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Abstract Tetracyclines are a class of derivatives of

polycyclic naphthacene carboxamide, which have attracted

wide interest in the pharmaceutical field for their use as

antibiotics. These molecules are characterized by a sub-

stantial conformational flexibility and by the presence of

different binding sites which endow tetracycline with a

noticeable capability in binding biological targets. A sali-

ent property of tetracyclines is the presence of multiple

acidic groups: four equilibrium constants have been mea-

sured for the fully protonated tetracycline (TCH3
?) but so

far no clear information concerning the pKas of the various

sites has been reported. We present here a computational

investigation on the correlation between the acid–base and

the spectroscopic properties of this important class of

compounds. Starting from the TCH3
? species, the pKa of

all the possible deprotonation sites has been computed by

DFT calculations. The computed pKas nicely compare with

the experimental data, within 1 pKa unit, allowing us to

individuate the products of the first deprotonation. This

procedure has been iteratively repeated using as starting

species the products singled out from the previous depro-

tonation, thus individuating the stepwise products of each

deprotonation step. Then, the optical absorption spectra

have been computed for all the species involved in the

protonation/deprotonation equilibria, comparing the results

with the experimental data. The good agreement between

theory and experiment has allowed us to rationalize the

correlation between the solution pH and the absorption

spectra.

Keywords Theoretical pKa assignment � DFT/TDDFT

calculations � Simulation of UV–vis spectra

1 Introduction

Tetracyclines are a family of derivatives of polycyclic

naphthacene carboxamide that have attracted wide interest

due to their pharmaceutical properties [1–7], mainly related

to their broad-spectrum antibiotic activity [8, 9]. Besides

this widely recognized application, they have also been

used in the field of gene regulation and as inhibitors of the

metalloproteinase activity [10, 11]. Due to tetracycline’s

various applications, the number of publications on this

topic has quickly grown in the last years [1–25]. The

conformation flexibility and the presence of different

complexation sites are among the reasons of tetracycline’s

success in binding biological targets [12]. Tetracyclines

posses various carbonyl and hydroxyl groups which open

the way to different complexation modes with metal ions

[12]. Despite their clear role in pharmacology, tetracyclines

have shown some side effects due to their phototoxicity

and photosensitizing action [1, 26–28]. Moreover, it is well

known that the pharmaceutical activity of these compounds

is strongly dependent on the environment, both in terms of
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solvent and pH [1, 47]. Therefore, the comprehension of

tetracyclines acid–base chemistry and its influence on their

spectroscopic properties is crucial to study the damaging

effects of light irradiation and to further tailor their phar-

maceutical use.

The fully protonated tetracycline (TCH3
?) presents four

possible deprotonation sites in positions 3, 4, 10, and 12,

see Scheme 1. Four equilibrium constants associated to

mono-deprotonation reactions have been measured at 3.4,

7.3, 9.0, and 11.8. These pKa values lead from the fully

protonated (TCH3
?) to the zwitterionic (TCH2), the mono-

anionic (TCH-), and finally to the di-anionic (TC2-) forms

[1, 43–46].

Several theoretical investigations on tetracyclines have

been reported, using ab initio [29–32] and DFT [33–40]

calculations, dealing with their possible conformations

[35–37], their complexation with different metals [33, 39,

40], and their vibrational and NMR spectroscopy [34, 35].

Regarding the electronic spectra, the simulation of the

absorption spectra has been performed for the neutral

tetracycline [2] and for the related anhydrotetracycline by

semiempirical calculations [41]. In a recent study, the

relative stabilities of several tetracycline conformations in

the excited state have been investigated using TDDFT to

evaluate the pathways of excited-state intra-molecular

proton transfer [11]. Although the pKas of tetracycline have

been largely studied experimentally, to the best of our

knowledge they have never been computed using first

principle methods nor the absorption features of all the

possible protonated/deprotonated forms have been com-

puted. To our knowledge, only two computational studies

have provided an estimation of tetracycline pKa; the first

one employs the SPARC calculator, based on a database of

broad range of organic compounds families pKas [46],

while the second one combines semiempirical calculations

with fitting of experimental data [42].

