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heterocyclic compounds in DMSQO?
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Abstract—A first-principle method has been successfully developed for the prediction of pK, values of aromatic heterocyclic compounds in
DMSO solution with a precision of 1.1 pK, units. Comparison of theoretical results and experimental data (where available) also shows
excellent consistency. Armed with this useful approach, the pK, values for a series of aromatic heterocycles were calculated in DMSO. More-
over, a discussion of the relationships between hydrogen acidities and molecular structures is conducted for the first time (determinants of C—-H
acidities, substituent effects, and some practical use of dehydrometalation). These statistics could be useful for synthetic chemists to design
proper routes for introduction of aromatic heterocyclic moiety, especially when dehydrometalation reactions are used.

© 2007 Elsevier Ltd. All rights reserved.

1. Introduction

Aromatic heterocycles are present in all classes of organic
compounds of interest in biology, pharmacology, optics,
electronics, and material sciences.! Among all the possible
ways of introducing an aromatic heterocyclic moiety into
a complex molecule through carbon—carbon bond formation,
the use of an organometallic reagent derived from direct
metalation of an aromatic heterocycle is among the most
versatile and efficient approaches.? Due to this reason, a
variety of synthetic methods have been intensively studied for
the preparation of metalated aromatic heterocycles during
the past several decades. These methods include dehydrome-
talation, dehalometalation, transmetalation, oxidative addi-
tion, hydrometalation, carbometalation, and cross-coupling
(see Fig. 1).2 Of these approaches, dehydrometalation® has
attracted the most attention mainly due to the low cost and
good accessibility of the starting materials (i.e., un-function-
alized heterocycles) required by the reaction itself.

The general equation for the dehydrometalation reaction is
shown in Eq. 1.

Cpet — H+Base —M—Cy — M +Base — H (1)

For dehydrometalation to proceed, a fundamental require-
ment is that the thermodynamic acidity of Base—H generated
from Base-M (M=Li, MgX, etc.) should be lower than the
acidity of Cye—H. Thus, in order to facilitate the synthetic

* Corresponding authors. Tel.: +86 551 360 7476; fax: +86 551 360 6689;
e-mail addresses: fuyao@ustc.edu.cn; gxguo@ustc.edu.cn

0040-4020/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.12.032

studies concerning the dehydrometalation reactions of het-
erocycles, there is a strong need to know the acidities of the
C-H bonds in various types of aromatic heterocyclic com-
pounds in organic solutions. Unfortunately, due to the exper-
imental difficulties (i.e., use of non-aqueous and strongly
basic media, conversion of measured signals into the com-
mon pK, scale by acidity functions, difficulty in deprotona-
tion in specific positions), there are few direct experimental
measurements of either the gas-phase or solution-phase
acidities of the C—H bonds in the aromatic heterocycles.*>

Considering the difficulty in obtaining pK, values for the
C-H bonds in the aromatic heterocycles, it is necessary to
develop some theoretical methods to predict these important
quantities. These methods would be useful for researchers in
a variety of traditional as well as emerging areas in organic
chemistry ranging from base-promoted heterocycle dehy-
drometalation to aromatic C-H bond activation. In this

Dehydrometallation

HetH + R-M

HetXx + R.M -—Dehalometallation

HetM' + MX Transmetallation

HetX + M Oxidative addition Het-M
or Het-MX

Hydrometallation

Q + H-MX
@ + R-MX

Het-X + XM-MX

Carbometallation

Cross-coupling

Figure 1. Approaches to produce metalated aromatic heterocycles.
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connection some attempts were made in the past to calculate
the acidities of certain heterocycles in the gas phase with
semi-empirical methods such as AM1 and MNDO.** How-
ever, because of the difficulty in handling the solvation
effects, no theoretical method has ever been demonstrated
to be able to accurately calculate the solution-phase pK,
values for the C—H bonds in aromatic heterocycles.

In the present study we develop an ab initio method that
could reliably predict the pK, values of various heterocyclic
C-H bonds in DMSO.® Our work took advantage of the re-
cent developments of various continuum solvation models,
which can be used to describe the solvation effects with in-
creasing precision and efficiency.”® Previously we published
a theoretical protocol, which could reach a precision of
ca. £2.0 pK, units in the calculation of pK, values for over
100 organic acids in DMSO.? Although this protocol could
be directly used to handle aromatic heterocycles, our experi-
ence suggested that for each particular group of organic
compounds the accuracy of the pK, calculation could be sig-
nificantly improved by using more strategically designed
isodesmic reactions and more target-oriented calibration pa-
rameters in the DFT calculations and solvation treatments.

