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A chemically powered unidirectional rotary
molecular motor based on a palladium redox cycle
Beatrice S. L. Collins, Jos C. M. Kistemaker, Edwin Otten and Ben L. Feringa*

The conversion of chemical energy to drive directional motion at the molecular level allows biological systems, ranging from
subcellular components to whole organisms, to perform a myriad of dynamic functions and respond to changes in the
environment. Directional movement has been demonstrated in artificial molecular systems, but the fundamental motif of
unidirectional rotary motion along a single-bond rotary axle induced by metal-catalysed transformation of chemical fuels has
not been realized, and the challenge is to couple the metal-centred redox processes to stepwise changes in conformation to
arrive at a full unidirectional rotary cycle. Here, we present the design of an organopalladium-based motor and the
experimental demonstration of a 360° unidirectional rotary cycle using simple chemical fuels. Exploiting fundamental
reactivity principles in organometallic chemistry enables control of directional rotation and offers the potential of harnessing
the wealth of opportunities offered by transition-metal-based catalytic conversions to drive motion and dynamic functions.

While facing the challenge of designing autonomous rotary
molecular motors that will ultimately power our future
nanoscale machinery, it has become increasingly clear

that achieving directional rotary motion through the conversion
of a chemical fuel, as is observed in biological systems, remains a for-
midable task. Although directional motion has been realized in a
variety of molecular systems1–6 (including light-driven directional
rotary motion around an overcrowded alkene7,8, unidirectional
rotation in mechanically interlocked molecular systems9,10 and the
directional linear movement in rotaxanes11,12 and of walkers along
tracks13,14), arguably one of the most fundamental motifs is the uni-
directional rotary motion of one component of a molecule with
respect to another about a single C–C bond, as studied by both
Kelly and co-workers15 and our group16. In the design presented
here, using metal-based chemical transformations, we take as the
basis of a rotary motor a simple biaryl molecule with three ortho
functional groups designated A, B and C, and four distinct steps,
as depicted in Fig. 1a.

There are two fundamental requirements for achieving the uni-
directional rotation of one aryl group with respect to the other
about the single C–C bond. For clockwise rotation, for example,
we must be able to control the following: (1) which two ortho sub-
stituents pass one another (B and A must first cross (station II), fol-
lowed by C and A (station IV)) and (2) the direction of this crossing
(when B crosses A it must do so through a clockwise rotation of the
upper ring with respect to the lower aryl ring). The biaryl in station I
is atropisomeric to that in station III, where the chirality over the
biaryl axis is inverted. If the ortho functional group A possesses
some further element of chirality, say central chirality (indicated
by an asterisk in Fig. 1a), then stations I and III become atrop-
diastereomeric and possess different energies. Although stations I
and III are configurationally stable with respect to the biaryl axis,
because rotation about the biaryl bond is restricted by the steric
interactions of the ortho substituents A, B and C, a conformational
change by biaryl rotation allows A and B or A and C to come into
close proximity. The barrier to atropisomerization in biaryls can be
considerably reduced through the formation of bridges between the
ortho substituents in the upper and lower rings, as pioneered by

Bringmann and co-workers17,18 and explored in a number of
elegant strategies for the asymmetric synthesis of enantioenriched
axially chiral biaryls19–22.

As shown in Fig. 1a, we postulate that, by the addition of a metal
M1 that exhibits selective binding for ortho groups A and B, we
could facilitate the movement of the biaryl from station I into
station III, via the configurationally labile biaryl–metal complexes
in station II. The equilibrium established in station II will result
in a predominance of the more stable atropdiastereomeric
complex, and decomplexation of M1 in step 2 leads to station III
and a complete inversion of axial chirality. Station III cannot be
returned directly to station I, as the biaryl is again ‘locked’ in this
axial conformation. The addition of a second, different metal M2

then gives selective complexation of A and C, leading to station
IV, in which the biaryl axis again becomes configurationally labile
upon formation of the metal bridge, and the diastereomeric
relationship between the central chirality at A and the chirality
over the biaryl axis leads to inversion of the axial stereochemistry.
Following decomplexation of M2, the system is returned to
station I and a full 360° unidirectional rotation has occurred.
There are three key factors that govern the system: (1) selective
binding of the two different pairs of ortho functional groups with
the two different metals; (2) lowering of the barrier to biaryl rotation
on complexation of the metal; and (3) transfer of chiral information
across the metal centre between the central chirality at A and the
biaryl axis, leading to diastereomeric complexes with sufficient
energy differences to ensure selective unidirectional rotation of the
upper aryl ring.