In this work, we present an integrated theoretical

and experimental study on the acid–base properties of

tetracycline and on their influence on its electronic

absorption spectra. Starting from the fully protonated

species (TCH3
?), we have computed the pKa of the four

possible deprotonation sites. The investigated neutral spe-

cies, obtained by deprotonation of TCH3
?, have been

labeled TCH2(m), where the m index refers to the depro-

tonation site, with reference to the labels defined in

Scheme 1. With the pKa calculations, the product from the

first deprotonation has been individuated and the procedure

has been iteratively repeated thus assigning the species

produced at each equilibrium stage. The products obtained

from the second and third deprotonation have been labeled

TCH-(m, n) and TC2-(m, n, j), respectively, where m, n,

and j indexes refer to the first, second, and third deproto-

nation site, respectively. The absorption spectra of the

individuated products of each deprotonation step have been

simulated and compared to the experimental spectra at

intermediate pHs. TDDFT has become a powerful tool to

understand and even predict the electronic optical proper-

ties of many species with accuracies usually within

0.20 eV [48–50] for the neutral species. The description of

the spectroscopic properties of negatively charged species

is often more challenging. In these cases, a hybrid con-

tinuum polarizable model with the inclusion of explicit

solvent molecules might consistently improve the accuracy

[48].

In this investigation, the computed spectra have been

used to assign the main absorption bands, analyzing the

involved electronic transitions, and the changes on the

electronic properties going from the protonated to the cor-

responding deprotonated species have been rationalized.

Our calculations point out that the stepwise deprotona-

tion of TCH3
? takes place in the hydroxyl 3, hydroxyl 12,

ammonium 4, and hydroxyl 10 groups, respectively.

Regarding the effects of pH on the absorption spectra, the

obtained results show that for the zwitterionic (first

deprotonation), the mono-anionic (second deprotonation),

and the di-anionic forms (third deprotonation) the first band

is mainly due to p–p* transitions involving the BCD

chromophore, Scheme 1, while for the fully protonated

TCH3
? the first band is originated essentially by charge-

transfer transitions having as final states orbitals delocal-

ized also on the A ring. On overall, our calculated UV–vis

spectra are in fair agreement with the experimental data,

further supporting the proposed pKa assignment.

2 Computational methodology

All the calculations have been performed by means of DFT

[51] and its time-dependent version (TDDFT) [52–54] as
Scheme 1 Chemical structure of fully protonated tetracycline

(TCH3
?) and sites numbering
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implemented in the Gaussian09 (G09) program package

[55], using the B3LYP [56–58] hybrid functional and the

6-31?G* [59, 60] basis set. Calculations in water solution

have been carried out by means of the Conductor-like

Polarizable Continuum Model (CPCM) [61]. Geometry

optimizations with no symmetry constraints have been

performed on all the investigated systems both in vacuo

and in solution.

The absolute pKas have been computed combining the

results in gas phase and in solution. Among the various

reported approaches which provide fairly good results in

calculating the pKas [62–69], we have followed the pro-

cedure detailed in Ref. [68, 69]. Accordingly, the pKa has

been computed as:

pKa ¼ GgasðA�Þ þ GgasðHþÞ � GgasðAHÞ þ DGsolðA�Þ
�

þ DGsolðHþÞ � DGsolðAHÞÞ=2:303RT ð1Þ

where Ggas(A
-/AH) is the Gibbs energy in gas phase for

the deprotonated/protonated species and DGsol(A
-/AH) is

the difference between Gsol(A
-/AH), the Gibbs energy in

solution of the deprotonated/protonated species, and

Ggas(A
-/AH). Ggas has been computed on the geometries

optimized in gas phase, taking into account the thermal

corrections by performing frequency calculations on the

optimized structures, while DGsol has been computed on

the molecular structures optimized in solution together

with a reference calculation in vacuo.

The pKa calculation is based on the absolute solution

free energy of the proton, which cannot be really measured

directly in experiment, indeed becoming a complicated

issue widely discussed in literature.

