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Abstract

The stability of metal complexes in both thermodynamic and kinetic aspects always was a
matter of interest in the field of coordination chemistry. Practical implementation of a
fluorophores in a field of molecular biology also is essentially constrained by their solvo-
lytic and protolytic stability. The aforementioned emphasizes interest in a search for
factors of quantitative stability-based discrimination on a row of BODIPY derivatives.
This chapter shows that thermodynamic stability of a dipyrrinates varies to a large extent
from a mostly undestructable solvolytically BODIPYs to a very volatile in the same aspect
rare-earth element complexes.

Keywords: BODIPY, decomposition mechanisms, stability, acidic conditions, kinetic data,
dissociation

1. Introduction

The stability of metal complexes in both thermodynamic and kinetic aspects always was a
matter of interest in the field of coordination chemistry. Whereas the thermodynamical
approach to investigation of coordination compound stability was well established back before
the first half of the twentieth century [1, 2], there were very few, if any, attempts to systematize
patterns of formation and destruction of complexes in a kinetical aspect.

A monograph published in 2007 [3] highlights the factors affecting kinetics of dissociation and
mechanisms of this process for a vast range of coordination compounds. Both well-known
‘Verner’ complexes and the most contemporary porphyrinato and phthalocyaninato com-
plexes are discussed therein. Remarkable contribution made to the topic by the authors was
systematization of the factors, influencing both kinetic and thermodynamic stability of the
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complex compounds. Due to the universal nature of the proposed models, they could be easily
adapted to describe dissociation processes taking place for other complexes. High impact of
both external (selected solvent and reagent) and internal (molecular structure) parameters on
the dissociation process, showed in the monograph, emphasizes importance of the study for
pure and applied chemistry of the dipyrrins.

The process of optimisation of physicochemical properties of the compounds essentially
implies a search for the compromise between the photophysical efficiency and stability. The
latter, in turn, includes resilience to solvolytic, protolytic and solvoprotolytic dissociation and
photochemical, thermooxidative and some other destruction routes [4, 5]. Our research shows
that thermodynamic stability of a dipyrrinate varies to a large extent from a mostly
undestructable solvolytically BODIPYs to a very volatile in the same aspect rare-earth element
complexes. Work of our colleagues from Tomsk [6-8] shows that immobilization of a BODIPY
in a sol-gel silicon oxide involves specific interactions of a chromophore with a silanol moiety
of a matrix. This drastically influences fluorescence quantum yield of the chromophore,
decreasing it up to a factor of 100 and causing significant changes in the shape of both
fluorescence and absorbance spectrum. Interestingly, a similar behaviour is observed for
BODIPY upon interaction with protic solvents and Arrhenius acids. The common thing in
both situations is that sol-gel technology involves usage of aggressive medium on the early
stages of either acid-catalysed process or a base-catalysed one [9]. Research [10] shows
decrease of pH to affect BODIPY photophysical parameters in an irreversible manner. Namely,
HCI addition in ethanol causes BODIPY destruction via [BF2]+ elimination, leading to a pro-
tonated form of dipyrromethene. Further development of a practically important process of a
composite material elaboration obviously requires a careful study of stability of a fluorophore
in an acid and basic media. Practical implementation of a fluorophore in a field of molecular
biology also is essentially constrained by their solvolytic and protolytic stability. The afore-
mentioned emphasizes interest in a search for factors of quantitative stability-based discrimi-
nation in a row of BODIPY derivatives.

Our collaboration with the Institute of Solution Chemistry of the Russian Academy of Sciences
pushed the limits in the field thanks to the huge amount of data and experience in the studies
of such processes for porphyrins and phthalocyanines. Until the current review on dipyrrinate
stability, our colleagues from ISC RAS have published [11, 12] kinetics of Cu(II), Ni(II), Co(II)
and Hg(II) dissociation processes in a benzene solution of acetic acid. Surprisingly, Hg(II)
complexes do undergo dissociation even in acid-free benzene and chloroform solutions. Such
a process involves formation of Hg - Solv adducts alongside with protonated dipyrromethene
via the stage of a m-complex formation:

[Hg(dpm), + C¢He < [Hg(dpm),| - CeHg < [CoHe-+-Hg-+-dpm] dpm~ — [C¢Hs — Hg — dpm]
[C6H5 — Hg — dpm] + C6H6 — [C6H5 — Hg — C6H5] + Hdpm
(1)

Analysis of dissociation kinetics of other stated dipyrrinates in acetic acid benzene solutions
yields a row of descending stability to protolytic dissociation:
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[Cu(dpm)z] > [Co(dpm)z} = [Zn(dpm)z] > [Hg(dpm)z] > [Ni(dpm)ﬂ )

Whereas this row coincides roughly with a respective row for thermodynamic stability, it has
absolutely nothing to do with the corresponding dependencies for complexes of a structurally
flexible chelate and amines like ethylenediamine. Stability of the Ni(II) complex for porphyrins
and phthalocyanines also occupies different positions in a corresponding row. Moreover,
somehow, comparable destruction rate in such a condition is only observed for yet the most
labile macrocyclic complex [13] being samarium(Il) octaphenyltetraazaporphyrinate —[(Acac)
SmOPTAP]. This [(Acac)SmOPTAP] in benzene with 0.2 M AcOH (303.15 K) has a

kops = 1.6 - 10" *s~1. [Co(dpm),]| and [Zn(dpm),] in a similar condition (benzene, 0.33 M AcOH,
303.15 K) exhibit ks below 1.1 - 107451,

To summarize, available data demonstrates lack of macrocyclic effect in dipyrrinates to nega-
tively impact complexes stability. Influence of this structural disadvantage is exemplified for
the Ni(II) complexes as stated above. At the same time, spatial rigidity as compared to

diammines and similar chelates implies their distinct behaviour granting special interest in
the field.

