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This paper is aimed to estimate the transmittance of the electronic effects in the fluorescein molecule between
the phthalic acid residue and the xanthene moiety. Despite the almost orthogonal orientation of the latter with
respect to the rest of the molecule, some influence of substituents in this 9-aryl ring on the dissociation of the
hydroxyl group of the hydroxyxanthene cannot be ruled out. In order to reveal this (possible) effect, we blocked
the carboxylic group via esterification. The reason of using dimethyl sulfoxide as solvent was the high Hammett's
“rho” constant for phenolic group. The pK, values of eight methyl or ethyl esters of 3'-, 4'-, and 5'-nitro and amino
fluoresceins were determined in benzoate and salicylate buffer solutions using the spectrophotometric method.
For nitro derivatives, the dissociation constants of the cationic forms of the dyes were also determined in diluted
p-toluenesulfonic acid. The study reveals increasing in the pK, by 0.2—0.3 units in the case of amino derivatives,
while the nitro group decreases the pK.s by 0.2-0.8. Also, the position of the substituent is of importance; the
5'-substituents display the least influence. In addition, the pK. values of methyl and ethyl esters of eosin
(2,4,5,7-tetrabromofluorescein) were determined in order to clarify the influence of the alkyl group. The absorption
maxima and molar absorptivities of the anions, as well as the pKss in DMSO coincide within the margin of errors.

Keywords: fluorescein esters; 3'-, 4'-, and 5'-nitro and amino derivatives; spectrophotometry; pK. values;
transmittance of electronic effects.

Introduction

Fluorescein and its derivatives belong to most popular organic dyes in many fields of chemistry
and related sciences [1-3]. Despite the huge number of publications devoted to these compounds,
there are still many unsolved problems. One of such problems is the influence of the substituents in the
arene cycle on the xanthene portion. It is generally known that this cycle, i.e., the residue of the
phthalic acid, is rotated by 60-90° relative to the xanthene plane [4, 5]. Hence, relatively small
electronic interactions between these parts of the molecule should be expected. However, it is firmly
proved that the protonation of the COO™ group in the dianion of eosin (2,4,5,7-tetrabromofluorescein)
and other dyes of this type leads to a bathochromic shift, as it is exemplified in Scheme 1.
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Scheme 1. Ions R?> and HR™ anions of eosin

In this work, we examined the influence of the substituents in the phthalic residue on the
dissociation of the hydroxy group of the compound. This can shed some light upon the transmittance
of the electronic effects between the two parts of the fluorescein molecule. In order to avoid
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difficulties connected with interpretation of lactone formation and complicated overlapping equilibria,
we decided to examine the methyl (ethyl) esters of fluorescein, Scheme 2.

OH HO

H:R" HR R™
Scheme 2. Stepwise dissociation of the esters of nitro and amino fluoresceins; X = CH3 or C;Hs. The NO, or
NH, groups occupy positions 3', 4', or 5'.

As substituents which are known to display opposite electronic effects, the nitro and amino groups
were chosen. The Hammett 6. constants are +0.78 and —0.66, whereas the Gmew values are +0.71 and
—0.16, respectively [6]. In the case of fluorescein series, the 4'-substituents are in the para position to
the nodal Cy atom. As a solvent appropriate for the declared goal, dimethyl sulfoxide (DMSO) was
used. In this solvent, the Hammett p constant for phenols is 4.29, while in water p = 2.11 [7]. The pKa
values were obtained for all the dyes under study, while those of pK, were determined only for nitro
derivatives, because in the case of the amino fluoresceins, the protonation of the NH, group should
also be taken into account.

Experimental

Materials

The nitro and amino derivatives were synthesized and identified in this Laboratory; the procedures
will be published elsewhere. Dimethyl sulfoxide was purified by freezing and distilled under vacuum;
water content around 0.02 % as determined by coulometric Karl Fischer method. Benzoic and salicylic
acids were purified by sublimation. Potassium benzoate and sodium hydrosalicylate were purified by
re-crystallization. p-Toluenesulfonic acid monohydrate was re-crystallized from acetonitrile.
Diazabicyclo[5.4.0Jundec-7-ene (DBU) was used as purchased from Merck.

