lewis acid in the formation and cleavage of
Fe-Ar g-bonds. Notably, on screening the catalyst loading up to
40 mol%, we observed a progressive decrease in the yield of
1MeMe and 19F4OFt at higher catalyst loadings, albeit without
loss of catalytic activity (entry 13-15, see SI). Higher catalyst
loadings were found, more generally, to decrease the amount of
all four C-C activation complexes, suggesting that ZnCl,
reversibly reacts with members of compound class 1%® to form
a complex 1% : LA. To gain further information on the nature
of 1®% : LA, we performed stoichiometric studies and investi-
gated the products through spectroscopic and crystallographic
analyses.

On addition of an equimolar amount of ZnCl, to a THF
solution of a roughly 1:1 mixture of 1M*°®* and 1°¥%™¢, the
system became paramagnetic as determined by 'H NMR spec-
troscopy. The subsequent addition of 1" led to the formation
of 1M*M¢ and 1°F%°" as determined by *'P{"H} NMR spec-
troscopy (Fig. $23), indicating that the product mixture of ZnCl,
and 1™%°®' and 1°"*M¢ remained competent for Fe-Fe
exchange. This suggests that the interaction between 1*% and
ZnCl, is reversible. Further, the treatment of 1™ with 1 equiv of
BCl;, a stronger Lewis acid than ZnCl,, resulted in the rapid
formation of a new species with a sharp signal in the material's
"B NMR spectrum at 8.48 ppm (THF-dg, 298 K). This signal is
consistent with the reported chemical shift of the PhBCl;~
anion® (Fig. 4 and S24) and is indicative of the abstraction of
a Ph™ moiety from 1" by BCl,. The paramagnetic nature of the
system (uesr = 4.7(2)up), presumed to contain the cationic
monophosphine species [(*PDI,)Fe,(u-CCPh)(PPh;)]" (Stor = 2
ground state by DFT), prevented identification of the diiron
portion of the sample by '"H NMR spectroscopy. However,
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Reaction Yields [vs. Theoretical™] (%)

Entry LA (AN)®! Equiv Time (h) —_— Iy e e
1 Licl (24) 0.50 72 97 97 010] 0[0]
2 Melil 0.50 16 100 100 0[0] 0[0]
3 MgCl, (42) 0.05 24 94 55 20 [80] 19 [76]
4 ZnClz (51) 0.05 0.5 96 50 23[92] 24.[96]
5 AlCl; (77) 0.05 7 84 43 21 [84] 20 [80]
6 BCls“ (81) 0.05 21 67 35 17 [68] 16 [64]
7 TiCla(thf)z (82) 0.05 6 82 43 19 [76] 21 [84]
8 ZnEt,¥ (14) 0.05 2 67 33 21 [84] 13 [52]
9 ZnPh; (31) 0.05 22 80 45 19 [76] 16 [64]
10 Znl; (48) 0.05 1.5 96 51 22 [88] 23[92]
11 ZnBr; (49) 0.05 1.5 88 47 22 [88] 19 [76]
12 Zn(OAc),"™ 0.35 168 43 25 13 [52] 6 [24]

1311 ZnCl> (51) 0.1 0.5 85 42 24.[96] 19 [76]
141 ZnCl (51) 0.2 0.5 67 34 17 [68] 15 [60]
15! ZnCl; (51) 0.4 0.5 49 24 15 [60] 10 [40]

Fig. 2 Lewis acid screening for the Fe—Fe exchange reaction, showing various reaction yields based on the use of different metals (top, blue),
anions (middle, green), and loadings (bottom, orange) of Lewis acids. “Lewis acid acceptor number, as determined by the Gutmann—Beckett

method?® (see SI). “Percent yield with respect to the theoretical yield

of 25% that would be obtained from a 1:1:1:1 distribution of starting

materials and products. “Reaction performed in C¢Dg. “Used as n-hexane solution. €Sparingly soluble. ‘Data obtained by the sequential addition
of ZnCl, from entries 13-15, followed by time to achieve a new equilibrium.

treatment of the 1" : ZnCl, system with 1 equiv. of NaBArj and
1 equiv. of PPh; allowed for the isolation of the cationic di-
phosphine complex [(*PDI,)Fe,(u-CCPh)(PPh;),][BAr] ([3]
[BAr*,], Fig. 4 and S39; piegr = 2.6(2)ug). This result is indicative
of the reversible abstraction of an Fe-bound Ph™ moiety by
ZnCl,, followed by anion exchange of PhZnCl,” with BAr*, ™ and
coordination of an additional equivalent of PPh;. Since both
BCl; and ZnCl, were found to be competent for mediating Fe-Fe
exchange, these results indicate that aryl group abstraction is
available to the Fe-Fe exchange process. Finally, the addition of
PPh; to the catalytic reaction mixture slows the rate of the Ar
group exchange process, consistent with the identification of
[3]" as an off-cycle intermediate in Fe-Fe exchange.

