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§IMDEA Nanociencia, c/Faraday 9, Campus de Cantoblanco, 28049 Madrid, Spain

*S Supporting Information

ABSTRACT: We provide here an insight into the mechanism
of the axial ligand exchange reaction between chlorosubph-
thalocyanines and phenols. Our combined experimental and
theoretical results support a bimolecular σ-bond metathesis
mechanism in which the phenolic proton assists in weakening
the boron−halogen bond concomitantly with substitution at
the boron center. Such a reaction pathway, which is unusual in
boron chemistry, is a consequence of the crowded and rigid
chemical environment of the boron atom in these macrocycles.
Furthermore, this work sheds light on the influence of different
experimental parameters on the kinetics and efficiency of the
most important reaction in subphthalocyanine chemistry.

■ INTRODUCTION
Forty years after their discovery, subphthalocyanines (SubPcs)
(Figure 1)1 have meritedly found their own place within the

domain of π-conjugated molecules with valuable optoelectronic
properties. This smaller version of the phthalocyanine (Pc)2

macrocycle, comprising three isoindole units instead of four,
has demonstrated great potential in different applied fields.1

Most of the technological interest in these molecules comes
from their singular cone-shaped 14-π-electron aromatic
structure, their strong absorption in the visible region (550−
600 nm), and their adjustable electronic properties. They were
originally investigated as promising dyes for nonlinear optical
(NLO) applications because of the possibility of combining
strong dipolar and octupolar contributions.3 Their low
tendency to aggregate in solution, due to their nonplanar
structure, has also motivated their use in photodynamic therapy
(PDT).4 On the other hand, these molecules with easily

tailored redox properties and excited states can act as efficient
energy/electron donors or acceptors in artificial photosynthesis
mimics.5 Industrial interest has also arisen in view of the
possibility of employing these purple-magenta dyes as inks or in
optical recording media.6 Furthermore, in the last years,
numerous reports have highlighted the potential of SubPcs as
active components in optoelectronic devices such as organic
field-effect transistors (OFETs),7 organic light-emitting diodes
(OLEDs),8 and organic photovoltaic cells (OPVs).9,10

SubPcs are only known to date as boron complexes. The
small boron atom fits perfectly into the SubPc central cavity
and efficiently templates the phthalonitrile cyclotrimerization
reaction that leads to these macrocycles. This synthetic process
is typically carried out in the presence of a boron trihalide
(BCl3 or BBr3) at high temperatures.1,11 As a result, a halide
atom (Cl or Br) ultimately occupies the axial position of the
SubPc.
The reactivity at the axial boron−halogen bond in SubPcs

has been exhaustively employed for the derivatization of these
molecules for different purposes. First of all, axial functionaliza-
tion can assist in solubilizing these molecules in water4b,12 or
organic13 media, which is essential for biological applications or
device processing. On the other hand, it has been demonstrated
that substitution with less labile axial ligands increases their
thermal, optical, and chemical stability.13,14 Besides, this
substitution site allows for the straightforward incorporation
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Figure 1. Top and side views of the structure of SubPc (X = axial
ligand).
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of SubPcs into larger multicomponent systems without
affecting the electronic properties of the macrocycle, which
are mainly determined by the nature of the peripheral
substituents.5a Phenols are by far the most commonly
employed reagents for these axial substitution reactions. A
recent survey demonstrated that more than 90% of the research
published in chemistry journals on SubPcs during the last 10
years involves the synthesis of phenoxy-SubPcs.1b The main
reason, besides the ones mentioned above, is that the reaction
with phenol derivatives is simple and straightforward and
affords moderate to good yields in general.1,11

Despite the central importance and the expediency of this
particular synthetic protocol, very little is known about the axial
substitution mechanism in haloboron SubPcs. The tetracoordi-
nated boron atom in these SubPc precursors is relatively inert
since the vacant p orbital is occupied by the formation of a
dative bond with one of the nitrogens in the macrocycle. As a
result, boron SubPcs enjoy a singular, intriguing reactivity very
different from that of common boron halides.15 For instance,
experimental evidence has shown that phenols and carboxylic
acids react faster with haloboron SubPcs than alkyl alcohols or
amines, despite their lower nucleophilicity,16 and that these
compounds can undergo axial halide exchange reactions in the
presence of a Lewis acid such as BF3

17 or AlCl3.
18 This evidence

seems to imply a transition state in which the B−X bond is
considerably weakened before actual nucleophilic attack. With
this idea in mind, some synthetic strategies have already been
developed that generate activated electrophilic SubPc inter-
mediates19 for axial ligand exchange reactions.18,20 Because of
the frequent use and importance of this reaction in the
chemistry of subazamacrocycles as well as the unusual
characteristics of the boron atom confined in a rigid tritopic
cavity, we were determined to gain a deeper understanding of
the actual axial substitution mechanism. We report here our
combined experimental and theoretical results that support a
bimolecular σ-bond metathesis mechanism in which the
phenolic proton assists in weakening the B−Cl bond
concurrently with substitution at the boron center.

