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The controlled translational motion displayed by nature’s motor proteins
underpins a wealth of processes integral to life, from organelle transport to

muscle contraction. The motor proteins move along one dimensional cytos-
keletal tracks, with their motion characterised by high association of the
enzyme to the biopolymer combined with highly dynamic motion along the
track. Here we introduce carbon-to-carbon metal migration as a platform for
dynamic association and show how such migrations, in combination with the
incorporation of a simple hydrocarbon, can be harnessed to achieve autono-
mous directional translational motion of a metal centre along the length of a

polyaromatic track.

Efforts to mimic the dynamic association displayed by nature’s motor
proteins and control translational motion in fully synthetic systems
have been dominated by rotaxane-based systems'™*, where the prop-
erties of the mechanical bond ensure complete association between
the moving component (the macrocycle) and the track it encircles,
while allowing high rates of translation through shuttling of the mov-
ing component under Brownian motior’. In addition to the dynamic
association displayed by many rotaxane systems, by careful design of
the track and macrocyclic component, elegant strategies have been
employed to further control the motion in these mechanically inter-
locked systems, with both energy and information ratchet mechan-
isms allowing directional translational motion to be achieved®™¢. Other
than mechanical bonds, alternative platforms for achieving controlled
translational motion in fully synthetic systems have had more limited
success”, with bipedal walker systems that exhibit dynamic association
lacking mechanisms to achieve inherent directionality'®*°, and bipedal
systems that do display high levels of directionality requiring stepwise
intervention of an experimentalist (i.e., they lack the dynamic auton-
omous behaviour that underpins nature’s walkers)* %,
Carbon-to-carbon metal migrations have been reported exten-
sively in the literature over the last 25 years and have become estab-
lished as a powerful method for remote functionalisation and the
construction of complex polycarbocyclic structures® 2, Palladium and
rhodium migrations have been most extensively developed” ™,
although other transition metals have also been shown to undergo
migration”™*, and migrations between carbon atoms four or five

carbon atoms apart, termed [1,4] and [1,5] migrations, respectively,
dominate the field due to the energetically accessible five- and six-
membered metallocycles through which these pathways pass. Exten-
sive mechanistic studies suggest that for palladium and rhodium, the
metal centre remains covalently bound to the substrate through the
migration®*°, giving rise to highly reversible processes with high rates
of reaction, characteristics which lead us to propose that metal
migrations could be exploited to achieve the dynamic association
required for mimics of nature’s motor proteins. In addition to
exploiting the dynamic association exhibited by metal migrations, we
use the incorporation of a simple hydrocarbon to ratchet the system
and achieve the directional translation of a rhodium centre over
extended polyaromatic tracks.

On examination of the archetypal polyaromatic track, 1,4-poly-
phenylene, we reasoned that, in its simplest form, directional transla-
tional motion of a metal centre along the track would comprise
alternating [1,2] and [1,4] C(sp?-to-C(sp?) metal migrations, with the
metal centre moving from site A to site B and site B to site A’, and so on
(Fig. 1a; once the symmetry of the track in broken, i.e., if the metal is
associated with the track and does indeed move directionally along it,
sites A and B are no longer degenerate). Such behaviour as the basis of
directional motion along the polyaromatic chain, however, is pre-
cluded in two ways. Firstly, while [1,4] and [1,5] metal migrations are
described extensively in the literature, the corresponding [1,2] metal
migrations are scarcely reported, with a single example of a [1,2] rho-
dium migration having been described'. Secondly, the aryl-to-aryl
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Fig. 1| Design for controlled translational motion. a Alternating [1,2] and [1,4]
C(sp?-to-C(sp?) metal migrations for translational motion of a metal centre along a
1,4-polyphenylene track. b Design for controlled translational motion of a metal
centre through repeating sequence of migratory insertion—[1,4] migration—[1,4]
migration. ¢ Miura’s Rh(l)-catalysed iterative C-H alkylation with norbornene’;

directional translational motion

note that a single diastereoisomer of the tetra-substituted product is depicted with
incorporated norbornane units depicted arbitrarily as (R,R,S). Red and blue used to
highlight [1,2] and [1,4] C(sp?)-to-C(sp?) metal migrations; green used to illustrate
sequential incorporation of norbornene.