For Ggas(H
?) we employed the value -6.28 kcal/mol, as

obtained from the Sackur–Tetrode equation [70]. Ggas(H
?)

uses a reference state of 1 atm; therefore, the value of

Ggas(H
?) has been state corrected using [68, 71]:

DGð1atm!1molÞ ¼ RT lnð24:46Þ

Different values have been successfully used in

literature for DGsol(H
?), as the ones proposed by Liptak

(-264.61) [69], Zhan and Dixon [72, 73] (-264.3 kcal/

mol), or Tissandier [74] (-264.0 kcal/mol). These values

differ by only 0.3 and 0.6 kcal/mol, which in the

calculation of pK translates into a rigid shift smaller than

0.5 pKa units. In principle, this would have no influence on

the relative acidities of the different species discussed in

this work and is, however, below the accuracy of the

employed methodology [71, 75]. Following our previous

investigations [48, 62, 63], we have chosen to use the

-264.61 kcal/mol value for DGsol(H
?) (69). Therefore for

all the pKa calculations, in the Eq. (1) we use as absolute

value of Gsol(H
?) -269.0 kcal/mol, which accounts

for Ggas(H
?) = - 6.28 kcal/mol, DGsol(H

?) = - 264.61

kcal/mol, and DGsol
(1atm?1mol) = 1.9 kcal/mol at T = 298K.

The procedure used for the pKa calculations usually

leads to deviations with the experiment, which are within

1–2 pKa units [71, 75]. However, for negatively charged

species, the description of the solvation energy using only a

continuum model can introduce larger errors [76]. For

these species, the solvation energy calculations could be

improved with a combination of a continuum and an

explicit solvation model [75, 77].

The comparison between the microscopic pKas com-

puted for the single species and the macroscopic experi-

mental ones is a simplification. The presence of different

species could be accounted for by computing the tauto-

merization constants of the different species and their

concentration ratios [78, 79]. Given the complexity of the

studied system, too many species should be considered and

this would largely complicate the investigated scenario.

Therefore, this procedure is hardly feasible here due to

tetracycline size and conformation flexibility.

The 60 lowest TDDFT singlet–singlet transitions have

been computed in water solution at the ground-state opti-

mized geometries using the same level of calculation. The

computed transitions have been convoluted with gaussian

functions with a r value of 0.2 eV to simulate the

absorption spectra. For clearness, the intensity of the

experimental absorption spectra has been scaled to match

that of the lowest energy computed absorption bands.

Since it has been reported that B3LYP exchange–cor-

relation (xc) functionals might fail in the description of

charge-transfer states [80, 81], we have checked the

TDDFT calculations with two other xc functionals, namely

M06 [82] and PBE0 [83, 84]. Results obtained show that,

while using the two latter xc functionals we have a better

agreement with the experiment for the TCH3
? regarding

the relative intensities of the computed bands, for the

negatively charged species M06 and PBE0 computed

spectra show larger discrepancies with the experiment in

terms of energy than B3LYP. On overall, the three xc

functionals do not present very large differences showing a

fair agreement with the experiment. Since the pKa calcu-

lations have been performed with B3LYP, the theoretical

spectra reported here are computed using the same level of

calculation, while the simulated spectra computed with

M06 and PBE0 xc functionals are reported in the Sup-

porting Information (SI).

3 Experimental methodology

Absorption spectra were recorded with a Perkin-Elmer

Lambda 800 spectrophotometer. Tetracycline was a Sigma-

Aldrich product and used without further purification. The

pH of aqueous solutions was adjusted by Britton buffers in

the 2–12 pH range.
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4 Results and discussion

4.1 The fully protonated TCH3
? system

Two different geometrical tautomers corresponding to a

twisted and an extended conformation have been optimized

for the fully protonated TCH3
?. The extended conforma-

tion has been computed 5 kcal/mol more stable than the

twisted one in solution, in line with previous stability data

[42]. The optimized geometry of the extended conforma-

tion of TCH3
? is reported in Fig. 1a together with the

optimized molecular structures of all the possible products

of the stepwise deprotonations (Fig. 1, panels b–d) that will

be discussed in the next sections.