2. Protolytic dissociation of alkylated Zn (II) dipyrrinates

Here we review research on kinetics of Zn(II) dipyrrinate [Zn(dpm),] protolytic dissociation
[14]. The structures discussed are presented below:

[Zn(dpm'),]: R* = H,R? = Me
[Zn(dpm?),]: R* = Me,R> = H
=N N [Zn(dpm?3),]: R = Me,R? = Et

Zn(1l) dipyrromethene complexes were shown to be quite perspective among other d-metal
complexes, because due to fully occupied d-electron shell, no ligand fluorescence quenching
occurs. It was found earlier [15] that [Zn(dpm),| complexes are exposed to protolytic dissoci-
ation in CoH¢—CH3COOH solutions, so such a mixture was also used to study protolytic
dissociation in this case.

Electronic absorption and fluorescence spectroscopy was used for examination of dissociation
kinetics at 298, 308, 318 and 328 K temperature points. Observed rate constant (kus), activation

energy (E,) and entropy (AS7) were calculated as follows:

1 Ag — Aw
kobs = ; -In (m) (3)

67



68

BODIPY Dyes - A Privilege Molecular Scaffold with Tunable Properties

where Ay, A.. and A; are absorbance in the first, intermediate and the last point, respectively.

T1T, kT2
lg—

E, =191 —- ,
! T, —T1 “kn

AS* =19.1-Igk" + E,/T —19.1-1gT — 205 4)

Electronic absorption spectra of the compounds exhibit bright characteristic absorption band
at 500 nm corresponding to Sy — S; electronic transition and charge-transfer band at ~370 nm.
Fluorescent bands are single-peak mirror images of the main absorption band.

It was shown, that addition of acetic acid in benzene provokes decrease of the long-wavelength
absorption maximum (Ags = 497-506 nm) with a simultaneous increase pro rata in the
485-488 nm peak, corresponding to the protonated ligand form (Hpdpm™). On the other side,
a decrease in the main fluorescence band of the compound was not accompanied by any other
changes which was in the good agreement with the fact that protonated dipyrromethene is not
fluorescent (Figure 1).

It is reasonable to state, therefore, that [Zn(dpm),| protolytic dissociation yields protonated
ligand form—Hydpm™.

Even the smallest acid amounts provoked immediate [Zn(dpm'),| dissociation all the way to

the equilibrium state. Data obtained from the experiments allowed us to measure protolytic
dissociation equilibrium constant corresponding to the following scheme:

[Zn(dpm'),] + 4HACO = Zn(AcO), + 2 [Hz (dpml)Jr...AcO’] (5)

Measured to be 5 - 107°1* /mol?, this constant is in the good agreement with existing data on
thermodynamic stability of a similar complex [16].

Linearization of kinetic data for the [Zn(dpm®),] in the semi-logarithmic scale indicates first-

order reaction relative to complex concentration (Figure 2). Dependence of the observable rate
constant from the HAcO concentration could be written as

350 p
1. §506
A 488 ]
0.8 F
250 f
0.6 |
1
04 F 150 &k N
0.2 , l
0 : A 50 . 9

Figure 1. Left: changes in EAS of benzene [Zn(dpm3)2] solution upon AcOH addition (C = 0.78 M) (1—0 min; 9—30 min);
and right: changes in [Zn(dpni®),] benzene solution fluorescence upon AcOH addition (C = 0.7 M) (1—0 nzin; 9—30 min).
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Figure 2. Kinetics of the [Zn(dpnr),] dissociation upon different AcOH concentrations (1—0.78 M; 2—0.67 M; 3—0.54 M;
4—0.39 M; and 5—0.21 M).

kobs - kC%—IAcO (6)

According to the literature data [17-19], Gammet'’s acidity function is in direct ratio with acid
concentration in the range used (0.21-0.78 M); thus activity could be safely substituted with
the concentration.

Protolytic dissociation, therefore, proceeds the same way as protonated ligand formation and
could be described by the third-order kinetic equation:

dC[Z
n(dpm)z] o 2
i UbSC[Zn(dpm)z]CAcOH @)

Data obtained is in good agreement with the literature and justifies participation of two acid
molecules in the limiting stage of the reaction. Analogous mechanism takes place in the
protolytic dissociation of metalloporphyrins [20, 21], possessing similar structure of the coor-
dination centre. Kinetic constant values k" at different temperatures and corresponding activa-
tion parameters are presented below:

T, K k, 1?/(mol*s) E., kJ/mol AS7, J/(mol-K) AH7, kJ/mol
[Zn(dpm®),]

298 0.0001 612 +23 ~119.6 + 10.3 58.7 +£2.2
308 0.0002

318 0.0005

[Zn(dpm®),]

298 0.0003 52.3 4+ 3.2 ~141.1 + 124 498 +32
308 0.0005

318 0.0007
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T, K k, 1%/(mol*s) E., kJ/mol AS”, J/(mol-K) AH7, kJ/mol

Zn(1I) bis(4,4'-dibutyl-3,3',5,5 -tetramethyl-2,2'-dipyrrinate)