On the basis of the arguments above we collected available
experimental data for aromatic heterocycles and used them
to develop a method that would be specifically suitable for
the calculation of pK,’s of aromatic heterocycles. Our results
demonstrated that by using this specifically calibrated
method, the accuracy of pK, calculation was improved to
1.1 pK, units for the aromatic heterocycles (as compared
to 2.0 pK, units in our previous method developed for all
groups of organic compounds”). Equipped with this protocol
we systematically studied the pK, values for many types of
aromatic heterocycles for the first time. Knowledge of these
pK, values was expected to be valuable to synthetic chemists
who need to design the experimental conditions for reactions
that require the use of deprotonated heterocycles.

2. Gas-phase calculations

Before calculation of solution-phase pK, values for C-H
bonds in aromatic heterocyclic compounds, it is important
to ascertain that the gas-phase acidity can be accurately cal-
culated for the same bond, defined as the free energy change
of the following reaction in the gas phase at 298 K, 1 atm.

Het — H(g) —Het™ (g) + H'(g) (2)

To achieve this goal, we examined 12 representative com-
pounds (see Table 1) and calculated their gas-phase C-H
acidities using the standard B3LYP/6-311++G(2df,2p)//
B3LYP/6-31G(d) method. Here, several aromatic com-
pounds without heteroatoms were also included because of
the similarity in aromaticity and lack of statistics. It was
found that the theoretical results were systematically higher
than the experimental values by 1.9 kcal/mol (see Fig. 2).
This finding is not unexpected because the density functional
theory (DFT) methods have been known to exhibit system-
atic underestimations or overestimations for many types of
chemical properties.®10

Table 1. Experimental and theoretical (B3LYP/6-311++G(2df,2p)//B3LYP/
6-31G(d)) gas-phase acidities for 12 aromatic heterocycles (kcal/mol)

Compound AG (exp)4 AG (theor) AG (theor)”
before correction  after correction
BN
380.0 383.3 381.4
O H
U\ 373.0 376.9 375.0
S H

@H 392.9 394.1 3922

N D—n 384.0 384.1 3822
7
N S 3734 374.8 372.9
-

N
¢ }H 376.9 378.1 376.2
N
N
@H 383.1 385.2 3833

CN

@ 374.6 3759 374.0
H

FSC@H 378.6 381.7 379.8

F?:%H 360.1 360.1 358.2
F
H
383.8 387.1 385.2
H
@ 376.9 378.6 376.7
~
N

* The correction method is shown in Eq. 3.
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Figure 2. The correlation between the experimental and theoretical gas-
phase acidities for the C-H bonds in aromatic heterocycles.
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Evidently, the previously mentioned overestimation prob-
lem, if not rectified, will affect the quality of the subsequent
pK, calculations. As a result, we decide to use the following
equation to calculate the gas-phase acidities:

AGgasphase = AGB3LYP —-1.9 (3)

It can be seen that after the correction the predicted gas-
phase acidities are in much better agreement with the exper-
imental data. In fact, the root of mean square error (rmse)
for the corrected theoretical gas-phase acidities is only
2.2 kcal/mol, which is close to the experimental error (ca.
2.0 kcal/mol) in the gas-phase acidity measurement.

3. Solution-phase calculations

With a reliable method to calculate the gas-phase acidities,
we next needed to derive an equation for pK, calculations.
Despite the various solvents utilized in pK, determination,
there is an excellent linearity relationship among these dif-
ferent acidity scales,!' with conversion of the pK, values
from one solvent to another given by Eq. 4.

pK,(THF) = —0.963 + 1.046pK,(DMSO) (4)

Since it has been shown in the above section that the DFT
methods tend to systematically overestimate or under-
estimate chemical properties, and the solvation energy of
protons remains uncertain,'? we decided to utilize an isodes-
mic reaction to improve the accuracy of the pK, calculations.
Thus, we consider the following proton-exchange reaction
between furan (at its 2-position) and a target aromatic het-
erocyclic compound.