The absorption spectrum has been computed and com-

pared to experimental data, assigning the main transitions.

The results are reported in Fig. 2 together with the energy

and selected isodensity plots of the frontier molecular

orbitals. The wavelength, energy, oscillator strength, and

character in terms of involved molecular orbitals of the

main electronic transitions originating the absorption bands

have been reported in Table 1.

The experimental UV–Vis absorption spectrum at

pH = 2.4 shows two UV absorption bands at ca. 358 nm

and 270 nm. The low-energy band has a steep decrease

toward the low-energy region while a broader tail is

retrieved between 350 and 300 nm. The computed spec-

trum is in good agreement with the experimental one, even

though a slightly different intensity distribution is calcu-

lated, which provides a different band shape compared to

the experimental data. The lowest energy band is composed

by three transitions of similar intensity that correspond to

S0 ? S1, S0 ? S3, and S0 ? S4 excitations. S0 ? S1 is

responsible for the peak at 358 nm and corresponds manly

to the HOMO ? LUMO transition. The HOMO of TCH3
?

has a p character and is mainly localized in the D ring

(Fig. 2) with contributions coming from the hydroxyl

oxygen atoms, while the LUMO is essentially delocalized

Fig. 1 Optimized structures in

water of all the investigated

species. a fully protonated

TCH3
?, b first deprotonation

TCH2(n), c second

deprotonation TCH-(3,n), and

d third deprotonation

TC2-(3,12,n)
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throughout the phenolic and carbonyl carbons and their

corresponding oxygen atoms, with a higher percentage in

position 3 of ring A. The S0 ? S3 and S0 ? S4 transitions

can be considered responsible for the broadening of the

band in the 350–300 nm region. Both transitions involve

the HOMO and HOMO-1 as starting states, with the

HOMO-1 delocalized in the BCD rings, while the arriving

states are the LUMO and LUMO?1, which show a similar

electronic delocalization. The experimental lowest energy

band has therefore a dominant charge-transfer (CT) char-

acter. The band at 270 nm is manly originated by an

intense transition with a p–p* character from the HOMO-4

and HOMO-7, both orbitals localized in the A ring, to the

LUMO and LUMO?1.

4.2 First deprotonation

The TCH3
? species shows four deprotonation sites labeled

as 3, 4, 10, and 12 in Scheme 1. We have taken into

consideration all the possible deprotonation products,

computing their respective pKas. The hydroxyls bound to

sp3 carbons, OH(6) and OH(12a), were not taken into

account for deprotonation, due to their expected high pKa.

Out of the four possible mono-deprotonated species, we

find three zwitterionic species, TCH2(3), TCH2(10), and

TCH2(12) and a neutral one, TCH2(4), see Fig. 1b. No

significant changes are retrieved in the optimized molec-

ular structures of these species compared to that of TCH3
?.

The calculated Ggas, DGsol, and pKa values species are

reported in Table 2.

The most acidic site is computed to be site 3, with a pKa

of 2.5 to be compared to the experimental pKa of 3.4. The

computed pKa, which differs from the experimental refer-

ence value by less than one pK unit, can be considered

within the accuracy of the employed methodology. Further

pKas are computed at 3.9 and 4.1 for TCH2(4) and

TCH2(12), respectively, which are distant enough from the

first pKa to assign the first deprotonation to site 3. On the

other hand, a very high pKa = 10.6 is computed for site 10.

Since the theoretical results point out that first deprotona-

tion product is TCH2(3), its absorption spectrum has been

computed and compared to the experimental spectrum at

pH = 4.8. The comparison between the experimental and

simulated spectra is reported in Fig. 3 and Table 3, toge-

ther with the frontier molecular orbitals (energy and

isodensity plots) of the TCH2(3) species, Fig. 3.