298 0.0006 51.4 —142.3 48.9
303 0.00099
313 0.00171
318 0.00232

Formation of a protonated ligand form H,L" and derived above third-order kinetic equations
allows us to represent protolytic dissociation as the three-stage process of a consequent pyrro-
lic nitrogen protonation:
[Zn(dpm),| + 2HACO « {[Zn(dpm)2 -2H| 2+---ZACO*} ki, slow
2+ - (8)
{[Zn(dpm>2 -2H]*"2Ac0 } — 2Hdpm + Zn(AcO),  ky, fast

Hdpm + HAcO — [Hadpm™---AcO™] ks, fast

With the quasi-steady-state assumption, the equation for [Zn(dpm),] could be rewritten as:

_dC[zn(dpm)z] - kiko c 2 o
dt T \k g+ k [Zn(dpm),] “HACO

which coincides with the experimentally derived equation. Further simplification is possible
with the assumption of kinetic insignificance of k_; due to low inverse reaction rate:

dcC Iz
n(dpm)z] . 2
T i klc[Zn(dpm)z] Chaco (10)

The rate-determining step is, therefore, the first stage. Activation parameters obtained serve as
the further approval for the conclusions stated above. Namely, increase in ordering due to

formation of { [Zn(dpm), - 2H]*" ---ZACO_} intermediate is described by the negative values of

activation entropy.

Data presented allows us to identify the effects of dipyrrolic ligand alkyl substitution to the
kinetic stability of the corresponding complexes for the first time. Whereas the a-free complex
was shown to be of the highest lability, it is obvious to assume the high impact of +I effect
existing therein to be the most important stabilizing factor. This assumption is supported by

the proposed mechanism: { [Zn(dpm), - 2H| 2+---2ACO_} stability is determined solely by the

strength of N-H hydrogen bonds. Decrease in +I effect impact along with fast emergence of
steric difficulties leads to severe weakening of those bonds upon alkyl chain elongation (liter-
ature data for dibutyl-substituted dipyrromethene [15] was also used for comparison). Methyl
group, in turn, provides the highest inductive impact as compared to related sterical
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difficulties—such a combination granting the lowest activation energy qualitatively repre-
sented by instant hydrolysis.

In our other paper [14], the search for analogies in photochemical and protolytic stability was
performed.

Photochemical destruction processes of [Zn(dpm'),|, [Zn(dpm?),] and [Zn(dpm?),] along
with free dipyrromethene ligand and dipyrromethene hydrofluoride in ethanol were studied.
OUFB-04 (180-275 nm, 11.4 W/mz) was used, and observable destruction constants were
evaluated from spectral changes at different time points (Figure 3). "H NMR spectra of the
compounds were acquired using Bruker AVANCE-500 (Germany) spectrometer.

From the data obtained, we state the main role of oxidative hydroxylation of alkyl moieties and
p-carbon in the destruction process, yielding monopyrrolic products. Nuclear magnetic reso-
nance spectroscopy data after irradiation indicates peaks, associated with HO — CH, — Pyr and
alike moieties: 'H NMR (500 MHz, CDCl3) 6, ppm—1.25, 3.74,7.39, 7.49 and 8.01.

Observable constants were measured to be (8 +3)-1072, (3.440.5)- 102 and (10 +3) - 107,
respectively. Photolysis speed, therefore, grows in direct proportion with ‘alkylation degree’,
and fB-substituent affects this process much more intensively than the @ one. Observable
constants for free dipyrromethene and dipyrromethene hydrofluoride were measured to be
(16.7£0.9) - 10 % and (8 & 2) - 102, respectively. As it was expected, free of any acid-base and
coordinational interactions, dipyrrin structure becomes way more labile to photodestruction
due to high electron density allocated at the rt-conjugated system.

0.8

502
0.6
/
c T, MUH
04 L. 0 1 1 1 1 J
16 20

0.2
0

250 300 350 400 450 500 550

Figure 3. Changes in [Zn(dpm®),] ethanol solution EAS upon irradiation (1—0 min; 8—24 min); inset—relative optical
density of the compounds upon irradiation (a— [Zn(dpm?),); b—[Zn(dpm"),]; c—[Zn(dpm?),)).
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3. Protolytic dissociation of Pd(II) dipyrrinates and bis-dipyrrinates

Dipyrromethene ligands are known to possess flat molecular shape and mobile rt-electron
system. Such properties essentially suggest high interest in research concerning their DNA
intercalating activity for anticancer purposes. The most promising complexes in this area are
Pt(1I) and Pd(II) organic coordination compounds, due to their flat square coordination poly-
hedra, perfect for fitting the molecule between nitrogenous bases. Unlike 3d-metal
dipyrrinates, there are very few investigations carried out on their 4d analogues. There is also
a high fundamental interest in comparative studies of the physicochemical properties for
compounds with similar coordination environment but different ligand structures. Differences
between dipyrrin and billadiene complexes are interesting object for the investigation; the
latter possess additional chelating cycle, which provokes emergence of the differential
polychelating effect [22].

[Pd(dpm):] [Pd(bd)]

Here we review our research on Pd(Il) complexes with alkylated dipyrromethene (Hdpm) and
billadiene-a,c (H»bd).

Preliminary examination revealed absolute insusceptibility of the studied complexes to
protolysis in C¢Hg—AcOH solution. Pd(II) complexes are, therefore, way more stable to
protolytic dissociation than the 3d-metal dipyrrinates. Trichloroacetic acid benzene solution
showed measurable reaction rate at 298 K and therefore was used for further kinetic investiga-
tions. Emergence and gradual growth of 485 nm peak in electronic absorption spectra indi-
cated formation of protonated ligand form upon complex destruction (Figure 4).