migrations described in Fig. 1a lack inherent directionality: the species
before and after the migrations, each with one C(sp?)-metal bond and
one C(sp?)-H bond, have little to differentiate them (the structures
with the metal at site A versus B, and B versus A’) and thus, while the
metal centre may indeed move with dynamic association along the
length of the polyaromatic track, it would do so bidirectionally with no
inherent directionality.

To address these two issues and achieve directional motion of the
metal centre along the polyaromatic track, we recognised that the
incorporation of a simple hydrocarbon would allow us to achieve 1) a
general solution to the kinetically inaccessible migration of a metal
centre between two adjacent carbon atoms, and 2) a symmetry
breaking of the migrations such that they become biased and can be
exploited to achieve directional translational motion.

As depicted in Fig. 1b, we proposed that in the presence of some
electrophilic m-system, X=Y, an aryl-metal species Int-I centred at
position A will undergo migratory insertion into the X =Y bond pre-
ferentially over the A~ B [1,2] migration, generating X-Y-metal spe-
cies Int-Il. In Int-ll, the metal centre occupies a position [1,4] in relation
to site B and can undergo migration back to the polyaromatic track via

a [1,4] migration, to give Int-lll. In going from Int-I to Int-HI, the metal
centre undergoes a formal [1,2] migration, through sequential migra-
tory insertion—[1,4] migration via a kinetically accessible 5-membered
metallocycle. In addition, while the direct [1,2] migration from site A to
site B without the incorporation of X=Y would lack directionality,
formal [1,2] migration via Int-ll breaks the symmetry of the system and
introduces the possibility of ratcheting the system via the relative
energetics and reactivities of intermediates Int-I-lll. From Int-Hl, the
metal centre is primed to undergo aryl-to-aryl [1,4] migration across
the biaryl bond to site A’, giving In¢-IV. While such migrations have
been described in the literature, directionality associated with the
migration (i.e., whether the metal centre favours site B or site A’) has
been shown to derive from both electronic and steric differentiation of
the two aromatic rings®* %, Attempts to use electronic bias to control
the [1,4] migrations along an extended polyaromatic track are going to
achieve limited success as gradients of sufficient electronic differ-
entiation would be required across multiple biaryl units. We postu-
lated, however, that the incorporation of X=Y not only breaks the
symmetry of the formal [1,2] migration but also that of the [1,4]
migration. The carbon-metal bonds in Int-lll and Int-IV exist in
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markedly different steric environments with [1,4] migration to Int-IV
releasing steric strain associated with the ortho X-Y group in Int-Hll.
Int-IV can then undergo insertion into another equivalent of X =Y and
the sequence of migratory insertion—[1,4] migration—[1,4] migration
repeats to move the metal centre another aromatic unit along the
polyaromatic chain. It is important to note here that alternative path-
ways are accessible to many of these intermediates. For example,
insertion into X=Y may be a competing pathway for Int-lll and all
organo-metal species may undergo competitive demetallation pro-
cesses (vide infra). However, the successful realisation of the design
outlined in Fig. 1b would represent an approach to directional trans-
lational motion at the molecular level where carbon-to-carbon metal
migrations are harnessed to achieve dynamic association of a moving
component to a polyaromatic track.

In this work, the moving component—the metal centre—is trans-
ported along the length of the polyaromatic track with complete
directionality, which arises from the information ratchet mechanism:
each molecule of X=Y is introduced in the position preceding the
metal centre, which influences the relative rates of the subsequent
steps and drives the metal centre in one direction, away from the
previously introduced X-Y unit.