Het—H + Q@ — Het® + ©\H (5)

If the free energy change of the reaction above in DMSO is
defined as AGexchange» the pK, value of the target heterocycle
can be calculated by Eq. 6,

AG'exchzm e
K,(Het — H) = 35.0 4 ~— & 6
pK,(Het — H) 2303 % RT (©6)
where 35.0 is the experimental pK, value for the C(2)-H
bond of furan.’

According to the previous section, it is evident that the gas-
phase contribution t0 AGexchange Can be reliably calculated,
so whether Eq. 5 can successfully predict the pK, values
mainly relies on the quality of the solvation energy calcula-
tions. It is worth noticing that in previous studies we have ex-
amined the early versions of polarized continuum solvation
(PCM) model in the pK, calculations. Herein, to improve the
accuracy we decide to test some more recent versions of
PCM models including IEF-PCM (integral equation formal-
ism model), C-PCM (polarizable conductor calculation
model), and I-PCM (static isodensity surface polarized

Table 2. Experimental and theoretical (IEF-PCM, radii=Bondi, f=1.20)
pK,’s for 10 aromatic heterocycles

Compound pK. (exp) pK, (theor) Ref.
U\ 35.0 35.0 5a
o H
@\ 325 335 5a
s” H
0.
N~ H 36.4 387 5a
|
/N\
N
N)\H 33.1 35.1 5a
|
Iy 29.4 29.6 5b
(X
i\
N H 352 352 5a
|Iﬁ—Pr

N—H
373 37.7 5
\

mH 329 32.0 5a

s

mH 327 332 5b
J
Q

@E )—H 244 24.8 5b
N

continuum model). Two scales of atomic radii (i.e., the
UAO scale and the Bondi scale) have been tested for each
PCM model. Furthermore, for the IEF-PCM/Bondi method,
we have also tested different scale factors (f value ranging
from 1.30 to 0.95) for the atomic radii.

Using each of the methods described above we have calcu-
lated the pK, for 10 aromatic heterocycles whose experimen-
tal values have been reported (see Table 2). The results of
these test calculations are shown in Figure 3. It is found
that the IEF-PCM/Bondi method gives the lowest rmse error
compared to the I-PCM, IEF-PCM/UAO, C-PCM/Bondi,
and C-PCM/UAO methods. Furthermore, for the IEF-PCM/
Bondi method, the lowest rmse error is reached when the
scale factor equals 1.20. As a result, the IEF-PCM/Bondi
(f=1.20) method was concluded to be the most accurate
for calculating the pK, values of the C—H bonds in aromatic
heterocycles. As shown in Figure 4, the correlation coeffi-
cient between the experimental pK, values and the theo-
retical results provided by the IEF-PCM/Bondi (f=1.20)
method is as high as 0.978. The mean error is —0.6 pK,
unit and the rmse error is as low as 1.1 pK, units.

4. Discussion

Through the above studies we have developed a first-princi-
ple method that can predict the pK, values for C—H bonds in
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Figure 3. The dependence of the rmse error on different solvation models.

different aromatic heterocycles in DMSO. The error bar of
the prediction is determined to be around 1.1 pK, units
through comparison with experimental data available.
Thus, the new method enabled us, for the first time, to esti-
mate the pK, values of aromatic heterocycles in DMSO with
a confident error bar.
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Figure 4. Correlation between the experimental and theoretical pK, values
for 10 aromatic heterocycles.

Importantly, the pK, values for most C—H bonds in the aro-
matic heterocycles still remain unknown. As a result, the the-
oretical method developed here will be practically valuable
for experimental chemists who need to estimate the pkK,
value of any heterocyclic C-H bond. Furthermore, the
method developed above also allows for generation of some
systematic data regarding the pK, values of heterocyclic
C-H bonds in DMSO. On the basis of these data we can
discuss, for the first time, some important yet unanswered
questions concerning the structure—property relationships
behind the acidities of the heterocyclic C—H bonds.

4.1. C-H bonds of five-membered heterocycles

Some most commonly seen five-membered heterocycles (in-
cluding five-membered benzo-heterocycles) are furan, thio-
phene, pyrrole, pyrazole, imidazole, indole, benzofuran, and
benzothiophene. These compounds are important intermedi-
ates in pharmaceutical research. Theoretical predictions of
acidity are shown in Figures 5 and 6.