Fig. 2 Left: TCH3
? molecular

orbital energies and isodensity

plots. Right: Experimental

spectrum measured at pH = 2.4

(black) versus computed

spectrum of TCH3
? (red)

Table 1 Experimental (pH = 2.4) and calculated absorption maxima of TCH3
?, transition wavelengths and energies, oscillator strengths, and

composition in terms of molecular orbitals

Exp. max. (nm/eV) Th. max. (nm/eV) Th. trans. (nm/eV) f Composition

358/3.47 354/3.50 373/3.32 (S1) 0.1751 H ? L (86 %)

338/3.67 (S3) 0.1312 H ? L?1 (50 %)

H-1 ? L (32 %)

323/3.84 (S4) 0.1740 H-1 ? L?1 (62 %)

270/4.59 250/4.96 250/4.96 (S16) 0.1946 H-4 ? L?1 (58 %)

H-4 ? L (16 %)

H-7 ? L (13 %)
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The experimental spectrum at pH = 4.8 has a maximum

at 358 nm, which is unaltered with respect to the spectrum

registered at a 2.4 pH. However, a plateau is found between

300 and 320 nm, consistent with the presence of medium-

to-small intensity transitions in this region. The band at

high energies is red-shifted to 275 nm with respect to the

spectrum at lower pH, with a shoulder appearing at ca.

250 nm.

All the experimental features of the spectrum at

pH = 4.8 and the main differences with respect to the

TCH3
? case are well reproduced by the TDDFT absorption

spectrum of TCH2(3). The longest wavelength simulated

UV band is originated by a single transition, S0 ? S2,

(Table 3) computed at 363 nm with HOMO-1 ? LUMO

character. The HOMO-1 of the TCH2(3) has a p character

with a similar electronic distribution to that computed for

the HOMO of TCH3
?. The S0 ? S5 and S0 ? S7 excita-

tions are responsible for the plateau region of the experi-

mental spectrum. Both transitions show the LUMO as

arriving state; the LUMO shows the electronic charge de-

localized over the BCD rings with contributions coming

from the p orbitals of the oxygen atoms. The LUMO of

TCH2(3) differs from that of the fully protonated species

for the absence of charge density in the A ring.

In the higher energy region, the spectral profile of the

experimental band is qualitatively reproduced by our

TDDFT calculations, even though the computed band

maximum is blue-shifted with respect to the experiment.

The transition directly related to the band maximum at

262 nm (S0 ? S12) has a HOMO ? LUMO?1 character,

with the arriving state located in the A ring with a similar

electronic charge distribution computed for TCH3
?, see

Fig. 3, while the shoulder is originated by a series of

transitions from the HOMO to arrival states higher than the

LUMO?1.

4.3 Second deprotonation

Having established that the first deprotonation takes place

in site 3, we considered all the possible deprotonation

products derived from the TCH2(3) species and thus

computed the pKas for the three remaining sites, namely 4,

10, and 12. The 3 possible anionic species arising from

these deprotonations have been labeled TCH-(3,4),

TCH-(3,10), and TCH-(3,12), respectively. Interestingly,

while no significant differences are retrieved for

TCH-(3,4) and TCH-(3,12) geometries, deprotonation in

site 10 leads to an internal proton transfer of the H in

position 12 to the ketonic oxygen in site 11. The optimized

structures are reported in Fig. 1c while the Ggas, DGsol, and

pKa computed for each species are reported in Table 4.

The most acidic site is computed to be site 12 with a pKa

of 7.0 in excellent agreement with the experimental pKa of

7.3. The higher computed values are 8.4 and 13.2 for

Table 2 Gibbs free energy in gas phase, solvation DG and pKa computed for the first deprotonation

Site Ggas(TC?)

(hartree)

DGsol(TC?)

(kcal/mol)

Ggas(TC)

(hartree)

DGsol(TC)

(kcal/mol)

pKa

3 -1,564.139157 -54.42 -1,563.737273 -34.22 2.5

4 -1,564.139157 -54.42 -1,563.767209 -13.45 3.9

10 -1,564.139157 -54.42 -1,563.700700 -46.05 10.6

12 -1,564.139157 -54.42 -1,563.724709 -39.92 4.1

Table 3 Experimental

(pH = 4.8) and theoretical

absorption maxima of TCH2(3),

main computed transition

wavelength and energies,

oscillator strengths, and

composition in terms of

molecular orbitals

Exp. max. (nm/eV) Th. max. (nm/eV) Th. trans. (nm/eV) f Composition

358/3.46 363/3.42 363/3.42 (S2) 0.3716 H-1 ? L (95 %)