Driven by our long-standing interest in the development of
autonomous unidirectional molecular motors, we envisioned that
the decomplexation of M1 described in step 2 could be coupled
with the transformation of M1 into M2. This seemingly simple
extension of the described system would represent a major
advance in the field of unidirectional molecular motors: if M1 can
be transformed into M2, then step 3 should occur spontaneously,
underpinning an autonomous rotation. This autonomy would be
rendered complete if M2 can also be transformed back into M1

during step 4. Drawing on one of the most integral aspects of
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transition-metal catalysis, we postulate that M1 and M2, rather than
being different metals, could be two different oxidation states of the
same transition metal. We envision a system that relies on the fun-
damental reactivity modes of organometallic chemistry: oxidative
addition, ligand exchange, C–H activation and reductive elimin-
ation. The cycle depicted in Fig. 1a now describes the intersection
of two unidirectional cycles: the physical rotation of one aryl
group with respect to another and the cycle of transition-metal oxi-
dation states. Here, we describe our studies towards the realization of
such a system, with the combination of biaryl sulfoxide 1 and simple
palladium salts (Fig. 1b), and report the first unidirectional molecu-
lar motor involving a single-bond rotary axle, governed by a cycle of
transition-metal oxidation states.

Results and discussion
Our design for a unidirectional molecular motor is based on biaryl 1,
which exists as two atropisomers, (S,M)-1 and (S,P)-1, where S
denotes the fixed central chirality at sulfur, and M and P denote
the chirality over the biaryl axis (Fig. 2; see Supplementary
Sections 1–3 for the synthesis and full structural characterization
of (S,M)-1 and (S,P)-1 and assignment of the axial chirality and
absolute configuration of both isomers by single-crystal X-ray dif-
fraction). Biaryl 1 draws on the biaryl sulfoxides investigated by
Colobert,Wencel-Delord and co-workers22,23, andwe take advantage
of the binding properties of the sulfoxide towardsmetal centres24, the

high thermal stability of the sulfoxide towards epimerization, and the
proximity of the central chirality at sulfur to the axis of the biaryl25,26.
The two atropisomers are conformationally stable with respect to the
biaryl axis under ambient conditions, and density functional theory
(DFT) calculations indicate a high barrier to atropisomerization
and a small ground-state preference for (S,P)-1 over (S,M)-1
(Δ‡G° = 155 kJ mol–1 and ΔG° = 3.5 kJ mol–1, respectively, see
Supplementary Section 11 for full computational details).

In the first step of the 360° unidirectional rotation we envisioned
that (S,M)-1 could be transformed selectively into (S,P)-1 via simple
chemical manipulations, proceeding through a clockwise rotary
motion of the upper aryl ring with respect to the lower ring, as
shown in Fig. 2. Treatment of (S,M)-1 with a palladium(II)
complex might lead to selective reaction of the palladium centre
with the ortho C–H bond of the upper aryl ring in a C–H activation
event27, forming palladacycle Pd[(R,P)-2]XL, where X and L are
anionic and neutral ligands, respectively (note that neither the
absolute helical nor point chirality have changed, but the stereo-
chemical descriptors change due to palladium taking precedence
on sulfur and over bromine). This process is underpinned by two
key reactivity principles: (1) the sulfoxide acts as a directing
group, bringing the palladium centre into close proximity with
the ortho C–H bond via a six-membered ring, providing selective
palladation; and (2) the inherent reactivity of the palladium(II)
centre ensures its reaction with the C–H and not the C–Br bond.
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Figure 1 | Concept and design of a unidirectional rotary molecular motor. a, Blueprint for a 360° unidirectional rotary molecular motor. The upper aryl ring
(the ‘rotor’, blue) rotates through 360° in a clockwise sense with respect to the lower aryl ring (the ‘stator’, red). Unidirectional rotation is governed by
selective binding of a metal centre and the formation of diastereomeric metal complexes. b, Proposed realization of this system through the combination of
biaryl sulfoxide 1 featuring axial and central chirality and a simple palladium salt allowing shuttling between Pd(0) and Pd(II) redox states.
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Although (S,M)-1 is ‘locked’ in the M axial configuration by the
steric restrictions imposed by the ortho substituents, on formation
of Pd[(R,P)-2]XL the barrier to atropisomerization is greatly
reduced and the biaryl axis becomes configurationally labile, allow-
ing the interconversion of Pd[(R,P)-2]XL and Pd[(R,M)-2]XL.
Furthermore, these two diastereomeric palladacycles show a
considerable energy difference; based on DFT calculations,
Pd[(R,M)-2]XL has been shown to be lower in energy than the
diastereomeric Pd[(R,P)-2]XL by 15.0 kJ mol–1 in a related model
system (Supplementary Section 11). This energy difference would
lead to a shifting of the atropisomerization equilibrium in favour
of Pd[(R,M)-2]XL, facilitating a clockwise rotation across the
biaryl axis. Subsequent transformation of the Pd–C bond in
Pd[(R,M)-2]XL into a C–H bond would then provide (S,P)-1,
completing a unidirectional clockwise 180° rotation.