Linear dependencies obtained for data plotted in semi-logarithmic coordinates indicate first-
order reaction relative to complex concentration. Observable rate constants, at the same time,
suggest second-order reaction relative to CCl3COOH concentration:

kobs = kCZCClgCOOH (1)

Protolytic dissociation therefore could be described by the third-order equation, in a similar
way as the ligand protonation process:

dC[Pd(dpm) ]
TZ = kClpaapm),| Cecncoon (12)
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Figure 4. (A) Changes in [Pd(bd)] EAS upon protolytic dissociation 298.15 K; 1 (s): 1—0 (s); 2—2820 (s); (B) kinetics of
[Pd(bd)] dissociation at 298 K; CéClgCOOH -10%; M: 6 (1), 5.3 (2), 4 (3), 2.8 (4), 1.3 (5); (C) dependence of ky; from C%CZSCOOH
(T =298 K) for [Pd(bd)] (1) u [Pd(dpm),] (2).

ACip(pa
— % = kC[Pd(bd)]CZCCl3COOH (13)

Kinetical and activation parameters for the Pd(II) complexes are listed below:

T, K k E., kJ/mol AS7, J/(mol-K) AH7, kJ/mol
[Pd(dpm),]

298 4700 4 200 524 +23 —6.0+0.3 448 +22
308 7320 =+ 360

318 18,788 + 393

[Pd(bd)]

298 1120 + 50 65.8 + 3.2 257405 65.3 + 3.2
308 5210 + 190

318 5860 + 280

Formation of a protonated ligand form (Hydpm* and Hybd*") allows us to propose mechanism,
analogical to the aforementioned bis-dipyrrinates dissociation scheme. Three-stage consequent
nitrogen protonation reaction scheme is assumed:
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[Pd(dpm),] +2H A" > { [Pd(dpm), - 2H]* 24|, k. slow
{ [Pd(dpm), -2H]*" 24"} — 2Hdpm + PdAs, ks, fast (14)
Hdpm + H" A~ — [Hadpm™-+-A"], ks, fast

Quasi-steady-state assumption for this process allows us to describe this process with the
equation:

dc[Pd(dpm) ] k1k2
dt (kl -+ k2> C[Pd(dpm)z] CH 14 (15)

As it was done for Zn(II) complexes before, simplification with the assumption of k_; kinetical
insignificance could be done to rewrite equation in a convenient form:

dC[Pd(dpmb]

- dt =k C[Pd(dpm)z] C?ﬁ.../r (16)

Thus, the obtained activation parameters describe the transition state formation (rate-deter-
mining step). Here we also assume the possibility of interaction between the acid anion and
Pd(II) atom.

for [Pd(dpm);] for [Pd(bd)]
}II.*..JI\‘ HT..A'
s s
\_i8+ N \_i8+ N
( Pd—" ( Pd—"
N~ E\st) il E\Ns)
K K

Comparison of the activation parameters for [Pd(dpm),| and [Pd(bd)] complexes suggests
manifestation of differential polychelating effect, effectively screening coordination centre
from external influence. Namely, observable dissociation rate constant is 4.2 times higher
(T = 298 K) for bis-dipyrrinate than for billadiene complex, and activation energy of the
limiting step is 1.3 times higher for the [Pd(bd)].

It is worth mentioning here that in other researches, Pt(Ill) billiverdine (natural billatriene)
complex was found to be stable to protolysis in DMSO-AcOH solutions with up to 16.85 M
acid concentration. At the same time, it dissociated instantly all the way to equilibrium state in
DMSO-H, S0, solutions. Data obtained for billiverdine and protoporphyrin IX complexes was
used for evaluation of macrocyclic effect impact: kinetical stability increase measures 10* times
for Pt(Ill) protoporphyrinate. Macrocyclic effect was shown to significantly increase stability
in the similar comparative study with the Mn(III) complexes, where the stability increase was
measured to be 1.73 - 10°® times!
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Both polychelating and macrocyclic effect should be therefore mentioned as the most impor-
tant factors of coordination compound stabilization. The hallmark of these effects is a drastic
decrease in dissociation rate constants upon switching from simply chelating ligands, to
polychelating ones and, finally, to macrocyclic ligands.

4. Protolytic dissociation of Cu(II) and Ni(II) bis-dipyrrinates

Cu(II) and Ni(II) are known for their ability to form both biligand dipyrrinates [M(dpm),| and
a highly themodynamically stable heteroligand complexes [Mdpm(X)]. High stability of the
latter (IgK = 7-10) suggests formation of intermediate products with mixed coordination
environment during protolytic dissociation process. This is indeed being the case for the
Cu(II) complex with butyl-substituted dipyrromethene [23, 24].

