604 Bull. Korean Chem. Soc. 1995, Vol. 16, No. 7

Duk-Young Cheong et al.

Substituent Effects on the Reactivity of the Pyridines'?

Duk-Young Cheong, Jeong-Min Kweon, Soo-Dong Yoh*, Seongsik Park!, and Oh-Seuk Lee?

Department of Chemistry Edwcation, Kyungbook National University, Taegu 702-701, Korea
Y Department of Chemistry, Kyungsung University, Pusan 608-736, Kovea
$Department of Chemistry, Andong National University, Andong 760-380, Korea
Recetved February 24, 1995

The relative dissociation constants of 4-substituted bicyclo[2,2,2]octane-1-carboxylic acids, 4-substitoted quinuclidines,
and 3- and 4-substituted pyridines were collected from a number of sources. In order to understand the actual substi-
tuent effects with a combination of inductive effect (o) and resonance effect (op) components. The DSP correlation
has been employed statistically for each of the p- and m- series. The inductive effect from the m- position was
1.2 times more effective than that from the p- position and the requirement of og™ for the best-fit led to the conclusion
that pyridine system belongs to the o*-class reactivity. Also compared with results from Yukawa-Tsuno's LArSR

treatment and relevant treatment.

| lnﬁodncﬁon

It has long been recognized that the electronic effect of
a substituent depends to a certain extend upon the electron
demand in the system to which it is attached. Hammett

equation has been handled by defining different ¢ constant -

scales for systems with different electron demand (e.g, o,
o°, 6%, 67, etc). An alternative approach to substituent effects
is to divide the inductive and resonance contributions, that
is, to use a Dual Substitution Parameter (DSP) approach.
This approach is proposed for the approximately quantitative
evaluation of resonance and inductive contributions to the
effects of uncharged m- and p- substituents on the reactivi-
ties® of reaction center. And it is based on the demonstration
that the scale of the inductive contributions to aromatic se-
ries reactivities is, to a good approximation, equal to that
for reactivities in the aliphatic series.

The resonance contributions to aromatic series reactivities
are reported, their similarity and contrasts noted, and the
results are interpreted in accord with, and are shown to
provide evidence for, principles from resonance theory! Also
the analysis of substituent effects in the extended n~ elec-
tron system of naphthalene has been discussed successively.’
The same treatment should be applicable to reactivities in
hetercaromatic n- electron systems. Especially, p- and m-
substituted pyridines are an interesting system for an appli-
cation of the separation analysis in heteroaromatic reactivi-
ties.

For basicities of pyridines, certain contradictions have re-
cently appeared in the rationalization of the substituent ef-
fects obtained from different equations® The validity of an
equation may be tested most critically by establishing whe-
ther or not the substituent effects on reactivities in pyridines
can be treated successfully. In this sence, Taft and coworkers
well handled by DSP treatment’ and Tsuno and coworkers
also well adjusted to the analysis of substituent effect on
the basicity of pyridines by LSFE (Linear Substituent Free
Energy) treatment.® But we will focus the analysis of substi-
tuent effect for pyridine system by DSP treatment.

Results and Discussions

Hammett ¢ values are expressed by the combination of
o; (Inductive Effect) and og (Resonance Effect), ie.,

o=c1+op )

If 0y and op components of ¢ could be assigned to each
substituent, the components would not only their interaction

. mechanisms be clarified but also the importance of the two

effects in stabilizing the transition state could be assessed
by the relative values of o and op. Therefore a rate series
would be fitted to a two-parameter equation such as Eq.
2) ' -

log ky/kn=pioi+ peoi @

The Hammett system permits a mixture of resonance and -
inductive interaction to be transmitted in a given reaction
series! The ratio of op values for the m- relative to that
of the corresponding p- substituent is a constant, o

6, =61+ ok )
ow =01+ o ()

The factor, a, may be considered ‘a resonance effect fall-
off facior between the p- and m- positions. Taft and Lewis
have suggested that very generally ¢=0.33. During the reac-
tion process, however, a strong conjugation occurs between
p- substituent and reaction center, the o value is decreased’
~0.10°

