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Distal scaffold flexibility accelerates ligand
substitution kinetics in manganese(I) tricarbonyls:
flexible thianthrene versus rigid anthracene
scaffolds†
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This work investigates the effect of molecular flexibility on fundamental ligand substitution kinetics in a

pair of manganese(I) carbonyls supported by scaffold-based ligands. In previous work, we reported that

the planar and rigid, anthracene-based scaffold with two pyridine ‘arms’ (Anth-py2, 2) serves as a biden-

tate, cis donor set, akin to a strained bipyridine (bpy). In the present work, we have installed a more

flexible and dynamic scaffold in the form of thianthrene (Thianth-py2, 1), wherein the scaffold in the free

ligand exhibits a ∼130° dihedral angle in the solid state. Thianth-py2 also exhibits greater flexibility (mole-

cular motion) in solution compared with Anth-py2, as evidenced by longer 1H NMR T1 times Thianthy-

py2 (T1 = 2.97 s) versus Anth-py2 (T1 = 1.91 s). Despite the exchange of rigid Anth-py2 for flexible

Thianth-py2 in the complexes [(Anth-py2)Mn(CO)3Br] (4) and [(Thianth-py2)Mn(CO)3Br] (3), respectively,

nearly identical electronic structures and electron densities were observed at the Mn center: the IR of 3

exhibits features at 2026, 1938 and 1900 cm−1, nearly identical to the features of the anthracene-based

congener (4) at 2027, 1936 and 1888 cm−1. Most importantly, we assessed the effect of ligand-scaffold

flexibility on reactivity and measured the rates of an elementary ligand substitution reaction. For ease of IR

study, the corresponding halide-abstracted, nitrile-bound (PhCN) cations [(Thianth-py2)Mn(CO)3(PhCN)]

(BF4) (6) and [(Anth-py2)Mn(CO)3(PhCN)](BF4) (8) were generated in situ, and the PhCN → Br– back-reac-

tion was monitored. The more flexible 3 (thianth-based) exhibited ∼3–4× faster ligand substitution kine-

tics (k25 C = 22 × 10−2 min−1, k0 C = 43 × 10−3 min−1) than the rigid analogue 4 (anth-based: (k25 C = 6.0 ×

10−2 min−1, k0 C = 9.0 × 10−3 min−1) on all counts. Constrained angle DFT calculations revealed that

despite large changes in the thianthrene scaffold dihedral angle, the bond metrics of 3 about the metal

center remain unchanged; i.e. the ‘flapping’ motion is strictly a second coordination sphere effect. These

results suggest that the local environment of molecular flexibility plays a key role in determining reactivity

at the metal center, which has essential implications for understanding the reactivity of organometallic

catalysts and metalloenzyme active sites. We propose that this molecular flexibility component of reactiv-

ity can be considered a thematic ‘third coordination sphere’ that dictates metal structure and function.

Introduction

Basolo & Pearson’s seminal 1965 publication of Inorganic
Reaction Mechanisms detailed the governing parameters for
substitution reactions of coordination complexes based on
crystal field theory (CFT) arguments, providing a foundation
for inorganic chemists to quantitatively explore the kinetics,

thermodynamics and mechanisms of ligand exchange reac-
tions.1 Although elementary, ligand substitution reactions
underpin a variety of important processes in materials and in-
organic complexes such as catalysis, sensing and pharmaco-
efficacy. Basolo & Pearson’s book systematically detailed the
geometric (10Dq arguments), chelate and thermodynamic
effects on ligand substitution kinetics. In the ensuing decades,
many other factors were identified that substantially effect
ligand substitution kinetics—including but not limited to the
following: trans effect/influence, Hammett parameter effects
and secondary coordination sphere effects.2 However, less
explored in coordination chemistry are the kinetic effects of
the flexibility, geometric fluxionality and molecular dynamics
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of metal complexes (and their coordination environments) on
elementary substitution processes.