The acidities of five-membered heterocyclic compounds gen-
erally fall in the region from 24 to 45. The proton possessing
the strongest acidity on the heterocycle is 2-H in benzo[d]-
oxazole (24.8), and the weakest one is 3-H in N-methylpyr-
role (44.8). Several overall rules can be proposed when we
examine the results carefully. (1) Protons in o-position in
single-heteroatom five-membered cycles usually possess
stronger acidities than those in B-position by about 3-5 pK,
units, thus a-Hs are more vulnerable when attacked by bases
such as alkyl lithium, with formation of the corresponding
carbanion. (2) Acidities of multi-heteroatom cycles are gen-
erally stronger than those of single-heteroatom ones, mainly
due to the decrease of aromaticity and increase of ability in
stabilizing negative charges. (3) Due to the conjugative effect
of the benzene ring, benzo-coupled heterocycles generally
have more acidic protons since negative electric charge can
be more widely decentralized. (4) Hydrogens in benzene
rings are much weaker acids than those in heterocycles.

38.4 34.0___31.9 36.4

: N
Q%.O 27.7@N 30_54:)»27.1

39.0 368y %8327
[ VNass 206l D205 20l N
s s S
44.7 422 N 40.7__39.6
r) Ly L\
(308 358 Past 349l
1 | |
CHs CHs CHa
40.3 38.8 N 37.1_38.3
o W
N 35.4 32.6 N 321 322 N,N
1
COOC(CHa)s COOC(CHa)s COOC(CHa)s
434 40.7__40.4 35.8
/ \ / \ E \
[le&s 35.2<NfN 3038, N
N(CHy), CH,CH,CH; CH,CH,CH;

Figure 5. Theoretical prediction of acidities pK, of five-membered aromatic
heterocyclic compounds.
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Figure 6. Theoretical prediction of acidities pK, of five-membered aromatic
benzo-heterocyclic compounds.

These rules are useful when trying to choose bases or to
judge deprotonation points. For example, for protons with
a pK, of less than 30 such as 2-H in benzo[d]oxazole (pK,
(caled)=24.8; pK, (exp)=24.4), moderate bases such as lith-
ium amide can be used, and there is no need to worry about
the protons in the benzene ring since they are much weaker
acids than those in heterocycles.

Since the present work deals with C—H bonds in hetero-
cycles, nitrogen protons in pyrrole and its derivatives are
substituted by a methyl group. This strategy can also be
used in organic synthesis: the acidity of N-H is stronger
than the C—H bond, so that N-alkyl-substitution must be uti-
lized if we intend to prepare a carbanion reagent.

It is clear that the most important factor that affects acidities
of C-H bonds in aromatic heterocycles is the polarity of het-
eroatom. Cycles containing oxygen or sulfur have signifi-
cantly stronger acidities than those containing nitrogen
atoms. If more than one heteroatom is included in the cycle,
the proton adjacent to both heteroatoms generally possesses
the strongest acidity, the one located near oxygen or sulfur
atom is relatively weaker, and the protons located near the
nitrogen atom the weakest. This rule can be explained by
considering the different abilities of negative-charge stabili-
zation of the different heteroatoms. According to the calcu-
lated Mulliken charges, the oxygen atom has a Mulliken
charge of —0.394 and —0.470 before and after the deproto-
nation process (e-position in furan), while the corresponding
parameter for sulfur is +0.254 and —0.034 (a-position in
thiophene), and for nitrogen —0.361 and —0.364 (a-position
in N-methylpyrrole). The negative charges in heterocycles
are notably centralized on the oxygen and sulfur atoms,
but not the nitrogen. Thus oxygen and sulfur are more able
to stabilize negative charges and consequently carbanions,
such that stronger acidities result.

Another rule that is worth noticing is that acidities of nitro-
gen-containing heterocycles will also be affected by substit-
uent groups located on the nitrogen, especially when the
electronic properties of the substituent change. For instance,
if the methyl in N-methylpyrrole is replaced by an ester group
(i.e., ~COOC(CHs)3), the acidities of the corresponding sites
will be enhanced greatly by about 4 pK, units. This phenom-
enon can also be traced in other nitrogen-containing com-
pounds such as N-substituted pyrazole and imidazole. It is
generally observed that the greater the electron-withdrawing
ability of the substituent group, the more acidic the heterocy-
clic protons will be. Yet this rule is expected when we come
to the derivatives of benzene (discussed below in detail).