■ RESULTS AND DISCUSSION
Kinetic Measurements. Reaction Rate Order Determi-

nation. The model axial ligand exchange reaction studied in
this work is shown in Scheme 1. It involves the substitution of
the halogen atom in haloboron SubPcs with a phenoxy ligand
by heating a solution of the two reagents. Our kinetic
measurements focused on the effect of concentration, solvent,
and reagent structure (R1 and R2 groups) on the reaction rate
before 10% conversion. The reaction progress was monitored
by taking aliquots at given times and quantifying reagent and
product relative concentrations by HPLC. The experimental
HPLC conditions and a typical set of chromatograms taken
during reaction progress (Figure S2) can be found in the
Supporting Information (SI).
First of all, we were interested in ascertaining the initial rate

order for each reagent and hence the molecularity of the
reaction. We chose a standard reaction between trimethyl-
chloro-SubPc (S1) and 4-tert-butylphenol (P1)21 in toluene at
100 °C (Scheme 1). Several mechanisms were considered in
which the reaction followed first-, second-, or third-order rate
laws.22 Among them, the most chemically relevant (shown in
Figure 2) are the following:
(i) The reaction follows a first-order rate law that is

dependent only on the SubPc (S) concentration. This would

imply a mechanism in which the B−X bond is dissociated
unimolecularly in the rate-determining step, after which fast
nucleophilic attack by the phenol (P) occurs. Under these
conditions, the following relationships must hold:

=v k S[ ]

= − ktS Sln[ ] ln[ ]0

(ii) The reaction follows a second-order rate law that also
depends on the phenol concentration, meaning that both
species participate in the transition state of the rate-determining
step. If this is the case, the following relationships must hold:

=v k S P[ ][ ]

Scheme 1. Model Axial Ligand Exchange Reaction between
Haloboron SubPcs (S1−S9) and Phenols (P1−P5)

Figure 2. Fits of the kinetic data in the standard reaction between S1
and P1 to (a) first-order, (b) second-order, and (c, d) third-order rate
laws. In all cases, the following conditions were used: [S1]0 = 2.5 ×
10−2 M; [P1]0 = 1.6 × 10−1 M; T = 100 °C; toluene as the solvent.
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(iii) Two phenol molecules and one SubPc molecule (or two
SubPc molecules and one phenol molecule) participate in the
transition state of the rate-controlling step. For two phenols
and one SubPc, the following relationships must hold:
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The equations for the case of two SubPcs and one phenol are
analogous.
It is interesting to note the analogy between the first two

proposed mechanisms and the mechanisms of nucleophilic
substitution on sp3 carbon atoms (SN1 and SN2).

22 The
outcome of our experiments revealed that the reaction progress
at low conversions reliably f its a bimolecular second-order rate law
of the type v = k[SubPc][ArOH] that is dependent on both the
SubPc and phenol concentrations, while the first- and third-
order equations do not fit the experimental data. It should be
noted that this statement applies to all the kinetic measure-
ments performed in this work, no matter the concentration, the
solvent, or the nature of the SubPc and ArOH reagents
employed.
These results were perfectly reproducible at different SubPc

or phenol initial concentrations. As shown in Figure 3, we

obtained in all cases kinetic data that fit the second-order rate
law, from which we could derive the rate constants. The
reaction rate increases with SubPc concentration at constant
phenol concentration and increases with phenol concentration at
constant SubPc concentration. On the other hand, the addition
of a base such as triethylamine or pyridine, which can sequester
the HCl released during the reaction,4a,20,23 did not produce
any kinetic effect at low conversions. We noticed nonetheless
that they help in leading this reversible reaction to
completion.24

One may notice that the good fit of the data in Figure 2d
might point to a third-order rate law. However, this would
imply that two molecules of phenol and one molecule of SubPc

react in the transition state, which is far more unlikely than the
bimolecular process. Nonetheless, in order to rule out this
possibility, we estimated the partial reaction orders with respect
to SubPc and phenol from the experimental results shown in
Figure 3, in which the concentration of one of the reagents was
varied while the other was maintained constant. Considering a
general reaction rate law of the type:

=v k S P[ ] [ ]m n

and applying the initial rate method, we could determine that m
= 1 and n =1 (see the SI). In other words, when the initial
SubPc concentration was doubled (or tripled) while the phenol
concentration was kept constant, the initial rate was alongside
doubled (or tripled), and the same held when only the initial
concentration of phenol was changed.