Results

Drawing on an iterative C-H alkylation process reported by Miura and
co-workers (Fig. 1c)**, we identified norbornene, with its highly
strained C = C bond, in combination with rhodium (Rh) as the basis for
the proposed system (i.e., electrophilic Ti-system, X =Y, and metal, M,
respectively). As depicted in Fig. 1c, in Miura’s system, iterative
incorporation of norbornene around a single aromatic ring arises via
sequential cycles of migratory insertion of an aryl-rhodium species
into norbornene followed by sp*(C)-to-sp*(C) [1,4] migration of the
rhodium centre back to the ortho C(sp? position, providing convin-
cing precedent for the first two steps of the three-step cycle of
migratory insertion—[1,4] migration—[1,4] migration that underpins
the proposed translational motion in Fig. 1b. The final step of this cycle,
the [1,4] aryl-to-aryl migration, has only been reported in a stoichio-
metric system for rhodium®, although the corresponding catalytic
[1,4] aryl-to-aryl palladium migration is well described®*°, and rho-
dium has been reported to readily undergo catalytic [1,5] aryl-to-aryl
migration®’.

In the system outlined in Fig. 1b, the directional transport of the
metal centre along the length of the polyaromatic track is coincident
with the directionally sequential (i.e., site selective) modification of the
molecular track along which it moves: the metal centre acts proces-
sively to functionalise the track at sites A, A’, A’ ... in a directionally
sequential fashion. Such controlled processive catalysis has long been
a subject of intensive research and elegant examples of processive
catalysis acting on linear substrates using mechanical bonds have been
reported in the literature®™. Limited examples of directionally
sequential modification of small molecules have also been
reported®>™*, but these iterative functionalisation processes lack
inherent processivity and it is thus hard to see how these systems can
be exploited to achieve directional transport of the catalytic compo-
nent, unless through the use of mechanical bonds.

To explore whether the proposed migratory insertion—[1,4]
migration—[1,4] migration sequence could facilitate directional trans-
port of a rhodium centre, we designed small biaryl track 1 (Fig. 2a).
Track 1 was functionalised with a pinacolato boronic ester (Bpin) to
facilitate the loading of the rhodium centre onto the track via a
transmetalation event along with a fluorine substituent in the para
position of the second ring, which we envisaged would limit the
incorporation of adjacent norbornane groups on the second aromatic
ring and additionally provide a handle for analysis of the reaction by °F
NMR spectroscopy. Using Miura’s conditions as a starting point®, a
brief optimisation provided trisubstituted track tri-1in 91% yield by 'H

NMR spectroscopy (di: tri substitution = 1.0: >20; see Supplementary
Information Table S1 for optimisation details). Isolation of tri-1in 84%
yield provided material for further analysis and allowed us to confirm
the substitution pattern depicted in Fig. 2a, with the norbornane
groups distributed across the two aromatic rings at sites 1, 2, and 6,
confirming catalysis along the length of the track. The prochirality of
the norbornene leads to the generation of tri-1 as two enantiomeric
sets of a 1:1:1:1 mixture of four diastereoisomers, as reflected in the *F
NMR spectrum (Fig. 2b).

Having established the incorporation of multiple norbornane
groups, we sought to confirm 1) the directionally sequential nature of
their incorporation, i.e., that the norbornane groups are incorporated
at site 1 then site 2 then site 6, and 2) the processivity of the catalysis,
i.e., that the Rh centre remains associated with the track throughout
the iterative modification process. Confirmation of the processive
directionally sequential incorporation of norbornane units along the
track represents direct evidence of the directional transport of the Rh
centre along the track. To confirm postulates 1 and 2 above, a series of
mechanistic experiments were undertaken, as detailed in Fig. 2c-f.