Combining experiments with theoretical predictions will al-
low for more meaningful discussion. Dehydrometalation by
bases such as LDA, ¢-BulLi, etc. will result in the formation
of carbanions on specific sites. The consequent product
(carbanion) can react with electrophilic reagents such as
aldehydes, ketones, esters, cycloxygen compounds, and
so on. Some examples are as follows.

(1) Synthesis of alcohol via direct lithiation of N-methyl-
pyrrole. Here the deprotonation point supports the theo-
retical prediction that carbanion is formed in o-position
(see Fig. 7).1

(2) Application for the synthesis of bio-active molecules
such as glycosides: the indole-modifying process of man-
nose derivatives will take place according to the sequence
shown in Figure 8. As expected, the lithiation will take
place in nitrogen-adjacent site when R, is hydrogen, pro-
ducing a kind of motif, which simulates a partial structure
of RNase and has bio-activity.!*!3

(3) The 5-position in thiazole is lithiated when the
2-position, which has the strongest acidity, has already
been occupied. This further demonstrates our pK, predic-
tions (Fig. 9).16

A problem worth noting in geometry optimization is that
some anions undergo ring-opening reactions, such as the

A;S? ?:?

Figure 7. Synthesis of alcohol using lithiated N-methylpyrrole.

X=BnO
R1

X
N
R2
R
X R
N X~ o
X X Q g
Ke) A + X
OH
/N
X R1 Ry

Figure 8. Indole-modification of mannose.
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Figure 9. A secondary lithiation of thiazole.

2-anion in thiazole, 3-anion in isothiazole and isoxazole.
Similarly, the corresponding benzo-heterocycle will also
suffer from such problems. These compounds all contain
one oxygen and one nitrogen atom. When the two hetero-
atoms are adjacent and the carbanion is generated in the
carbon directly connected to nitrogen, the ring will open be-
tween the two heteroatoms, producing a cyanogen group and
a sulfur anion (Fig. 10). The break up of isothiazole and isox-
azole can be justified by experiments exactly.!” By com-
parison, five-membered heterocycles with more than one
nitrogen atom are generally stable under similar conditions.

87I,3ase ¥
N H
H ) )
O,N { Base § O,N CN
N — ‘N = + BaseH
o o (e}
5

Figure 10. Ring-opening reaction of isoxazole.

4.2. C-H bonds of six-membered heterocycles

Since oxygen-family elements cannot take part in six-mem-
bered heterocycles, nitrogen and carbon are the only atoms
on the ring. Theoretical calculations of pK, of six-membered
aromatic heterocycles are between 31 and 45 (see Figs. 11
and 12). The strongest acidity on heterocycles is the 3-posi-
tion of pyridazine (31.1), and the weakest one is the 2-posi-
tion of pyridine (43.6). The strongest acidity for the benzene
ring is the 8-position of cinnoline (39.6), and the weakest one
is that of benzene (44.7).

The acidities of hydrogens in benzene and pyridine is very
weak (>40). Even a base as strong as sodium amide cannot
deprotonate them directly, so that alkyl lithium must be used.
Such a property is related to the highly-conjugated p orbitals
in the ring. Consequently, if more nitrogen atoms are intro-
duced into the ring, acidities of protons are enhanced due to
the decrease in aromaticity. Calculation shows that pK,
of diazine generally falls in the region of 35-40, and
that of triazine 31-35. Bases such as LICHA or CsCHA
(pK.(HCHA)=40) will be sufficient for deprotonation.

40.3 31.1 38.9 N
@41.0 037.9 36_9KN [/ ]39.3
|

\N 43.6 \N,N \N)4O'O \N

34.9 304

NN m 33.0 NCN]33.1 ©44.7

|
L\N) NN 34.4% 7335

Figure 11. Theoretical prediction of acidities pK, of six-membered aro-
matic heterocyclic compounds.

434 415 39.2 415 400
OO 438 425@ 405 42.1@@43.6
422 T 424 423 _N
422 411 418
40.0 38.8 36.1 39.0 35.0
407@"‘\] 38.5 40.2@@,\, 40.3 S 39.0
|
P _N 40.0 N
N 396 |
39.1 37.2 NN
40.9 | N 36.0(/ Z ]34‘4
40.3 N/) 39.7 Ny Ay ~346
40.0 33.5

Figure 12. Theoretical prediction of acidities pK, of six-membered aro-
matic benzo-heterocyclic compounds.