Procedure
The pK, values of the fluorecein derivatives were determined in DMSO at 25 °C using
spectrometric measurements. The acidity of the solvents in buffer solutions was characterized by the
pa“y+ values. These values were calculated using the pKua values of the buffer acids and the formation
constants of the HA, ions, K'a, (Eq. 1) [8].
(@) e, =@y fiKuale, +e,+ KL, (c,=¢)’1+Kpc, =0 (1)
Here ¢, and ¢; are molar concentrations of the acid and salt, respectively; fi; stands for activity
coefficient of a single-charged ion. Normally, the ¢, value was fixed, while that of ¢, was variable. As
result, at ¢, > ¢, thus estimated pa’y+ values were lower than those calculated without taking into
account the homoassociation process. The results were opposite at ¢, < ¢s. The pKna values of the
salicylic and benzoic acids used in the calculations are 6.80 and 11.10, respectively, K'ua, = 30 M

and 60 M, respectively [9]. All salts were considered as completely dissociated. The f; values were
calculated using the Debye—Hiickel second approach law. The possibility of heteroassociation between
the dyes and buffer compounds was ignored. High acidities were created by the p-toluenesulfonic acid.

The pK., values of the dyes were obtained by processing the absorption spectra at different pa’y+
values. The dye concentrations were two orders of magnitude lower than those of buffer components.
The spectra of the forms R~ and H.R" were measured in 0.02 M DBU solution and p-toluenesulfonic
acid solutions at concentration of about 0.2 M, respectively. The spectra that coincide in a salicylate
buffer solution, in pure salicylic and benzoic acids with concentrations of 0.02 and 0.21 M,
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respectively, can be considered as first approximation as the spectra of the HR forms. The problem of
the HR spectra will be discussed below. The absorption spectra are typified in Figures 1-3.
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Figure 1. Absorption spectra of ethyl ester of 4'-aminofluorescein in DMSO at different pa’y+ values.
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Figure 2. Absorption spectra of ethyl ester of 5'-nitrofluorescein in DMSO at different pa'y+ values.
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Figure 3. Absorption spectra of methyl ester of 4'-nitrofluorescein in DMSO at different P&+ values.

The thermodynamic pK, values were calculated using Equation 2 at a fixed wavelength, optical
path length, and constant dye concentration:

. A
pK, = pa.. +10g;_—A—logf1 )

HR
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Here Ar- and Awr are absorbances of the solution under complete transformation into the
corresponding form, 4 is the absorbance at the current pa’y+ value. Three wavelengths around the Amax
of the R™ ion were used as analytical positions. For the determination of the thermodynamic pKio
values in solutions of p-toluenesulfonic acid, TSA (Equation 3), the wavelengths within the range of
450—460 nm were used. The latter was considered as completely dissociated; cy+ is equated to the
analytical concentration of the acid.

K, =—1 log i —4
PR, =—logc . + ogﬁ 3)
H,R

In the case of the eosin esters (Figures 4 and 5), the pK, values are substantially lower and were

also determined in the p-toluenesulfonic acid solutions, Eq. 4.
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Figure 4. Absorption spectra of methyl ester of eosin in DMSO at different concentrations of p-toluenesulfonic

acid; pa’y+ = — log ¢yt — log fi. The values below pa’y+ 2.37 should be considered as conventional ones
because of relatively high ionic strength. The spectra in 0.239 M acid and 0.02 M DBU correspond to the neutral
form, HR, and to the anion, R, respectively.
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Figure 5. Absorption spectra of methyl ester of eosin in DMSO at different concentrations of p-toluenesulfonic
. * * . .

acid; pa@ g+ = — log cy+ — log fi.The values below Pa y+ 2.89 should be considered as conventional ones because

of relatively high ionic strength. The spectra in 0.243 M acid and 0.02 M DBU correspond to the neutral form,
HR, and to the anion, R", respectively.
A4, —4

pK,, =pa,, +log———~log f, 4)
A— A,

The isosbestic point is well expressed in the spectra of eosin esters; the same is the case with the
equilibrium of 3'-, 4'-, and 5'-substituted fluorescein esters in the acidic region. On the contrary, this
point is clearly blurred when moving from benzoate buffers to the HR absorption curve. The reason
can be heteroassociations of the HR molecules with the benzoate ions. As a result, the molecular
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spectrum of the given dye in the presence of the C4HsCOO™ ions somewhat differs from that in benzoic
and salicylic acids and salicylate buffer solutions. At the lowest pa’y+ in the benzoate buffers, the A~
ions are almost completely transformed to the complex HA,; the latter is much less pronounced H-
bonds acceptor. Therefore, the absorption curve does not cross the isosbestic point.

