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ABSTRACT: Radical-polar crossover mechanisms are invoked in numerous late transition metal and photocatalyzed reactions.   To 
the best of our knowledge, reductive radical-polar crossover mechanisms are not invoked for group 3 early transition metals due to 
their propensity to exist in high oxidation states. Through use of a redox-active (tris)amido ligand we have accessed this mechanism 
for use with early transition metals. This mechanism is showcased through enabling product formation for a wide variety of elimina-
tion products from a-halo substituted benzylic bromides. The mechanism of this new type of reactivity with Sc is explored and 
Hammett analysis reveals an anionic intermediate. The wide functional group tolerance of this reaction is also demonstrated.

Radical-polar crossover reactions have emerged as an im-
portant mechanistic tool in order to harness both radical and po-
lar chemistry and to overcome limitations of both pathways.1–3 
In catalytic examples, a photocatalyst in the presence of light is 
generally employed in order to either reduce or oxidize the rad-
ical to an anion or cation, respectively (Figure 1a).2,3 Alterna-
tively, a late transition metal catalyst, such as Cr, can be used to 
donate or accept the necessary electrons for the crossover to oc-
cur.1,4–7 Radical-polar crossover is also invoked in electrochem-
ical reactions.8 A radical-polar crossover mechanism is rarely, 

if ever, invoked with group 3 early transition metals.9,10 This is 
due to their underexplored redox chemistry. Early transition 
metals, especially group 3 metals, prefer to stay in their highest 
oxidation states rendering them d0 metals with no electrons to 
donate.11 If this limitation could be overcome, we hypothesized 
that these earth abundant and low toxicity metals could be used 
in this important mechanism without the use of photocatalysts 
or late transition metals.12,13 

Recently our group disclosed a report of an alkyl–alkyl cross-
coupling reaction catalyzed by a d0 metal with a redox-active 
(tris)amido ligand (Figure 1b) inspired by the work of Heyduk 
and coworkers.14–18 In the mechanism that was previously dis-
closed, the redox-active ligand mediated the formation of an or-
ganic radical intermediate from the alkyl halide through single 
electron oxidation of the ligand.19 We hypothesized that a re-
ductive radical-polar crossover mechanism could be harnessed, 
despite using a d0 metal, because the (tris)amido ligand can un-
dergo multi electron transfer  (Figure 1b).17 Therefore, a test 
system was designed with an electron withdrawing group 
(EWG) and leaving group (LG) in the a-position to the radical. 

THF
N

NTMSTMSN Sc

THF
R

Ar Me

Br

Ar CH3

alkyl–alkyl
cross-coupling

previous

Ar

Br
this 

work

Ar

radical-
polar 

crossover

Ar

Ar Me

R
N

NTMSTMSN Sc

Br

THF

R

N

NTMSTMSN Sc

Br

THF

R

N

NTMSTMSN Sc

Br

THF

Ar
EWG

elimination
R

EWG

LG

EWG

LG

EWG

LG

R1 R2 R1 R2R1 R2
Reductive 

Radical-Polar 
Crossover

Oxidative 
Radical-Polar 

Crossover

a) Radical-Polar Crossover

elimination, 
electrophile addition

elimination, 
nucleophile addition

+ e– + e–

b) Ligand Enabled Redox Chemistry

Figure 1. a) Radical-polar crossover possibilities, b) Use of redox-
active ligands and d0 metals for radical and polar reactivity 

CF3

Br

F

F
98% yield

22 °C, THF, 24 h

1.0 equiv.

THF
N

NTMSTMSN Sc

THF
Bn

2 generated in situ

CF3

Bn

cross-coupling
not observed

THF
N

NTMSTMSN Sc

THF
THF 22 °C, THF, 24 h

1 equiv. BnZnBr

1

3a

4a

5

Figure 2. Electron-rich anionic complex 2 generates elimi-
nation product 4a 



 

This would result in an elimination product upon formation of 
the anion.20 

These studies were initiated using a benzylic bromide 3a with 
a CF3 group in the a-position as the model system (Figure 2). 
These substrates are easily prepared from aryl aldehydes.21 The 
trifluoromethyl group is ideal to study as it has the ability to act 
as an electron withdrawing group and has a leaving group in-
corporated. The gem-difluorostyrene product that is formed is a 
valuable functional group that is a bioisostere of a carbonyl 
group.22–26 These motifs are also relevant to polymer chemis-
try.27–31 Finally, these reagents are valuable linchpin reagents 
for further functionalization.27,32–36 Based on previous studies, it 
was known that an electron rich, anionic complex was neces-
sary for reduction of the electrophile to generate a carbon-based 
radical.19 Therefore, we hypothesized that using 1 and 1 equiv-
alent of transmetallation reagent BnZnBr, an anionic complex 
2, would be electron rich enough to reduce the benzylic bromide 
substrate 3a (Figure 2). Excitingly, when in situ formed 2 was 
exposed to 1 equivalent of 3a, the expected elimination product 
4a was formed in 98% yield based on an a 19F NMR 

spectroscopy with an internal standard (see SI for isolated 
yields). No 5, the product of cross-coupling, was observed. 