[Ni(dpm),]:M = Ni,R = Et
[Cu(dpm),]: M = Cu,R = Me

Investigation of Cu(II) and Ni(II) complexes protolytic dissociation was carried out to further
understand influence of different factors on kinetic stability of dipyrrinates [15]. Benzolic
[Cu(dpm),| and [Ni(dpm),] solutions possess three characteristic electronic absorption maxima:
high-intensity one at 527-530 nm, second peak at 460—464 nm and the charge-transfer band in
the near UV. The addition of a minimal AcOH amount was found to cause immediate intensity
decrease for the main electronic absorption peak, accompanied by 488 nm peak emergence
(Figure 5). Retaining of the spectral shape upon triethylamine addition approved this process to
be reversible equilibrium. The thermodynamic equilibrium constant was obtained from the
spectrophotometric titration data, assuming the process to be described with the equation below:

[Cu(dpm),] + 4AcOH = 2[Hdpm](AcO) + Cu(AcO), (17)

Obtained thermodynamic constant value of (7.55 =+ 0.4) - 10~71*/mol* is in good agreement
with the literature data on the Cu(Il) dipyrrinate stability. Unlike the butyl-dipyrromethene
complexes [15], our objects were found to exhibit not the formation of heteroligand com-
pounds even when the smallest acid amounts were used.
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410

Figure 5. Left: [Ni(dpm),] (1) and [Cu(dpm),] (2) benzene solutions EAS; right: changes in [Cu(dpm)2] benzene solution
EAS upon Cpcop variation, M: 0.02 (1), 0.12 (2).

Unlike [Cu(dpm),], the [Ni(dpm),] formation is a kinetically controlled reaction which was
found to take place with measurable rate in the acid concentrations range from 2.410 - 10~* to
0.2 M. Acid addition was found to provoke decrease in the 530 nm band with simultaneous
increase in the Hpodpm™ band at 493 nm (Figure 6). Whereas at the low acid concentrations
(<2 -1077), there were bands of heteroligand complex observable in the EAS, increase of the
concentration led to a full dissociation lacking any complications.

Straight lines obtained in the semi-logarithmic coordinates suggest first-order reaction relative
to complex concentration, described with the equation:

AC Ni(dpm),)
1 m), i 2
- dt = kObSC[Ni(dpm)Z] Cacon (18)

Each of the two equilibria could be described, therefore, as the consequent protonation of the
dipyrromethene ligand. For an equilibrium involving formation of heteroligand complex

[Ni(dpm),] +2AcOH = [Ni(dpm)(AcO)] + [Hadpm](AcO) (19)
06 r

530 x104

A 464 T 493 ‘lf kops* 10
6
4 L
7

A, nm CACOH,‘104l mol/|
0 L 1 1 y 0 1 1 1 1
350 400 450 500 550 0 3 6 9 12

Figure 6. Left: changes in [Ni(dpm),] EAS upon acetic acid addition: 1—0 min; 2—reaction end; right: dependence of
observable protolytic dissociation rate for [Ni(dpm),] relative to Ca.om-
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Kinetic scheme involves the following stages:
[Ni(dpm),] + AcOH < {Ni(dpm),(AcOH)}", ki, slow
{I\]i(dpm)Z(AcOH)}3'é — [Ni(dpm)(AcO)] + Hdpm, ko, fast (20)
Hdpm + AcOH — [Hadpm](AcO), ks, fast
For the heteroligand complex dissociation
[Ni(dpm)(AcO)] +2AcOH = Ni(AcO), + [Hadpm|(AcO) (21)
And the kinetic scheme could be written as follows:
[Ni(dpm)(AcO)] + AcOH « {Ni(dpm)(AcO)(AcOH)}", ki, slow
{Ni(dpm)(AcO)(AcOH)}” — Ni(AcO), + Hdpm, K, fast (22)

Hdpm + AcOH — [Hadpm|(AcO), ks, fast

Observable second-order reaction relative to acid concentration suggests formation of the
heteroligand complex to be the limiting stage of the process. Quasi-steady-state assumption
along with concluded insignificance of heteroligand complex dissociation speed allows us to
derive the equation:

dC[N.

idpm),] [ kika 2

- at - (k—l i k2> C[Ni(dpm)z] Cacon (23)
which is in good agreement with the experimentally derived equation:

kiko
k_1+ ko

(24)

obs =

From the temperature variation experiments, activation parameters of the reaction were
obtained.

T, K k E,, kJ/mol AS7, J/(mol-K) AH7, kJ/mol

dpm™ =3,3,4,5,5'-pentamethyl-4'-ethyl-2,2'-dipyrromethene anion

298 0.29 £ 0.02 439 +27 1152 £12.7 414425
318 0.42 +0.03
328 0.83 £0.05

dpm™ =3,3,5,5'-tetramethyl-4,4'-dibutyl-2,2'-dipyrromethene anion

298 2279 £3 35£3 —7214+£13 32.5+3.8
303 2660 + 3
313 4541 +5

318 5272 £ 11
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Activation energy for the studied compound was found to be higher than that for the Ni(II)
butyl-substituted dipyrrinate [15]. Strong inductive effect of alkyl moieties leads to higher
electron-donating ability of the pyrrolic nitrogen and, therefore, increases kinetic stability of
the compounds.

5. Patterns of BODIPY kinetic acid: Base dissociation

As it was mentioned before, understanding of a BODIPY behaviour in aggressive media is
crucial within the scope of their practical application. The only data available to date was their
higher solvolysis stability as compared to the d-metal dipyrrinates. Results reviewed below
[25-28] thus are the first attempts of quantitative evaluation of a protolytic and solvoprotolytic
resilience of a boron-dipyrromethenes.

6. Kinetical studies of BODIPY protolytic dissociation

Kinetic stability was evaluated for 4,4'-diethyl-3,3',5,5'-tetramethyl-dipyrromethene (Hdpm®),
u-phenyl-4,4'-diethyl-3,3',5,5'-tetramethyl-dipyrromethene  (Hdpm?) and disodium 4,4’-
disulpho-3,3',5,5 -tetramethyl-dipyrromethene (Hdpm®) difluoroborates. Studies were carried
out in benzene, ethanol and water (both pure and mixed together) solutions. Acetic acid,
trichloroacetic acid, trifluoroacetic acid, sulfuric acid and hydrogen chloride were used as
protolysis agents.