Theoretical Insight into the Reaction Mechanism. Our
theoretical mapping of the reaction mechanism investigated by
means of density functional theory (DFT) supports the
bimolecular second-order rate law predicted by the kinetic
experiments. Figure 4 shows a postulated double-well reaction

profile for the axial substitution reaction of chloro-SubPc using
phenol as the nucleophile. The two reagents (Reac1) approach
and interact to form a prereaction complex (Reac2) that then
undergoes the transformation to products through a
bimolecular transition state (TS). A postreaction complex
(Prod2) is then formed that dissociates into the final products,
phenoxy-SubPc and HCl (Prod1).
The phenol nucleophile approaching the SubPc substrate to

reach the Reac2 minimum could in principle attack the reaction
center from the convex or concave side. In the first case, the
reaction would proceed with retention of configuration, while
the second case would require inversion of the SubPc bowl
structure, in a similar fashion as for SN2 reactions occurring at
sp3 C or B centers.25 Since the Walden inversion products are
not experimentally observed26 because of the large amount of
energy required to invert the bowl and the obvious steric
effects, the concave attack was not theoretically explored.27

Furthermore, we hypothesized that the establishment of
hydrogen bonding between the phenolic proton and the
chlorine atom would help anchor the phenol to the SubPc

Figure 3. Influence of the SubPc and phenol concentrations on the
axial substitution rate. Shown are fits of the kinetic data for the
reaction between S1 and P1 in toluene at 100 °C to a second-order
rate law at (a) different S1 initial concentrations (with [P1]0= 1.6 ×
10−1 M) and (b) different P1 initial concentrations (with [S1]0= 2.5 ×
10−2 M).

Figure 4. Double-well reaction profile postulated from DFT
calculations for the substitution reaction between phenol and chloro-
SubPc.
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(Reac2 complex), directing the nucleophilic attack and
preparing the complex for the substitution reaction. This is
supported by the electrostatic potential surface calculated for
chloro-SubPc (Figure 5). The most prominent feature is the

negative potential (red regions) due to electron density
accumulated around the chlorine atom, indicating the region
of the substrate to which a proton would feel the strongest
interaction.
As a matter of fact, our calculations indicate that all along the

DFT-optimized double-well reaction profile, the phenol and the
SubPc show strong interactions (hydrogen-bonding, van der
Waals, electrostatic) and participate in all of the stationary
points (i.e., th Reac2 and Prod2 minima and the central reaction
barrier). These interactions were characterized using the atoms-
in-molecules theory of Bader.28 Topological analysis of the
electron density revealed the positions of the bond critical
points (BCPs) indicating the accumulation of electron density
between pairs of bonded atoms. For a given pair of atoms, the
electron density measured at the BCP can be taken as a good
indicator of the strength of the linkage. The map of the line of
maximum density between these two atoms would define the
bond path. Then, molecular graphs were constructed from the
scaffold of calculated BCPs and bond paths (Figure 6).28

Our calculations on the prereaction complex, Reac2, confirm
strong phenol−SubPc interactions (Figure 6b). The BCP
localized between the Cl atom and the proton from the alcohol
group supports the hydrogen-bonding hypothesis. An addi-
tional weak interaction between Cl and the ortho H atom of the
phenol was also located. Moreover, the phenol nucleophile was
found to interact with the SubPc via two additional weak van
der Waals/electrostatic interactions involving the O and the
ortho C atom of the phenol and two C atoms from a SubPc
isoindole group. On the contrary, our calculations do not
predict important interactions between the incoming phenolic
O atom and the B substitution center, which is exclusively
bonded to the Cl atom (Figure 6a).
As the substitution reaction progresses toward the TS with

the approach of the phenol, the B−Cl bond experiences a
significant stretching and deviation from the original SubPc
vertical axis. This allows for a more parallel disposition of the
two aromatic systems that strengthens their interaction, as
reflected by the double electron densities computed at the C−

C-located BCPs relative to those of Reac2 (compare Figure 6b
and Figure 6d). In the TS, the reaction center develops a new
BCP between the O of the phenol and the boron of the SubPc
that was not present in Reac2, leading to a four-center bond
that accounts for the respective formation and breaking of the
B−O and B−Cl bonds (see the molecular orbitals and graphs
in Figure 6c,d). This Reac2 → TS activation free energy governs
the substitution reaction kinetics. Since the molecularity of this
step in the mechanism is not changing (the two molecules are
already bound in Reac2), we believe that the major contribution
to this transition is enthalpic, while the entropic term should be
similar at the two stationary points.
The strengthening of the B−O bond in the postreaction

complex Prod2 (Figure 6f) forces a change in the orientation of
the phenol and SubPc moieties, therefore minimizing their
interaction. At this point, the substitution subproduct, HCl, is
still interacting with the phenoxy-SubPc product via hydrogen
bonding (Figure 6f).
Similar double-well profiles and interactions in the reaction

center from Reac2 and TS were found for other aliphatic
nucleophiles considered (i.e., ethanol). The most significant
difference found between these two pairs of reactions was in the
intermolecular interactions, aside from the reaction center,
which were found to be stronger in the case of phenol as a
result of the aromatic nature of the two interacting moieties.