We propose that after the incorporation of the third norbornane
group, protonolysis occurs from aryl-Rh species Int-I-tri-1, which was
borne out when the reaction was conducted in the presence of 25
equivalents of D,O and D-7-tri-1 was isolated from the reaction (71% D;
Fig. 2c). We reasoned that isolation of lower order substitution pro-
ducts (mono- and di-substituted di-1) would allow us to confirm the
order in which the norbornane groups are introduced and proposed
that these lower order substitution products could be accessed by
promoting protonolysis from earlier intermediates through higher
concentrations of H,O0. Indeed, when the reaction was conducted with
increasing concentration of H,O (14 equiv., 28 equiv., 56 equiv., Fig. 2d)
the proportion of di-1 increased, although interestingly mono-
substitution remained only a minor component of the reaction mix-
ture even at high H,O concentrations. Crucially, we saw no evidence of
substitution products that could have arisen from a non-directionally
sequential sequence, e.g., di-substitution products (1,6)-di-1 or (2,6)-
di-1, which provides strong evidence to suggest that the norbornane
groups are introduced in a directionally sequential fashion.

We then sought to confirm that the catalysis was processive, that
is, that the rhodium centre remains associated with the track
throughout the iterative functionalisation. We subjected di-
substituted track di-1 to the optimised reaction conditions and con-
firmed that no subsequent functionalisation occurs (Fig. 2e): incor-
poration of norbornane is contingent on an initial transmetalation
loading event and the rhodium centre remaining associated with the
track. We also subjected bis-ortho-deutero biaryl D,-1 to the reaction
conditions and observed almost complete transfer of deuteration to
D,-tri-1 (97% to 94% D), indicative of a migration event which occurs
with complete processivity (Fig. 2f).

We believe that these experiments confirm that 1) the norbornane
groups are incorporated in a directionally sequential fashion, and 2)
that the rhodium centre remains associated with the track through
covalent o-bonding throughout the catalysis before a final proto-
derhodation event releases the active catalyst from the track. These
two features establish that the rhodium centre moves directionally
along the polyaromatic track, confirming autonomous directional
molecular-level translational motion in a fully synthetic system in the
absence of mechanical bonds.

We then sought to establish the generality of the controlled
translational motion and looked at the composition of the track. While
literature reports suggest that [1,n] metal migrations can be highly
sensitive to the electronic nature of the migration outset and
terminus®®*’, our design exploits the incorporation of norbornene to
ratchet the translational motion, specifically the [1,4]-sp*(C)-to-sp*(C)
migration, overcoming any bias that derives from the relative elec-
tronic properties of the two aromatic rings, Ar; and Ar, (Fig. 3a). We
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Fig. 2 | Directionally sequential processive catalysis for controlled directional
motion. a Optimised conditions for the directionally sequential iterative C-H

alkylation of 1: 1 (0.20 mmol), norbornene (11 equiv.), [RhCl(cod)], (2.5 mol%), dppp
(5.0 mol%), CsF (2.0 equiv.), 1,4-dioxane:IPA (98:2), 80 °C, 16 h; 84% isolated yield of
tri-1, ratio of substitution products di-1: tri-1 determined by 'H NMR spectroscopy
of crude reaction. b*F NMR spectrum of isolated tri-1. ¢ 1 subjected to optimised
reaction conditions in the presence of DO (25 equiv.); D incorporation determined

'*O

b

' -115.4 -115.6

1 tri-1, 84%, di

3 (ppm)

(ti=1.0:>20

Int-I-tri-1

D-7-tri-1, 71%, 71% D
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'*O

tri-1

D2 -tri-1, 78%, 94% D

by 'H NMR spectroscopy; blue used to illustrate incorporated D atom. d Optimised
reaction conditions with increasing equivalents of H,O (y =14, 28, 56); ratio of
substitution products di-1: tri-1 determined by 'H NMR spectroscopy of crude
reactions. e Di-substitution product di-1 subjected to optimised reaction condi-
tions. f. Bis-deutero-biaryl D,-1 subjected to optimised reaction conditions; D
incorporation determined by 'H NMR spectroscopy; red used to illustrate D labels.
Note that all incorporated norbornane units are depicted arbitrarily as (R,R,S).

