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Data for fifteen sets of rates of electropbilic addition to substituted ethylenes were correlated with the extended

Hammett equation.

Significant correlations were obtained for the majority of the sets studied. The results

show that, while in the majority of the sets the localized effect is predominant, in a minority of the sets the de-

localized effect is predominant.

The results are accounted for in terms of the reaction mechanism. Sets for

which the localized effect is predominant are believed to react viz a bridged intermediate, whereas sets for which

the delocalized effect predominates are thought to react via a carbonium ion intermediate.
tion observed in the addition of BH; to substituted ethylenes were also studied.
Data for eight sets of rates of nucleophilic addition to substituted ethylenes

largely by the delocalized effect.

Data on the orienta-
The orientation is governed

were correlated with the extended Hammett equation using og constants, with the extended equation using o~

constants, and with the equation @x = 8 or.x + k. Best results were obtained with the equation above.

The large values of 8 observed are in accord with rate-
The transition state is closer to the carbanion than it is to
Although values of 8 obtained from correlation with the equation are temperature dependent,

eight sets examined, six gave significant correlation.
determining formation of a carbanion intermediate.

the reactants.
they are not a linear function of 1/7.

In a previous paper of this series,! the effect of sub-
stituents on diene and dienophile reactivity in the
Diels—Alder reaction was studied. It seemed of in-
terest to extend our investigation to the effect of sub-
stituents upon electrophilic addition to the double bond.
The first attempt to correlate rates of electrophilic
addition to the double bond with a linear free-energy
relationship was reported by de la Mare? who used the
opt constants and the simple Hammett equation to
correlate rates of addition of chlorine to 3,3-disub-
stituted acrylic acids. The Taft modification of the
Hammett equation has been used by Dubois and co-
workers to correlate the rates of bromination of sub-
stituted ethylenes.®~® The use of eq 1, in which the Ey

Qx = p*Za*x + 8Z*Bs,x + A 65

values are the Taft steric parameter, has been reported
by Dubois and Bienvenue-Goetz.® A correlation of
values of AAG¥, with or° constants was reported by
Dubois and coworkers’ for bromination of substituted
ethylenes. The AAG*, were obtained from eq 2, where

AAGF = AAGF,, + AAGFy 2)

AAG ¥, is the polar contribution and AAG*, is the reso-
nance contribution to the free energy. The AAGT,, is
calculated from the correlation of log % for the olefins
bearing substituents which do not conjugate with the
double bond.

No systematic examination of electrophilic additions
by means of the extended Hammett equation? (eq 3) is

Qx = ao1,x + Borx + A (Hammett equation) (3)

extant in the literature. Rate data taken from the
literature for the addition of chlorine, bromine, hy-
dronium ion, trifluoroacetic acid, and mercuric ion were
correlated with eq 3. Data used are presented Table
I. The sources of most of the substituent constants

(1) M. Charton, J. Org. Chem., 81, 3745 (1966).

(2) P.B.D. dela Mare, J. Chem. Soc., 3823 (1960).

(3) J. E. Dubois and G. Mouvier, Tetrahedron Lett., 1325 (1963).

(4) J. E. Dubois and E. Bienvenue-Goetz, J. Chim. Phys., 780 (1966).

(8) J. E. Dubois and G. Mouvier, Bull. Soc. Chim. Fr., 1441 (1968).

(8) J. E. Dubois and E. Bienvenue-Goetz, Bull. Scc. Chim. Fr., 2094
(1968).

(7) J. E. Dubois, P. Alcais, G. Barbier, and E. Bienvenue-Goetz, Bull.
Soc. Chim. Fr., 2113 (1966).

(8) R. W, Taft and I. C. Lewis, J. Amer. Chem. Soc., 80, 2436 (1958).

Of the

used are reported in previous papers of this series;!?
substituent constants from other sources are set forth in
Table II. In several of the sets studied, the com-
pounds are multiply substituted. Correlations in these
sets were made with eq 4 which neglects interaction
terms.

