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Simple lanthanide cyclopentadienyl (Cp) complexes can

photochemically cleave the sp® carbon-chlorine bond of
unactivated chlorinated hydrocarbons including polyvinyl chloride
(PVC). The excited state lifetimes of these simple complexes are
among the longest observed for cerium complexes (175 ns for
[(CpMe?),Ce(u—Cl)];) and the light absorption by the Cp ligand is
efficient, so photocatalytic reactivity is enhanced for cerium and
now also made possible for neighboring, normally photoinactive,
lanthanide congeners.

Photoredox catalysis provides versatile and energy-efficient routes
for the synthesis of complex molecules.! Modern photocatalysts
can undergo single electron transfer (SET) processes following
irradiation with UV, or more desirably visible light, enabling
challenging chemical transformations to be accessed under milder
conditions than thermally driven reactions.

The use of lanthanides in catalysis is desirable due to the relative
abundance of many and their low toxicity.>8 Their halophilicity has
led us and others to explore their potential for catalytic carbon—
halogen functionalization reactions. Early work showed that under
light irradiation at 40 °C, Sml, can reductively dechlorinate 1-
chlorodocecane.® Divalent Ln(Cp*), (Ln = Sm, Eu, and Yb, Cp* =
CsMes), were shown to cleave C—Cl bonds forming the Ln(lll) halide,
and the reaction could be made catalytic under high energy (near UV)
irradiation.10-12

The strong Ln—Cl bond can provide an additional driving force to
reactions that cleave the strong sp3C—Cl bond which would be
unreactive according to the redox potentials. Photoredox catalysis by
lanthanide complexes, using low energy, Vvisible light is
underexploited, and simple Ce(lll) coordination complexes dominate
the studies.'3> Cerium possesses both an accessible (lI1)/(IV) redox
couple and an allowed 4f! ground to 5d* excited state, which can give
rise to luminescence.

Our group developed a cerium photocatalyst (CpMe4),Ce(L) (1-
Ce, CpMe4 = CsMeyH, L= [2-0-3,5-Buy-CeH,(1-C{N(CH),N('Pr)})]) that
combines the photoexcitable Ce(lll) with tunable ligands, to
functionalize inert sp3 C—F bonds (Figure 1, top).1® Notably, the redox
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non-innocent ligand L allowed us to extend this reactivity to typically
photo- and redox-inactive lanthanum and the oxidation of L or a
CpMe? ligand allows for turnover. Importantly, in order to cleave the
strong C—F bond, L is required, and little reactivity is observed when

using (CpMe4);Ce (2-Ce).1®
Arnold (2022)
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Figure 1 — Our photocatalytic C—F bond functionalization by complexes 1-Ln (Ln = Ce, La,
Pr, Nd, Sm) (top), dechlorination of aromatic chlorides by Cp,LnCl complexes (Cp = CsHs,
Ln =Y, Yb, Sm) carried out by Penn et al. (middle), and this work (bottom).

We were interested in Penn and co-workers’ report that Cp,LnCl
complexes (Cp = CsHs Ln = Y, Yb, Sm) could catalyze the
dechlorination of activated aromatic chlorides with NaH (suspension
in THF) at 60°C; they proposed a lanthanide hydride species as the
active catalyst (Figure 1, middle).1”:1® This, and the ability of our
complexes to cleave C-F bonds encouraged us to target
functionalization of the unactivated alkyl C—Cl bond that has so far
been outside the reach of other lanthanide-based visible light
photocatalysts. This could be of utility in the chemical upcycling of
polyvinyl chloride (PVC).1%2° Globally, approximately 40 million tons
of PVC are produced a year, yet a low percentage is recycled and the
majority is through mechanical recycling in spite of its high energy
demands.?22 Incineration or thermal degradation of PVC can release
toxic by-products; low-energy dechlorination routes that would
facilitate its conversion to useful products are desirable.??

Since previous work has implicated both cyclopentadienyl and
chlorine radicals in photocatalytic bond activation,4162425 and
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recognizing that the Cp ligand has some capacity for light
absorbance,?® we hypothesized that sp? and sp3 C—Cl bond activation
could even be possible for other lanthanide Cp complexes, especially
since the bond dissociation energy for the C-Cl bond is
approximately 140 kJmol! weaker than the C—F bond.?’” Here, we
show that lanthanide cyclopentadienyl complexes are efficient
photocatalysts for the dechlorination of unactivated sp? C—Cl and sp3
C—Cl bonds in chlorohydrocarbons (Figure 1, bottom).