In the realm of organometallic catalysis the rigidity (or flexi-
bility) of the catalytic system has, in fact, been considered to a
limited extent. Powell studied turnover rates and selectivities
for rhodium-based hydroformylations featuring diphosphine
chelates of varying bite angles. The metal chelated by a BISBI
ligand (a biaryl framework, Chart 1) ligand resulted in the
highest selectivity for straight-chained aldehyde formation
(66.5 n : i ratio). Molecular mechanics calculations suggested
the flexible BISBI ligand exhibited a natural bite angle of 113°,
and a wide range of thermally accessible bite angles of 92°–155°
within a 3 kcal mol−1 barrier of thermally added strain energy.
The authors concluded that the natural bite angle alongside
its range of flexibility contributed to the formation of an equa-
torial–equatorial intermediate that was ideal for generating
linear aldehydes.3 Further studies conducted by van Leeuwen
considered the catalyst integrity of Rh-catalyzed hydroformyla-
tions by comparing systems supported by BISBI with those
supported by rigid ‘anthranoid’ chelates (Xantphos,
Sixantphos, Thixantphos; Chart 1) at elevated temperatures.
Results indicated that the more rigid systems provided higher
straight-chained aldehyde selectivities at 80 °C, as well as
40 °C—albeit with marginal selectivity in the latter case. The
authors attributed this result to the increased stability of the
rhodium center chelated by the more rigid ‘anthranoid’ ligand
family.4 Another notable result was that the turnover frequen-
cies of the flexible BISBI complexes were higher at both temp-
eratures, possibly indicating that the more flexible complexes
are inherently more reactive than their rigid counterparts.
However, no direct measurements of simple ligand exchange
reactions were reported to underpin the more complicated
prima facia catalytic results.

On this basis, we devised a scaffold-based approach to
study the kinetic effects of molecular flexibility on the small
molecule scale. We seek to understand the effects of flexibility
and molecular dynamics on elementary ligand substitution
reactions. More specifically, we desired to correlate ligand/
complex flexibility with the kinetic parameters associated with
ligand exchange. We recently reported the synthesis and struc-
tures of several coordination systems (Mn, Re and Fe carbo-

nyls) supported by anthracene-based chelates. For example,
Manes et al. reported the synthesis and structures of manga-
nese tricarbonyl complexes ligated by bidentate anthracene-
scaffold chelates (bis-pyridine, bis-thioether, mixed pyridine/
thiolate).5 The presence of the distal scaffold unit provides an
ideal, modular approach to imbue a higher extent of molecular
motion while retaining an identical primary coordination
sphere—without disturbing the geometry, donor strength or
other electronic qualities at the metal center.

In this work, in lieu of the rigid anthracene scaffold we
have installed the more flexible and dynamic thianthrene
scaffold (Chart 2) to impart greater flexibility to the related
manganese carbonyl complex. In X-ray crystallographic
studies, thianthrene exhibits a dihedral angle of 128°, repre-
sentative of its ‘butterfly’ like geometry in the solid state.6

However, thianthrene does not remain confined to this confor-
mation in solution. Mazzanti reported the ring inversion
dynamics of substituted thianthrene dioxide and tetraoxide via
variable temperature 13C NMR, which elucidated energetic bar-
riers of 9.35 ± 0.15 kcal mol−1 and 6.50 ± 0.15 kcal mol−1,
respectively.7 Another report by Ortiz elucidated ring inversion
of thianthrene-5-oxide between equatorial and axial pseudo-
boat conformations by extrapolating variable temperature 1H
NMR data of trans and cis thianthrene dioxide;8 the ring inver-
sion has a calculated activation energy of 3.8–7.4 kcal mol−1.
Thus, it is evident that thianthrene is quite dynamic in solu-
tion and we hypothesized that incorporation of the thian-
threne scaffold as a comparison to the rigid anthracene
scaffold would enable exploration of the influence of flexibility
and molecular dynamics on the rates of ligand substitutions.
The inherently stable Mn(CO)3 unit provides an ideal and
stable starting point for initiating ligand exchange reactions.
Recently, Subramaniyan et al. published elegant work detailing
the effect of ligand scaffold strain on the binding properties of

Chart 1 Structures of the ligands BISBI (top) and Xantphos, Sixantphos
and Thixantphos (bottom).