Note, that for the sulfonefluorescein, a dye with the SO; group instead of COOC,Hs, the spectrum
of the monoanion, HR", in DMSO also does not cross the isosbestic point in the spectra in p-
aminobenzoate buffer solutions, where the equilibrium between the anions HR™ and R*" takes place
[10]. At the same time, in 50 mas % aqueous ethanol, where the heteroassociation processes are
improbable, the isosbestic point in the spectra of the fluorescein ethyl ester at different pa’y+ values is
well expressed [11].

Two experiments were made to confirm our above explanation. The measurements with benzoate
buffers in DMSO in the presence of 1 and 10 vol % water were performed. Whereas introduction of
1 vol % displays practically no influence on the spectra, in the presence of 10 vol % a distinct
isosbestic point is observed (Figure 6).
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Figure 6. Absorption of 4'-nitrofluorescein methyl ester in benzoate and salicylate buffer solutions in DMSO
with 20 vol % water: 1 — 0.005 M KBenz, 2 — 0.005 M HBenz + 0.005 M KBenz, 3 — 0.0075 M HBenz +
0.005 M KBenz, 4 — 0.020 M HBenz + 0.005 M KBenz, 5—0.001 M H,Sal + 0.005M NaHSal.

In any case, the absorption of the neutral form at Amax of the anion is negligible even if the spectrum
in salicylate buffer solution is displaced to cross the isosbestic point in benzoate buffers. Variation in
the absorbance of HR at absorption maximum of R~ results in pK, changes of approximately about
0.04 units. Ultimately, one must take into account that the pK, value of the benzoic acid in DMSO
(11.1) is determined with uncertainty of +0.1. Additional digits in the pK,, values in Table 1 primarily
reflect the accuracy of the spectral data.

Results and discussion

The results are presented in Tables 1 and 2. The bathochromic (4 to 9 nm) and hypsochromic (2 to
3 nm) shifts of the absorption bands of the nitro and amino derivatives, respectively, in respect to
those of the unsubstituted compound give additional evidence of small but distinct influence of the
NO:; groups.
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Table 1. Absorption spectra maxima and dissociation constant indices of the esters of nitro and amino
fluoresceins in DMSO

7\fmax, nn_ll/ ;4
Dye Emaxx 1073, M cm pKaO pKal ApKa
cation anion
Fluorescein ethyl ester 451/48.7 530/101.0 2.74+0.01 10.91+0.08 0

3'-Nitrofluorescein methyl ester 462/50.9 539/96.6 1.9940.02 | 10.46+0.07 | 0.4
4'-Nitrofluorescein ethyl ester 456/64.1 535/73.4 2.3940.05 | 10.63+0.09 | 0.3
4'-Nitrofluorescein methyl ester 456/53.3 534/70.4 2.35+0.04 | 10.63+0.12 | —0.3
5'-Nitrofluorescein ethyl ester 457/58.5 534/87.8 2.4440.08 | 10.74+0.12 | 0.2

3'-Aminofluorescein methyl ester n.d. 528/109.9 n.d. 11.12+0.07 | +0.2
4'-Aminofluorescein ethyl ester n.d. 527/116.3 n.d. 11.22+0.07 | +0.3
5'-Aminofluorescein ethyl ester n.d. 527/110.8 n.d. 11.10£0.11 | +0.2

It can be concluded that the nitro group in the phthalic acid residue displays pK,: shifts up to 0.4
units. The molecular absorption band of the esters is broad and triple-humped; the maxima positions
and molar absorptivities are collected in Table 2.

