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Abstract: Activation of C–C bonds has the potential to revolutionize how molecules are made by 
altering the carbon skeleton and enabling new synthetic routes. Stereodefined cyclopropyl ketones 10 
have become readily available and would be an ideal source of linear 3-carbon fragments, but this 
reactivity is unknown. In this study we show how a new type of C–C activation catalyst, that relies 
upon a different, metalloradical mechanism, can enable new subsequent reactivity: the cross-
coupling of cyclopropyl ketones with organozinc reagents and chlorotrimethylsilane to form 1,3-
difunctionalized, ring-opened products. A mixture of experiment and theory sheds light on how 15 
cooperation between the redox-active ligand and the nickel catalyst enables the C–C bond 
activation step, suggesting how this approach could be applied in other systems. 

 
One-Sentence Summary: A new C–C activation mechanism unlocks new subsequent reactivity 
and a new approach to using cyclopropyl ketones in synthesis. 20 
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Main text: 
The selective activation of C(sp3)–C(sp3) bonds by transition metals has the potential to 

revolutionize organic synthesis, but presents a considerable fundamental challenge. 
Synthetically, catalytic C–C bond cleavage coupled with the formation of new C–C bonds 
could enable novel retrosynthetic strategies based on converting an accessible carbon skeleton 5 
into a more desirable scaffold. The underlying challenge in the development of C–C activation 
reactions is the low reactivity of C–C bonds compared to other functional groups, even when 
activated by ring strain or directing groups (1, 2). The focus to date, regardless of transition 
metal, has been on the development of electron-rich, low-coordinate metal centers with strong 
s-donor ligands to overcome the low reactivity of C–C bonds towards oxidative addition (3). 10 
This strategy has enabled the discovery of many new reactions, such as ring expansions with 
π components, but broadening the reactivity of the metallacyclic intermediates derived from 
cyclopropane oxidative addition remains an outstanding challenge (4, 5). For example, while 
nickel-catalyzed “cut-and-sew” reactions of cyclopropyl ketones with alkenes and alkynes has 
transformed how cyclopentanes are synthesized (6–9), difunctionalization to acyclic products 15 
has been elusive (Fig. 1A) (10). We show here a new strategy for cyclopropane C–C activation 
that enables the resulting intermediates to be connected to different organometallic steps for 
the formation of acyclic products (Fig. 1B). This approach relies on the use of higher-
coordinate, p-acceptor ligands that store significant spin-density and enable metalloradical 
bond activation as opposed to concerted oxidative addition. These catalysts open the strained 20 
ring system of cyclopropyl ketones by generating ketyl carbon-radical character on the 
substrate that leads to a concerted metalloradical C–C bond rearrangement and rebound to form 
a functionalized alkylnickel intermediate suitable for cross-coupling with organozinc reagents. 

This metalloradical C–C activation/cross-coupling approach could have immediate 
synthetic impact if applied to the linearization of cyclopropyl ketones to versatile, substituted 25 
acyclic silyl enol ethers (Fig. 1C). The power of this approach capitalizes on the host of recent 
advances in cyclopropane synthesis and derivatization, that has transformed these formerly 
inaccessible target molecules into viable starting materials (11–16). The organized transition 
state of cyclopropanations, as well as the rigidity of the cyclopropane scaffold, means that 
many of these reactions proceed with high stereocontrol. General approaches to open these 30 
stereodefined rings into linear fragments would address challenges in acyclic stereocontrol 
(17). Finally, the immediate versatility of C–C activation/1,3-difunctionalization is 
maximized if one site could be further diversified by a collection of reactions, such as with a 
silyl enol ether, allowing subsequent C–C, C–O, and C–N bond forming transformations (18–
20). 35 