With this promising result, we then pursued making this 
transformation catalytic in Sc complex 1 by using a terminal 
reducing agent that could supply 2 equivalents of electrons (see 
SI for optimization table). After optimization, 20 mol% of 1 and 
2 equivalents of terminal reductant BnZnBr generated the prod-
uct in 80% yield (Figure 3a).  

Because reductive radical-polar crossover is a mechanism 
that, to our knowledge, is unknown to be leveraged by group 3 
metals and redox-active ligands, we wanted to investigate other 
scaffolds to see how general the electron withdrawing group 
and leaving group could be (Figure 3b-e). A variety of 𝛼-halo-
genated benzylic bromides were investigated which demon-
strates that this reactivity is general for any 𝛼-halogenated ben-
zylic bromide. Chloride elimination was demonstrated with 
compound 6 which undergoes elimination to give the gem-di-
chloroalkene 7 in 56% isolated yield (Figure 3b). Pentafluoro 
compound 8 undergoes fluoride elimination to give 9 in 78% 
yield with a >20:1 Z:E ratio (Figure 3c). Fluoride elimination 
was also observed with difluoromethyl bromide 10 to afford the 
mono-fluorinated products in 63% yield with a Z:E ratio of 
2.2:1 (Figure 3d). Notably, no products of hydride elimination 
were observed. This is in contrast to some late transition metals 
processes which have inner sphere competition between b-het-
eroatom and hydride elimination. Compound 12, which con-
tains both 𝛼-fluoro and 𝛼-bromo groups, selectively undergoes 
bromide elimination instead of fluoride elimination to give 3a 
in 68% yield (Figure 3e). This selectivity with 12 is consistent 
with bromide being a better leaving group than fluoride.  

With the generality of this elimination reaction established, 
we wanted to support our proposed radical-polar crossover 
mechanism in Figure 1b because it lacks precedent with early 
transition metals. We chose to explore the mechanism using de-
rivatives of 3a due to the 19F NMR spectroscopy tag and the 
availability of the starting materials. Three potential intermedi-
ates of the organic fragment that could form product are that of 
1) a radical intermediate37, 2) an anionic intermediate formed 
from radical-polar crossover, and 3) an inner sphere b-halide 
elimination from an organometallic species38,39 (Figure 4). The 
results of no competition between elimination of bromide ver-
sus fluoride in Figure 3e suggest the leaving group ability gov-
erns this selectivity. This is despite a 2:1 ratio of F:Br and also 

Figure 3. Variety of substrates that will undergo radical-polar 
crossover catalyzed by 1 

Figure 4. Potential mechanistic pathways for product formation 
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the greater bond strength of Sc–F versus Sc–Br. This suggests 
mechanism 3 is inoperable. Similarly, the preference of fluoride 
versus hydride elimination confirms this.38 Additionally, no 
competitive cross-coupling is observed between the organic 
fragments in the inner sphere mechanism of this coordinatively 
saturated complex further ruling out mechanism 3. While mech-
anism 1 is also unlikely, because catalyst 1 is known to induce 
radical mechanisms, further studies were needed to rule it 
out.19,40  

The importance of an anionic intermediate in the synthesis of 
gem-difluoroalkenes is supported by a Hammett analysis of this 
reaction which revealed an overall increase in reaction rate with 
increasingly electron-deficient substrates (Figure 5). A linear 
relationship is observed for the p-tBu, p-Me, p-H, m-Br, p-CF3 
and p-CN substrates. The positive slope (ρ) of 2.09 suggests the 
mechanism is highly sensitive to the electronic effects of the 
substituents and that the rate-determining step of the reaction 
involves the build up of negative charge suggesting, an anionic 
intermediate. Plotting the data versus Creary radical parameters 
did not result in any trend (see SI for details). Interestingly, the 

p-OMe substrate did not fit the trend well, likely due to its elec-
tron rich nature. 