Factors Influencing the Reaction Kinetics. In order to
get further insight in the mechanism and kinetics of this
process, we made some modifications to the standard reaction
(see Scheme 1) in order to determine the influence of the
nature of the leaving halogen atom (X), the distribution of the
electron density of the SubPc macrocycle as a function of the
peripheral R1 groups, and the nucleophilicity of the phenol (as
determined by the para R2 groups) on the substitution rate.
The experimental findings have been rationalized in terms of
both the geometrical changes and evolution of the interactions
between the two reagents along the substitution reaction profile

Figure 5. Electrostatic potential surface of chloro-SubPc calculated at
the BLYP/def2-SVP level of theory.

Figure 6. Molecular orbitals relevant for the description of (a, c, e) the
bonding and (b, d, f) the molecular graphs around the reaction center
of the stationary points localized along the reaction path for the axial
substitution reaction. Bond critical points are shown in red, ring critical
points in yellow, and cage critical points in green. Electron densities at
the relevant critical points are given in e au−3.
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and the encountered barrier height in the Reac2 → TS
transition.29 All of them are key parameters to analyze
substitution reactions.
Figures 7−9 collect the results of the kinetic experiments,

computed DFT gas-phase relative energies (calculated as
differences between electronic ground-state energies without
including thermal corrections), and geometries for selected
SubPcs and nucleophiles. These figures also show the
experimentally fitted and theoretically estimated rate constants
for comparison. See the SI for further details.
a. Nature of the Axial Halogen. It is known that the axial

halogen atom has a strong influence on this substitution
reaction, with bromo-SubPcs reacting faster and more
efficiently than chloro-SubPcs.30 This is indeed what we
could determine quantitatively in our experiments. In order
to compare the bromo and chloro leaving groups, we also had
to modify the starting SubPc reagents to the trifluoro-SubPcs
S4 and S5 because the corresponding trimethylbromo-SubPc
S2 was too reactive and difficult to purify as a result of fast
hydrolysis of the B−Br bond. Nonetheless, the kinetic data
obtained (Figure 7a) demonstrate that a bromine leaving atom
reacts 3 orders of magnitude faster than chlorine. On the other
hand, the chloro and fluoro leaving groups were also compared
in the trimethyl-substituted SubPcs S1 and S3. Our results
indicate that chloro-SubPcs react much faster than f luoro-SubPcs,
which were inert under our standard conditions.
Theoretical insight into the effect of the nature of the axial

halogen on the kinetics of the substitution reaction was
obtained by comparing the energy barriers calculated for the F-,
Cl-, and Br-substituted SubPcs (S3, S4, and S5, respectively;
see Figure 7b). The associated computed energy barriers
amount to 200, 170, and 154 kJ/mol, leading correspondingly
to rate constants of 3.4 × 10−11, 2 × 10−5, and 324 × 10−5 M−1

s−1. The value for S5 perfectly matches the experimentally fitted
rate constant, but the experimental and theoretical rate
constants differ by an order of magnitude for S4. Such a
difference, however, would reflect an underestimation of the
calculated energy barrier by only 6 kJ/mol. On the other hand,
the high barrier estimated for the F-substituted SubPc is in
agreement with the lack of reactivity observed experimentally
for S3.
This reactivity trend (Br > Cl > F) can be rationalized in

terms of the different geometric changes experienced by the
bond being broken (B−X) and the bond being formed (B−O)
in moving from Reac1 to Reac2 and then to the TS. The B−X
distances in the starting SubPcs were computed to 1.39 Å (B−
F), 1.90 Å (B−Cl), and 2.20 Å (B−Br), thus increasing in the
order F < Cl < Br, as expected according to the atomic radii of
the halogens.31 On the contrary, the structural evolution from
Reac1 to the TS demands a B−X stretching that follows the
inverse order: 1.25 Å (B−F), 1.10 Å (B−Cl), and 0.76 Å (B−
Br). This means that the TS in the reaction of bromo-SubPc S5
and P3 is structurally related to the reagents, while in the other
extreme, the TS in the reaction of fluoro-SubPc S3 and P3
closely resembles the products. Chloro-SubPc S4 represents an
intermediate case. Further analysis confirms these hypotheses.
The B−O distance (which decreases in moving from Reac2 to
TS) is ca. 0.5 Å longer for S5 than for S4 or S3 at the TS, while
the H−F bond distance for S3 is computed to be 1.033 Å at the
TS, which is very close to the H−F gas-phase equilibrium
distance, suggesting almost complete transfer of the proton to
the F atom. These observations are in accordance with the
Hammond postulate, which states that the TS most resembles

