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Abstract -The effect of fluorine-substitulion on the acid-dissociation constant was 

examined using 19 types of mono- and difluorinated derivatives of 

benu)[h]quinoline, benzo[flquinoline and quinolinc. Decreases in pKa were 

induced by fluorine substitution and were dependent on the number of bonds 

between the substiluent F alom and the basic N alom, whereas pKd-increases were 

induced by a substituent F atom spatially interacting with the basic N alom. The 

spatial interaction between F and N was analyzed by means of a semiempirical 

molecular orbital method MOPAC PM3 . 

We investigated fluorine-substituted heteroaromatic compounds with special attention to their biological 

behavior. The covalent and van der Waals radii of the fluorine atom are not much larger than those of the 

hydrogen atom, so  that they often exert so-called mimic effects on interactions with biological molecules. 

However, replacement of hydrogen with fluorine results in not only changes in electron-density distribution 

within the molecule hut also in electric repulsive/attractivc intcractions with intra/intermolecular environments. 

These changes may significantly affect such interactions as those between an enzyme and its substrate or  a 

receptor and its ligand. In addition, metabolism of xenohiotics, including drugs, food-additives, and other 

cnvironmenlal chemicals, are sometimes crucially a l t e rd  by Iluorinc-subslitulion, rendering lhese substances 

generally resislant to enzymic oxidations a1 the sitc of substilution. This may produce cither desirable or 

undesirable modifications of the biological aclivity. As wc previously reported,' one cxample 01'lhis is the 

abolishment of gcnotoxicity from carcinogenic and mutagenic quinoline by fluorine-substitution at position-3. 

In a serial sludy along this line, we synlhesized fluorinated derivatives of henzo[h]quinoline (B[h]Q), 

benzo[flquinolinc (BlflQ), and quinoline. This paper provides a collective dala o r  the acid-dissociation 

constants of the fluorinated derivatives s o  far synthesized. Note that the acid-dissociation constant is for the 

"protonated" bases although the term "protonalid" is ornilled in lhis tcst. A discussion is made on the spatial 

effect of a fluorine substituent on its neighboring basic nilrogen, taking into consideration the total electronic 

energy calculated using a semiempirical molecular orbital MOPAC PM3 methtd. Data are included in Figure 1. 
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B[h]Q and B[nQ have pKa's of 4.3 and 4.7, respectively. The 0.4 units difference between these two values 

may be mainly due to destabilization of the protonated benzo[h]quinoline in which the two hydrogens of 

c'O-H and N+-H come into proximity in a hay-like region resulting in a severe steric hindrance. The pKa of 

quinoline without such a steric hindrance is 4.8similar to that of B[fIQ. 

8 1 quinoline 

A ~ K ~ *  Nu. of bonds 
belweenN and F 

3 bonds 
4 bonds 
5 bonds 
5 bonds 
5 bonds 

3 bonds 
6 bonds 
5 bonds 

3 bonds 
4 bonds 
5 bonds 
3 bonds 

Figure 1 Fluorinated Derivatives of Benzo[h]quinoline, Benzolf]quinoline, and Quinoline and Their pKa 
Values Measured at Room Temperature (* Deviations €rum the respective parent base) 

Dependence of pKa on the number of bonds between the basic N atom and.the substituent F 

atom 

The pKa value is primarily determined by the difference in thermodynamic stability between the protonated and 

non-protonated structures of a base. With respect to a series of,slructurally related compounds, the stability 

(i.e., free energy) difference may be based mainly on the enlhalpy change for the structures involved, because 

changes in the solvation and entropy are common in their acid dissociation equilibria.' Since activated 

structures are not substantially involved in establishing the equilibria, the electronic effect of a substituent may 

be mainly due to u-bonding eleclrons (i.e., inductive effect) and secondarily to x-bonding electrons (i.e., 
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resonance effect), as well as a result of H-bonding and/or electrostatic field interaction in favorable/unfavorable 

steric environments. With thcse considerations in mind, the dependence of p k a  on the number of bonds 

between !he basic N and substituent F atoms was examind.  An ave ragd  devialion of pKa of a mono- 

fluorinated derivative from that of its rspeclive parent hase was de f ind  as the suhstiluent effect, reflecting the 