selected a small library of 7- and 8-substituted biaryl boronic esters
(Fig. 3a; 1-5), whose Hammett o values lay in the range -0.27- + 0.43%,
and subjected these biaryl tracks to the rhodium catalysis. Indeed, the
degree of norbornene incorporation, measured by the ratio of di- to
tri-substitution products, displays little correlation with the Hammet ¢
values, confirming that the incorporation of the hydrocarbon is suffi-
cient to overcome any inherent electronic bias in the [1,4]-sp*(C)-to-
sp?(C) migration. Interestingly, the degree of norbornene incorpora-
tion does appear to be influenced by the steric size of the substituent

on the second aromatic ring, Ar,, as determined by the corresponding
A values®®, suggesting that the ratio of di- to tri-substitution products is
highly sensitive to steric factors. We also studied a small series of ortho-
methyl substituted tracks (6-8). A methyl group in the ortho position
of the outset ring Ar; (position 3, 6; Fig. 3a, Entry 6) has little impact on
the migration, nor when the methyl group is moved to the ortho
position of the terminating ring (position 6, 7; Fig. 3a, Entry 7). How-
ever, when there is a methyl group in the ortho position on both the
outset and terminating ring (positions 3 and 6, 8; Fig. 3a, Entry 8), we
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Fig. 3 | Investigation of track composition for controlled directional motion of
Rh centre. a Library of electronically differentiated biaryl tracks as substrates
under optimised reaction conditions: biaryl 1-8 (0.20 mmol), norbornene (11
equiv.), [RhCl(cod)], (5.0 mol%), dppp (10 mol%), CsF (2.0 equiv.), 1,4-dioxane:IPA
(98:2), 80°C, 16 h; “ [RhCl(cod)], (2.5 mol%), dppp (5.0 mol%); ® Hammett o values
are given relative to position 6, i.e., Entries 1-3, 5: o, Entry 4: 0,,; © combined 'H
NMR spectroscopy yield of di- and tri-substituted products using 1,3,5-trimethox-
ybenzene as an internal standard; ¢ isolated yield of tri-substituted product in
parentheses; ¢ isolated yield of tetra-substituted product; / ratio of substitution
products di: tri determined by 'H NMR spectroscopy of crude reactions. b Directly

tri-14, 90%

tetra-12, 60%

O%\
F
tri-15, 48%

linked polyphenylene track with bent conformation, 9, under optimised reaction
conditions with [RhCl(cod)], (5.0 mol%), dppp (10 mol%) giving penta-9; isolated
yield. ¢ Methylene-linked biaryl tracks (10-12) as substrates under optimised
reaction conditions with [RhCl(cod)], (2.5 mol%), dppp (5.0 mol%) giving poly-
substituted tracks tri-10, tetra-11, tetra-12; isolated yields. d Me,Si- (13), MeN-
(14), and O- (15) linked biaryl tracks as substrates under optimised reaction con-
ditions with [RhCl(cod)], (2.5 mol%), dppp (5.0 mol%) giving tri-substituted tracks
tri-13, tri-14, tri-15; isolated yields. Note that all incorporated norbornane units are
depicted arbitrarily as (R,R,S).

observe exclusive di-substitution and no evidence of tri-substitution,
which we attribute to an inaccessible migration transition state arising
due to the sterics associated with bringing the two ortho-methyl
groups into plane in the migration transition state.

Extension of the polyaromatic track at the 7 position introduced a
bent conformation to the track, which was well tolerated, providing
the corresponding penta-substituted track penta-9 in excellent iso-
lated yield (Fig. 3b; see Supplementary Information Section 3.6 for
details).