The last decade has witnessed intense research interest into the
use of C–H activation in chemical synthesis, but the transformation
of (S,M)-1 into (S,P)-1 along this pathway would be the first use of
C–H activation to control motion at the molecular level. Drawing on
the orthogonal reactivity of palladium oxidation states, treatment of
(S,P)-1 with a palladium(0) source would also facilitate a clockwise
180° rotation: the palladium(0) complex will react with the C–Br
bond via an oxidative addition reaction and the C–H bond will be
left untouched. This leads to the formation of a new palladacycle
Pd[(R,P)-3]BrL, in which we expect the coordination of the sulf-
oxide to the palladium(II) centre to form a six-membered bridge
between the upper and lower aryl rings. Again, as for Pd[(R,P)-2]XL,
the biaryl axis becomes conformationally labile and the barrier
to atropisomerization for Pd[(R,P)-3]BrL and Pd[(R,M)-3]BrL is
lowered (a barrier of 82.9 kJ mol–1 for the axial inversion has been
calculated for related palladacycles, Supplementary Section 11).
These diastereomeric palladacycles, again, have considerably differ-
ent energies, and the equilibrium is shifted to Pd[(R,M)-3]BrL.
From Pd[(R,M)-3]BrL, reintroduction of the Br–C bond completes
the second 180° unidirectional rotation, delivering (S,M)-1. Closer
analysis of the cycle described in Fig. 2 shows that the physical

clockwise rotation of the upper aryl ring is coincident with a cycle
through the palladium oxidation states from +2 to 0 to +2, that is,
a catalytic redox cycle of the palladium atom. Although the
whole system is not autonomous (due to the need for the addition
of two sequential fuels to trigger the changes in oxidation state
at the palladium centre), the rotary motor exhibits autonomous
directionality: driven by the orthogonal reactivity of the palladium
oxidation states, the motor itself determines the direction
of rotation.

Subjecting diastereomerically pure (S,M)-1 (>98%) to C–H acti-
vation conditions (Fig. 3, 1.5 equiv. of palladium acetate, 2 equiv. of
trifluoroacetic acid and heating to 80 °C), followed by ligand
exchange through treatment with lithium chloride in acetone pro-
vided a yellow solid. Based on its poor solubility in a number of
common organic solvents and broad 1H NMR spectra observed in
d-chloroform, we postulate that this species is a mixture of the pal-
ladacycle dimer {Pd[(R,M)-2]Cl}2 and related complexes with brid-
ging [PdCl2] units, which we denote {{Pd[(R,M)-2]Cl}2 + [PdCl2]x}.
These species are formed via axial inversion of the atropdiastereo-
meric {{Pd[(R,P)-2]Cl}2 + [PdCl2]x}. The unidirectionality of the
transformation of (S,M)-1 into (S,P)-1 was confirmed by character-
ization of the monomeric derivative C5D5N–Pd[(R,M)-2]Cl by one-
and two-dimensional NMR spectroscopy experiments and high-
resolution mass spectrometry (Fig. 3; see Supplementary Section 5
for further details; the axial helicity in C5D5N–Pd[(R,M)-2]Cl
is assigned as M by subsequent reactivity and comparison with
calculations of a related system).