Chart 2 (Top) anthracene and thianthrene scaffolds, indicating their
planarity or bent geometries in the solid state; (middle) previously syn-
thesized anthracene-based,5 and herein analogous thianthrene-based
ligands; (bottom) previously synthesized anthracene-based complex.
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PSP pincers. Three different PSP pincers of varying flexibility
(thioxanthone, thioxanthene, and thioether-based) were
employed to generate mononuclear κ3-P,S,P palladium com-
plexes resulting in differing internal ligand strains. DFT calcu-
lations accompanied by experimental results revealed that the
formation of a dimeric species with an added equivalent of Pd,
and the rapid ligand exchange of the thioxanthone-based
pincer with the other two pincers were driven by the relief of
internal ligand strain.9 These results exemplify that ligand
strain/flexibility can affect the energetic properties of metal
complexes and should be properly considered.

Herein we report the synthesis of analogous, pyridine-based
complexes featuring a thianthrene versus anthracene scaffold,
and rates of PhCN → Br− substitution reactions are compared
between the rigid anthracene versus flexible thianthrene
systems. Further evidence of the difference in molecular flex-
ibilities is provided via 1H NMR relaxation experiments, in that
thianthrene-based compounds are more dynamic in solution
than their anthracene counterparts.

Results and discussion
Ligand synthesis

Synthesis of the dibromothianthrene building block was
derived from the works of Lovell, Sheikh and Ogawa.10–12 As
shown in Scheme 1, three synthetic steps produced d as the
key intermediate that ultimately enabled a Suzuki cross-coup-
ling to prepare the target symmetric ligand, Thianth-py2 (1).
Beginning with thianthrene (a), selective mono-oxygenation of
thianthrene (i) activated the 4 and 6 positions for lithiation
and TMS insertion reaction. Oxygenation was performed with
meta-chloroperoxybenzoic acid (mCPBA, 1.2 equiv.) at 0 °C to
minimize side reactions (for example, generating thianthrene
dioxide or tetroxide). For TMS insertion (ii), LDA was generated
in situ via addition of n-BuLi to diisopropylamine. Distillation
of iPr2NH was essential, as TMS insertion using commercial

iPr2NH resulted in either no formation or only trace formation
of c. The moderate yield of c (50%) is attributed to concomi-
tant formation of mono- and tri-inserted TMS byproducts,12

which were observed by 1H NMR prior to purification. To sub-
sequently produce the key coupling precursor d, a tandem
one-pot bromination/reduction was employed.10 After Br2 treat-
ment, addition of Na2SO3(aq) both quenched unreacted Br2 and
deoxygenated (i.e. reduced) the sulfoxo moiety (85%). An
alternative option was to perform a preceding deoxygenation
with acetyl chloride, but we found the one-step process out-
lined by Sheikh to be more efficient. A Suzuki cross-coupling
was performed to produce the desired ligand Thianth-py2 (1).
An excess quantity of pyridine meta-boronic acid was added (3
equiv.) in iv to account for competing boronic acid reactions
and possible degradation.13

Ligand X-ray structures

The X-ray structure of Thianth-py2 (Fig. 1) was derived from
crystals obtained via vapor diffusion of pentane into a DCM
solution of the ligand. The thianthrene backbone exhibits a di-
hedral angle of 131° in the structure of 1. This value deviates
slightly from the 128° dihedral angle in the X-ray structure of
thianthrene, itself, thus highlighting some range of flexibility
of the scaffold. Likewise, the central C–S–C angle of 1 is 103°,
which deviates from the 99° C–S–C angle of thianthrene.
Regarding the orientation of the pyridine donor groups, 1
shares similar characteristics to its rigid anthracene counter-
part 2. First the rotation of the aryl units with respect to the
scaffold minimizes steric clash between the donor arms.
Second, the donor atoms (N) project outwards from the
scaffold and in the same direction, favorable for facile metal
complexation. Each pyridine moiety is tilted inwards (N atoms
facing each other), with torsion angles of 60° or 78°. Such
angles are comparable to the corresponding anthracene
analog (62° or 64°). Thus, it is evident that the predominant
difference between the thianthrene and anthracene-based
ligands is the ‘bent’ vs. ‘planar’ geometry of the scaffold.