Me R? Me
R AN AN R
=N N

Me ~ B/

7

All of the compounds exhibited intense electronic absorption band at 528, 523 and 491 nm, res-
pectively, and a charge-transfer band situated in a near UV region. Sulphonated complex exhibited
hypsochromically shifted maximum due to the differences in electronic structure (Figure 7).

Me

F -

Electronic absorption and fluorescence spectroscopy data lacked any dissociation hallmarks
for [BF,dpm'] in benzolic and ethanolic solutions of acetic and trichloroacetic acid at 298 K.
Neither did it in the pure corresponding acids. Heating followed by boiling for a time span of
20 to 30 minutes demonstrated absolute insusceptibility of a [BF,dpm'] to acetic acid, whereas
trichloroacetic acid evoked kinetically resolved decrease in the main absorption band at
528 nm with simultaneous raise of [H,L]" characteristic band at 485 nm.

[BF>dpm'] underwent dissociation in EtOH-CFsCOOH and EtOH-H,SO, solutions at 298 K
with a speed sufficient for a ratiometric studies. [BF,dpm?®| showed itself to be way more
volatile since dissociation was observed even in the CyH-CCI3COOH solution at 298 K. Both
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Figure 7. Electronic absorption (1, 2) and fluorescence (1', 2') spectra of [BF,dpm?] and [BF,dpm®] in EtOH and water.

protolytic and solvoprotolytic dissociation processes of the [BF,dpm'| and [BF,dpm?| com-

plexes were found to yield the protonated form of the corresponding ligands [H,L]". The
water-soluble [BF,dpm?®| complex showed no hallmarks of dissociation in EAS in the 7-0 pH
range (HCI aqueous). Overnight exposure to the lowest pH studied led to a very few, if any,
changes in the electronic absorption spectrum of the compound. It was impossible to provoke
[BF,dpm®] kinetically resolved dissociation all the way up to the 2 M HCI concentration. The

latter predictably yielded deprotonated form of the ligand [H,L]".

To summarize, treatment of BODIPY with proton-donating agents leads to a fluorophore
destruction down to a protonated ligand form. Protolytic or a solvoprotolytic destruction thus
provokes significant changes in photophysical and spectral properties of the studied com-
pounds due to destruction. Looking back to the technological aspects, irreversible changes in
the dipyrrinates spectral characteristics after the sol-gel process should not have been errone-
ously described by the weak specific interactions [6, 7]. Instead, a way more pronounced dye
destruction should have been taken into account.

Typical fluorescence and absorption changes observed during the dissociation process are
presented below (Figures 8 and 9).

Formal kinetic analysis of a [BF,dpm?®] dissociation process reveals first order of the reaction
relatively to the complex concentration. The observable rate constant, at the same time, is in a
linear dependence from the H ion activity:

kops = const - ag+ (25)

Activities were calculated according to the literature data for an HCI aqueous solution [29, 30].

Kinetical equations of the second order are obviously applicable here:

dC BF,dpm?®
- kC[Bdepmlrz]CHA - % = kC[BFdems]CH+ (26)

B dC[BFdeml,Z}
drt

Equations proposed along with the experimental data suggest one to assume the process to be
the two-stage protonation of the complex as stated below:
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Figure 8. (A) Changes in EAS during [Bdepml] dissociation in EtOH-CF3;COOH binary mixture (Ccr,coon = 3.73 M at
298.15 K), t, s: 0 (1), 2700 (2); (B) decrease in fluorescence spectrum during [Bdepms] dissociation in EtOH-H»SO, binary
mixture.
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Figure 9. (A) Semi-logarithmic plot for the [BF,dpm'] dissociation in the EtOH-CF;COOH binary mixture (T = 298.15 K),
Ccrscoor, M: 0.384 (1), 0.62 (2), 1.23 (3); (B) changes in observable dissociation rate (k) [BF.dpm'] relative to acid
concentration in EtOH: 1, CF3COOH; 2, H,S0,; (C) changes in observable dissociation rate (kops) [Bdepm3] relatively to
H' ion activity in aqueous HCL
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[BE2dpm) + HY-A™ « {[BFodpm - H|" A"} ki, fast
{[BFadpm - H|"---A"} — Hdpm + [BF5 -+A"] kp, slow (27)
Hdpm + H" A~ — [Hadpm™---A"| ks, fast

Quasi-steady-state assumption (suggesting that step 2 is rate-determining) allows stating the
kinetical equation for this process in a convenient form:

ACrdpm) [ kika

which totally coincides with the experimentally derived equation stated before.
Kinetic and activation parameters for the studied reaction are listed in the table below.

BODIPY dissociation thus proceeds via the Sg2 route. Unlike the protolytic destruction of
d-metal dipyrrinates process, rigorously mediated by attack of donating nitrogen atom, BODIPY
destruction process was found to possibly involve interaction between fluorine and electro-
philic agent. Since such an ambiguity was hard to resolve experimentally, quantum chemical
examinations were carried out. Examination of potential energy surfaces for both possible
reaction routes allowed us to state fluorine protonation followed by the subsequent HF elim-
ination to be the first stage of the process.

This fact by itself, however, does not influence the kinetic model of the process proposed
above.