To complete the 180° unidirectional rotation (that is, the conver-
sion of (S,M)-1 into (S,P)-1) the C–Pd bond in Pd[(R,M)-2]XL was
transformed into a C–H bond (Fig. 3a). This could be accomplished
via reductive elimination from an organopalladium(II) hydrido
complex H–Pd[(R,M)-2]L with concomitant formation of a palla-
dium(0) species. This hydride transfer–reductive elimination
sequence could be accomplished, with complete stereoselectivity
for the formation of (S,P)-1 over (S,M)-1 (>98%), through the treat-
ment of {{Pd[(R,M)-2]Cl}2 + [PdCl2]x} with the mild hydride

[Pd(II)]

C–H activation

Oxidative
addition

Reintroduction
of C–Br bond

Reintroduction
of C–H bond

F S

O

H Br

(S,M)-1

F S

O

Br

Pd[(R,M)-2]XL

PdII

L

X

F S

O

Br H

(S,P)-1

F S

O

H

Pd[(R,P)-3]BrL

PdII

Br

L
F S

O

H

Pd[(R,M)-3]BrL

PdII

Br

L

F S

O

Br

Pd[(R,P)-2]XL

PdII

L

X

[Pd(0)]

Figure 2 | Palladium-mediated 360° unidirectional rotation of biaryl 1. The upper aryl ring (the ‘rotor’, blue) rotates through 360° in a clockwise sense with
respect to the lower aryl ring (the ‘stator’, red). Four key steps mediate the rotation: (i) C–H activation; (ii) reintroduction of the C–H bond; (iii) oxidative
addition; and (iv) reintroduction of the C–Br bond.
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reducing agent sodium triacetoxyborohydride (STAB). Although
direct treatment of {{Pd[(R,M)-2]Cl}2 + [PdCl2]x} with STAB at
room temperature did provide excellent selectivity for the formation
of (S,P)-1 over (S,M)-1, significant quantities of the over-reduced
di-hydro species (S)-4 were observed (see Supplementary Section 9
for further details).We reasoned that (S)-4was formed due to the pres-
ence of highly reactive ligandless palladium(0) species after the hydride
reduction of the C–Pd bond in {{Pd[(R,M)-2]Cl}2 + [PdCl2]x}
and postulated that the introduction of stabilizing ligands
would reduce the reactivity of the palladium(0) species towards
direct reduction of the C–Br bond. Gratifyingly, treatment of
{{Pd[(R,M)-2]Cl}2 + [PdCl2]x} with 2 equiv. of trans,trans-
dibenzylideneacetone (dba, a ligand known to support palladium(0)

centres) before the addition of STAB limited the formation of
(S)-4. 1H NMR spectroscopy of the crude reaction mixture indicates
that the palladium(0) species formed after this sequence is of the
form Pd2dba3 (ref. 28). Thus, as depicted in Fig. 3, a 180° uni-
directional rotation of (S,M)-1 into (S,P)-1 can be achieved in
45% overall yield through a C–H activation–ligand exchange–
hydride transfer–reductive elimination sequence.

The unidirectional transformation of (S,P)-1 into (S,M)-1 was
achieved as detailed in Fig. 4: a solution of (S,P)-1 in tetrahydro-
furan was treated with bis(dibenzylideneacetone)palladium(0)
(0.75 equiv.) and tricyclohexylphosphine (2 equiv.) and heated to
40 °C overnight. Analysis of the reaction mixture by 19F NMR spec-
troscopy showed the formation of a broad signal at –118.5 ppm