1H NMR relaxation experiments

Relaxation is the restoration of nuclear spins to thermo-
dynamic equilibrium. Specifically, spin–lattice (T1) relaxation
is the restoration of the net magnetization (vector sum) to the
direction of the applied magnetic field, following an RF pulse

Scheme 1 Synthesis of (Thianth-py2)Mn(CO)3Br (3): (i) mCPBA, 0 °C,
DCM (72%); (ii) LDA, TMS-Cl, −78 °C, THF (50%); (iii) Br2, Na2SO3(aq),
DCM, rt (85%); (iv) Na2CO3, pyridine-3-boronic acid, Pd(PPh3)4, reflux,
10 : 1 dioxane/H2O (60%); (v) Mn(CO)5Br, THF.

Fig. 1 ORTEP diagrams (30% thermal ellipsoids) of Thianth-py2 (1, left)
and Anth-py2

5 (2, right); hydrogen atoms are omitted for the sake of
clarity.
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of a certain frequency. The applied RF pulse promotes nuclear
spins to a high energy state, and for T1 relaxation to proceed,
the spins in the high energy state have to release/distribute
energy to the lattice (neighboring molecules and atoms) and
return to thermal equilibrium. The lattice (essentially mole-
cular motions) will vary in frequency from molecule to mole-
cule, and thus relaxation rates are strongly affected by the tum-
bling rate of a molecule in solution.14 Relaxation will proceed
swiftly if the frequency of tumbling corresponds to the energy
gap between the high energy and equilibrium states. Naturally,
if the tumbling frequency does not correspond to this energy
gap, relaxation will proceed at a slower rate; this is observed
with very large macromolecular systems such as proteins (slow
tumbling) and conversely with small, single molecules (fast
tumbling).

Because of the strong correlation between molecular
motion and relaxation rates, NMR relaxation experiments are a
common method to probe the localized dynamics of protein
structures.15,16 For this reason, we performed T1

1H NMR relax-
ation experiments on the analogous flexible and rigid ligands
(1 and 2, respectively) and specifically analyzed the scaffold
protons indicated in Fig. 2. The relaxation experiments were
carried out at the same temperature (25 °C) and concentration
(15 mM). The overall tumbling frequencies and corresponding
relaxation rates between the analogous ligands are expected to
be comparable because of the similar ligand sizes.

Table 1 displays the resulting T1 relaxation times for the
scaffold protons of 1 and 2. Notably, proton α for Thianth-py2
and Anth-py2 have relaxation times of 2.97 s and 1.91 s,
respectively. The remaining scaffold protons share comparable
relaxation times (data fits can be found in ESI, Fig. S7 and
S8†). Though the overall tumbling of the analogous ligands
was expected to be the same, intramolecular motions can
affect T1 relaxation bearing that the motions are of similar
time scale as the tumbling. Li et al. performed 13C T1 relax-

ation experiments on the β-carotene related molecules squa-
lene and squalane. Results indicated that the exterior carbons
exhibited longer relaxation times (∼3 s) than the internal
carbons. The carbons on the molecular perimeter experience
fast rotations around the bond that is on the same order of the
overall tumbling of the molecules, thus the relaxation times
are longer.17 Intramolecular, librational motions of molecules
can also affect T1 relaxation. Williams et al. performed 2H T1
relaxation experiments on secondary amides, which present an
out-of-plane librational motion that strongly affects relaxation
rates.18 The amides with more prominent (fast) librational
motions resulted in longer 2H T1 relaxation times.

Assessing thianthrene, the flapping motion can be defined
as a librational motion about the center sulfur atoms. The α
proton of 1 is in close proximity to the origin of libration and
thus exhibits a longer relaxation time than the α proton of 2,
which does not contain the same librational motion. This
result leads to two conclusions: the thianthrene scaffold incor-
porates flexibility to the ligand in the form of ‘flapping’, and
this motion is on the timescale of the overall tumbling of the
molecule.

Metal complexation

The complexation of Thianth-py2 with Mn(CO)5Br proceeded
smoothly in THF to form [(Thianth-py2)Mn(CO)3Br] (3). The IR
spectra presented in Fig. 3 each feature three CO stretches as a
result of the CS symmetry of both complexes. Importantly, the
stretching frequencies are nearly identical between 3 and 4,
indicative of similar electronic properties at the Mn center.
Unfortunately, the well-known problem of resonance broad-
ness in the 1H NMR spectra of the corresponding manganese
complexes (presumably due to 55Mn, I = 5/2) precluded acqui-
sition of T1 times for the metal complexes—despite their low-
spin, d6 diamagnetism.