the adjacent reactant/product to which it is closest in energy,
and would explain the reactivity trends observed for these
SubPc reagents.
A closer look at the specific stabilizing interactions

established both in the prereaction minima Reac2 and in the
TSs of these systems reveal further information along the same
line as the structural analysis performed above to explain the
computed energy barriers and experimental reactivity trends.
Our calculations show that the van der Waals/electrostatic
interactions between the nucleophile and the substrate in going
from the initial complex to the TS become more important in
the order S3 < S4 < S5 (see Figure S3 in the SI). In other
words, for S3 the interactions between the two aromatic
moieties weaken along the Reac2 → TS transition (see Figure
S3), while for S4 the encounter complex maintains such
interactions. In the case of S5, these interactions become more
important at the TS. In fact, whereas for F- and Cl-SubPc the
phenol moiety experiences a slight rotation to become parallel
to the SubPc ring upon reaching the TS, in the case of Br-
SubPc the phenol moves from a perpendicular position to a

Figure 7. Influence of the axial halogen atom on the substitution rate.
(a) Fits of the kinetic data to a second-order rate law and theoretically
estimated rate constants in the reactions between S4 or S5 and P1. In
all cases, the following conditions were used: [S]0 = 2.5 × 10−2 M;
[P]0 = 1.6 × 10−1 M; T = 100 °C; toluene as the solvent. (b)
Energetics (in kJ/mol) of the substitution reactions for S3, S4, and S5
and important distances (in Å) regarding the reaction centers.
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parallel position relative to the SubPc moiety (see Figure S3).
These observations are consistent with the computed
dissociation energies for the three reactions (Reac1 energies;
Figure 7b), which decrease in the order F ≈ Cl (ca. 70 kJ
mol−1) > Br (50 kJ mol−1).
b. Effect of Peripheral Substitution. The effect of the

peripheral substituents (R1 in Scheme 1) on the reaction rate
was then quantitatively evaluated. These substituents, which are
directly bound at the isoindole rings, are known to rule the
electron density of the macrocycle,5a and theoretical calcu-
lations have revealed that they also have an influence on the
length and polar character of the axial B−X bond.32 Six
different chloro-SubPcs were targeted, equipped with three
peripheral R1 groups of diverse electronic nature: −OMe (S6),
−OPh (S7), −Me (S1), −I (S8), −F (S4), and −NO2 (S9).
However, compound S6 (R1 = OMe) was discarded from these
experiments since, like bromo-SubPc S2 mentioned above, the
isolation of pure starting chloro-SubPc material was not simple
because of fast hydrolysis of the B−Cl bond. This always led to
a small amount of hydroxy-SubPc in the starting material,
which hampered obtaining reliable kinetic data. The results
obtained for the other five starting reagents (Figure 8a) reveal
that SubPcs substituted with electron-donating groups react faster
than those substituted with electron-withdrawing groups. The
influence of the peripheral groups on the axial substitution rate
is very significant. For instance, a comparison between SubPcs
S1 and S8 indicated that the reaction proceeds 2 orders of
magnitude faster with the former reagent. As an extreme case,
trinitro-SubPc S9 was not even reactive under our standard
reaction conditions: it took several days to start detecting traces
of product.
Rationalization of the effect of the peripheral substituents on

the reaction rate can be achieved by comparing the reaction
barriers calculated for the methoxy- (S6), methyl- (S1), fluoro-
(S4), and nitro- substituted (S9) chloro-SubPcs. As expected
on the basis of the longer distance of these substituents from
the reaction center, the differences found between the
computed reaction barriers for these systems are subtler than
for the SubPcs differing in the axial substituent discussed above.
However, an analysis in terms of geometric changes in the
Reac1 → Reac2 → TS pathway and the evolution of the
intermolecular interactions between the two moieties similar to
the one presented above can be done in order to explain the
different kinetic behavior of these SubPcs.
A first issue to be noticed from our calculations is that the