In the design outlined in Fig. 1b, [1,4]-sp*(C)-to-sp*(C) migrations
are exploited to achieve directional transport of the metal centre along

a track comprising directly linked aromatic rings. We postulated that
incorporating a [1,5]-sp*(C)-to-sp?(C) migration®, in place of the [1,4]-
sp*(C)-to-sp*(C) migration, would allow us to achieve directional
transport along more structurally diverse polyaromatic tracks, speci-
fically those incorporating methylene linkages. To our delight, sub-
jecting methylene linked track 10 to the optimised reaction conditions
provided the tri-substituted track tri-10 in 91% yield (Fig. 3c; see Sup-
plementary Information Section 3.7 for details). Crucially, incorpora-
tion of both direct and methylene linked aromatic rings into the track
is well tolerated leading to the tetrasubstituted tracks tetra-11 and
tetra-12 in good yield, independent of the order of those linkages

Nature Communications | (2025)16:5232


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-60383-3

Bpin
d

n=1,16

n=3,17

n=3

octa-17 major
component by MALDI HRMS

Fig. 4 | Controlled directional motion of Rh centre over increasing track length.
Controlled translational motion over longer length scales; polyaniline tracks 16 and
17 as substrates under the optimised reaction conditions with [RhCl(cod)], (10 mol
%), dppp (20 mol%), norbornene (22 equiv.) giving hexa- and octa-substituted

tracks as the major substitution products (hexa-16 and octa-17), respectively; for

hexa-16
I
L
N
I

80% (tetra-16 : hexa-16 = 1.0 : 6.7)

Sp¥egcless

16, isolated combined yield of tetra-16 and hexa-16; for 17, octa-17 identified as
major component of reaction by MALDI HRMS (see Supplementary Information
Section 3.10 for details); shades of green used to illustrate sequential incorporation
of norbornene. Note that all incorporated norbornane units are depicted arbitrarily
as (R, R, S).

(Fig. 3c). Following the success of methylene linked track 10, we
explored further increases to the structural diversity of the tracks
through alternative linking motifs. SiMe,- and MeN-linked tracks 13
and 14 underwent efficient tri-substitution to give tri-13 and tri-14,
respectively, in excellent yield (Fig. 3d), while oxygen-linked track 15
showed a poorer di- to tri-substitution ratio (di: tri substitution = 1.0:
1.4), which we attribute to protoderhodation from the ortho position of
the first ring becoming competitive with migration across the flexible
ether linkage.

Exploiting the highly effective catalysis associated with the MeN-
linked track 14 (90%, di: tri substitution = 1.0: >20, Fig. 3d), we then
explored tracks of increasing length. To our delight, when polyaniline
track 16 is subjected to the reaction conditions in the presence of 22
equivalents of norbornene, hexa-substituted track hexa-16 is gener-
ated as the major component of the reaction with an 80% combined
yield of the tetra- (tetra-16) and hexa-substituted (hexa-16) tracks
(tetra: hexa substitution = 1.0: 6.7, Fig. 4). Extending the track by two
further aniline units provides penta-aryl track 17, which when sub-
jected to the reaction conditions (22 equivalents of norbornene) gave
octa-substituted track octa-17 as the major component (-55%) of the
reaction, as confirmed by MALDI HRMS (see Supplementary Informa-
tion Section 3.10 for details of the analysis).

In summary, we have identified carbon-to-carbon rhodium
migrations as a strategy for mimicking the dynamic association that
underpins controlled translational molecular level motion in biological
systems. Directionality is imparted on the translational motion
through the repetitive incorporation of a simple hydrocarbon into the
polyaromatic track. The reported system represents an example of
autonomous directional translational motion at the molecular level in
a fully synthetic system that does not rely on mechanical bonds. In
addition, it realises a rare example of long elusive directionally
sequential processive catalysis®®, and the only example for which
processivity is not achieved through mechanical bonds. The system
holds great promise in addressing some of the limitations associated
with translational motion mediated by mechanical bonds, where track
branching is not tolerated, and motion is thus limited to one dimen-
sion. The prevalence of metal migrations, and the processivity inherent
to their mechanisms, alongside the breadth of possible chemical
diversity associated with the system X =Y, suggests that the approach
outlined here has the potential to become a general strategy for con-
trolling motion at the molecular level.

Data availability
The data that support the findings of this study are available within the
paper and its Supplementary Information.
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