313/3.96 (sh) 317/3.91 (sh) 317/3.91 (S5) 0.1053 H-4 ? L (49 %)

H-8 ? L (25 %)

307/3.91 (S7) 0.0605 H-8 ? L (42 %)

H-4 ? L (37 %)

275/4.51 262/4.73 266/4.66 (S12) 0.2232 H ? L?1 (86 %)

250/4.96 (sh) 242/5.12 (sh) 255/4.86 (S14) 0.0480 H-6 ? L (72 %)

248/5.00 (S16) 0.0899 H ? L?2 (55 %)

H ? L?3 (24 %)

240/5.16 (S19) 0.1044 H ? L?3 (56 %)

H ? L?2 (19 %)
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TCH-(3,4) and TCH-(3,10), respectively. The computed

absorption spectra of the TCH-(3,12) species compared to

the experimental data are reported in Fig. 4 and Table 5.

The experimental spectrum at pH = 8.5 has a single

band in the lower energy region measured at 371 nm that is

narrower and red-shifted by ca. 0.10 eV with respect to the

same band of the spectrum at 4.8 pH. The plateau region

observed at pH = 4.8 has disappeared while the spectrum

in the high-energy region is almost unchanged with a

maxima at 272 nm and a shoulder at 249 nm.

The simulated spectrum of the TCH-(3,12) species is

blue-shifted by ca. 0.15 eV with respect to the experiment.

For this species, the difference between theory and

experiment is slightly larger than in the former cases, even

if it remains within the limit of the methodology accuracy.

Since a pKa of 8.4 was computed for the TCH-(3,4)

Fig. 3 Left: TCH2(3) molecular

orbital energies and isodensity

plots. Right: Experimental

spectrum pH = 4.8 (black)

versus computed spectrum of

TCH2(3) (red)

Table 4 Gibbs free energy in gas phase, solvation DG and pKa computed for the second deprotonation

Site Ggas(TC)

(hartree)

DGsol(TC)

(kcal/mol)

Ggas(TC-)

(hartree)

DGsol(TC-)

(kcal/mol)

pKa

4 -1,563.737273 -34.22 -1,563.249047 -60.10 8.4

10 -1,563.737273 -34.22 -1,563.216577 -74.02 13.2

12 -1,563.737273 -34.22 -1,563.232038 -72.68 7.0

Table 5 Experimental (pH = 8.5) and theoretical absorption maxima of TCH-(3,12), main computed transition wavelength, oscillator strength,

and composition in terms of molecular orbitals

Exp. max. (nm/eV) Th. max. (nm/eV) Th. trans (nm/eV) f Composition

371/3.34 353/3.51 355/3.50 (S1) 0.2041 H ? L (50 %)

H-2 ? L (20 %)

H-3 ? L (19 %)

351/3.55 (S2) 0.2019 H ? L (47 %)

H-2 ? L (27 %)

H-3 ? L (13 %)

272/4.56 264/4.69 266/4.67 (S12) 0.1629 H-1 ? L?1 (54 %)

H-9 ? L (12 %)

249/4.98 (sh) 243/5.10 (sh) 246/5.06 (S19) 0.1002 H-1 ? L?2 (30 %)

H-1 ? L?3 (23 %)

H-8 ? L?1 (12 %)

243/5.11 (S20) 0.0685 H-8 ? L?1 (24 %)

H-1 ? L?2 (22 %)

Theor Chem Acc (2012) 131:1218 Page 7 of 13

123



species, close to the 8.5 pH at which the spectrum was

measured, we checked the possibility that the blue-shift

with respect to the experimental spectrum was due to the

presence of this species at the given pH. However, the

simulated spectrum of the TCH-(3,4) species is very

similar to that computed for TCH-(3,12), see Supporting

Information, excluding this hypothesis as the origin of the

deviation. The presence of a folded conformation at high

pH was also investigated by optimizing the TCH-(3,12)

folded species. The optimized folded structure is 9 kcal/

mol less stable than the extended one. It can be therefore

concluded that neither the presence of the folded

TCH-(3,4) nor the TCH-(3,12) species can be the cause of

the theory/experiment differences. The overestimation of

the lowest energy band is probably due to the difficulties

arising from the treatment of the specific solute–solvent

interactions with a continuum solution model in charged

species, as observed for related organic systems [48].