@x = aZorx + BZerx + h 4)

The effect of substituents on orientation in the addi-
tion of BH; to the double bond was also studied. In
the reaction of BH; with a substituted ethylene, the
boron may bond to either carbon 1 or carbon 2. The
overall rate constants for the reaction is given by

kr = ky + ke (G))
where
k1 = plkT; kz = psz (6)

The quantities p, and p; denote the per cent of the prod-
uct with boron bonded to carbon and carbon 2, re-
spectively. Now, applying the extended Hammett
equation (eq 4) to the partial rate constants k; and %,
for the reaction of a substituted ethylene gives eq 7 and
8.

log kyx = 108 P1,X7€T = ao1,x + Berx + I (7)
awrx + Prwrx + he 8)
Subtraction of eq 8 from eq 7 gives

701_X> - <_125> -
log(kz,x B log P2,X B

(a1 — en)or,x + (81 — B2)orx + kv — kb (9)

n

log kg,x = log pg,xk'r

or

log (?1—"> = a'orx + B'onx + b’ (10)
P2.X

equivalent to eq 4. The data on orientation in the
addition of BH; to substituted ethylenes are presented
in TableI.

We have also examined nucleophilic addition reac-
tions of substituted olefins. The first attempt to apply
8 linear free-energy relationship to the reactivity of sub-

(9) M. Charton, J. Org. Chem., 80, 522, 557, 974 (1965).
(10) 8.I.Miller, J. Amer. Chom. Soc., 81, 181 (1959).
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TasrLe I

Dara Usep 1N THE CORRELATIONS

1. Substituted Ethylenes + Chlorine in Acetic Acid at 24° ¢«
(krel)
CHCL, 0.60; Br, 0.28; SO:;H, 0.11; COEt, 0.056;
0.018; CCl;, 0.006; SO:Me, 0.001; CN, 0.0001
2. Substituted Ethylenes 4+ Chlorine in Aqueous Acetic Acid?
(krel)
Me, 2.0; H, 1.0; CH.F, 34 X 10~%; CH,CI, 1.9 X 10-%;
CH,Br, 1.3 X 1072; CH,CN, 2.7 X 10~%; CHCL, 2.6 X 107;
Br, 1.3 X 10-5; CCl;, 2.9 X 10~
3. Trans-2'-Substituted Styrenes + Chlorine in Acetic Acid at
24° @ (krer)
Bz, 61.0; Br, 30.0; 3-0,NCH,, 15.0; CO;Me, 10.0; CO.H, 4.9;
CHO, 1.8; CN, 0.022; NO,, 0.020.
4. Substituted Ethylenes + Bromine in Aqueous Perchloric
Acid at 25° ¢ (k)
COzEt, 1.06 X 1071; CH,CN, 440.0; H, 3.9 X 10¢; CH,0OH,
6.7 X 105; Me, 4.5 X 108; CH,NMe; *Br—, 2.8 X 10~1
5. Substituted Ethylenes with Brs~ in Aqueous Perchloric Acid
at25° ¢ (k)
CO,E¢, 6.7 X 102; CH;NMe; vBr—, 9.1 X 10~2; CH,CN, 100.0;
H, 2.0 X 10¢; CH,OH, 6.9 X 10¢; Me, 3.2 X 105
6. Trans-1,2-Disubstituted Ethylenes + Bromine in Aqueous
Perchloric Acid at 25° ¢ (k)
CO:Et, COsEt, 3.4 X 1073; CO.Et, Me, 2.76; Cl, CH:0OH, 3.08;
Ph, CH;NMe; *Br-, 37.0; CO.Et, Ph, 220.0
7. Trans-1,2-Disubstituted Ethylenes + Br;~ in Aqueous Per-
chloric Acid at 25° ¢ (k)
CO,Et, COEt, 3.7 X 10~¢; CO.Et, Me, 1.04; Cl, CH,OH, 0.31;
Ph, CH,NMe; *Br—, 4.8; CO,Et, Ph, 2.3
8. Substituted Ethylenes -+ Bromine in Acetic Acid at 24° ¢ (k)
Ph, 11,000; Bu, 2000; H, 84.0; CH,OAc, 10.0; CH;0Bz, 14.0;
CH,C], 1.6; CH,Br, 1.0; CH,CN, 0.23; Br, 0.0011; CO.Et, 0.004
9. Trans-2'-Substituted Styrenes + Bromine in Acetic Acid at
24° ¢ (k)
CH,CY, 77.0; Ph, 18.0; Br, 0.11; CO,H, 0.019; H, 11,000
10. Substituted Ethylenes + Bromine in MeOH 0.2 M in NaBr
at25°4 (logk)
H, 1.481; Et, 8.462; Pr, 3.320; Bu, 3.299; sec-Bu, 2.966; CH,-
t-Bu, 2.539; OEt, 8.54; OAc, 3.36
11. Substituted Ethylenes + Bromine in Acetic Acid 4+ HBr at
24° @ (krel)
CH,0Bz, 9.0; CH;C], 3.8; CH,Br, 2.2; Br, 0.012; CO.H, 0.44
12, Trans-2’-Substituted Styrenes + Br; in Acetic Acid + HBr
at24°¢ (krel)
CH,C], 16.0; Ph, 8.0; Br, 0.07; CN, 4.0; NO,, 1.0