Fig. 2 Ligand structures indicating the scaffold protons on which T1
analysis was performed, with corresponding labeling scheme.

Fig. 3 IR spectra of [(Anth-py2)Mn(CO)3Br] (4) (red trace) and [(Thianth-
py2)Mn(CO)3Br] (3) (black trace) with corresponding CO stretching
frequencies.

Table 1 1H NMR relaxation times (s) for Thianth-py2 (1) and Anth-py2
(2)

Proton Thianth-py2 (1) Anth-py2 (2)

α 2.97 1.91
B 1.91 1.89
λ 2.35 2.22
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X-ray structures of manganese complexes

Fig. 4 depicts the ORTEP diagrams from the X-ray structures of
[(Thianth-py2)Mn(CO)3Br] (3) and [(Anth-py2)Mn(CO)3Br] (4).
Both structures exhibit pseudo-octahedral geometries with the
chelating pyridine donors and bromide arrayed in a facial
manner, and the opposing face is occupied by the three CO
ligands in piano-stool fashion. The full crystal structure of 3
(Fig. S6†) exhibits disorder between the axial CO and Br
ligands, with 87% occupancy of Br at the apical position and
13% occupancy in the bottom position (CO occupancies are
vice versa). The thianthrene scaffold in 3 exhibits a 146° di-
hedral angle, compared to 131° in the free ligand. The 15°
difference highlights the flexibility of thianthrene. As listed in
Table 2, there is a 19° difference between the torsion angles of
3 and 4. Due to the ‘bent’ thianthrene conformation, the pyri-
dine units of 1 do not require rotation to the same extent
necessary in its anthracene counterpart to bind the Mn center:
the arms of the Thianth-py2 ligand of 3 require a 5° inward
rotation, while the arms of the Anth-py2 ligand of 4 require a
20° inward rotation with respect to the ∼65° torsion present in
both free ligands 1 and 2. Another notable feature is that the
central sulfur atom in the thianthrene scaffold does not
directly interact with the Mn center, as evidenced by an
Mn1⋯S1 distance of 5.36 Å in 3. The remaining bond dis-
tances and angles of interest are displayed in Table 2 and are
very similar between the corresponding systems. Considering

the similar bond metrics and CuO stretching frequencies, it is
evident that the analogous thianthrene and anthracene Mn
complexes are electronically very similar. Therefore—and criti-
cally—on the basis of both spectroscopic and X-ray structural
parameters, we conclude that the exclusive distinguishing
feature of molecular flexibility should account for any substan-
tive reactivity differences between the analogous systems.

Ligand exchange kinetics

Our aim was to use vibrational spectroscopy to monitor a
ligand exchange reaction with the pair of manganese com-
plexes. We first attempted performing CO → L (L = neutral
ligand) substitution reactions, aiming to monitor the dis-
appearance of a characteristic metal carbonyl stretch.
Unfortunately, all attempts at controlled decarbonylation
resulted in either no reaction or uncontrollable CO exchange
(loss of all CO ligands). For example, treatment of 3 with tri-
methylamine-N-oxide (TMAO) in THF resulted in no reaction,
highlighting the inherent stability of the Mn tricarbonyl motif.

Another attempt was Br− abstraction with AgBF4 to form
the species [Mn(Thianth-py2)(CO)3THF](BF4) (νCO ≈ 2045,
1951, 1927), followed by treatment of the resulting cation with
TMAO. However, the cation proved too electrophilic, and the
uncontrolled loss of all CO ligands was observed. We also sub-
jected 3 to UV light [long wave (λ = 350 nm) and short wave (λ
= 250 nm)] in THF, again resulting in uncontrolled loss of all
CO ligands.19,20 Based on the results, we hypothesized that the
stability of the tri/di-carbonyl motif is drastically decreased
upon loss of one CO ligand, thus leading to rapid
decomposition.

We thus attempted Br− → L ligand exchanges, resulting in
the successful and trackable (back) reaction displayed in
Scheme 2. Treatment of 3 with AgBF4 generates the Br−

abstracted cation 5 which can be subsequently treated with

Fig. 4 ORTEP diagrams (30% ellipsoids) of [(Thianth-py2)Mn(CO)3Br] (3,
left) and [(Anth-py2)Mn(CO)3Br] (4, right); hydrogen atoms are omitted
for clarity.