A crucial difference from five-membered heterocycles is
that protons adjacent to heteroatom always have the weakest
acidity, rather than the strongest. This is mainly because of
the high repulsion effect between two electron clouds: the
lone electron pair of nitrogen and the negative charges
formed by carbanion. The angle between the two electron
clouds in a-carbanions in six-membered rings (~60°) is
smaller than that for five-membered carbanions (~72°).
This means a higher static electricity repulsion will destabi-
lize the carbanion, explaining the weaker acidity. Some
experimental results support this reasoning: deprotonating
pyridine with LDA or LTMP and without specific conditions
will afford exclusive 3-position products.'8 If 2- or 4-posi-
tion anions are expected, halogen-exchange reaction must
be employed.

The pK, calculated for diazine agrees well with experimen-
tal observations.'® For instance, 1,3-dizaine is deprotonated
at the 5-position, which supports the calculation (Fig. 13).

Li
f\N LiTMP f"‘
| —_— |

S )\ BnO N )\

BnO~ "N~ ~OBn N” "OBn

OBn o
OBn
BnO CHO
OBn BnO A N

OBn | /)\

BnO N OBn

Figure 13. Theoretical prediction of deprotonation point in diazine agrees
well with experiment.

4.3. Pyrimidine, purine, and pteridine

As the main structure of many bio-active molecules, pyrim-
idine, purine, and pteridine draw increasing interest from
researchers. Here we discuss their properties (Fig. 14).

Pyrimidine is a diazine. The two sp? hybridized nitrogen
atoms have little basicity. Acidities of C-H bonds in

N CHs
38.9 40.3~ N N._N
36.97 N (ﬂ p 203 007 Y ]34'4
- J4oo Nx N Ny Sy~ 346
N : 37.3 335
9-methyl-9H-purine

pyrimidine pteridine

Figure 14. Theoretical prediction of acidities pK, of pyrimidine, purine, and
pteridine.
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pyrimidine are stronger than benzene and pyridine because
of deficiency of aromaticity. Purine similarly possesses acid-
ities and basicities at the same time. If the nitrogen atom is
not capped with methyl, the acidity of N-H is even stronger
than phenols, but this is beyond our discussion. Bases such
as LDA and NaNH,, will be able to deprotonate the hydrogen
in the five-membered ring without affecting those in the
six-membered ring. Pteridine however, has C—H bonds with
similar pK, (all between 33 and 36), and this will probably
lead to a mixture when deprotonating.

4.4. The ortho effect

With the help of catalyst or specific groups substituted in het-
erocycle, ortho effect may occur, which means a direct anion
formation on the carbon adjacent to the heteroatom regard-
less of the pK, calculated. Reactions using these kinds of
effects are also called DoM (Direct ortho-Metalation) reac-
tion, which enables us to introduce functional groups or
substituents in aromatic heterocycles, sometimes even dis-
obeying the common rules of metalation.

These effects show no contradiction to theoretical predic-
tions for five-membered heterocycles in that hydrogens adja-
cent to heteroatoms are always the stronger acids, but in
six-membered rings, such a reaction is especially useful be-
cause protons adjacent to the nitrogen possess the weakest
acidities. For example, the ortho-proton has the weakest
acidity in pyridine, and lithiation reaction with LDA and
LTMP also supports this. However, if specific bases (BuLi—
Me,N(CH,),0Li) are used, ortho-product will be obtained.
The mechanism of this reaction predicts that a lithium
complex is formed, which favors the ortho-position, such
that the common rules are disobeyed (see Fig. 15).2%

The same phenomenon can also be seen in reactions of azine.
Protons having lower acidity but located adjacent to nitrogen
are substituted (Fig. 16).20%¢

=
z | BuLi-LIDMAE - \N| DG
Bu--Li )
N hexane SN
N” DG --Lis--N—
O;-Li N\
DG=Cl or MeO
-BuH 7 E* 7
— | N —_— o
N"L‘I N DG E N DG
O----Li
Figure 15. Mechanism of a DoM reaction.
H
s=N-Ph

Nj LITMPL-75 “CITHE N7
Ny PhNCS/4 h Ny
Figure 16. Another example of DoM reactions.

Therefore, a proper utilization of DoM reactions will sim-
plify the process of synthesis when necessary.