DFT computations were used to validate the feasibility of aryl
group abstraction from 1™ to form [3]*. All computations were
performed on model complexes for which the ligand “Bu groups
were truncated to H, a modification that we have previously
found to have little impact on the predictive capacity of the

Chem. Sci.

system.’®° The abstraction of a Ph group from 1™ by ZnCl, to
form both the cationic, open coordination site complex [(*PDI,)
Fe,(u-CCPh)(PPh3)]" and the zincate anion [PhZnCl,]~ was
calculated to result in a 2.6 kcal mol™" increase in the free
energy of the system. Varying the identity of the Lewis acid
revealed qualitative trends that scale with the acid's acceptor
number (Fig. S66). Attempts to identify a transition state for the
abstraction were unsuccessful, but [(*PDI,)Fe,(u-CCPh)(PPh;)]"
is predicted to be favorably saturated by coordinating an addi-
tional equivalent of PPh; (AG = —6.4 kcal mol™!). Finally,
computations were used to probe the potential for alternative
mechanisms by which the Lewis acid salt may activate
complexes 1%%, In addition to the general mechanisms out-
lined in the bottom of Scheme 1, we also investigated the
potential for Lewis-acid mediated abstraction of the phosphine
to open a reactive coordination site. None of these alternative
pathways provided reasonable energy profiles (see SI), which,
together with the experimental data supporting the ability of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 3!P{*H} NMR spectra of a mixture of 1°E*Me gng 1MeOEt hefore
(top) and after (bottom) the addition of 5 mol% ZnCl, in THF-dg at 298
K.

Lewis acids to abstract an aryl group from 1%¥, support an Fe-
Fe exchange mechanism involving reversible aryl group
abstraction and [Ar-LA]~ exchange (Fig. 5).

We next sought the regeneration of a free alkyne from 1%%
as needed to complete a o-bond metathesis process. The
complexes 1%% | derived from diarylacetylenes have not been
observed to undergo thermally accessible reductive elimination.
We thus turned to oxidatively induced reductive elimination as
a means of biasing the energy landscape toward reductive

[PthCIz]
PhaP / ZnCly PhaP\ / 4
o (1 equiv) Fe
N V\N N \'N % N
A N R THF, rt A N
r \/
Bu L_'Bu ]
proposed
Na[BArF4] (1 equiv)
THF, rt BCl3 (1 equiv) THF, rt PPhj3 (1 equiv)
Na[PhZnCl,]
B —|[PhBCI3] —|[BArF4]

IBI[BArF,]

proposed
"B NMR: & = 8.48 (PhBCl3")
Evans’ method: yeg = 4.7(2) ug
DFT: Syt = 2 ground state
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elimination.?*? A cyclic voltammogram of 1" in THF revealed
oxidation features of interest at —1.24, —0.40, and —0.08 V vs.
Fc*’° (Fig. 6), and we were gratified to find that treatment of
a THF solution of 1" with 3 equiv. of AgOTf (E;/, = +0.41 V vs.
Fc'°2* resulted in the formation of PhCCPh in 38% yield as
determined by GC-MS (Fig. S25).

To identify the specific level of oxidation needed to achieve
this result, we undertook an in-depth investigation into the
oxidation chemistry. The treatment of a THF solution of 1"
with 1 equiv. of [Cp,Co][OTf] (—1.33 V vs. Fc'’°)** led to rapid
color change from green to brown-green over 15 min. 'H and *'P
{'H} NMR spectroscopic data indicated the full consumption of
starting material to form an unidentified paramagnetic product
and little formation of PhCCPh (<1%). Consistent with this
outcome, a selective CV scan about the first oxidation feature
revealed it to be quasi-reversible, suggesting that the oxidation
of 1™ with [Cp,Co][OTf] yields [1™"]*, which does not reduc-
tively eliminate PhCCPh on the timeframe of the CV scan.