number of bonds involved between the F and N atoms, ibr example, the "3-bond effect". Several examples 

are given for the "5-bond effect" of a substiluenl lluorine as secn in Figure I. Most of these range from -0.9 

lo -0.7. A smaller value of -0.4 is seen with 10-F-BV1Q in which the F-substiluent is sterically hindered by a 

hydrogen al posilion-I, (in a buy-region). With regard 1r1 the "4-bond effecl", -1.1 and -1.2 are obtained 

from SF-B[h]Q and 5-F-Q, respectively. Three values of the "3-bond effect" are presented, all of which fall 

into a range of  -2.4 to -2.2. A fairly deviated value o f  -1.5 is secn with 8-F-Q in which F is at a p r i -  

ps i t ion  to N-H in the protonated form and lo a lone-pair ofclcctrcm in the non-protonated form, which likely 

results in stabilization by means of H-h(~ndin~electn~sla l ic  field interaction and electrostatic repulsion, 

respectively. The only one value available for the "6-bond effect" was -0.2. 

Additivity of t h e  fluorine-substitution effect on pKa in the  difluorinated derivatives 

It is  enl la lively assumed lhat theeffect of fluorine-suhslitution is simply cumulalivc in ditluorinaled derivatives 

unless an elcctronicdislurbance should arise from stcric inleraclion by the subslilution. As shown in Table I, 

Fairly substantial additivity is achieved when the following magnitudes ol'substitulion effects are assumed l ix 

the calculation of additive values: 

"3-bond effect" = -2.3; "4-bond effccl" = - 1.2, "5-bond cfl'ect" = -0.8; "6-bond e f l c t "  = -0.2; 

"buy-region effect" = t0 .7  ["Cbondefict" - 1.2 + "buy-spatial ccl'ec~" + 1.91; 

"peri effect" = -1.5 ["3-bond effecl" -2.3 + "peri-spali;~l el'kct" t0.81; 

"5-bond* effect" fbr 10-F and I-H of B r l Q  = -0.4. 

Assuming that pKa of  7,10-diF-B[h]Q (4.2) may he addilively calculated with a 5-bond effect(-0.8) due lo 7- 

F atom and a "buy-region effecl" which consists additivcly of a "4-bond ell'ect" (-1.2) and a certain spatial 

effect, the "buy-spatial effect" may hecalculated as 14.2 = 4.3 + (-0.8) t (-1.2) + (buy-spatial effect)], hence 

it may be estimated to he +I. ' ) .  In other words, the "buy-rqiou ell.3ctM includes both a pka-decreasing "4- 

bond effect" and a pka-increasing spatial c fkct .  As a whole, the "buy-region effecl" becomes 0.7. With 

regard to the " p r i  effect", pKa of 8-F-quinolinc (3.4) may he prucnlcd by [4.') t (-2.3 for "3-bond effect") t 

@eri-spatial efliecl)], hence 'pi-spuliul  e l l c l "  may bcct~me t0.8. Thal is, the " p r i -  efftxl" (-1.5) also 

consists of both a pKa-decreasing 7 -bond  effect" and a pka-increasing spatial effect. Fluorine atom at 

position-10 and H at posilion-1 in 10-F-B[PIQ are in a spal~al  proximity, so that a certain spalial interaction tcrm 

might be included. Therefore, a diffucnl value, -0.4, should be given to the "5-bond' effect" in such a 

situation as in 10-F-B[P]Q. 
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Table 1 shows the pKa values calculated using the F-substitution effects estimated above. Fairly good 

agreements were found between the found and the observed values. Among them, an appreciable deviation 

was found for 6,7-diF-quinoline, in which one fluorine atom is located in orrho-position of the other fluorine, 

possibly producing an electronic distortion. In general, it is probable that each of fluorine-substitutions may 

affect the basicity of heteroaromatics in an additive manner, unless steric hindrance between the aromatic 

hydrogens and/or other substituents is introduced by fluorine-substitution. 