(i) dba (2.0 equiv.), 1,2-DCE, r.t., 15 min

(ii) NaBH(OAc)3 (3.0 equiv.), r.t., 20 min
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(S,P)-1: (I) (S,M)-1; (II) {{Pd[(R,M)-2]Cl}2 + [PdCl2]x}; (III) crude reaction mixture following reduction of {{Pd[(R,M)-2]Cl}2 + [PdCl2]x} with sodium
triacetoxyborohydride (3.0 equiv.) in the presence of dba (2.0 equiv.); and (IV) (S,P)-1.
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that could be assigned to the desired oxidative addition complex
Pd[(R,M)-3]BrPCy3. Next, Pd[(R,M)-3]BrPCy3 was subjected to
standard bromination conditions (4 equiv. N-bromosuccinimide in
dichloromethane at room temperature) to provide (S,M)-1 in 42%
yield in excellent selectivity ((S,M)-1:(S,P)-1 of 10.7:1.00 by 19F
NMR) over the two steps. In a separate experiment, the clockwise
pathway for the formation of (S,M)-1 from (S,P)-1 was confirmed
by the isolation of Pd[(R,M)-3]BrPCy3 and its full structural charac-
terization by NMR, mass spectrometry and single-crystal X-ray dif-
fraction (Fig. 4c), where the diastereomeric relationship between
the central chirality at the sulfoxide and the chirality over the biaryl
axis is clearly evident. Interestingly, the X-ray structure determination
indicated the crystal to be racemic: the diffraction data were consistent
with a centrosymmetric spacegroup. We attribute this to the fact that
a mixture of (S,P)-1 and (S,M)-1 (1.0:3.2 by 19F NMR) with slightly
diminished enantiomeric excess (approximately <90%; see
Supplementary Section 7 for further details) was used in the oxidative
addition reaction (the racemate apparently crystallizes from solution).

Figures 3 and 4 describe two 180° unidirectional rotations, where
the unidirectional rotation is derived from the inherent orthogonal
reactivity of the two palladium oxidation states, the lowering of the
barrier to rotation via the formation of a bridging palladacycle, and
the transfer of chirality across the palladium atom from the sulfur
point chirality to the biaryl axis. However, there is a further aspect
of organopalladium chemistry that we have yet to harness: its
catalytic capabilities. During the transformation of (S,M)-1 into
(S,P)-1 (Fig. 3) a palladium(II) complex is converted into a palla-
dium(0) species. As shown in Fig. 4, (S,P)-1 reacts with a palla-
dium(0) complex to provide (S,M)-1 and what is likely to be the
concomitant formation of palladium(II). As biaryl 1 undergoes a
360° physical rotation, the palladium atom undergoes a cycle of
its oxidation states from palladium(II) to palladium(0) and back to
palladium(II). Through careful choice of experimental conditions

we hypothesized the development of a system based on two inter-
connected cycles: a physical rotation that is governed by a cycle of
palladium oxidation states.

The realization of these interconnected cycles in a system with
full rotary motion is shown in Fig. 5. As before, (S,M)-1 was con-
verted into (S,P)-1 following C–H activation with palladium(II)
acetate, hydride transfer from sodium triacetoxyborohydride and
C–H reductive elimination (vide supra). Rather than subject this
reaction mixture to purification (Fig. 3), we postulated that simple
addition of tricyclohexylphosphine and a slight increase in tempera-
ture would be sufficient to activate the in situ-formed palladium(0)
complexes towards oxidative addition into the C–Br bond of (S,P)-1.
To our delight, addition of 1.5 equiv. of tricyclohexylphosphine and
heating to 40 °C led to conversion of (S,P)-1 to the oxidative
addition complex Pd[(R,M)-3]BrPCy3, as determined by the for-
mation of a broad signal at –118.5 ppm in the 19F NMR spectrum
(Supplementary Section 7). Although the conversion is incomplete
and some (S,P)-1 remains (see Supplementary Section 8 for full
details), subsequent bromination leads to the isolation of (S,M)-1
and (S,P)-1 in a 1.00:1.32 ratio in 45% yield (Fig. 5), where this
ratio supports the transformation of Pd[(R,M)-3]BrPCy3 into
(S,M)-1 in high selectivities, similar to those observed in Fig. 4.
This experiment illustrates a unidirectional 360° rotation about a
single bond driven by sodium triacetoxyborohydride and N-bromo-
succinimide as chemical fuels in 19% overall yield, and proof of
principle of a molecular rotary motor based on a palladium redox
cycle. In principle, as a palladium(II) species is formed in the final
step of the sequence, the system should be primed for spontaneous
C–H activation and repetition of the rotary cycles following small
adjustments to the reaction conditions. In practice, we expect that
the presence of the electron-rich phosphine (tricyclohexylphos-
phine) in the reaction mixture will preclude subsequent C–H
activation, and that further experimental optimization, in particular

Pd2(dba)3 (0.75 equiv.)
PCy3 (2.0 equiv.)