nature of the peripheral substituents has some effect on the
remote B−Cl bond. In line with previous studies,32 the
computed B−Cl distance slightly increases in the order R1 =
NO2 < F < CH3 in ca. 0.01 Å increments (Figure 8b). The
distance change is small, but the trend is clear and is
reproduced in Reac1, Reac2, and the TS. It has been interpreted
in terms of the rearrangement of the electron density of the
substituted macrocycle, which has an effect on the length and
ionic character of the B−X bond. This trend in the polarity of
the B−X bond is also evident from the examination of the
electrostatic potential surfaces calculated for SubPcs S1, S4, S6,
and S9. In fact, S9 presents the most electrophilic B atom, that
is, it shows the most positive and least negative electrostatic
potentials at the B and Cl positions, respectively, while for S6
the opposite is found (Figure S6b in the SI). Aside from the B−
X lengthening in SubPcs with electron-donating peripheral
groups, which is in accordance with their higher reactivities, we
observed again that higher energy barriers are found for TSs

that are structurally closer to the products. For instance, the B−
O distances at the TS increase in the order 2.36 Å (R1 = NO2)
< 2.42 Å (R1 = F) < 2.60 Å (R1 = CH3) as the donor character
of the substituent increases (Figure 8b). Once more, the
difference in the stabilizing interactions established between
one of the SubPc isoindole moieties and the phenol nucleophile
at the Reac2 and TS geometries would complement the
previous explanation regarding the influence of R1 on the
barrier height. While these interactions are similar for all of the
TSs considered, they are especially stronger at the position of
Reac2 for electron-deficient macrocycles (i.e., S9 and S4; see
the molecular graphs in Figure S4 in the SI). As a result of the
overstabilization of the Reac2 minima for NO2- and F-SubPc,
the barrier heights leading to the substitution products through
the TS become larger.

c. Nature of the Nucleophile. Furthermore, we observed
that the nature of the phenol reagent also has an enormous
effect on the reaction rate (Figure 9a). A comparison among
phenols P1−P5 in the reaction with S1 led to the conclusion

Figure 8. Influence of the SubPc peripheral substitution on the
substitution rate. (a) Fits of the kinetic data to a second-order rate law
and theoretically estimated rate constants in the reactions between S1,
S7, S4, or S8 and P1. In all cases, the following conditions were used:
[S]0 = 2.5 × 10−2 M; [P]0 = 1.6 × 10−1 M; T = 100 °C; toluene as the
solvent. (b) Energetics (in kJ/mol) of the substitution reactions for S1,
S4, and S9 and important distances (in Å) regarding the reaction
centers.
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that phenols having an electron-withdrawing group at the para
position react much faster than phenols with an electron-donor
group. In other words, in order to increase the reaction rate, one
must not make the phenol more nucleophilic with electron-
donating groups; rather, it must be made more acidic with
electron-withdrawing groups. For instance, 4-nitrophenol (P5)
showed very fast conversion under our standard conditions: it
reacted 2 orders of magnitude faster than unsubstituted phenol
(P3). A Hammett plot was built from the kinetic data obtained
for the five phenols (Figure 10a). We observed a linear
correlation between the Hammett σ parameter of the
substituent at the para position and the log(k/kH) term,
where kH is the rate constant of the reference unsubstituted
phenol P3. From this fit, a positive moderate ρ parameter (ρ =
2.11) was derived.
This last observation is remarkable. It implies that the

nucleophile strength is not an important factor in accelerating
the axial substitution reaction. On the contrary, our results
further support the hypothesis that the phenolic proton plays

an important role in the transition state of the rate-determining
step through coordination to the axial halogen and assistance in
the dissociation of the B−X bond. In order to shed more light
on this theory, kinetic isotope effects were evaluated as well
(Figure 10b).33 The kH/kD ratios obtained with deuterated and
nondeuterated phenols in toluene at 100 °C are certainly not
large (kH/kD = 1.15), but they are measurable and reproducible.
Such low primary isotope effect values could be interpreted as a
contradiction of our assumption that the phenolic proton
participates at the TS of the axial exchange reaction. However,
the reason for this low value can be found in the origin of
primary isotope effects. Our calculations presume nonlinear
TSs having O−H−X angles that are not far from 90°. When H/
D transfer proceeds through an activated complex with bent
bonds, bending modes become important. Since the force
constants for scissoring and bending motions are substantially
lower than those for stretching motions, the zero-point energy
differences between the reactant and activated complexes are
not as large as for reactions involving H/D transfer through
linear TSs. This is manifested in primary kinetic isotope effects
of much lower magnitude.34