We chose to test the simple, robust, and soluble (Cp™e*);Ln (2-Ln
(Ln = La, Ce, Pr, Nd, Sm, Dy) and [(CpMe4),Ln(u—Cl)], 3-Ln (Ln = Ce,'6
Nd, Sm) to probe this catalysis.1”-'® Complex 1-Ce was also tested for
comparison as it is so effective at C—F bond cleavage. All new
complexes have been fully characterized (see ESI). The dialkyl
MgBn,(THF), is used to turn over the catalysis, as it is THF-soluble
(c.f. insoluble NaH), and was efficient as a reductant and coupling
partner in  photocatalytic C-F bond activation and
functionalization.!® The catalysis procedure consists of dissolution of
the chosen Ln complex in THF with 20 equivalents of
chlorohydrocarbon and MgBn;,(THF),, exposure to 440 nm light from
a low energy Kessil lamp, and the reaction is monitored by NMR
spectroscopy.
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Scheme 1 - General reactions for C—Cl activation and hydrodechlorination by 1-Ln, 2-Ln
and 3-Ln. Following C—Cl bond cleavage the C radical can be quenched by abstraction of
Hradical from solvent, or a benzyl radical from turnover reagent MgBn,(THF),.

The anticipated reactions are shown in Scheme 1. Light
absorption occurs first, presumably by the CpMe4 ligand or the cerium
cation if present, see later calculations. If this generates an excited
state complex that is sufficiently reducing to cleave the R—Cl bond,
then the reaction should release the R radical, to be trapped by
solvent (R-H, scheme 1 upper) or a Bn group from the MgBn,(THF),
co-reagent (R—Bn, scheme 1 lower). We explored the substrate scope
of dechlorination to include allyl, vinyl, primary, secondary and
tertiary carbon centers, substituted chloroarenes, and commercial
PVC (polyvinyl chloride) polymer, as discussed in the ESI and below.

For the substrates chlorocyclohexane (a simple model for PVC)
and 1-chloro-2-methylpropene, the radical formed from Cl atom
abstraction is short-lived, and the organic product is the hydrocarbon
arising from replacement of Cl by H. This is confirmed by 'H NMR
spectroscopy. The H atom derives from the THF solvent, Scheme 1,
upper.1® This was corroborated by carrying out reactions with 1-
chloro-2-methylpropene and chlorocyclohexane in THF-Dg;
deuterium- incorporated 2-methylpropene and cyclohexane
respectively were identified by 3C NMR spectroscopy. As with our
previously reported photocatalytic defluorination chemistry, there is
a significant kinetic isotope effect in these reactions.®

In contrast, the reactions with substrates that produce a more
stabilized radical intermediate following dechlorination yield a
benzylated product, from reaction with the MgBn,(THF), or benzyl
radicals in solution. The major product generated from
dechlorination of 3-chloro-2-methylpropene by 2-Ce is 3-methyl(but-
3-en-1-yl)benzene, arising from the benzylation of the allyl radical.

The vyields of cyclohexane produced by the lanthanide catalysts
are shown in Figure 2. Additional data using a range of catalysts at
different loadings, and additional substrates, are in the ESI alongside
photophysical characterization of 3-Ce. No substrate reaction is

2| J. Name., 2012, 00, 1-3

observed without UV light, or if the catalyst is replaced with
Mg(CpMes),.

Of the Ce catalysts, 2-Ce is best at dechlorination, generating
cyclohexane in 93% vyield after 24 hours irradiation. In catalyses
involving 2-Ln the chloride-containing complex 3-Ln is recovered at
the end. The chloride complex 3-Ce is also a very good catalyst for
this transformation, producing cyclohexane in 76% yield within the
same time frame. Conversely, phenoxy-NHC complex 1-Ce, a far
superior catalyst to 2-Ce for C—F bond activation,'® produces
cyclohexane in just 37% yield. 2-La is also capable of the C—Cl bond
activation, albeit less effectively, with 29% conversion.

All the cerium complexes are better catalysts than the other Ln
congeners, in line with the straightforward, allowed excitation of the
fto a strongly reducing d* centered excited state. Because the CpMe*
ligands can absorb light, all the early lanthanides can be photoexcited
and their photocatalytic activity decreases with increasing atomic
number. The heaviest lanthanide studied, 2-Dy, produces negligible
dechlorinated product, consistent with the requirement for the
chlorinated substrate to bind the Ln, which is increasingly hindered
in catalysts with smaller ionic radii.?® Though rare, molecular
complexes of tetravalent praseodymium are known.?® Thus, it is
possible that a Pr congener could be an efficient catalyst by
effectively stabilizing a Ln(IV) intermediate. Catalyst 2-Pr produces
cyclohexane in 20% yield, which is in line with the increased stability
of Ce(IV) relative to Pr(IV) and supports the value of the facile 4f >
5d excitation in the best catalysts.