Scheme 2 Ligand exchange reaction scheme for bromide abstraction
and kinetic monitoring (green): (i) AgBF4, THF; (ii) PhCN in THF; (iii) tetra-
octylammonium bromide in THF.

Table 2 Comparison of selected bond distances (Å) and bond angle (°)
for the complexes 3 and 4

Complex 3 4

Mn–N1 2.129(5) 2.135(3)
Mn–N2 2.116(4) 2.118(3)
Mn–CO 1.818(6) 1.818(4)

1.802(7) 1.837(4)
1.794(6) 1.800(4)

Mn–Br 2.518(8) 2.522(6)
Bite angle 86.7(2) 90.38(10)
Torsion angle 65(7) 46(4)
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benzonitrile (PhCN) to form the stable species 6. This complex
was then successfully ‘back-substituted’ (with kinetic monitor-
ing) to the original compound 3 via treatment with tetra-octy-
lammonium bromide (TOAB) in THF. The identical reaction
conditions were applied to the rigid system [(Anth-py2)Mn
(CO)3Br] (4) to navigate the same reaction cycle. We note that
the reverse reaction for (i) with TOAB was attempted and
resulted in rapid ligand exchange combined with oxidation of
the Mn center and loss of CO ligands. For this reason, the
more stable PhCN adduct was generated. Fig. S9† displays the
IR spectra and resulting CO frequency shift of the kinetically
monitored ligand exchange (iii). The reaction from the PhCN-
bound species back to the Br− bound species results in a
nearly identical shift of CO stretching frequencies for both the
thianthrene and anthracene-scaffolded compounds. These
similarities further enforce the comparable electronic pro-
perties of the manganese center between the two systems.

With a successful and trackable ligand exchange reaction in
hand, kinetic data was obtained to compare reaction rates of
PhCN → Br− ligand substitution for the flexible thianthrene-
based complex 3 versus the rigid anthracene-based complex 4.
Initiating the ligand exchange at 0 °C slowed the reaction to
enable IR monitoring, and the resulting kinetic plot is dis-
played in Fig. 5. As indicated in Table 3, the initial 0° C reac-
tion rate for the thianthrene-based complex (k = 43.3 × 10−3

min−1; t1
2
= 16.00 min) is ∼5× faster than the corresponding

anthracene-based kinetics (k = 9.03 × 10−3 min−1; t1
2

=
76.76 min). Furthermore, the exponential decay plots (ESI,
Fig. S11 and S12†) emphasize the stark difference in total time
to >95% reaction completion: thianthrene: tcomp = 37 min;
anthracene system: tcomp = 85 min.

The data clearly conclude that the more flexible, thian-
threne-based complex accomplishes PhCN → Br− ligand
exchange at a faster rate than the rigid, anthracene-based
complex. We also experimentally determined that there is a 1st

order [Br−] dependence on the ligand exchange: With com-

pound 6, the reaction was performed with 2 or 4 equivalents of
TOAB, resulting in total time to >95% reaction completion of
23.5 min and 13.5 min, respectively. The kinetic plots of the
‘room temperature’ region can be found in the ESI (Fig. S13†).

Constrained scaffold angle geometry optimizations and energy
analysis

Constrained angle DFT calculations were performed on the
geometry optimized structures of 1, 2, 3 and 4 to elucidate the
range of dihedral angles that the scaffolds can accommodate
with energies commensurate to kT at ambient temperatures. A
computational scan was performed at varying constrained
(scaffold) dihedral angles, and the remaining atoms of the
compounds were allowed to relax to their energy-minimized
coordinates. This calculation resulted in the parabolic energy
curves depicted in Fig. 6. The geometry-optimized structure of
3 exhibits a 140° dihedral angle that, remarkably, can widely
vary from a more acute angle (∼133°) to an obtuse angle
(∼148°) within kT of ambient temperature (0.6 kcal mol−1).
Deviation from a dihedral angle of more than ∼10° in either
direction (acute or obtuse) results in geometric strain in 3, and
the energy increases exponentially. The same calculation was
performed on the corresponding free ligand (1) to observe how
restricted the ‘flapping’ motion of the scaffold becomes upon
metal binding. Results indicate that the range of reasonably
accessible scaffold dihedral angles at ambient temperature is
larger for the free ligands 1 and 2 than within their manganese
complexes 3 and 4, but importantly the flexibility is not com-
pletely mitigated upon complexation. The irregularities in the
‘valley’ of the 1’s energy profile are due to steric clashes in the
freely rotating pyridine arms, which are otherwise fixed in the
case of complex 3. DFT calculations on the more rigid, anthra-
cene ligand and corresponding complex resulted in a much
narrower range of ∼7° (172°–179°) and ∼5° (176°–181°),
respectfully at 0.6 kcal mol−1.