On the other hand, our theoretical findings are again in line
with the experimental observations. We observed an energy
barrier 11 kJ/mol larger for P2 and P3 (R2 = OCH3 and H,
respectively) than for P5 (R2 = NO2), and consistently, a 40
times larger kinetic constant was calculated for P5 (Figure 9b).
It is interesting to remark the shortening experienced by the
H−X bond along the Reac2 → TS pathway as a function of the
nature of the phenol: 0.76 Å (R2 = OCH3) > 0.70 Å (R2 = H) >
0.33 Å (R2 = NO2). According to the Hammond principle, the
greater resemblance of the H−X distances in the TS and Reac2
in P5 and in the TS and Prod2 in P2 and P3 would explain the
lower energy barrier in the former case. In line with this trend,
the B−O bond distance in Reac2 increases in the order 3.71 Å
(R2 = H) ≈ 3.72 Å (R2 = OCH3) < 4.10 Å (R2 = NO2) as the
electron-withdrawing character of the substituent increases
(Figure 9b). Interestingly, although P5 is still far from the
reaction center at the Reac2 minimum, it presents the most
stretched B−Cl distance, leading to the complex most prepared
to undergo the substitution reaction (Figure 9b).
The previous values derived for the B−O distance at Reac2

can be rationalized in terms of the intermolecular interactions
between the phenol and SubPc moieties. Although these

Figure 9. (a) Influence of the phenol R2 group on the axial
substitution rate. (a) Fits of the kinetic data to a second-order rate law
in the reactions between S1 and P1−P5. In all cases, the following
conditions were used: [S]0 = 2.5 × 10−2 M; [P]0 = 1.6 × 10−1 M; T =
100 °C; toluene as the solvent. (b) Energetics (in kJ/mol) of the
substitution reactions for P2, P3, and P5 and important distances (in
Å) regarding the reaction centers.

Figure 10. (a) Hammett correlation between the σ parameter and
log(k/kH) for the four para-substituted phenols. (b) Influence of
isotopic labeling on the axial substitution rate. Shown are fits of the
kinetic data to a second-order rate law in the reactions between S1 and
PhOD or PhOH (P3) in toluene.
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interactions are similar to the ones found for S9 (please recall
the previous section), in P5 they produce a remarkable
distancing between the phenol O atom and the B atom. This
prevents the establishment of a stabilizing electrostatic
interaction between the two atoms, thereby reducing the
energy barrier between the prereaction complex Reac2 and the
TS. These interactions do exist when R2 = H or OCH3, as the
B−O distance is ca. 0.3 Å shorter compared with that in the
NO2-substituted nucleophile (Figure 9b and Figure S5 in the
SI).
d. Solvent Effects. Finally, the kinetic effects of solvent

coordination power (CP)35 and polarity (measured as a
function of the dielectric constant, ε)36 were also considered
as a relevant tool to gather additional experimental evidence.
On one hand, we compared the rates of the standard reaction
between S1 and P1 at 100 °C in aromatic, weakly coordinating
solvents such as toluene (ε = 2.38), o-dichlorobenzene (ε =
9.93), benzonitrile (ε = 26.0), and nitrobenzene (ε = 34.82) in
order to assess the effect of solvent polarity. The observed
experimental trend is that solvents of increasing polarity induce a
faster axial substitution reaction. For instance, as illustrated in
Figure 11a, the reaction proceeds 1 order of magnitude faster in

nitrobenzene than in toluene. However, the use of polar
coordinating solvents results on the contrary in lower reaction rates.
That is the case for DMF (ε = 36.7; CP = 0.7235a) where the
reaction is considerably slower than in toluene (Figure 11a). In
1,4-dioxane, which is both coordinating and nonpolar, our
standard reaction was slower than in toluene. These solvent
effects suggest that a polar environment is beneficial for a fast
ligand exchange reaction as long as the solvent does not
strongly compete with the interaction between the phenol and
the Cl atom in the transition state (Figure 11b).
In order to analyze the role of solvent polarity in the kinetics

of the substitution reaction in SubPc, we investigated the
reaction profiles including the effect of toluene and nitro-
benzene solvents. No kinetic constants were calculated in these
cases, since the pre-exponential factor is known to be strongly
affected by solvent effects, but a qualitative analysis of their
influence on the energy barriers could still be done. In
agreement with the experimental observations, in going from
toluene to nitrobenzene the TS is stabilized by 22 kJ/mol,
which can be explained by the significantly charged nature of
the TS.
The coordination power of the solvent was also investigated

from a theoretical point of view using DMF as in the
experiments. When the solvent molecules were considered only
implicitly, the energy barrier for the optimized TS was
calculated to amount to 130 kJ/mol, just the same as the
value computed for nitrobenzene, since the two solvents are
characterized by very similar dielectric constants. However, a
dramatic change in the energy barrier, which increased to 239
kJ/mol, was observed when an explicit solvent molecule was
introduced into our calculations (Figure 11b). This barrier,
however, translates into a much a smaller kinetic constant than
the one found experimentally. Interestingly, in the simulation of
both the solvent coordination and the solvent polarity, the two
effects act in opposite directions, increasing and decreasing the
energy barrier, respectively. This leads to an intermediate
energy barrier of 200 kJ/mol, in line with the experimentally
fitted reaction rate constant.