Table 2. Absorption spectra maxima of the neutral forms of the esters of nitro and amino fluoresceins in DMSO
Compound Amax, 1M (Enax 107, Mem')
Fluorescein ethyl ester 437 (17.5) 460 (21.9) 488 (14.9)
3'-Nitrofluorescein methyl ester 442 (18.0) 464 (22.2) 492 (14.6)
4'-Nitrofluorescein ethyl ester 440 (20.2) 463 (25.3) 490 (17.9)
4'-Nitrofluorescein methyl ester 441 (18.4) 463 (22.8) 489 (16.0)
5'-Nitrofluorescein ethyl ester 440 (21.2) 463 (25.8) 491 (17.6)
3'-Aminofluorescein methyl ester 436 (23.6) 459 (29.4) 487 (20.7)
4'-Aminofluorescein ethyl ester 433 (23.8) 459 (29.2) 489 (21.2)
5'-Aminofluorescein ethyl ester 434 (21.6) 458 (27.2) 485 (19.3)
Eosin methyl ester 453 (17.3) 478 (22.8) 504 (17.4)
Eosin ethyl ester 452 (17.2) 478 (22.9) 504 (17.6)

Table 3 additionally demonstrates the similarity of the pK, values and spectral parameters of the
hydroxyxanthene dyes with COOCH; and COOC,H; groups in 2' position.

Table 3. Absorption spectra maxima and dissociation constant indices of the eosin esters in DMSO

Dye pKa Amax (R), nm Ena(R)*x107°, M'em’
Eosin methyl ester | 2.91+0.04 ° 544 112.0
Eosin ethyl ester | 2.8540.04° 544 108.5

Note. * For calculations, the data at pa@y+ = 3.32, 3.09, 2.65, and 2.37 were used. * For calculations, the data at
pa‘y+=3.78, 3.35, 3.06, and 2.89 were used.

The pK.o values of the nitro derivatives are 0.30—0.75 units lower than that of ethyl fluorescein. The
NO; group in the position 4' displays a somewhat larger effect, 0.35—0.39 units, as compared with the
pKo shift of 0.30 in the case of 5'-nitrofluorescein ethyl ester. This is in line with the relation between
the Opaa and Gmewn constants of the nitro group. Here, the terms para and meta indicate the position of
the substituents in respect to the nodal carbon atom C,. The last is in direct polar conjugation with both
quinone and OH groups. The distinct difference between the influence of the substitution in the
positions 3' and 5', 0.75 and 0.30 units, respectively, reflects the specificity of the ortho-effect in the
respect to the carbalkoxy group.

Similar effects are observed for the pK,; of 3', 4', and 5' nitro derivatives: ApK, = —0.4; —0.3; and
—0.2, respectively (Table 1). In contrast, the ApK,, values of the corresponding amino derivatives are
equal to +0.2; +0.3; and +0.2, respectively. Therefore, the effects of the 4' and 5' substitution in the
9-aryl portion are for the hydroxy group in the xanthene moiety on average an order of magnitude
lower than those for the para and meta substitutions for phenols as predicted by the pc product. Of
course, such estimates are only conventional.
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The effect of 3'-substitution is obviously caused by the neighboring carbalkoxy group. It deals
about the ortho effect, which is formed both by electronic and steric factors.

On the other hand, the corresponding effects in aqueous solution should be predicted to be
4.29/2.11 = 2.03 times lower than those determined in the present work in DMSO.

The above-mentioned heteroassociation leads to some “drift” of the pK,; along with the absorbance
dependence vs. pa’y+. While the association of R~ with HBenz causes the apparent strengthening of the
dye acidity, the analogous interaction of HR with Benz™ leads to an opposite result. Indeed, within the
pa’y+ decreasing by 1.2-1.5 units an average decrease in the pK,; values of 0.24 units is observed for
all the dyes.

Since the pK. values are somewhat distorted by heteroassociation and their accuracy is limited by
that of the pKua of the benzoic acid, we additionally compared the spectrophotometric data for
different dyes at the same pa’y+ values. In Table 4, the ratio of the absorbance of the anion and that at a
given pa’y+ value is presented.