The lowest energy band is formed by two almost iso-

energetic transitions with a very similar composition in

terms of HOMO ? LUMO and HOMO-2 ? LUMO,

Table 5. The involved starting and the arriving states are

delocalized in the BCD chromophore. The HOMO has a

mixed p–n character with the charge localized mainly

between C11 and C12 and the corresponding carbonyl

oxygens (lone pairs), (Fig. 4) where the deprotonation has

taken place, contrarily to the HOMO and HOMO-1 of

TCH3
? and TCH2(3) where the occupied orbital involved

in the transition was localized in ring D. The HOMO-2 and

the LUMO are bonding and antibonding p combinations,

respectively, delocalized over the whole BCD chromo-

phore. Upon deprotonation in site 12, the lowest p–p*

absorption band shows a partial n–p* character. In the

high-energy region, the band at 272 nm and the shoulder at

249 nm are characterized by a series of transitions to

higher unoccupied orbitals. The most intense transition in

this region is computed at 264, has a p–p* character, and is

completely located within the A ring.

4.4 Third deprotonation

Considering as reference the species TCH-(3,12), we have

computed the pKas for the two remaining deprotonation

sites, namely 4 and 10. The two possible di-anionic species

arising from these deprotonations are labeled TC2-(3,12,4)

and TC2-(3,12,10), respectively. Similarly to what

retrieved for the second deprotonation, the third deproto-

nation in site 10 leads to significant changes in the

molecular structure. In particular, we find the occurrence of

two internal proton transfers: one from H in site 12a to site

12 and another from the dimethylamino group, site 4, to

site 12a, see Scheme 1 and Fig. 1d. The optimized struc-

tures are reported in Fig. 1d while the Ggas, DGsol, and pKa

computed for each species are reported in Table 6.

The computed pKas are 12.6 and 21.4 for the sites 4 and

10, respectively. The lowest computed pKa is 2.5 units

Fig. 4 Left: TCH-(3,12)

molecular orbital energies and

isodensity plots. Right:
Experimental spectrum

pH = 8.5 (black) versus

computed spectrum of

TCH-(3,12) (red)

Table 6 Gibbs free energy in gas phase, solvation DG and pKa computed for the third deprotonation

Site Ggas(TC-)

(hartree)

DGsol(TC-)

(kcal/mol)

Ggas(TC2-)

(hartree)

DGsol(TC2-)

(kcal/mol)

pKa

4 -1,563.232038 -72.68 -1,562.646612 -153.90 12.6

10 -1,563.232038 -72.68 -1,562.623695 -156.25 21.4
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higher than the experimental one measured at 9.0. Different

solvation methods, that is, SVPE [85], PCM [86], IEFPCM

[87], and COSMO [88], were evaluated for a series of

amino compounds by Lu et al. [78]. Linear fitting between

the experimental and computed pKas resulted in rmsd

values of 1.18 and 3.21 for the SVPE and the PCM method.

Though the use of SVPE for the inclusion of the solvent

effects could improve the agreement with the experi-

ment, probably the discrepancy computed for the

TC2-(3,12,4) species is also due to an overestimated

destabilization of the di-anion species with respect to the

mono-anionic species, and for the consistency sake, we

maintained here the solvation method used for the previous

calculations.

In any case, the pKa of site 4 is consistently lower than

that one of site 10, so that the latter deprotonation process

can be excluded. We have therefore computed the absorp-

tion spectrum for the TC2-(3,12,4) species, which is

compared to the experimental one at pH = 9.2 in Fig. 5 and

Table 7. On the left of Fig. 5, the energy levels and the

isodensity plots of the frontier molecular orbitals are shown.