Some sets of reliable ApK, values of 4-substituted bicyclo-
{22 2]octane-1-carboxylic acids (1), 4-substituted quinuclidi-
nes {II), and 3- and 4-substituted pyridines (Il and IV) have
been collected from various sources in Table 1~ Each
pKa values were defined by pKy—pKx, where their data
were determined by the same authors and under the same
experimental conditions respectively, unless otherwise noted.
Figure 1 and Figure 2 show plots of ApK.(D) vs. ol and ApK,
(ID) vs. oy respectively. These are of sufficient precision in
linearity to directly the validity of ¢, parameters because
the structures of (I} and (II) have minimal resonance effect
and have rigid geometry.” The plot of ApK, for the pyridines:
vs. Hammett o values has two distinct straight-line with o,
and o, values, respectively (Figure 3) and the results are
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Table 1. Data of ApK.*

@y @y

Subs, (D 4 iI(4-¥

NMe, - 085 ~116 —4.36
NH, -~ 086 -0.83 -391
COy ~0.10" - - -
‘OMe 047 165 043 . 137
OH 0.37 1.69% ©.4) -
t-Bu - —-0.11 —065 -0.82
¢-Pr - ~0.06 ~0.55 ~0.85
Et -0.02 0.01 —0.53 —0385
Me =002 0.08 —046 —0382
CHOH 007 0.62" - -
CH=CH, - 0.26 - -~
CH.C] - 0.77 - -
Ph - 0.76 04) -0.14
Cl 0.77 234 240 138
Br 0.76" 247 236 146
I - 226 192 (1.2)
NHCOMe - 142 077 —0.64
COEt 0.47 1474 - -
COMe - 150 212 1.72
COH 0.50 - - -
COMe - 151 195 170
OCOMe - 2,094 - -
CN 0972 2991 386 335
NO, 1.05 331 442 398
NH3+ 1 '23l1 —_— X —_ —_
NMe;* 4 - - -

'ApKa=pKaH—pKax, value in brackets is chosen as the best
selected values. *reference 10; ‘reference 13; “reference 5.
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Figure 1. Plot between ApKa(l) and oy ApKa(1)=1.570,+0.0261
(R=0994, SD=0.047).
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Figure 2. Plot between ApKa(ll) vs. o1 ApKa(l)=4.720,+0.232
(R=0.988, SD=0.184).
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Figure 3. Plot between ApKa(lll) and o, (@; 4-sub.pyridine,
O; 3-sub.pyridine).
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Figure 4. Plot between ApKa,, and o; (Y)-pyridine; Y=H, 4-
COMe, 4-COMe, 4-CO:Et, 4-CN, 4-NO;. ApKa,,=6.100,—0.0845
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Figure 4 shows the plot of ApK, for the dipolar electron-
withdrawing groups (CO,Me, CO:Et, COMe, CN, NG,) of py-
ridine »s. o) values. This siope is well fitted with single-line
and the result is given in Eq. (7).

ApKay,=6.10 0,—0.0845 (R=0995 SD=0.3500 (7

These electron-withdrawing substituents appear to be ex-
erting the inductive effect only. It seems reasonable to expect
that the dipolar electron-withdrawing groups will be far more
difficult to withdraw electron density from the nitrogen nu-
cleus of pyridine than from the reacting atom of the benzene
moiety.' The result of a least squares calculation agrees well
with p. (Eq. (6)).

Based on Eq. (7), o, values for the pyridine system are
evaluated from ApK, of pyridines and these results are listed
in Table 2. Table 3 enlists some results of application.

The value of ApKa,,—ApKa,-,, should be a resonance
factor (og), because the structure of 4-substituted quinuclidi-
nes includes only inductive factor (¢} and their structure
is similar to pyridine which oriented by o; and ox factors.
Among the plots between log(K/K,)s-y —log(K/K - (€X-
cept substituent with CO,Me-, CO.Et-, COMe-, CN-, and NO
) and resonance factors {og’, ox(BA), and op*), the plot
with og* is quite well correlated with linearity (eq. (8), (9),
(10)).

log(K/K )1 -y, — 10g(B/K, )4 - 0. = 7.9608"— 0.180

(R=0.995, SD=0.350). R=0920, SD=1.02) 8)
logK/Koi— gy — 10gU/K )i — . = 5.210r(BA) — 0.340
Eq. (5) and (6). (R=0972, SD=0.382) ©
ApKa,t=506 ¢,—0.137 (R=0991, SD=0.166) (5) LOGU/K. Ve gy — 10GU/K Y- . = 2845+ —0.111
ApKay”=6.16 o,—0.056 (R=0.992, SD=0.183) (6) {R=0.994, SD=0.0972) (10)
Table 2. Apparent o and Related o Values for LFER
g a [ )
o’ o ox(BAY or*?