Early in reaction development we recognized that the ligands that promote concerted 
nickel(0) oxidative addition of cyclopropyl ketones, such as monodentate phosphines and N-
heterocyclic carbenes, form metallacyclic intermediates that are unreactive for Negishi cross-
coupling reactions (6–10). On the other hand, while it is known that bi- and tridentate N-donor 
ligands promote cross-coupling reactions with alkyl halides to form C(sp2)–C(sp3) and C(sp3)–40 
C(sp3) bonds (21–25), these ligands have not been reported for C–C bond activation reactions. 
Building upon studies showing tridentate N-donor ligands can promote single electron transfer 
(SET)-based reactions (26), our solution to this long-standing challenge relies upon forcing a 
well-known cross-coupling catalyst, nickel terpyridine ((tpy)Ni), into a reactive, reduced state, 
that turns on C–C activation activity while retaining cross-coupling activity (Fig. 1D). In 45 
analogy to reports with titanium, a SET mechanism from a metalloradical nickel intermediate 
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to a cyclopropyl ketone accomplishes the requisite C–C activation through a radical 
rearrangement (27). In contrast to other systems, the (tpy)Ni catalyst allows concomitant 
oxidative capture of the transient radical intermediate to generate a versatile alkylnickel(II) 
complex. This fast, favorable capture step allows the opening of cyclopropyl ketones to form 
reactive primary radicals, a challenge for other metalloradical approaches (27).  5 

Consistent with this reasoning, preliminary studies found that (tpy)Ni complexes are 
effective at catalyzing the cross-coupling of (p-tolyl)ZnI and chlorotrimethylsilane (TMSCl) 
with phenyl cyclopropyl ketone (1a) to form the acyclic silyl enol ether cross-coupled product 
(3a) (Fig. 2A). While catalysts derived from a variety of polypyridine ligands provided 
measurable product, terpyridine (tpy) was the most effective, affording 3a in 80% yield and 10 
>95:5 Z:E stereoselectivity (Fig. S1). Reactions performed in the presence of a 
substoichiometric amount of Zn, even for redox-neutral reactions, gave superior outcomes. We 
attribute these findings to the fast oxidation and deactivation of the key (tpy•–)NiI intermediate 
by other [NiII] species in solution (vide infra). 

A collection of experimental and theoretical studies (Fig. 2) allow us to propose a 15 
mechanism for this new reaction (Fig. 2A), explain the need for Zn reductant ([1] in Fig. 2), 
show that a (tpy•–)NiI intermediate is required ([2] in Fig. 2), and strongly support the proposed 
metalloradical C–C activation step ([3] and [4] in Fig. 2). Our proposed mechanism is shown 
in Fig. 2A. Reduction of the (tpy)Ni(II) pre-catalyst affords neutral nickel intermediate (tpy•‒
)NiIL (I-NMP, L = NMP), which coordinates to the TMSCl-activated carbonyl (II). A single 20 
electron transfer from (tpy•–)NiI to the coordinated cyclopropyl ketone, followed by concerted 
oxidative ring opening of the ketyl-like intermediate, affords homoallyl nickel(II) intermediate 
III. Transmetalation with an organozinc reagent and subsequent reductive elimination forms 
the cross-coupled product and turns over the catalytic cycle.  

First, our experimental studies are consistent with C–C activation by (tpy•–)NiI (I) and 25 
allow us to rule out the intermediacy of (tpy)NiIX (X = Cl, I) (Fig. 2B, entries 1–5, Fig. S9). 
Furthermore, we observed that cyclopropane C–C activation can be induced by (tpy)NiICl in 
the presence of Zn, indicating that Zn can generate I-NMP under conditions analogous to the 
catalytic reaction (Fig. 2B, entry 6). Regardless of how the complexes were generated (pre-
formed or in situ via reductants), only I-NMP reacted to form products derived from ring-30 
opening silylation (1a’ and 1a’’). We separately verified that the reaction of (tpy•‒)NiII(Ar), an 
intermediate commonly invoked in nickel(I/III) Negishi cross-coupling reactions with 
organohalides, does not react with cyclopropyl ketone 1a to form the cross-coupled product. 
(Fig. 2C, Fig. S10) (21, 24). 

 The useful C–C bond activation reactivity of this reduced (tpy)Ni catalyst is a consequence 35 
of metal-ligand cooperativity. Consistent with studies by Vicic (21, 28), Chirik (29), and 
Weighardt (30), our DFT studies show that the (tpy)Ni catalyst system exhibits redox changes 
at both the metal and the ligand. These calculations predict a radical anion tpy ligand and 
formal nickel(I) oxidation state for neutral complexes (Fig. 3A–C, Fig. S19, Fig. S26–S28) 
(31). In each case, a triplet ground state is favored with unpaired electrons in nickel 𝑑𝑑!!"#! 40 
and tpy π* singly-occupied molecular orbitals (SOMOs). Ferromagnetic coupling of the 
unpaired electrons to give an overall S=1 spin state is consistent with the Goodenough-
Kanamori rules, as the two SOMOs possess orthogonal symmetries (32). 