Conclusions: Postulated Mechanism. In view of all these
experimental and theoretical results, we propose an associative
metathesis mechanism in which two σ bonds (B−X and O−H)
are broken and two new σ bonds (B−O and H−X) are formed
concertedly at the TS of the rate-controlling step (Figure 12).

In other words, we propose that the phenol assists in the
dissociation of the polar boron−halogen bond by proton
coordination while the new B−O bond is being formed. This
would explain the following observations: (1) the reaction is
bimolecular, with a rate depending on both the SubPc and
phenol concentrations; (2) bromo-SubPcs react faster than
chloro and fluoroSubPcs, since the boron−halogen bond is

Figure 11. Influence of the solvent environment on axial substitution
rate. (a) Fits of the kinetic data to a second-order rate law in the
reactions between S1 and P1 in nitrobenzene, toluene, and DMF. In
all cases, the following conditions were used: [S]0 = 2.5 × 10−2 M;
[P]0 = 1.6 × 10−1 M; T = 100 °C. (b) Energetics (in kJ/mol) and
stationary points optimized for the substitution reactions considering
implicit and explicit DMF molecules.

Figure 12. Proposed TS structure of the rate-controlling step in the
axial substitution reaction between chloro-SubPcB and phenol,
indicating an associative σ-bond metathesis mechanism.
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longer and weaker in that series; (3) SubPcs substituted with
electron-donating groups at the periphery react faster as a result
of the stabilization of the positive charge developed at the B
atom in the transition state; (4) more acidic phenols accelerate
the reaction, since they are able to bind more efficiently to the
leaving halogen atom via proton coordination; (5) the obtained
Hammett ρ parameter is positive, which points to stabilization
of the partial negative charge generated at the O atom in the TS
by electron-withdrawing groups; (6) the measured kinetic
isotope effect values are low, which would indicate that the
extent of O−H dissociation is not large and, especially, that the
activated complex has a bent O−H−X bond; (7) non-
coordinating solvents with a high dielectric constant induce a
faster reaction, since they can stabilize the partial charges
generated in the transition state; and (8) solvents that can
compete with the phenol to form hydrogen bonds, as in the
case of DMF or dioxane, lead to reduced reactivity.
This σ-bond metathesis mechanism also explains several

other SubPc axial exchange reactions reported in the literature.
For instance, it supports the notion that aromatic alcohols and
even carboxylic acids react much faster than aliphatic alcohols.26

This may be the case because, despite their lower
nucleophilicity, more acidic protons would stabilize the TS
more efficiently by coordination to the halide, as shown in this
work. A similar mechanism would also explain the reactivity of
Lewis acid reagents (boron or aluminum trihalides, trimethyl-
silyl derivatives, etc.) in axial exchange reactions. The Lewis
acidic center may coordinate to the axial halogen in a similar
way as a proton, thereby weakening the B−X bond in tandem
with the formation of the new B−Y bond.
We have also shown in this work that previous to the TS,

important interactions are generated in the Reac2 complex
between the phenol and isoindole aromatic surfaces that bring
together the two reagents. An interesting issue that could be
further addressed is a comparison of the reactivities of
subazaporphyrin (SubPz), SubPc, and subnaphthalocyanine
(SubNc) with phenol nucleophiles. It has been empirically
observed17 that axial halogen exchange reactions are more
efficient in the order SubPz > SubPc > SubNc, but the origin
behind this reactivity difference has not yet been disclosed.
Likewise, a comparison of the reactivities of the structurally
related SubPz and subporphyrin (SubP) macrocycles would
also be an appealing issue to study. The higher stability of the
SubP ring may allow other reaction pathways to occur.
In conclusion, this work sheds light on the influence of

different experimental parameters on the kinetics and efficiency
of the most important reaction in SubPc chemistry. Moreover,
our work describes a reaction mechanism that is, to the best of
our knowledge, unprecedented in boron chemistry and arises as
a consequence of the crowded and rigid chemical environment
of the boron atom in these singular macrocycles.
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(d) Gonzaĺez-Rodríguez, D.; Torres, T.; Herranz, M. A.; Echegoyen,
L.; Carbonell, E.; Guldi, D. M. Chem.Eur. J. 2008, 14, 7670−7679.
(e) El-Khouly, M. E.; Shim, S. H.; Araki, Y.; Ito, O.; Kay, K.-Y. J. Phys.
Chem. B 2008, 112, 3910−3917. (f) Gonzaĺez-Rodríguez, D.;
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