Table I Effect of Fluorine-Substitution on pKa of B[h]Q's, BLflQ's. and Quinolines Provided that pKa 
Primarily Depends on the Number of Bonds between the basic N atom and the F atom 

Compound P K ~  ApKa F-Effects used for calculation# 
observed calculated (sum of the effects) 

W l Q  4.3 ( 4 . 3 )  
- 

3-F- 2 .0  2 . 0  + O  . 0 3-bondeffecls (-2.3) 
5-F- 3.2 3 .1  cO .1 4-bond erfecls (- 1.2) 
6-F- 3.6 3 .5  +O. 1 5-bond effect (-0.8) 
7-F- 3.5 3 .5  20.0 5-bond effect (-0.8) 
9-F- 3.7 3.5 +O .2 5-bond effect (-0.8) 
3,6-diF- 1.5 1.2 +O . 3  3a5-bond effecls (-3.1) 
5,6-diF- 2.3 2 .3  +0.O 4a5-bond effects (-2.0) 
7,lO-diF- 4.2 4.2 20.0 5-bond effect, bay-effect(-0.1) 
Br lQ 4.7 ( 4 . 7 )  - 
2-F- 2.5 2.4 +O .1 3-bond effects (-2.3) 
7-F- 4.5 4.5 e0.O 6-bond effects (-0.2) 
10-F- 4 .3  4 .3  20.0 5-bond* effects (-0.4) 
7,lO-diF- 4 .3  4 . 1  +0.2 6-bond effect, 5-bond* effect(-0.6) 
Quinoline 4 . 9  (4 .9 )  - 

3-F- 2.5 2.6 -0 .1  3-bondeffects (-2.3) 
5-F- 3.7 3.7 20.0 4-bond effects (-1.2) 
6-F- 4.0 4 . 1  -0.1 5-bond effect (-0.8) 
8-F- 3.4 3.4 + O  . 0 pericl'fect(-1.5) 
5,s-diF- 2.2 2 . 2  t 0.0 4-bond effect, pericffcct (-2.7) 
6,7-diF- 3.8 2.9 +O. 9* 5a4-bond effect* (-2.0) 
6,8-diF- 2.5 2.6 -0.1 5-bond effect, perkffect (-2.3) 

#CalculatedpKa'sare derived by adding the sum of the following substiluenl effects to pKa values of the respective 
parent bases: 4.3, 4.7, and 4.9 for B[h]Q, BmQ, and quinoline, respectively. Subsliluenl effects used for calculation 
are lisled in the text. 
* Wo F atoms a1 the orlho posll~on may mutually inleract, resulting probably in a distortion from the addilivity. 
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Evaluation of t h e  "bay-region effect" by means  of a semiempirical molecular orbital  MOPAC 

PM3 method 

Total energy (sum of electronic energy and core-core repulsion) was calculated for the protonated and non- 

protonated structures of fluorinated benzo[h]quinolines, some of which were not yet available for the present 

study. Table I1 shows the calculated total energies of fluorinated B[h]Q's as well as the energy gained by 

protonation of each derivative. It may be worth noting that the protonated structure includes one more 

hydrogen in the molecule than does the non-protonaled struclure, hence the total energies of the former have 

larger negative values, although the cationicstruclure is much more unstable than the neutral form of the non- 

protonated structure. In order to comparestabilities of the protonated versus non-protonated structures among 

fluorinated B[h]Q's, the energy gains obtained by prolonation of the derivatives are referred lo that of the 

parent hydrocarbon B[h]Q, as listed in Table 11 where it is termed "relative energy gain referred to B[h]Q. In 

Figure 2, the observed pKa values are plotted versus the relative energy gain, and a fairly good linearity is 

evident. 

pKa = 4.48 - 8.30 x [relative energy gain], where rZ = 0.932. 

The other two series of heteroaromatics, B[r]Q's and quinolines, gave poorer linearilics, possibly because of 

the smaller number of samples available. In principle, strict linearity could not he met in this manner because 

of complete neglect of the entropy term, which would have reflected stabilization of the cation by solvation and 

destabilization of the cluster struclure of water by dissolution of the s u b ~ t r a t e . ~  These entropy terms may 

depend on the position of the fluorine atom substituted. 