 Considering the ubiquity of (tpy)Ni complexes in cross-coupling, and reports on the high 
reactivity of Ni0(cod)2 with tpy in oxidative addition (33), it is surprising that C–C activation 45 
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reactivity has not been reported. This is because sustained access to I-NMP in the absence of 
a reductant under Negishi cross-coupling conditions is not possible due to fast catalyst 
speciation. We confirmed that (tpy•‒)NiII(p-tolyl) is the major observable nickel species 
obtained from the reduction of (tpy)NiIICl2 by (p-tolyl)ZnI (Fig. S6–S8). DFT studies indicate 
that comproportionation to form (tpy)NiIX from I-NMP and (tpy)NiIIX2 (X = halide) is 5 
essentially irreversible (X = Cl, ΔG = −20.6 kcal/mol) (Fig. S25). Furthermore, experiments 
and calculations demonstrate that speciation between I-NMP and 4 to form (tpy•‒)NiII(2-
anisyl) is fast and highly favorable (Fig. S12, Fig. S24). Together, these results explain why 
maintaining a productive (tpy•–)NiI form of the catalyst in the absence of a reductant is 
challenging, even when using a nickel(0) precatalyst (as in Fig. 2D, entries 1–5). We note that 10 
in the natural world, external reductant systems are used to maintain unsustainable oxidation 
states in enzymatic catalysis, for example the recovery of off-cycle of cobalt(II) to cobalt(I) in 
methionine synthase by methionine synthase reductase (34).   

Consistent with these findings, low conversion of cyclopropyl ketone 1a to product 3a 
was observed without an external reductant (2–6 turnovers), regardless of the oxidation state 15 
of the starting catalyst (as in Fig. 2D, entries 1–5). This suggests that, as above, the active 
nickel catalyst I-NMP is competitively deactivated and requires a “reductase-like” external 
reducing force to re-establish the reduced tpy species (Fig. 2D, entries 6–10, 12). We found 
that either chemical (Zn, E1/2 = −1.38 V vs. Fc/Fc+) (35, 36) or electrochemical (−1.36 V vs. 
Fc/Fc+) reductants enabled sustained access to I-NMP and reactions with reductants provided 20 
improved yields of 3a and increased turnover numbers (52–79% yield, 10–16 turnovers). 

DFT studies shed light on how the unusual electronic structure of I enables 
cyclopropane C–C scission under these reaction conditions. Initial activation of the cyclopropyl 
ring appears dependent on the interaction of the cyclopropyl ketone substrate with both TMSCl 
and (tpy)Ni components, as DFT results do not predict substrate-based radical character in the 25 
electronic ground states of I-CPK (L = 1a), where the cyclopropyl ketone substrate binds to I 
but TMSCl is absent (Fig. 3A–C). This interpretation is consistent with experimental data: there 
is negligible substrate consumption by I-NMP in the absence of TMSCl, but rapid substrate 
consumption when TMSCl is present (Fig. 2E, entries 1,3). 

The reason for this change in reactivity with TMSCl is that a transient silyl carboxonium 30 
ion, formed by interaction of TMSCl, ZnX2, and the ketone, is a better electron acceptor that 
reacts with I to form a ketyl-like II (Fig. 3 A–C) that rearranges and recombines with the 
catalyst to form III (Fig. 3D) (37). The silyl carboxonium ion, upon binding to I, accepts 
electron density from the tpy•‒ ligand through an intramolecular SET event that confers 
significant spin density (i.e., radical character) to the pz orbital of the carbonyl carbon to form 35 
an O-nickel-coordinated a-silyloxy radical (Fig. 3A–C). While free cyclopropylmethyl radicals 
undergo rapid radical ring-opening processes (krearrangement ~ 107 s-1) (38), radical intermediate 
II instead participates in an asychronous concerted oxidative ring opening with a low barrier 
(Fig. 3D) to break the C–C bond and form a new Ni–C bond. The resulting intermediate 
metallacycle species III, a square-planar nickel(II) complex with a weak apical silyl-ether 40 
interaction, favors a S=0 spin state, indicating that the overall transformation from II to III (ΔG 
= −23.2 kcal/mol) involves intersystem crossing. Experimentally, analysis of an aliquot of the 
catalytic reaction of 1a and 4-iodotoluene in the presence of a spin trap was EPR silent, 
consistent with a diamagnetic III resting state and disfavoring any mechanisms involving 
longer-lived radicals (see supplementary information section V for experimental details) (27). 45 
This coordination/reduction/insertion sequence also helps explain the observed Z-enol-ether 
geometry in the product (Fig. S23). Finally, unlike C,O-metallacycles formed with 
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monophosphine ligands, III has a weakly-bound oxygen ligand and can dissociate to form a 
square-planar, cationic nickel complex with open coordination sites for transmetalation (39). 
Following transmetalation with lithium-salt-free organozinc reagents (40), reductive 
elimination from the five-coordinate (tpy)NiIIR2 should be fast (41).  