Subs. m- b- m- ?-
NMe, —0.21 ~0.83 —0.171 —0.69¢ 0.06 -052 —0.83 —175
NH: -0.15 —0.66 —0.117 —0617 0.12 -048 -0.82 —161
OMe 0.115 —027 0.087 —0.205 0.27 —-0.45 —0.61 ~-1.02
OH 012 - 0.08 - 0.25 —043 - -

#-Bu —0.10 —0.20 —0.088 —0.116 —-007 - - —0.18
i-Pr —0.07 -0.156 —0.072 —0.121 —0.06 - - —-021
Et —0.07 ~0.15 —0.069 ~0.121 —-0.05 - - —023
Me —0.069 —~0.17 —0.057 —0.116 - —0.04 -011 —0.11 —0.25
Ph — 0.039 0.08 —0.005 0.10 -011 -0.11 ~0.30
Cl 0.373 0.23 0.407 0.241 0.46 -0.23 —-0.23 -0.36
Br 0.391 0.23 0.400 0.254 044 -0.19 —0.19 ~0.30
I 0.352 028 0.329 0.21 0.39 -0.16 —0.16 —0.15
NHCOMe 0.12 0.00 0.14 —0.086 026 -0.25 —0.36 —-0.86
CO.Et 0.36 047 0.36 0.30 0.30 0.14 0.14 0.14
CO;Me 0.36 046 0.361 0.296 0.34 0.14 0.14 0.14
COMe 0.376 0.491 0.334 0.293 0.28 0.16 0.16 0.16
CN 0.56 0653 0.643 0.561 0.56 0.13 0.13 0.13
NO: 071 0.78 0.734 0.663 0.65 015 0.15 0.15

“g,'s are evaluated from ApKa of pyridines (c=0.162 ApKa+0.0173). *Lowry, T. H.; Richardsen, K. S. Mechanism and Theory
in Organic Chemistry; Haper & Row, Publishers; New York, US.A, 1982; Chap. 2 and reference 7. a).