100
93

80 76
60
40 krg
20

0 e .

24ia 1Ce 2-Ce 3-Ce 2-Pr 2-Nd 2-Sm 2-Dy

Figure 2 - Hydrodechlorination of chlorocyclohexane catalyzed by different Ln

photocatalysts. Reactions were carried out at RT, in THF-Hg, with 5 mol % catalyst
loading, and irradiated with a 40 W Kessil 440 nm lamp. The percentage yield of
cyclohexane was determined by *H NMR spectroscopy relative to an internal standard.

A series of stoichiometric reactions give more insight into the
mechanism of dechlorination by 2-Ce. Even without irradiation,
green THF solutions of 2-Ce react with MgBn,(THF), turning the
solution yellow-green due to the formation of the cerium benzyl
species (CpMe4),Ce(Bn)(THF) (4-Ce), confirmed by !H NMR
spectroscopy and an independent synthesis.’® Spectroscopic
measurements confirm that the four compounds 2-Ce, 4-Ce,
MgBn,(THF), and Mg(CpMe4), are all present in equilibrium in
solution at the start of the reaction.3° A reaction of 2-Ce with a 20-
fold excess of MgBn,(THF), results in a mixture of these products
with a calculated equilibrium constant of 2.5 for the equation in
Figure 3, top. Product yields for both 2-Ce and 3-Ce are higher at
lower catalyst loadings, which we attribute to the greater effective
concentration of MgBn,(THF), that pushes the equilibrium towards
the active species 4-Ce (see ESI). This is not seen for 1-Ce, as the
chelating aryloxy-NHC ligand complex is less susceptible to ligand
exchange with benzyl radicals, as we showed in our previous study.
For the series 2-Ln other than Ce, the anticipated increase in product
formation with increasing catalyst loading is as would be anticipated.

This journal is © The Royal Society of Chemistry 20xx
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The addition of chlorohydrocarbon substrate to the mixture
containing 2-Ce and 4-Ce and irradiation for 24 hours generates a
bright yellow solution arising from the complete conversion to the
chloride complex 3-Ce which is identified by *H NMR spectroscopy
(Figure 3, top right). We experimentally verified that irradiation of a
pure sample of 4-Ce results in the formation of 2-Ce and bibenzyl
(Figure 3, middle) and the reaction of 3-Ce and MgBn,(THF), to form
the benzyl 4-Ce does not proceed without irradiation, vide infra

(Figure 3, bottom).
Ce /@ + MgBny(THF),

2-Ce 4-Ce
THF
2RCl| o
;\ Cl_ & +2Re
Le  Le
S_\?“ Cl
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Ce \@\ + 32 pr >N
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Figure 3 — Stoichiometric reactions to define the mechanism of C—Cl activation by 2-Ce.

Schelter and co-workers showed that Ce(lll) amido and
guanidinate photocatalysts form an inner-sphere complex with
benzyl chloride, which lowers the barrier to halogen atom
abstraction, and releases benzyl radical to form products.?® Here,
calculations were performed for the excited states of complexes 2-
Ce and 2-la and the proposed intermediate in which
cyclohexylchloride binds as a Cl-donor ligand to 4-Ce, recognizing
that both the tris(Cp) and benzyl complex can be active catalysts.

2-Ce 2-La

Figure 4 - Depictions of the calculated SOMO of 2-Ce (left) and 2-La (right) after
absorption. Color code: gold — Ce; green — Cl; grey — C; white — H.

Time-dependent DFT (TD-DFT; B3PW91) calculations on both 2-
Ce and 2-La reveal similar SOMO structures upon photoexcitation
(Figure 4). Experimentally, both 2-Ce and 2-La absorb at 426 nm,
calculated as an intense absorption at approximately 380 nm (415nm
in solvent).3! This is assigned as transition from the m orbital of the
CpMe4 ligand to the dz2 on the metal. For 2-Ce, this is accompanied by
a lower intensity metal-based 4f - 5d excitation at 410 nm. It is
notable that the calculated geometry of the photoexcited 2-Ce is
pyramidally distorted by 5° away from the ground state pseudo-Ds,
symmetry, unlike the La congener. This increases access to one end
of what was a primarily dz2-orbital, and we suggest this may provide
greater access to the Cl substrate, or the Bn reagent, which would

This journal is © The Royal Society of Chemistry 20xx
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further contribute to the higher activity of Ce relative to La, despite
its smaller ionic radius.