4.5. The remote effect

Due to the similarity of aromatic heterocycles and benzene
derivatives, we further calculated acidities of a series of

2
@36.2
39.9

NO.
40.1

F cl Br

447 @36.8 i 375 ij%ﬂ
:: 42.3 416 40.5

43.7 434 43.0

CN CFs =
38.1 39.7 442 F. 4
40.5 a7 43.2
40.9 418 44.2

290 | o 81
F: ; :F F: : :F
F

F F
B0k r BT F I 25.0
41.7@ F©/F 40.1 30.6 .
F 35.8 F F F

9 F F F

8
39.
F F
315
F FF Fais F
33.2 338 26.1
39.3 £ £

Figure 17. Theoretical prediction of acidities pK, of benzene derivatives.

benzene with different substituents. Using methods similar
to Hammett’s dealing with relationships between substitu-
ents and reaction rates or equilibrium constants, we obtained
a quantitive result (Fig. 17).2!

Since the parameter ¢ in Hammett equation is only deter-
mined by the properties and locations of substituents rather
than specific reactions, and assuming that the dissociation
constants of aromatic heterocycles also have the same rela-
tionship (most probably linear), we conducted the linear
regression of pK, versus o as below.

A clear trend of linearity between pK, and o, although not
perfect, can be seen from the graph with »=—0.934, and
the large slope (—5.74) suggests a crucial effect of substitu-
ents on pK,. Such linearity shows substituent effects on
C-H acidities, where the relatively low regression coeffi-
cient may result from the difference between conditions in
the Hammett equation and in our system (Fig. 18, Table 3).

We only discuss the meta- and para-substitutions of benzene
rather than the ortho- ones because the substituent effect of
meta- and para-groups are mainly determined by changes in

45 Y=44.08-5.74X
-
r=-0.934; N=16
44
43 1
©
K
42 1
41 1
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Figure 18. Linear regression of pK, versus o.
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Table 3. List of substituent effect constant ¢ and calculated pK,’s

Substituent X ox pK. Substituent X ox pK.
m-H 0 447  p-CH=CH, —0.08 442
m-CH=CH, 0.08 432  p-H 0 44.7
m-F 0.34 423  p-F 0.06 43.7
m-Cl 0.37 41.6  p-Cl 0.23 434
m-Br 0.37 40.5 p-Br 0.26 43.0
m-CF3 0.46 409  p-CF; 0.53 40.4
m-CN 0.62 40.5 p-CN 0.71 40.9
m-n0, 0.71 399  p-NO, 0.78 40.1

enthalpy, but that of ortho- groups are simultaneously af-
fected by enthalpy and entropy. According to the Gibbs
free energy equation, AG (represented by pK,) is linear to
entropy when enthalpy remains constant. Therefore, para-
and meta-substitutions may show this linearity, but not
ortho- ones.

5. Summary

A first-principle theoretical protocol was developed success-
fully to predict the pK, values of a number of aromatic het-
erocycles in DMSO with a precision of about 1.1 pK, units.
The theoretical predictions were found to be consistent with
experimental data available. With this protocol, systematic
studies of diverse types of aromatic heterocyclic compounds
in DMSO were conducted. Thus, a scale of reliable pK,
values was constructed for the first time for aromatic hetero-
cycles. These pK, values will be helpful to synthetic chem-
ists who need to design experimental conditions for handling
deprotonated aromatic heterocycles. On the basis of these
pK, values a discussion on the relationships between hydro-
gen acidities and molecular structures was presented.
Determination of C-H acidities, substituent effects, and
some practical use of dehydrometalation were discussed.

6. Computational methodology

The theoretical calculations were conducted with the Gauss-
ian 03 package.?? HF and B3LYP method with various basis
sets (i.e., 6-31G(d), 6-31++G(2df,2p)), different solvation
models (i.e., IEF-PCM, C-PCM, I-PCM, COSMOS-RS),
and varying cavity models (i.e., UAO, BONDI) and electro-
static scaling factors (0.90-1.30) were systematically
utilized and compared. Finally the gas-phase energy cal-
culations were conducted using the standard B3LYP/
6-311++G(2df,2p)//B3LYP/6-31G(d) method. The PCM
solvation model was used in its integral equation formalism
(IEF-PCM) to calculate the solvation free energies in
DMSO. All the IEF-PCM calculations were performed at
B3LYP/6-311++G(2df,2p) level (Icomp=4, TSNUM=60,
TSARE=0.4, radii=bondi, alpha=1.20).
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