Substituent Effects on the Reactivity of the Pyridines

Table 3. Some Applications of o, and ¢ Values
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Reaction solvent  temp(C) p, R SDr P R SD Rxono. ref.
p-CH;0-CH,0S0,Cl+ NCsH (Y water 25 —248 0999 0042 -—226 0984 0.184 18
2-CHL0-CsHLOSON* C:H-(Y) CI™
$#-CH:-C:H,080,Cl+ NCsHo-(Y)— water 25 —269 0999 0051 -—256 0984 0.198 18
$-CH;-CHLOSON*CsHe-(Y) Cl™
CsH0S0,Cl+NC:H Y~ water 25 —278 0999 0046 255 0984 0204 18
CeHs0S0,N* CH(Y) CI™
m-NO-CeHs;080,Cl+ NCsH (V) water 25 —332 0999 0039 —304 098 0233 18
m-NQx-C;H:080,N*C:H,-{Y) Cl-
P-NO»-CHs0S0:,Cl +NC:H,-(Y)— water 25 —339 0999 0045 -—311 0986 0231 18
p-NO.-CH;0S0,N*CsH,-(Y) CI™
H-CHs0-CsHsCH,CH-ONs + NC;H,-(Y)—> MeCN 70 —159 0992 0115 -—143 0889 0125 19
£-CHy0-CeHsCH,CHN * C;H-(Y) “ONs
CsHsCH,CH,0S0:CsH,-p-CHz;+ NCHi(Y)—»  MeCN 70 —131 0991 00739 —128 0987 00858 20
CsHsCH.CH:N* GH(Y) ~0S0,CsH,-p-CH,
CsH:COCH;Br+ NC;H«(Y)— MeOH 45 —176 0992 0086 -—170 098 0.130 21
CeHsCOCHN*C:H+(Y) Br~
p-Cl-CeHsCOCH;Br + NCsH,~(Y)— MeCH 45 —186 0990 0098 -—179 0973 0.160 21
-CICsHsCOCH,N*CsH~(Y) Br-
p-CH;0-CeH:COBr + NC;H,-(Y)—~ MeOH 45 —183 0988 0111 -—177 0971 0164 21
p-CH;0-CsHsCON* C:H(Y) Br-
CH;0S0.F + NC:H(Y)~> 2-nitro-propane 25 —266 0999 0.0434 —251 0986 0.188 22
CH:0S0,N*C:H(Y) F-
C H;0S0.F + NCsHo-(Y)— 2-nitro-propane 25 -—211 0997 0078 -—199 0980 0178 22
C,H:0S0,N* CsHo-(Y) F-
p-Me-CH;CH080,CeHs + NCH,-(Y)— MeCN 35 —185 0994 008 —189 0988 0119 23
p-MeCsHsCH,N*CsH-(Y) ~0S0,CsHs
CsHsCH,050,CeHs + NC:H,- ()~ MeCN 3% 204 0997 00674 -208 0991 0112 23
CsHsCHoN* CH-(Y) ~0S0CsHs
m-Br-C¢H:CH,080,CsHs+ NCsH,A(Y)— MeCN 3B 216 0998 00566 —221 0994 0.101 23
m-Br-CeH;CH;N*CsH,-(Y) ~0S0.CeHs
$#-NO.-C:H:CH,080,CeH; + NCH,-(Y)— MeCN —244 0997 00873 —248 0991 0134 23
p-NO-CH:CH;N*C:H«Y) ~0S0.CeHs
dresults of Hammett plot with o,,. *correlation coefficient. “standard deviation.
Table 4. Reactions correlated by Dual Substitution Parameters®
Reactiofi P PR Aovas® pre P Y-
A. With the ox(BA) scale
ArCOZH, ioniz, H:0, 25T 1.00 0.28 028 1.00 1.00 1.01
Toniz., 43.5% aq-dioxane, 25¢C 134 0.62 046 143 115 0.81
Ion-pair form. 13.DPG, benzene, 25T 2.15 0.70 0.33 198 136 0.69
loniz., gas phase 98 353 0.36 10.80 5.08 047
B. With the og* scale
ArCMe,Cl, solv., 90% aq-H,S0,, 25C —4.639 —4,657 1.00
ArC(C:Hs)}OH, ioniz., aq-H;S0,, 25T —4521 —5.557 1.23
Ar.C(CsHs)OH, ioniz., aq-H,S0,, 25C —8085 —7.89 098
Ar,COH, ioniz, ag-H,S0, 25C -1110 —-9.793 088
PyrH*, ioniz., H;0, 25¢° 6.21 1.03 0.17 5.17 268 0.52
PyrH*, ioniz., H;0, 25T 528 27 051
ArN,*—>ArOH, decomp.. H,0, 29T —4.086 2722 —067
ArCHO, cannizaro reaction, 50% ag-MeOH, 100T 4426 2217 048
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C. With the og° scale

ArCO.H, ioniz, H0, 25T 0992

ArCH,CO:H, ioniz., 50% ag-EtOH, 25C

D. With the og~ scale
ArNH;, ioniz, H:0D, 25¢*

Duk-Young Cheong et aL

0.403 041
0.755 0.646 - 086

309 348 113

*ref. 15. b) A=pe/ps. ‘This work. “ref. 6 a).

An application of the DSP treatment by using ox* con-
stants, these plots are .in good correlation with p- and m-
series of pyridines, respectively (Eq. (11), (12)).

logUK/K,Y =5.170,+ 26805+ —0.0282 -

(R=0998, SD=0.0177) 1)
log(K/K.y" =621+ 1030s" +00114
R=0.996, SD=00179) (12)

Table 4 enlisted the results of the DSP analysis. However,

significantly different inductive effects are obtained for the
p- and m- derivatives; p"=6.21, pf =5.17. From the com-
parison with Eqn. (7), the py value for the meta correlation
appears to be more reasonable. The ratio, o™/pf==1.20, may
be indicated a breakdown of the origipal Taft assumption,
p"=p? %Y bat this is consistent with the result of Yukawa-
Tsuno’s LSFE correlation for the pyridine system, p™/pf=
1.18 and 1.17 for the benzene system.! Even though the re-
quirement for the oz* set might imply the enhancement of
n-donor relative to n-acceptor resonance, the enhancement
of resonance relative to inductive effect is found to be quiet
low; pp/m=052, in p- series and pr/p1=0.17 in m- series
of pyridines. Whereas, inductive effect for m- derivatives of
pyridine, p™, is found to be 6.21, which is virtually identical
with Eqg. (7). So, g put 6.10 and LArSR (Linear Aromatic
Substituent Reactivity) treatment applies both for p- and m-
series in the present system. This results were Eq. (13) and
(14).