THF, 40 °C, 22 h

(I)

(II)
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CH2Cl2, r.t., 22 hF S

O

Br H

(S,P)-1

(S,P)-1

(S,M )-1
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Figure 4 | Unidirectional 180° rotation of (S,P )-1 into (S,M )-1. a, Chemical structures and reaction scheme for unidirectional 180° rotation of (S,P)-1 into
(S,M)-1. (S,P)-1 was treated with bis(dibenzylideneacetone)palladium(0) (Pd2dba3, 0.75 equiv.) and tricyclohexylphosphine (PCy3, 2.0 equiv.) and heated to
40 °C in tetrahydrofuran (THF) for 22 h, followed by flash column chromatography to isolate Pd[(R,M)-3]BrPCy3 and treatment with NBS (4.0 equiv.) to
provide (S,M)-1 in 42% yield, (S,M)-1:(S,P)-1 = 10.7:1.0. b, 19F NMR spectra (CDCl3, 400MHz) of key intermediates in the transformation of (S,P)-1 into
(S,M)-1: (I) (S,P)-1; (II) Pd[(R,M)-3]BrPCy3; and (III) mixture of (S,M)-1 and (S,P)-1 obtained following treatment of Pd[(R,M)-3]BrPCy3 with NBS
(4.0 emsp14;equiv.) at room temperature and purification by flash column chromatography. c, The diastereomeric relationship between the central chirality
at sulfur and the axial chirality was confirmed by the isolation and structural characterization by single X-ray diffraction of (±)-Pd[(R,M)-3]BrPCy3.
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modifying the ligands at palladium, is required to achieve multiple
rotary cycles.

In conclusion, we have developed a molecular motor that under-
goes 360° unidirectional rotation when combined with palladium and
treated with chemical fuels. We envision that future studies will allow
the development of a continuous organopalladium rotor through
judicious choice of the reaction conditions and ligands. The feasibility
of our molecular rotor is rooted in the reactivity principles that have
underpinned the fields of organometallic chemistry and transition-
metal catalysis over the past six decades: the orthogonal reactivity
of different metal oxidation states, the unique steric environment
offered to the ligands about transition-metal centres, which amplifies
the communication between stereochemical elements, and the ease
with which oxidation states can be cycled between and controlled
by simple chemical reagents. It is interesting to note that the oxi-
dation states of transition metals can be controlled not only with
chemical reagents, but also through electrochemical methods.
Future studies into the extension of the current system along these
lines will provide fascinating prospects to realize an electrochemically
powered molecular motor. Using powerful organometallic reactivity
principles to control motion at the molecular scale represents an
important advance in the development of complex molecular
machines and takes us a major step towards the ultimate goal of
the design of an autonomous continuously operating chemically
fuelled catalytic molecular motor.
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Figure 5 | Chemical structures and reaction scheme for an integrated cycle based on switching palladium(II) and palladium(0) redox states for
unidirectional 360° rotation of (S,M )-1 into (S,P )-1 into (S,M )-1. Conditions mimic those described in Figs 3 and 4, except that following reduction with
sodium triacetoxyborohydride, the reaction mixture was treated directly with tricyclohexylphosphine (PCy3, ∼1.5 equiv. with respect to the monomeric unit of
{{Pd[(R,M)-2]Cl}2 + [PdCl2]x}) and heated to 40 °C for 20 h. The reaction mixture was then treated with NBS (∼4.0 equiv. with respect to the monomeric
unit of {{Pd[(R,M)-2]Cl}2 + [PdCl2]x}) at room temperature to provide a 1.00:1.32 mixture of (S,M)-1 and (S,P)-1 in 45% yield, representing a 19% overall
yield obtained via a 360° rotational cycle.
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