Table 4. Ratios of absorbances at a given pa’y+ and of the anion

Compound Al A (R") at Amax of the anion
pa’y+=11.04+0.01 pa’y = 10.5440.01
3'-Nitrofluorescein methyl ester 0.805 0.615
4'-Nitrofluorescein methyl ester 0.731 0.534
4'-Nitrofluorescein ethyl ester 0.731 0.533
5'-Nitrofluorescein ethyl ester 0.659 0.498
Fluorescein ethyl ester 0.601 0.378
3'-Aminofluorescein methyl ester 0.491 0.290
4'-Aminofluorescein ethyl ester 0.443 0.243
5'-Aminofluorescein ethyl ester 0.494 0.283

An inspection of Table 4 confirms the above observations: the 4'-substitution has a somewhat
stronger effect than the influence of the 5'-derivatives. Introduction of the NO, group in 3' position
reduces pKa, even more.

Conclusions

The introduction of nitro and amino groups into the phthalic acid residue affects the protolytic
properties of the functional groups in the xanthene part of the fluorescein molecule in DMSO. The
decrease in the pK, caused by the NO, group and increase with the introduction of the NH, group is
somewhat more pronounced with the substitution at the 4'- compared to the 5'-position. For the nitro
derivatives, the decrease in the pK, value is more pronounced than that in the case of pK,:. Here the
impact sequence is as follows: 3' >4'> 5",

Although the variations in the pK, values in DMSO are only in the range of 0.2-0.8, they
convincingly prove the transmission of the electronic effects despite the almost perpendicular
orientation of the phthalic residue to the xanthene fragment. In water, the effects are expectedly less.
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O. . MockaeBa, K.I. OctpoBcbkuin, C.B. LlexoBuoB, M.O. Muegnos-lletpocsaH. MpoBigHICTE enekTPOHHUX
edexTiB B Monekyni driyopecueiny: HITpo- Ta amiHOrpynu y 3anuiuky Tanesoi KUCMoTw.

XapkiBCbKkuiA HauioHanbHWIA yHiBepcuTeT iMeHi B. H. KapasiHa, ximiyHun dakynbteT, nn. Ceoboau, 4, Xapkis,
61022, Ykpaina

MeToto Uiei poboTM € ouiHka nepedadi eneKkTPoHHUX edbekTiB MK 3anuwikom dTaneBoi KUCRoTU Ta
KCaHTEHOBOI YaCTUHOK B Monekyni dnyopecueiHy. HesBaxawoum Ha mamxke OpTOroHanbHy OpIEHTAL0 LMX
dparMeHTiB, HEe MOXHa BWKMOYUTM MEBHOMO BMAMAMBY 3aMIiCHWKIB y 9-apunbHOMY Kinbli Ha Aucouiauito
riAPOKCUNbBHOI rpynu rigpokcukcaHTeHy. LWob Buasutu uen (Moxnuemin) edpekt, mn 3abnokyBanm kapboKCunbHy
rpyny wnaxoMm ecrepuaikauii. MNpvyYnHO BMKOPUCTaAHHA AMMETMICYNbMOKCMAY 5K pOo3vMHHMKa Gyna Bucoka
KOHCTaHTa NammeTa, «po», Ans deHonbHoi rpynu. 3HayeHHs pK, BOCbMU MeTUNoBux abo eTunosux ectepis 3'-,
4'- i 5'-HiTpO- Ta amiHodnyopecueiHiB BM3Ha4Yanu B OeH30aTHWX | caniumnatHux OydepHnx pos3ymHax
cnekTpooToMETPUYHMM MeTogoM. KOHCTaHTM aucouiauii KaTioHHMX OpM  HITPONOXigHUMX BU3Ha4anuM B
po3BefeHin n-Tonyoncynb@oHoBil kucnoTi. 3HaveHHA pK. 36inbwytotbea Ha 0,2-0,3 oguHuui y Bunagky
amiHonoxigHux, Todi Ak Aans HitponoxigHnx pK, 3meHwyetbes Ha 0,2-0,8. [ns 3amiCHWKIB Yy NONOXeHHi 5'
BiAMIYEHO HaMMeHLLUA BNAMB. [INs YTOYHEHHSI BNMUBY arnkifibHOi rpyny 6ynu oTpumaHi 3Ha4eHHs pK, MeTunoBumx
Ta eTUIoBMX ecTepiB eo3uHy (2,4,5,7-TeTpabpomdriyopecueiny). MakcuMymu NOrmuHaHHs i MONSApHi koedilieHTu
NOrNUHaHHA aHioHiB, a Takox pKa B IMCO 36iraoTbca B Mexax AOBipyOro iHTepsany.