To illustrate the compensatory motions of 3 in the rest of
the structure upon geometry optimization at different fixed
angles, selected structural metrics are plotted as a function of
scaffold dihedral angles. Plots of scaffold angle versus M–L
bond distances were constructed to evaluate the effect of
scaffold motion on the primary coordination sphere
(Fig. S16†). These reveal no change of bond metrics over the
course of scaffold distortion. However, to compensate for the
persistent M–L bond lengths and angles, the pyridine ‘arms’
of 3 systematically rotate within a range of 6° (from 62°–68°)
within the scaffold dihedral angle range of 133°–148° (Fig. 7).

Fig. 5 Kinetic plot of (iii) at 0 °C. The black squares depict the reaction
with 6 ([(Thianth-py2)Mn(CO)3PhCN](BF4)) and the red triangles depict
the reaction with 8 ([(Anth-py2)Mn(CO)3PhCN](BF4)).

Table 3 Displayed are the reaction times along with the corresponding
rate constants for the formation of 3 and 4; all data is the average ± s.d.
of two trials

Complex 3 4

>95% complete (min) 37.50 ± 3.53 85.00 ± 5.66
0 °C kobs (min−1) 43.33 × 10−3 ± 0.0038 9.03 × 10−3 ± 0.00192
0 °C t1/2 (min) 16.00 ± 1.41 76.76 ± 16.68
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This rotational motion is perhaps the key point of flexibility
that enables the metal complex geometry to remain invariant
despite the significant scaffold bending angle. It is worth
noting the smaller rotational range of 1° for 4 within the

scaffold dihedral angle range of 176°–181°, resulting from the
increased scaffold rigidity.

Discussion

With the result of the constant M–L bond distances as the thi-
anthrene scaffold ‘flaps’, the increased ligand exchange rate
for the flexible thianthrene-based complex is likely not thermo-
dynamically (ΔG) explained. At a given temperature, the struc-
tural metrics within the first coordination spheres of the
Thianth and Anth-based species are similar.

In the discussion below, our goal is to outline several poss-
ible lines of reasoning to explain the correlation between
enhanced molecular flexibility and accelerated reaction rates.
Our intent is not at present to identify which of the delineated
rationale(s) is most applicable to this system, or in general.
We wish to survey the possibilities to place the present
results in context, as well as provide a concrete direction for
future studies and hypotheses. We note that the delineated
explanations need not be mutually exclusive. All of the pro-
posed kinetic arguments share the same root effect: namely,
that flexibility offers a greater range of structural geometries,
which can increase the rate of reactions through several
mechanisms.

Rationale A: breadth of transition state saddle point

As previously mentioned, the structural and spectroscopic
characterization demonstrates that the electronic properties at
the manganese center are nearly identical between the thian-
threne- and anthracene-based complexes, and thus we attri-
bute the observed reactivity differences to the enhanced flexi-
bility of the thianthrene scaffold. The more flexible complex

Fig. 6 Plots of the DFT constrained scaffold angle scan for 2 and 4 (left) and 1 and 3 (right). Selected structures at the extremes and median of the
kT range are depicted beneath the corresponding plots. The full plots can be found in Fig. S15.†

Fig. 7 Plots of the DFT scaffold dihedral angle scan versus the torsion
angle of the pyridine units for 3 (bottom) and 4 (top).
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has access to more varied geometries (greater number of
microstates), leading to a higher chance of a geometrically
conducive environment for the reaction to proceed. More
specifically, this rationale can manifest along the reaction
pathway in terms of the transition state. For example, reactions
possess optimal (as well as non-optimal) transition state struc-
tures for the reaction to proceed (Fig. 8, left). The low-energy
saddle point at the transition state for a rigid system is rep-
resented as a narrow parabola (Fig. 8, top), and thus has
limited thermal access (within kT ) to slight variations in geo-
metry that can proceed through the lowest (or near-lowest)
optimal transition state geometries at comparable rates; this
results in an overall slow rate of reaction.