In developing synthetic applications of this ring-opening reaction, we found two sets 5 
of conditions that allowed the use of a variety of coupling partners while employing a single 
nickel catalyst (Fig. 4). The first is an auto-tandem process, operationally like a cross-
electrophile coupling (22), where aryl halides are converted in situ into arylzinc reagents by 
the same nickel catalyst that performs the C–C activation/cross-coupling (Fig. S14–S17). The 
second is a decoupled version, wherein an aryl or vinyl halide is converted to the corresponding 10 
organozinc halide in one flask by (tpy)NiIICl2 and a zinc reductant, followed by immediate use 
of this reagent in the C–C activation/cross-coupling in a second flask. Both sets of conditions 
provided the desired products as the TMS silyl enol ethers with ≥95:5 Z/E stereoselectivity.  

The resulting reaction is robust, coupling a variety of aryl and alkyl cyclopropyl 
ketones with a diverse set of aryl, alkenyl, and alkylzinc reagents (Fig 4). Efficient 1,3-15 
difunctionalization of (hetero)arylzinc reagents occurred regardless of arene electronics (3b, 
3c, 3g, 3h), Lewis basic heteroatoms (3k, 3p), or reactive functionalities that can be used in 
subsequent cross-coupling reactions (3e, 3j). More complex cyclopropyl ketones, including 
those with additional substitution and bicycles, were reactive, demonstrating that the reaction 
is not limited to aryl cyclopropyl ketones and can be further expanded to alkyl analogs (3ae–20 
3ah). An enantioenriched bicyclic cyclopropyl ketone substrate afforded the cross-coupled 
product with complete retention of the β-stereocenter ((R)-3ae). While more hindered 
cyclopropyl ketones coupled in lower yield (3ai–3ak), improved reactivity was obtained by 
adjusting our ligand to be less sterically demanding but still easily reduced. Bidentate 4,4´-
bis(carboxymethyl)-2,2´-bipyridine (L2) with added N,N-dimethylaminopyridine was 25 
effective for products 3ai, 3aj, and 3ak, suggesting that ligand-nickel cooperative mechanisms 
might be general for a variety of catalysts. 

Besides arylzinc reagents, alkenyl and alkyl zinc reagents both worked with minimal 
adjustment to the reaction conditions and demonstrated functional-group compatibility 
consistent with other Negishi-type cross-coupling reactions. Notably, esters (3al), ethers 30 
(3am), protected amines (3aq), alkyl trimethoxysilane (3ao), and alkyl boronic acid pinacol 
esters (3an) were all compatible. Sterically hindered zinc reagents, such as ortho-substituted 
arylzincs and 2° alkyl zinc reagents, coupled in low yield under these conditions. 

Synthetically, this reaction is notable because there are few examples of C(sp3)–C(sp3) 
bond activation/skeletal rearrangements with concomitant C(sp3)–C(sp3) cross-coupling. 35 
When this reaction is paired with a second C(sp3)–C(sp3) bond-forming reaction at the silyl 
enol ether (Fig. 1C), this process will facilitate the insertion of saturated triads between two 
other components. Even in this initial proof-of-concept iteration, and without exploiting the 
power of silyl enol ethers, this method can be used to shorten syntheses. For example, in 
Fishlock’s (±)-taiwaniaquinol B synthesis we were able to decrease the step count to 40 
intermediate 3au by three steps (out of 7) (42). Our four-step route utilized a different starting 
material (5) of similar complexity and the same oxidation state as in the Fishlock synthesis.  