TD-DFT studies of the Cl-alkyl adduct of 4-Ce show a low
intensity absorption at 425 nm (448 nm calculated with an added
solvent correction), experimentally observed at 450 nm, arising from
the excitation of the SOMO (4f electron) into the LUMO which is
primarily bonding for the Ce—Cl bond and antibonding with respect
to the C—Cl bond (Figure 5). supports our experimental observation
that 4-Ce cannot be formed from 3-Ce without irradiation, and could
be attributed to the strength of the Ce—Cl bond relative to Ce-C. The
excited state populated by irradiation also implies the transition from
the HOMO, which is the Ce—Bn bonding interaction, to the LUMO so
that the Ce—Bn bond may easily be broken. This early loss of the Bn
group is consistent with our observations of the difficulty of trapping

it in a product
when

substrates with
short-lived radical
products are used.

Figure 5 - The TD-DFT-calculated LUMO of the adduct formed during catalysis when
chlorocyclohexane binds to 4-Ce . Color code: gold — Ce; green — Cl; grey — C; white — H.

Our proposed mechanism therefore begins with the formation of
a mixture of 2-Ce and 4-Ce and excess MgBn,(THF),. The added
chloroalkane will bind as an L—donor, most likely to the less sterically
saturated Ln center in 4-Ln. Photoexcitation results in formation of
the Ln—Cl bond as C—Cl bond cleavage occurs, releasing the
hydrocarbyl radical Re. The intermediate (Cp™e*,)Ln(Cl)(Bn) will be
more stable for Ln = Ce, and to a much lesser extent Ln = Pr, which
can form tetravalent complexes, but we previously showed how the
Cp ligand can be oxidized in place of the Ln center, to stabilize the
other Ln intermediates for which Ln(IV) is not accessible. The release
of the reducing Bne will still be facile. We had anticipated that the
proximity of Re and Ln—Bn in the solvent cage would lead to the
alkylated product R-Bn, but in THF, a good H-atom donor, R—H is
formed through H atom abstraction from solvent when the resulting
alkyl radical is unstabilized and too short-lived to be captured.
Longer-lived allyl and benzyl radicals can be benzylated in this
system, although we think that that this does not occur within the
local coordination sphere of the lanthanide cation. The resulting
chloride 3-Ln is then photochemically converted back to the benzyl
4-Ln by the excess MgBn,(THF), present.

This catalytic cycle is consistent with our experimental
observations that the activities of precatalysts (CpMe4,)CeX (X =
CpMe4, Cl, L) are related to the rate at which they can form alkyl
species 4-Ce. Catalyst 2-Ce is more effective than 1-Ce and 3-Ce
potentially due to the higher stability of the Ln—(O—NHC) and Ln—Cl
bonds respectively relative to Ln—CpMe4,163233 |t should also be noted
that the excited state lifetime of 3-Ce is 175 ns, which is amongst the
longest excited state lifetimes reported for a cerium complex.! In
contrast, the lifetime of 1-Ce is considerably shorter at 101 ns,
though still greater than many other Ce complexes studied.3*
Ultimately, while specialized, light-absorbing ligand L is required for
cleaving the strong C(sp3)-F bond, absorption through CpMe* is
satisfactory for activation of the weaker C(sp3)-Cl bond, providing
evidence of the power of ligand-tuning of lanthanide photocatalysis.

J. Name., 2013, 00, 1-3 | 3
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5 mol % 2-Ce
Cl H
N MgBny(THF), N (1)
n
n
PVC THF, 440 nm PE

With an interest in polymer upcycling, preliminary results
suggest that under standard conditions, 2-Ce at 5 mol % loading can
photocatalytically cleave 79% of the C—Cl bonds in a sample of PVC
in a 24-hour period, eq. 1. As the dechlorination proceeds, the
polymer becomes insoluble in THF and can thus be readily isolated
(see figure S3). Extended reaction times and lower catalyst loadings
result in comparable yields, suggesting dechlorination progresses
until the the polymer becomes insoluble in THF. FT-IR spectroscopy
(see ESI) of the sample shows spectral features that correlate with
segments of polyethylene, no evidence of polyacetylenic groups, and
some level of unsaturation, which is also observed as a natural defect
in commercial PVC. The insolubility of the polymer in organic solvents
at high temperatures support the absence of chain shortening but
have precluded characterization by GPC. Work to functionalize these
materials at the site of radical formation are currently underway.
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