The treatment of a THF solution of 1™ with 2 equiv. of
FcPF led to a rapid color change from green to reddish brown.
PhCCPh was again not observed by NMR spectroscopy, and
a crystallographic study revealed the formation of a diiron
bridging vinylidene species [(*PDI,)Fe,(u-C=CPh,)(PPh;)](PFs),
([4][PFs],, Fig. S40). This product appears to result from the
migration of the Fe-bound Ph moiety to the (-position of the
acetylide fragment and, importantly, indicates that a 3e”
oxidation from 1™ is needed to prompt the reductive elimi-
nation of PhCCPh. The appearance of [4]**, however, raises
a question about which species, [1™"]** or [4]**, is the imme-
diate precursor to the C-C bond formation step that generates

[31[BArF.]

Fig.4 Fe—Fe exchange process overview. Left: Supporting stoichiometric reactivity, including aryl group abstraction from 1 by different Lewis
acids. Right: Thermal ellipsoid plot (50% probability level) of [31IBArF4]. Hydrogens and solvent are removed for clarity.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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{OEt,Me

Fig. 5 Proposed reaction scheme for Fe—Fe exchange.

Current

0.0 -0.5 -1.0 -1.5 -2.0
Potential / V (vs. Fc+/9)

Fig. 6 Cyclic voltammogram data of the full window-sweep (blue),
the sweep containing first- and second-oxidation features (green), and
the isolated first-oxidation feature (orange) of 1""" under scan rate of
100 mV s' in THF at 298 K. Tetrabutylammonium hexa-
fluorophosphate (["Bu4NI[PFgl) was used as the electrolyte. The plots
show one trace from multi-cycle sweeps.

the alkyne. The migration of a vinylidene R/Ar-group to the a-
carbon position has been shown previously to generate an 5’-
coordinated alkyne.> However, the chemical oxidation of [4]**
does not form PhCCPh (Fig. S60-63). This suggests that aryl-
group migration to form [4]** from [1™™]** competes with
oxidation to [1™"]**, with the latter being the immediate

Chem. Sci.
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Y OEt
PhaP 7,
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§

- ZnCl,

4OEt,0Et

precursor to the C-C reductive elimination process that forms
PhCCPh (Fig. 7 and S60-63).

Finally, we sought to determine if O,, a low-cost and innoc-
uous chemical oxidant, would be suitable for generating alkyne

Method A: AgOTf (3 equiv)
Method B: O, (1 atm) 7\

THF, rt, 30 min

Fig. 7 Overview of the potential pathways through which chemical
oxidation of 1"H could generate PhCCPh via oxidatively induced
reductive elimination.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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from 1®¥ . Exposure of a THF solution of 1™ to 1 atm of O, for
30 min at room temperature resulted in the formation of
PhCCPh in ca. 50% yield (Fig. S26), as determined by GC-MS,
higher than the yield obtained through oxidation with 3
equiv. of AgOTf (38%, Fig. $25). Likewise, treatment of 1°M*°Me
with 1 atm O, afforded Ar°™°CCAr°™® in a 60% spectroscopic
yield, a marked improvement of the 28% spectroscopic yield
obtained on treatment of 1°™*°™¢ with 3 equiv. of AgOTf
(Fig. S27 and S28). These transformations suggested that O,
would serve as an effective oxidant, in combination with the
C-C g-bond activation and Fe-Fe exchange chemistry described
above, for the direct metathesis of C(sp)-C(sp®) o-bonds.