In contrast, the saddle point at the transition state for a flex-
ible system (Fig. 8, bottom) is represented as a broad parabola.
As a result, highly flexible systems retain thermal access
(within kT ) to a variety of low-energy, slightly varied geome-
tries (geometrically variant, but not energetically strained) that
can pass through the broad transition state saddle point at
comparably low energies. Hence, the reaction can proceed
along different trajectories with minimal additional energy.
This rationale mirrors the well-known argument in the litera-
ture of conformational sampling leading to enhanced rates of
catalysis within enzymes.22 Vazquez et al. elucidated that a
multipath formulation of variational transition-state theory
provided a more accurate kinetic view (along with rate con-
stants) for the decomposition of 1-propanol radicals.21

Essentially, this work demonstrated that multiple transition-
state conformers contribute to the overall reaction rates, and
taking this into account provides more accurate results than
an approach focused on the most stable/optimized conformer.
The aforementioned result can be extended to our rationale: if

multiple transition-state conformers contribute to the overall
reaction rate, and a more flexible compound can access more
geometric variations at low energy expenses, the resultant reac-
tion rate can effectively be faster compared to an analogous,
rigid compound.

Rationale B: modulated energy of intermediates

Another key aspect that affects reaction kinetics is the for-
mation of intermediates along the reaction pathway. As
expected, more stabilized intermediates will result in slower
overall reaction kinetics, while destabilized intermediates can
result in faster overall reaction kinetics, bearing that the desta-
bilization does not pose a large energy penalty. The ‘destabili-
zation intermediate effect’ has been observed with the enzyme
human transkeltotase (hTK). Crystal structures of the reaction
intermediates reveal an out-of-plane distortion (20°) of the
covalent bond linking the cofactor and substrate. This distor-
tion results in a small energy penalty (0.2 kcal mol−1) as
shown by QM/MM calculations.22 The intermediate structure,
which precedes a TS, is prevented from residing in an energy
well and subsequently decreases the TS energy barrier, result-
ing in a more efficient process.23,24 The enzyme’s flexible
nature allows the bond distortion and resultant destabiliza-
tion, and the same effect can plausibly manifest within small-
molecule systems. For example, a flexible structure can access
more highly strained intermediate structures and geometries
(Fig. 9, green trace) compared to an analogous, rigid structure
(Fig. 9, orange trace)—thus leading to faster overall reaction
kinetics.

Conclusions

In summary we have synthesized a scaffold-variable system in
which direct comparisons can be made between complexes
with the same coordination donors and environment, and
nearly identical electronic structure and zero-point geometries
(around the metal center), but nevertheless possess different

Fig. 8 Rationale A: transition state saddle point comparison of a rigid
(top) vs. flexible (bottom) structure. The grey highlighted region rep-
resents a small energy range above the optimal reaction trajectory (dark
green arrow). The light green arrows represent the individual reaction
trajectories possible within the grey highlighted energy range. The
respective saddle point comparisons are depicted as a 2-D reaction
coordinate.

Fig. 9 Rationale B: simple reaction coordinate diagram comparing the
access to strained intermediate structure and geometries for rigid
systems (orange trace) and flexible systems (green trace).
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capacities for molecular flexibility. The thianthrene-based
family of complexes like 3 and the anthracene-based family of
complexes like 4 exhibit essentially indistinguishable IR
spectra (νCO region) and structural metrics, yet display vastly
different functional kinetics. The flexible thianthrene family of
3 exhibits 4–5× faster kinetics in ligand substitution reactions
than the rigid anthracene family of 4. We attribute the acceler-
ated reaction kinetics for the thianthrene-based system to its
enhanced flexibility. Future experimental and computational
work must explore the competing (or synergistic) rationales
regarding reaction pathway energetics to further understand
the critical role that molecular flexibility plays in imparting
reactivity to coordination complexes, organometallics and bio-
logical metalloenzyme sites.
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