KnrouoBi cnoBa: ectepu dnyopecueiny; 3'-, 4'- i 5'-HiTpo- Ta amiHOMNOXiAHI; cNeKTPOOTOMETPINA; 3HAYEHHS
pKs; nepefaya enekTpoHHUX edekTiB.

E. I'. MockaeBa, K. . Octpoeckuin, C.B. LWexosuos, H. O. Muyeanos-IeTtpocsiH. [MpoBoANMOCTb 3NMEKTPOHHbIX
ahhekToB B Morekyne rnyopecuenHa: HUTPO- 1 aMUHOTPYNMbl B ocTaTke dpTanesomn KUCMoThl.

XapbKOBCKUIA HauMOHanbHbIA yHuBepcuteT umenn B. H. KapasuHa, xumuueckun cdakynbteT, nn. Ceoboakl, 4,
XapbkoB, 61022, YkpanHa

Llenbio 31Ol paboTbl ABMSETCA OLeHKa nepedadn 3reKTPOHHbIX 3hEKTOB Mexay ocTaTkom Taneson
KMCNOTbl U KCAHTEHOBOW YacTbio B Morekyne dryopecuenHa. HecmMoTpsa Ha NoYTn OPTOroHarnbHYK OpUEeHTaLuio
3TUX (parMeHTOB, HeNnb3s WCKIYUTbL OMpeaenéHHOro BrMSHWUA 3amMecTuTenen B 9-apunbHOM Kofble Ha
Avccoumaumio rTMaPOKCUIBHOW Tpynnbl r’MAPOKCUMKCaHTeHa. YToGbl BbIABUTH 3TOT (BO3MOXHBIN) 3DMEKT, Mbl
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E.G. Moskaeva, K.I. Ostrovskiy, S.V. Shekhovtsov, N.O. Mchedlov-Petrossyan

3abnoknpoBanu kapbokcunbHy rpynny nytém obpas3oBaHUs CROXHbLIX 3UPOoB. MpUUMHON UCMONb30BaHUSA B
KayecTBe pacTBopuTenst AMMeTurncynbcokcmaa Gbina BbicOKas KOHCTaHTa MammeTta «po» Anst OeHONbHOM
rpynnbl. 3HaveHns pK. BOCbMW METUIMOBBLIX WNW 3TUNOBLIX CHOXHBLIX 3dwupoB 3'-, 4'- n 5-HuTpo- n
aMuHodnyopecLerMHoB onpedenanu B 6eH30aTHbIX W canuuunaTtHblx OydepHbiX pacTBopax npu nomoLm
crnekTpooToMeTpnyeckoro  MeTtoga. KoHCTaHTbl  AMccouMauum  KaTMOHHBIX  (DOPM  HUTPOMPOU3BOAbIHX
onpegensnu B pasbaBreHHbIX pacTBOpax M-TONyoncynbgOHOBOM KUCMNOThl. 3HadyeHus pK, yBenuumBaloTCcsa Ha
0.2-0.3 eanHULbl B cniyyae aMUHONPOU3BOAHbIX, TOTAA Kak B Crlydae HUTPONpomu3BOAHbIX pK, yMeHbLIaTCs Ha
0.2-0.8. [Ina 3amecTutenerm B MNOMNOXEHMM S' OTMEYEHO HaumeHbllee BAUsHWE. [ns YyTOYHEHMs BIMSAHUSA
ankunbHOWM rpynnbl ObinnM nomnyyeHbl 3HadveHust pK, MeTUnoBbIX U 3TUMNOBLIX 3UPOB 303uHa (2,4,5,7-
TeTpabpomdnyopecuenHa). MakcMyMbl MOrMoLWeHUst U KO3PULMEHTbI MOMSIPHOTO MOTMOLLEHNST aHUOHOB, a
Takke pK, B JMCO coBnagatoT B npegenax 4OBEPUTENbHOIO MHTepBana.

KnioueBble cnoBa: crnoxHble adupbl dnyopecuenHa; 3'-, 4'- i 5-HUTpPO- M aMMHONPOU3BOAHbLIE;
cnekTpodoToMeTpust; 3HaueHust pKs; nepegada snekTpoHHbIX 3hheKToB.
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