To support for the intermediacy of both a radical as well as 
an anionic intermediate in this catalytic reaction, an experiment 
was designed to see if using tertiary bromide substrate 13 could 
interrupt the crossover to the anion. This would be due to the 
tertiary radical being stabilized and the tertiary anion being de-
stabilized (Figure 6). This reaction results in the complete con-
sumption of 13 to afford the cross-coupling product 14 as the 
major product (20%) along with other byproducts, including H-
atom abstraction (see Supporting information, page S76). It is 
known that the cross-coupling product is formed from a ben-
zylic radical intermediate.19 Since radical-polar crossover to 
generate the tertiary anion from 13 would be unfavorable com-
pared to the analogous secondary substrate, the fact that only 
trace amounts of 16 are observed supports the intermediacy of 
anionic intermediates in the synthesis of gem-difluoroalkenes 
with 1. Observation of 14 as the major product also supports the 
formation of transient benzylic radicals en route to the proposed 
radical-polar crossover, but in the case of 13 cross-coupling oc-
curs instead via our previously reported mechanism.  

Based on these results, we propose that the reaction proceeds 
via formation of the benzylic radical intermediate via 1-electron 
reduction of 3 by 2, which can occur via a variety of mecha-
nisms (e.g. halogen atom abstraction or electron transfer fol-
lowed by loss of bromide) to generate a benzylic radical and 
singly oxidized Sc complex 17. Radical-polar crossover via 
electron transfer from the resulting paramagnetic complex to 
the benzylic radical intermediate generates an anionic interme-
diate that can undergo fluoride elimination to afford the gem-
difluoroalkenes.   

Figure 5. Hammett analysis implicates an anionic interme-
diate 

CF3

Br
Me

CF3

H
Me

THF
N

NTMSTMSN Sc

THF
THF

22 °C, THF, 24 h

20 mol%

2 equiv. BnZnBr

Me
F

F

 16 trace

CF3

Me
Ph

from radical from anion

14 
major product

13

15 H-atom 
abstraction product

CF3

Me

CF3

Me

unfavored

Figure 6. Probing intermediacy of a radical and an anion  

Ar
F

F
Ar CF3

Br

4

THF
N

NTMSTMSN Sc

THF
THF

20 mol%

22 °C, THF, time
2 equiv. BnZnBr

radical-polar 
crossover

Ar CF3
elimination

THF
N

NTMSTMSN Sc

THF
Bn Ar CF3

Br

Ar CF3

N

NTMSTMSN Sc

Br

THF

Bn

N

NTMSTMSN Sc

Br

THF

Bn

THF
N

NTMSTMSN Sc

THF
THF

Bn–Bn

BnZnBr

BnZnBr

Ar
F

F

1

2

17

18

radical
formation

3

4

Figure 7. Proposed mechanism for elimination via radical-polar 
crossover 



 

 
Figure 8. Functional group tolerance and scope 

In order to explore the generality of gem-difluoroalkene syn-
thesis by fluoride elimination, we pursued exploring the scope 
of products accessible with Sc complex 1. Electron-neutral 4b 
was formed in excellent yield (85%). 1-naphthyl-substituted 4c 
was also efficiently synthesized, displaying tolerance to sterics. 
Arenes with electron-donating groups were also well tolerated, 
forming alkyl- and oxygen-substituted products (4d, 4g, 4h, and 
4k) in 62-80% yields. Further displaying the electronic scope, 
electron-poor arenes 4e, 4f, and 4i were also formed in good 
yields (up to 79%); even nitro-substituted 4j was formed in 
modest yield (37%). Tolerance of oxygen-containing functional 
groups is displayed (4k and 4l), and the formation of aryl bro-
mide 4e displays contrasting reactivity compared to late transi-
tion metal complexes. Importantly, use of benzofuran- and in-
dole-based arenes gave gem-difluoroalkenes 4l and 4m, further 
enabling access to fluorinated pharmaceutically relevant heter-
ocycles. 

In summary, a d0 metal catalyst supported by a redox-active 
(tris)amido ligand was demonstrated to participate in a radical-
polar crossover mechanism. To our knowledge, this was a pre-
viously underutilized mechanism with early transition metals. 
A wide scope of elimination reactions were explored, demon-
strating the far reach of this methodology. Mechanistic investi-
gations indicate the presence of an anionic intermediate, sup-
porting the conclusion that this reaction is operating under a 
radical-polar crossover mechanism. Finally, a wide functional 
group tolerance is showcased in the synthesis of a scope of gem-
difluorostyrenes. 
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