Combining the elementary steps described above allowed us
to perform C-C o¢-bond metathesis between PhCCPh and
various substituted diarylacetylenes, Ar*CCAr® (Fig. 8). This was
achieved by first combining the two alkynes with a stoichio-
metric amount of [Fe,N,] in THF, then adding, in sequence,
catalytic quantities of ZnCl, (10 mol%) and an excess of O, (1
atm). The higher loading of ZnCl, over the amount found to be
optimal in the Fe-Fe exchange study (Fig. 2) was found to be
needed due to the presence of free PPh; generated during the in
situ formation of 1®® from [Fe,N,]. Together, this process
afforded the metathesis products PhCCAr® in up to 49% yield
(98% yield vs. expected), as determined by NMR spectroscopy
and GC-MS analyses. In all cases, the presence of the starting
material alkynes PhCCPh and Ar"CCAr® were also observed,
owing to the equilibrium nature of the Fe-Fe exchange reaction.
The metathesis process tolerated a range of electronic differ-
ences, including electron-rich (R = OMe) and electron-poor (R =
CF;) functionalities, as well as substitutions at the meta- and
para-positions of the aryl ring. However, with either certain
substituents (R = Br, NH,) or ortho-substituted aryl rings (2-Me
or 2,4,6-Me;), the initial C-C activation process was not
observed. It should also be noted that [Fe,N,] was found to be
incompatible with a range of halide salts, including those that
lack a Lewis acid cation (e.g. ["BuyN][Cl]). This incompatibility
will necessitate the identification of specialized Lewis acids to
create a more integrated g-bond metathesis process.

1) [FeoNo] (2 eq), 4 h
2)ZnCl, (0.2 eq), 1 h

3)0, (1atm), 0.5h Ar
-

Ph Ar
.‘Jh/ ' Ar/ THF, rt Pu/

Me
Me 'Bu Ph Cl
Pt /QL 4 F /Q‘[ /Or /O
Ph Ph Ph Ph Ph

49 [98] % 34 68] % 8116] % 14 [28] %°

F CF; OMe OEt
. /q /@; /q /O
Ph Ph Ph Ph

48] %

10 [20] %°

23 [46] % 211[42] % 14[28] %

Fig. 8 Substrate scope of the stepwise C-C g-bond metathesis
mediated by [Fe,N;], Lewis acid and oxidant. Yields were determined
by NMR spectroscopy. The values in brackets represent the yield vs.
a theoretical maximum of 50% and assuming thermodynamic control
in the Fe—Fe exchange process. ?Yields determined by GC-MS.
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A trend in the product yield with respect to the electronic and
steric properties of the R groups on the aryl rings was not
observed. This is likely due to the intermediacy of multiple steps
with comparable energy profiles that are all governed by the
identity of the R groups in a non-complementary manner.
Properties that favor oxidative addition may disfavor Fe-LA
exchange and so on. The coordination spheres at Fe and the
Lewis acid are also changing significantly during these
processes, making the extent to which a given steric/electronic
factor impacts each step vary from one step to the next.
Furthermore, our earlier work revealed that the rate of the
initial C-C oxidation addition process is highly dependent on
the substrate's identity.'® The consequence is that variations in
the rates of oxidative addition may yield mixtures that deviate
from a 1: 1 mixture of the two activation products within the 4 h
timeframe given to step 1 of the metathesis process. For this
reason and the other energy landscape considerations
described above, the distribution of the four C-C activation
products following Fe-Fe exchange may differ froma1:1:1:1
ratio. Further research is needed to determine the underlying
factors that control reaction selectivity in this system.

Conclusions

In summary, this work describes the first example of a direct,
metal-mediated C(sp)-C(sp”) o-bond metathesis reaction. Using
a macrocycle-supported diiron complex, [Fe,N,], in combina-
tion with a Lewis acid and an oxidant, the process achieves the
one-pot bond activation, exchange, and bond re-formation
steps needed to realize the metathesis of these linkages
through a well-defined, thermodynamically controlled mecha-
nism. Experimental and computational studies revealed the
critical role Lewis acids play in the process by reversibly
abstracting an Fe-bound aryl group to enable the key Fe-Fe
exchange process at the heart of the metathesis reaction. The
ability to reverse the bond activation step through oxidatively
induced reductive elimination completed the g-bond metath-
esis transformations. The reaction is tolerant of a range of
electronic and steric substitutions on the aryl rings, suggesting
this work may find use in an array of applications. Work is
ongoing to apply these foundational studies to the development
of g-bond metathesis of other types of C-C linkages.

Author contributions

T. L.: syntheses, reactivity investigation, writing — original draft
and editing. J. E. G.: syntheses, reactivity investigation, writing —
review. R. P. M.: theoretical investigation, writing - review. A. M.
B.: structural analysis. M. R. G.: structural analysis. N. C. T.:
conceptualization, supervision, project administration, funding
acquisition, writing - original draft, review and editing.

Conflicts of interest

The authors declare no competing interests.