Compound T, K k-10%, 1/(mol-s) E,, kJ/mol AH”, kJ/mol AS7, J/(mol-K)

EtOH-CF;COOH

[BE,dpm’] 298 0.20 4+ 0.01 — — —
EtOH-H,S0,
[BF,dpm'] 298 0.10 4 0.01 104+ 6 102 +6 2041
308 0.40 4 0.02
318 14+0.1

CeHg—CCl;COOH

[BE,dpm?] 298 0.50 + 0.03 - - —
EtOH-H,SO,
[BF,dpm?] 298 0.050 + 0.003 103 + 6 101 £5 12.0 + 0.6
308 0.090 + 0.005
318 0.70 + 0.004
H,O-HCl
[BF,dpm’] 298 0.070 + 0.004 - - -

Ultimately, obtained results allow us to state a set of patterns for kinetic BODIPY protolytic
dissociation stability. Both [BF,dpm'| and [BF,dpm?| are only susceptible to dissociation in
benzolic solutions upon heating. Temperature increase leads to the ‘monomer < dimer’
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equilibrium shift for carboxylic acids and to the decrease of the solvated proton activity [31].
Interestingly, whereas the pure CFsCOOH does not provoke [BF,dpm'] dissociation, the pres-

ence of EtOH, particles in ethanolic solutions leads to reasonable solvoprotolysis rates at
298 K. Dissociation rate is also affected positively by the solution acidity as can be seen from
the comparison of EtOH-CF3COOH and EtOH-H,SOj, systems above. The same pH solutions
of [BF,dpm'| and [BF,dpm?| in EtOH-H,SO, demonstrate the twice-reduced (for the latter)
rate constant due to influence of the phenyl moiety on the nitrogen atom partial charge.

BODIPY, therefore, is unique in terms of kinetic stability towards protolytical and solvopro-
tolytical dissociation. Namely, different d-metal dipyrrinates in the CoH¢—CH3COOH solutions
exhibit rate constants in the range from 0.6-107° to 2.28 - 10° [*/ (mol2 +s) or even demon-
strate thermodynamically controlled equilibrium for the Cu(II) complexes. Boron-dipyrro-
methenes, meanwhile, due to high B-N bond energy and pronounced chelating effect, are
stable in similar conditions. As will be shown in the next section, BODIPYs also undergo the
process of a protolytic dissociation by a mechanism, far different from the one occurring for
dipyrrinates of d- and f-metals.

7. Quantum chemical modeling of protolytic dissociation mechanism

BODIPY, unlike d-metal dipyrrinates, has an ambiguity lying beneath the protolytic destruc-
tion mechanism due to specific coordination centre structure. In addition to the possibility of
direct nucleophilic attack towards pyrrolic nitrogen, the phosphorus atom is also capable to
interact with electrophilic agent with consequent HF elimination. Due to complexity of direct
observation, quantum chemical investigation of potential energy surfaces for both of the
possible protolytic dissociation mechanisms was performed.

Quantum chemical calculations were performed using GAUSSIANO3W and HyperChem 8.0.3
software. Semi-empirical PM6 method, which was verified basing on the experimental struc-
tural data for the bulky organic molecules, was used for rough geometry estimation and
potential energy surface evaluation. Result refinement was performed using density functional
theory approximation, with a BBLYP hybrid functional and a 6-31G(d,p) basis set.

The first studied mechanism involves direct nitrogen protonation with and consequent B — N
bond cleavage. On the other side, the second proposed mechanism involves formation of an
H — F hydrogen bond followed by HF elimination (Figure 10).

For potential energy surface cross sections, interatomic distance was chosen as an independent
coordinate. Namely, those were N — H bond length for the first mechanism and F — H bond
length for the second one.

Net Mulliken charges on the atoms show the favor for the second mechanism demonstrating
fluorine to be more electron-rich than nitrogen. Optimized geometries for BODIPY and its
single- and double-protonated forms are presented in Figure 11. Protonation of the atoms
causes charge inversion on the fluorine atom and decrease of the partial positive charge on
the pyrrolic nitrogen (Table 1).
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Figure 10. Proposed routes of BODIPY dissociation.
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Figure 11. Optimized structures of BODIPY (A), single-protonated (B) and double-protonated (C) BODIPY forms.

Atom. Structure
A B C

N; 0.307 0.219 0.077
N, 0.307 0.218 0.077
F; —0.21 0.052 0.072
F, —0.209 —0.158 0.071
B 0.06 0.13 0.021
H; 0.307 0.323
H, 0.323

Table 1. Net Mulliken atomic charges calculated using DF B3LYP/6-31G(d,p) approach.

H — F bond length equilibrates near 0.957 A with B — F — H 155° bond angle. B — F distance
elongates upon interaction from 1.352 A up to 1.521 A with simultaneous B — F order decrease
from 0.97 down to 0.52. The latter explains ease of consequent destabilization and bond
cleavage (Figure 12).
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Figure 12. Potential energy surface cross sections for the first (top) and the second (bottom) mechanisms. AE (y axis) is
calculated relatively to the stable BODIPY structure.

Activation energy for the nitrogen protonation corresponds to 18 kJ/mol. N;C5C7N, dihedral
angle increase from the fully planar (=0°) to a strongly twisted (15.6") configuration occurs in
this case.