A key feature of this method is access to reliable difunctionalization (Fig. 1C) and this 
requires isolation of reactive silyl enol ethers. To maximize yield and simplify isolation, many 
reports either hydrolyze the enol ethers and isolate the ketone or substitute a more stable, but 45 
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less useful silicon group for isolation. We found that careful control of pH in the workup 
coupled with non-aqueous reverse phase chromatography allowed for relatively easy isolation 
in yields identical to the GC yield (80% GC yield, 80% isolated yield of 3a) (43). While once 
cost-prohibitive, the proliferation of automated chromatography instruments and reusable 
stationary phases has dramatically lowered the barrier to employing reverse-phase purification 5 
technologies on preparative scale. 

In conclusion, these studies illustrate the potential of new mechanisms of C–C 
activation in synthesis by showing how a novel metalloradical mechanism enables the first 
general C–C activation of cyclopropyl ketones to enable 1,3-difunctionalization. This metal-
ligand cooperativity is a new application of redox-active ligands that could be of wide use in 10 
catalysis. We anticipate that these results will enable the rapid development of a variety of C–
C activation/difunctionalization reactions of cyclopropyl ketones. 
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Fig. 1. Cyclopropyl ketone C–C bond activation/cross-coupling. (A) Known: 3-center 2-electron 
oxidative C–C activation of cyclopropanes. (B) Merging C–C activation with cross-coupling. (C) 
Cyclopropyl ketones: new versatile synthons for 1,3-difunctionalization. (D) This work: metal-
ligand cooperativity enables C-C activation/cross-coupling instead of ring expansion.  L, ligand; 5 
M, transition metal; FG, functional group; LA, Lewis acid; X, halide; Me, methyl; NPhth, 
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phthalimide; TMS, trimethylsilyl; pin, pinacolato; R, aryl or alkyl substituent; Tf, 
trifluoromethanesulfonyl; Ph, phenyl; [ox], oxidant; tpy, terpyridine.  

  
 

 5 

Fig. 2. Unified mechanistic proposal for cyclopropyl ketone C–C activation / cross-coupling. (A) 
Optimized conditions and proposed mechanism. (B) I activates C–C bonds, (tpy)NiIX is 
unreactive. (C) (tpy•‒)NiII(Ar) is not competent for C–C activation/cross-coupling. (D) Reductant 
is required to sustain catalytic activity. Unless otherwise stated, yields are calibrated GC yields vs. 
dodecane internal standard. aYields account for 1 equiv. excess 1a. bTMSCl omitted. cYields 10 
calculated based on the amount of 1a instead of [Ni]. dCatalyst stirred over 2 equiv. activated Zn 
in NMP, then filtered prior to use. eVoltage vs. Fc/Fc+, sacrificial Zn anode. dme, 
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dimethoxyethane; COD, 1,5-cyclooctadiene; TDAE, tetrakis(dimethylamino)ethylene; Cp*2Co, 
bis(pentamethylcyclopentadienyl)cobalt(II). 

 
 

 5 
Fig. 3. DFT investigation into the Ni-mediated cyclopropane C-C activation. (A) Line drawings 
and DFT-calculated structures of I-CPK and II. (B) Singly-occupied molecular orbitals (SOMOs) 
consist of the Ni dx2−y2 orbital and a π*-symmetry orbital localized to either the terpyridine ligand 
(as in I) or the silyl carboxonium carbon (Cα) of bound substrate (as in II). (C) Spin density plots 
reveal a significant transfer of electron density from the terpyridine ligand to bound substrate that 10 
is dependent on the presence of TMS cation. Based on molecular orbital occupancies and spin 
population analysis, I-CPK and II are best described as NiI species with either a radical anion 
terpyridine ligand or a radical silyl carboxonium ligand, respectively. This difference in electronic 
structure is predicted to result in the different reactivity observed in the absence versus presence 
of TMSCl. (D) Calculated reaction coordinate for the transformation of II to Ni-alkyl intermediate 15 
III. The C–C bond activation step is an asynchronous concerted process that avoids a free radical 
intermediate and exhibits spin crossover from S=1 (II) to S=0 (III). 
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Fig. 4. Scope of the 1,3-difunctionalization reaction and the formal synthesis of (±)-taiwaniaquinol 
B. Yields are isolated yields after purification. Et, ethyl; Ac, acetyl; Bn, benzyl; TBS, tert-
butyldimethylsilyl; piv, pivaloyl; Cbz, benzyloxycarbonyl; i-Pr, isopropyl. 
 5 
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