Chem. Sci.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc10054b

Open Access Article. Published on 06 February 2026. Downloaded on 2/25/2026 3:26:52 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

Data availability

CCDC 2375354-2375356 contain the supplementary crystallo-
graphic data for this paper.>***

The data supporting this article have been included in the
supplementary information (SI). Supplementary information:
compound syntheses, NMR and GC-MS spectra, molecular
structures from single-crystal XRD studies, supplementary
experiments, and XYZ coordinates of optimized structures. See
DOL: https://doi.org/10.1039/d5sc10054b.

Acknowledgements

We thank the National Science Foundation's Division of
Chemistry (CHE-1945265 and CHE-2453472) and the National
Institute of General Medical Sciences of the National Institutes
of Health (R35GM128794) for financial support. The NIH
supplemental awards 3R01GM118510-03S1 and
3R01GMO087605-06S1 as well as the Vagelos Institute for Energy
Science and Technology supported the purchase of the NMR
instrumentation used in this study.

References

1 T. P. Montgomery, T. S. Ahmed and R. H. Grubbs,
Stereoretentive Olefin Metathesis: An Avenue to Kinetic
Selectivity, Angew. Chem., Int. Ed., 2017, 56, 11024-11036.

2 H. Ehrhorn and M. Tamm, Well-Defined Alkyne Metathesis
Catalysts: Developments and Recent Applications, Chem.
Eur. J., 2019, 25, 3190-3208.

3 R. H. Grubbs, Olefin metathesis, Tetrahedron, 2004, 60,
7117-7140.

4 R. H. Grubbs, in Handbook of Metathesis, Wiley-VCH,
Weinheim, Germany, 2015, vol. 1.

5 R. Waterman, c-Bond Metathesis: A 30-Year Retrospective,
Organometallics, 2013, 32, 7249-7263.

6 M. Bajus, V. Vesely, P. A. Leclercq and J. A. Rijks, Steam
Cracking of Hydrocarbons. 1. Pyrolysis of Heptane, Ind.
Eng. Chem. Prod. Res. Dev, 1979, 18, 30-37.

7 S. M. Sadrameli, Thermal/catalytic cracking of hydrocarbons
for the production of olefins: A state-of-the-art review I:
Thermal cracking review, Fuel, 2015, 140, 102-115.

8 J.-M. Basset, C. Coperet, D. Soulivong, M. Taoufik and
J. T. Cazat, Metathesis of Alkanes and Related Reactions,
Acc. Chem. Res., 2010, 43, 323-334.

9 A. S. Goldman, A. H. Roy, Z. Huang, R. Ahuja, W. Schinski
and M. Brookhart, Catalytic Alkane Metathesis by Tandem
Alkane Dehydrogenation-Olefin Metathesis, Science, 2006,
312, 257-261.

10 Y. H. Lee and B. Morandi, Metathesis-active ligands enable
a catalytic functional group metathesis between aroyl
chlorides and aryl iodides, Nat. Chem., 2018, 10, 1016-1022.

11 M. De La Higuera Macias and B. A. Arndtsen, Functional
Group Transposition: A Palladium-Catalyzed Metathesis of
Ar-X o-Bonds and Acid Chloride Synthesis, J. Am. Chem.
Soc., 2018, 140, 10140-10144.

Chem. Sci.

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

View Article Online

Edge Article

T. Delcaillau, P. Boehm and B. Morandi, Nickel-Catalyzed
Reversible Functional Group Metathesis between Aryl
Nitriles and Aryl Thioethers, J. Am. Chem. Soc., 2021, 143,
3723-3728.

R. Li, R. Zhan, Y. Lang, C.-J. Li and H. Zeng, Intermolecular
C-C/C-N o-bond metathesis enabled by visible light, Chem.
Sci., 2024, 15, 12900-12905.

J. Zhu, R. Zhang and G. Dong, Orthogonal cross-coupling
through intermolecular metathesis of unstrained C(aryl)-
C(aryl) single bonds, Nat. Chem., 2021, 13, 836-842.

T. Liu, M. R. Gau and N. C. Tomson, Mimicking the
Constrained Geometry of a Nitrogen-Fixation Intermediate,
J. Am. Chem. Soc., 2020, 142, 8142-8146.

T. Liu, R. P. Murphy, P. J. Carroll, M. R. Gau and
N. C. Tomson, C-C o-Bond Oxidative Addition and
Hydrofunctionalization by a Macrocycle-Supported Diiron
Complex, J. Am. Chem. Soc., 2022, 144, 14037-14041.