log(K/K,Y =6.100;+ 2.47(0x° +1.06 Acg* —0.112 Acy™)

(R=0998, SD=0.0254) (13)
log(K/K,y* =6.106,+ 1.63(0x°+ 0.631 Acy® +0.176 Acg™)
R=0998, SD=0.0194) (14)

The result that py value is greater than pg value for both
p- and m- series, respectively seems a weak conjugation dur-
ing the reaction process between a substituent and reacting
atom, However Yukawa-Tsuno's resonance demand of R*,
e’ for p- series of pyridine is greater than that of m- series.
For p- derivatives, the resonance interaction between substi-
tuent and positive charge produced at the reaction center
is more demanded than m- derivatives and this is the same
results of Eq. (11) and (12).

General reactivities are classified into four distinctly differ-
ent class, o°, o(BA), 0%, and o~, depending on the mode
of resonance interaction. The DSP treatment assumes that
each class of substituent effects should be described only
by a particularly suited one of four sets of resonance substi-
tuent constants, og’, og(BA), or*, and or~, characteristic of
the corresponding reactivity class. In the present case, the
requirement of og* for the best-fit leads to the conclusion

that the system belongs to tl'l-e_.ﬂa+'C],aSS reactivity.
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The reaction of chloro{methylthio and arylthio)methanephosphonate (1) and Pummerer-type reaction of sulfinylmeth-
anephosphonaté (2) with nucleophiles such as aromatic compounds and thiols were examined. The direct chlorination
of (methylthio and arylthio)methanephosphonate with N-chlorosuccinimide (NCS) led to the formation of monochlori-
nated phosphonates (1) in good yield. The reaction of 1 with aromatic compounds and thiols in the presence of
stannic chloride afforded a variety of aryl(methylthio)methanephosphonates (3) and thicacetals of formylphosphonates
(4), respectively. Phosphonates 3 and 4 were also obtained. from the reaction of Pummerer intermediate, generated
from sulfinylmethanephosphonate (2), with aromatic oo'mpomids and thiols, respectively. A versatile reaction conditions
to generate Pummerer intermediate were examined. The best condition was the combination of trifluoroacetic anhyd-
ride with stannic chloride. All reactions may involve an initial formation of a-phosphory! thiocarbocation and a subse-

quent nucleophilic attack of aromatic compounds and thiols.

Introduction

Phosphonates are important reagents for the construction
. of carbon-carbon double bonds because their use provides

contrel of olefin regio- and stereoselectivity.! Phosphonates
- containing organic sulfur group have emerged as the subject
of considerable interest in organic synthesis.? In our prelimi-
nary report we described the reaction of chloro(methylthio
and - arylthio)methanephosphonate (1* and Pummerer-type
reaction of sulfinylmethanephosphonate (2)* with various nu-
cleophiles to-afford several a-sulfenyl substituted phospho-
nates. These reactions involve the generation of a-phosphoryl
thiocarbocations as the corresponding intermediates from ei-
ther the treatment of 1 with Lewis acid or Pummerer
rearrangement of 2 (Scheme 1).

According to the previous report,} aryl(methylthlo)meth-
anephosphonates (3) was converted into aromatic ketones
under the Horner-Wadsworth-Emmons reaction conditions
followed by hydrolysis. The preparation of 3 results from
the addition of the elemental sulfur® or disutfide® to aryl-
methanephosphonate cabanion and the reaction of thioacetal
with phosphite’ to overcome the synthetic limitation of aryl
substituent in Arbusov reaction. Thioacetals of formylphos-
phonate (4) are the pregursors of ketene thioacetals which

Q
(E0),P.__SR o
+ mmerer
(EtO)ﬁ acud reaction 9
2 \rsn t D — (EtO),P\/gR
(EX0) g\;éﬁ
2
Scheme 1.

are reagents of great synthetic potential. So far a few reports
on the synthesis of 4 have been found in the literature?
In this report the syntheses of aryl(methylthio)methanephos-
phonates and thioacetals of formylphosphonate will be desc-
ribed in detail (Scheme 2).

Results and Discussion

Synthesis of Aryl(methylthio)methanephospho-
nates. Cliloro(methylthio and arylthio)methanephosphona-
tes (1) were prepared from direct chlorination of methyt (and
arylthiomethanephosphonate with N-chlorosuccinimide
{NCS) and used for further reaction without purification (Ta-
ble 1) Given the best yields by using a 10-20% excess