For an HF elimination mechanism, there are two minima observed: the first one corresponds to
the original BODIPY structure, whereas the second denotes trigonal coordination polyhedra of
the complex as shown in the figure. Geometry of the transition state for this mechanism
undergoes no pronounced changes except the obvious B — F — H angle increase and H — F
bond tightening. The activation energy for this case estimates 12 kJ/mol mostly owing to the
B(IIl) coordination polyhedra change. Alas, the trigonal geometry is only possible in vacuo,
since acid ligands will force back the tetrahedral shape in the condensed phase.

From the aforementioned we state that fluorine protonation with consequent HF elimination is
the most probable mechanism of the first stage of BODIPY protolytic dissociation. This still
corresponds to the kinetic model proposed above while nicely explaining outstanding stability
of boron-dipyrromethenes to protolytic dissociation.
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8. Hydrolysis and destruction of BODIPY in alkaline solutions

Resilience of BODIPY to the aggressive components of the reaction mixtures involved in the
hybrid material formation is of high importance. Up to our first paper in the field [26], stability
of boron-dipyrromethenes in the alkaline medium was never studied. Here we review kinetic
stability of disodium 4,4’-disulpho-3,3’,5,5'-tetramethyl-dipyrromethene (Hdpm®) difluorobo-
rate [BF,dpm] in the aqueous NaOH solutions.

[BF»dpm| aqueous solutions exhibited intense absorption peak at 491 nm. There were very few,
if any, changes in electronic absorption spectra upon pH increase from 7 up to 9, even after 24 h
of exposure.

First, changes were observed at pH values >10—absorption maximum decrease was accom-
panied by the growth of 206 nm band, corresponding to the monopyrrolic products. Further,
pH increase in the 10-12 range increased destruction rate dramatically (Figure 13).

Linearization using first-order reaction coordinates yields unity root mean square and
approves the first-order reaction relative to the complex concentration. At the same time,
dependence of k,,; from pOH suggests the second-order reaction relative to OH ™ ion.

Acid (HCI) addition leads to full recovery of the photophysical characteristics, suggesting
reversibility of the first stage of interaction studied. Thus, the first stage is the formation of
unstable anionic ligand form, which consequently breaks down to yield monopyrrolic prod-
ucts. The suggested reaction scheme is presented below:

[BF2dpm)*™ +20H™ « [BF,(OH),|  +dpm®™ Kk

dpm®~ — colorless pyrroles ky (29)

According to the scheme, the canonical kinetic equation could be written as

_dCBdepm

at = Kops C[Bdepm] (30)

Quasi-steady-state assumption for this reaction scheme allows stating the kinetical equation
for this process in a form:

kik,
ke = (1) onr 61)

which coincides with the experimentally obtained dependencies. Thus, total reaction rate
equation could be written as
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Figure 13. (A) Electronic absorption (1) and fluorescence (2) spectra of an aqueous [BF,dpm] solution (pH 7.0); (B) changes
in [BFodpm] EAS upon NaOH addition at 298 K; (C) kinetical data on [BF,dpm] destruction at 298 K. (B inset) changes in
solution absorbance relatively to the pOH.

—dCaFydpm kiko 2
dTZ = k_l C[Bdepm]C(OH’) (32)

Ultimately, we can state high BODIPY stability towards alkaline medium, granting possibility
of their usage in high pH range during hybrid materials synthesis. Proposed mechanism and
data obtained for the hydrolytic BODIPY destruction in alkaline medium extends the frontiers
of their practical applications, suggesting proper usage of acidic additives preventing boron-
dipyrrin destruction.

9. Conclusions

Results reviewed in this chapter broaden the data on kinetic stability of dipyrrinates in acidic
media. Introduction of the alkyl moiety to the ligand structure leads to an increase in the
electron density near pyrrolic nitrogen atoms. Demonstrated results state decrease in stability
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of intermediate complex upon alkyl chain length increase due to attenuation of +I effect
impact. Kinetic stability of dipyrrinates is mainly affected by potency of interaction between
electron-donating nitrogen atoms and acid molecules. This possibility, in turn, is highly sus-
ceptible to dipyrrin substituents amount, position and electron-donating behaviour. Central
atom nature not just simply determines stability of the complex towards protolytic dissociation
but fundamentally changes route of the process. Relative stability was stated for Zn(II) and
Ni(II) dipyrrinates. The latter demonstrates formation of heteroligand complexes in the pro-
cess of dissociation. Pd(II) complexes have way higher stability and are only susceptible to
dissociation in the trifluoroacetic acid solution. Outstanding stability is demonstrated by the
boron difluoride dipyrromethenes, mostly due to the high B — N bond energy and highly
pronounced chelating effect. Quantum chemical investigations state that unlike that of d- and
f-metal dipyrrinates, the first stage of BODIPY protolytic dissociation is fluorine protonation
with consequent HF cleavage.

Investigation of the BODIPY destruction in aqueous alkaline medium suggests the first stage
of the process to be the alkaline hydrolysis. Unstable intermediate anionic form of the ligand
consequently decays yielding uncoloured monopyrrolic products. Analysis of the spectropho-
tometric data for the process is in good agreement with the reaction scheme proposed.

There is an ongoing research [32-36] on bis-dipyrrins protolytic dissociation stability. Gener-
ally, they are more labile, and benzene solutions of acetic acid are used for the investigation.
Doubling the number of the electron-donating groups per molecule complicates the examina-
tion; however, with some assumptions made (such as synchronous protolysis) kinetical equa-
tions look quite similar with the ones derived in this chapter. It could be stated that lability of
helicates (bis-dipyrrins binuclear complexes) in protolysis reactions also do increase if there are
no any substituents in terminal pyrrole rings.
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