Since a fairly good correlation has been obtained for a scrim of B[h]Q derivatives, iht: "bay-region effect" was 

tentatively correlated with certain electronic features suggested from molecular orbital calculations. Changes in 

total energy induced by fluorine-substitution were compared among the protonated and non-protonatcd 

structures, respectively, of fluorinated B[h]Q's, as shown in Figure 3. Among the non-protonated 

derivatives, the 10-F derivative is the most unstable, probably because of an electrostatic repulsion between an 

electronegative fluorine and the lone-paired electrons of the nitrogen, both of which are located in a bay region. 

On the other hand, this positional isomer is the most stahilizcd of the protonaled structures, probably as a result 

of H-bonding or electrostatic field interaction between the F atom at position-I0 and the cationic N-H 

hydrogen, both of which are placed within a van der Waals radius, leading to stabilization of the protonated 

structure. As a result, the energy difference between the prottmatcd and non-protonated forms of the 10-F 

isomer is the smallest among those of all other positional isomers, even smaller than the parent B[h]Q itself, in 

spite of the presence of an electronegative F at a "4-bond" distance from the N atom, as shown in Figure 4. 

Other information from the molecular orbital calculation supports the above. The electron density on the 

fluorine atom of the 10-F isomer is the largest of those of all other isomers in the protonated form, whereas it is 

the smallest of those with the non-protonated form, as shown in Figure 5. Thus, the lone-paired electrons on 

the nitrogen restrained electron-flow from the n-orbital lo the fluorine atom in the non-protonated structure, 



320 HETEROCYCLES, Vol. 41, NO. 2,1995 

whereas H-bonding or electrostatic interaction with the cationic N-H group promoted an electron-flow from the 

x orbital to the fluorine atom. These results suggest that the MOPAC PM3 program for a semiempirical 

molecular orbital calculation may he applied to a semiquantitative assessment of the acid dissociation equilibria 

lo the extent that is described here. 

Table I1 Relative Energy Gain by Protonation of Fluorinated B[h]Q's Referred to the Parent Hydrocarbon 

Calculated Using a Semiempirical Molecular Orbital Method MOPAC PM3 

Compound Tolal energy* Energy gain Relalive energy gain pKa (pKa 
Protomled base Frez base by prolonatiun referred !n B[h]Q observed calcd)# 

eo. 000 

tO.274 

+0.231 

+0.161 

+0.171 

+O. 127 

+O. 125 

+O. 137 

to. 122 

-0.088 

+O. 355 

+0.295 

+0.038 

* Total energy (sum of elecmmc energy and cowcore repulsion) in an eV unit. 
#(pKacalcd) were calculated by the correlatbn qualion (Figun: 2). 
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Figure 2 Correlation of Relative Energy Gain 
by Protonstion with Observed pKa 
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Figure 3 Total Energy of Protonated and Free 
Forms of Mono-Fluorlnated Blh]O's 

0.10 -, S 

- 
Figure 4 Relative Energy Gain of B[hlQ's 

2-F 3-F d-F 5-F 6-Y 7-F 8-F 9-F 10-F 

Figure 5 Negative Charge on F of Protonated and 
Free Base of Mono-Fluorinated B(hJQ's 

EXPERIMENTALS 

,411 fluorinated derivatives examined were synthesized in our laboratory. Methods of syntheses and 

structural identification are (o he published clsewhcre? Thc starting materials, B[hlQ, B[I]Q and quinolinc, 

were purchased from Tokyo Kasei Kogyo Co., Lld. (X~kyo). Molecular orbital calculation was carried out 

using MOPAC Ver. 6.01 (Version 6: Stewart, J. J. P. QCPE Bull. 1989, 9, 10; revised as Version 6.01 by 

Hirano, T JCPE Newsletter, 1991, 2, 26), in which calculahn method was PM3. 

For pKa measurement, the sample to be examined was dissolved in 1 N HCI at a concentration range of 1-4 

pgtml. The pH of the solution was adjusted by addition of aqumus NaOH. UV absorbance was measured at 

4 wave lengths (2 hrnax's and 2 L i n k  for each sample). The pKa value was calculated as follows. 
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pKa = pH - log{(Ap - A)/(A - Af)} 

where Ap is the absorbance at pH 0.0 (for the protonated form), Af is the one at pH 10.0 (for the non- 

protonated from), and A is the observed absorbance at each pH value of the solution examined. 
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