The experimental spectrum at pH = 9.2 possesses a

low-energy band at 376 nm and high-energy band at

270 nm and is very similar to that measured at pH = 8.5,

with only the first band slightly red-shifted by ca. 0.05 eV.

The computed spectrum of the TC2-(3,12,4) species is

again slightly blue-shifted with respect to the experimental

spectrum at pH = 9.2, but we still obtain a fairly good

agreement. The lowest absorption band is composed by

two transitions: the most intense one, computed at 353 nm,

has mainly HOMO ? LUMO character with the same

electronic charge distribution shown by the corresponding

transition of TCH-(3,12). The higher energies region

shows a series of transitions having as starting states the

HOMO, HOMO-1, and HOMO-2 and as arriving states the

LUMO/LUMO?2 set.

Table 7 Experimental (pH = 9.2) and theoretical absorption maxima of TC2-(3,12,4), main computed transition wavelengths and energies,

oscillator strengths, and composition in terms of molecular orbital

Exp. max. (nm/eV) Th. max. (nm/eV) Th. trans (nm/eV) f Composition

376/3.30 356/3.48 365/3.40 (S1) 0.1041 H-3 ? L (41 %)

H ? L (29 %)

H-2 ? L (10 %)

353/3.51 (S2) 0.2895 H ? L (67 %)

H-3 ? L (17 %)

270/4.59 256/4.84 274/4.53 (S12) 0.0771 H ? L?2 (54 %)

H-10 ? L (10 %)

263/4.71 (S14) 0.1468 H-1 ? L?1 (36 %)

H-2 ? L?1 (23 %)

Fig. 5 Left: TC2-(3,12,4)

molecular orbital energies and

isodensity plots. Right:
Experimental spectrum

pH = 9.2 (black) versus

computed spectrum of

TC2-(3,12,4) (red)
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5 Summary and conclusions

In this study, we have gained insight into the acid–base

properties of tetracycline and its influence on the UV–vis

spectra by means of DFT and TDDFT methodology. We

calculated, for the first time, the pKas of TCH3
? and of all

the possible related deprotonated species, comparing cal-

culated results to the experimental values. By computing

the pKa of each deprotonation step, we have been able to

associate the species present at each pH, see Scheme 2.

The absorption spectra of the most stable species arising

from the stepwise deprotonation of TCH3
? have then been

computed and compared to the experimental ones, allowing

us to assign the transitions responsible for the absorption

bands.

The calculated pKas were in good agreement with

experimental data, within ca. 1 pKa unit, except for the third

deprotonation for which the pKa has been overestimated by

more than 2 pKa units. These latter data are probably due to

an incomplete description of solvation effects, especially

for the bi-anionic species for which explicit solvation could

be relevant. The computed data indicate that the first

deprotonation takes place in site 3 forming a zwitterionic

species. The second deprotonation takes place in site 12 to

form a mono-anionic species and the third one takes place in

site 4 to form a di-anionic species.

The comparison of the computed spectra with the

experimental ones shows that for the zwitterionic, the

mono-anionic, and the di-anionic forms the first band is

mainly due to p–p* transitions involving the BCD chro-

mophore. However, for the fully protonated TCH3
?, the

first band has a CT character from the BCD rings to the A

ring.

We have demonstrated that DFT and TDDFT are

accurate tools in defining a relationship between the

deprotonation sites of tetracyclines and the experimental

pKas, and in computing their spectroscopic properties. The

comparison between the computed pKas and the experi-

mentally determined values and between the simulated

absorption spectra of specific deprotonated species and the

measured spectra at given pHs points out the great con-

tribution that computational chemistry can give to achieve

a deeper comprehension in the acid–base chemistry of

tetracycline compounds. The methodology described here

can be therefore applied to other classes of compounds

with relevant acid–base properties not completely acces-

sible from the experiment.

6 Supporting information available

Coordinates (xyz) of all the studied geometries optimized

in solvent, scheme with the main distances and angles for

the TC? conformations (twisted and extended), experi-

mental absorption spectra at different pH, spectra of the

main species computed using PBE0 and M06, comparison

between the computed absorption spectrum of the

TCH-(3,4) species and the experimental one at pH = 8.5.
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