A. Z. Spentzos, S. A. Ford, B. Muldowney, T. Liu, P. Cui,
M. R. Gau, P. J. Carroll and N. C. Tomson, Reactivity
Profile of a Formally Dicobalt(0) Complex Bound by
a Redox-Active Macrocycle, Organometallics, 2024, 43,
1425-1437.

V. Gutmann, Solvent effects on the reactivities of
organometallic compounds, Coord. Chem. Rev., 1976, 18,
225-255.

M. M. Morgan, E. A. Patrick, J. M. Rautiainen,
H. M. Tuononen, W. E. Piers and D. M. Spasyuk,
Zirconocene-Based Methods for the Preparation of BN-
Indenes: Application to the Synthesis of 1,5-Dibora-4a,8a-
diaza-1,2,3,5,6,7-hexaaryl-4,8-dimethyl-s-indacenes,
Organometallics, 2017, 36, 2541-2551.

J. Kim, K. Shin, S. Jin, D. Kim and S. Chang, Oxidatively
Induced Reductive Elimination: Exploring the Scope and
Catalyst Systems with Ir, Rh, and Ru Complexes, J. Am.
Chem. Soc., 2019, 141, 4137-4146.

M. B. Watson, N. P. Rath and L. M. Mirica, Oxidative C-C
Bond Formation Reactivity of Organometallic Ni(II), Ni(III),
and Ni(IV) Complexes, J. Am. Chem. Soc., 2017, 139, 35-38.
A. Pedersen and M. Tilset, Oxidatively induced reductive
eliminations. Kinetics and mechanism of the elimination
of ethane from the 17-electron cation radical of rhodium
complex Cp*Rh(PPh;)(CHj),, Organometallics, 1993, 12, 56—
64.

W. J. Wolf, M. S. Winston and F. D. Toste, Exceptionally fast
carbon-carbon bond reductive elimination from gold(III),
Nat. Chem., 2014, 6, 159-164.

N. G. Connelly and W. E. Geiger, Chemical Redox Agents for
Organometallic Chemistry, Chem. Rev., 1996, 96, 877-910.
R. S. Bly, Z. Zhong, C. Kane and R. K. Bly, Acyclic Cp(CO),Fe
Disubstituted .eta.1-Vinylidene-.eta.2-Acetylene
Isomerizations, Organometallics, 1994, 13, 899-905.

(@) CCDC 2375354: Experimental Crystal Structure, 2026,
DOIL:  10.5517/ccdc.csd.cc2kqrbd; (b)) CCDC  2375355:
Experimental Crystal Structure, 2026, DOIL: 10.5517/
cede.csd.cc2kqref; (¢) CCDC 2375356: Experimental Crystal
Structure, 2026, DOI: 10.5517/ccdc.csd.cc2kqrdg.

© 2026 The Author(s). Published by the Royal Society of Chemistry


https://doi.org/10.1039/d5sc10054b
https://doi.org/10.5517/ccdc.csd.cc2kqrbd
https://doi.org/10.5517/ccdc.csd.cc2kqrcf
https://doi.org/10.5517/ccdc.csd.cc2kqrcf
https://doi.org/10.5517/ccdc.csd.cc2kqrdg
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc10054b

	Direct metathesis of carbontnqh_x2013carbon tnqh_x03C3-bonds at a versatile macrocycle-supported diiron platform
	Direct metathesis of carbontnqh_x2013carbon tnqh_x03C3-bonds at a versatile macrocycle-supported diiron platform
	Direct metathesis of carbontnqh_x2013carbon tnqh_x03C3-bonds at a versatile macrocycle-supported diiron platform
	Direct metathesis of carbontnqh_x2013carbon tnqh_x03C3-bonds at a versatile macrocycle-supported diiron platform
	Direct metathesis of carbontnqh_x2013carbon tnqh_x03C3-bonds at a versatile macrocycle-supported diiron platform
	Direct metathesis of carbontnqh_x2013carbon tnqh_x03C3-bonds at a versatile macrocycle-supported diiron platform
	Direct metathesis of carbontnqh_x2013carbon tnqh_x03C3-bonds at a versatile macrocycle-supported diiron platform
	Direct metathesis of carbontnqh_x2013carbon tnqh_x03C3-bonds at a versatile macrocycle-supported diiron platform