« P, B. D. de la Mare and R. Bolten, “Electrophilic Additions
to Unsaturated Systems,” Elsevier, Amsterdam, 1966, p 84.
b J. R. Shelton and L. H. Lee, J. Org. Chem., 25, 428 (1960).
¢ R, P. Bell and M. Pring, J. Chem. Soc. B, 1119 (1966). < J. E.
Dubois and G. Mouvier, Tetrahedron Lett., 1325 (1963); J. E.

Dubois, P. Aleais, G. Barbier, and E. Bienvenue-Goetz, Bull.
Soc. Chim. Fr., 2113 (1966). ¢ R. W. Taft, Q. N. Report 1960,

CO.H,

stituted ethylenes undergoing nucleophilic addition is
that of Friedman and Wall.!* These authors proposed
the equation

log kx = Pv + log kon (11)
where kx represents the rate constant for the reaction of
the substituted ethylene bearing the X substituent with
the anion of some amino acid, kcx represents the rate

(11) M. Friedman and J. 8. Wall, J. Org. Chem., 81, 2888 (1966).

13. 2-Substituted Propenes + H,O% in 29.69, Aqueous Per-
chloric Acid at 38° ¢ (ke1)

H, 1.0; CHC), 1.0; CH,OMe, 30.0; Ph, 5000; Me, 8000; Et,
10,000; {-Bu, 8000

14. 2-Substituted Propenes 4 Trifluoroacetic Acid in Trifluoro-
acetic Acid at 25° 7 (k)

H, 4.81; F, 340.0; Cl, 1.70; Br, 0.395

15. Substituted Ethylenes 4+ Mercuric Perchlorate in Water at
25°9 (k)

H, 5100; Me, 100,000; Et, 80,000; CH,OH, 1120; CH,CH,0H,
8400; MeCHOHCH,, 6100; CH,Cl, 11.0; CH,CN, 4.3

16. Orientation in the Reaction XCH=CH,; + B.H;in THF at
0°" (log p1/p2)

Et, 1.195; Ph, 0.6021; PhCH,, 0.9542; CICH,, 0.1761; Me;Si,
0.3076; CFy, —0.4543; CICH,CH,, 0.6585; EtO.CCHs, 0.6886
21. Rates of Addition of Diglycine Anion to Substituted Ethyl-
enesin HyO, u = 1.2; pH = 8.75at 30° (10%., M ~1sec™1)
CO,NH,, 2.00; CO;Me, 46.0; CN, 13.7; SO,Me, 90.0

22. Rates of Addition of Glycine Anion to Substituted Ethylenes
inH,O,u = 1.2; pH = 8.75; 30° (10%: M ~1sec— 1)

CONH,, 6.30; PO(OCH,CH,Cl), 20.9; CO,Me, 182.0; CN,
50.0; SO;Me, 306.0; Ac, 4000.0

23. Rates of Addition of e-Aminocaproic Acid Anion to Substi-
tuted Ethylenes in H.0, x = 1.2; pH = 8.75, 30° (104, M !
sec~1y

CONH,, 16.9; CO;Me, 528.0; CN, 203.0; SO,Me, 1120.0

24. Rates of Addition of pL-a-Alanine Anion to Substituted
Ethylenes in H;0, u = 1.2; pH = 8.75; 30° (10%; M ~1sec™1)¢
CONH,, 3.50; PO(OCH,CH:Cl),, 10.7; CO;Me, 111; CN, 35.3;
Ac, 2280

25. Rates of Addition of Methoxide to Substituted Ethylenes in
MeOH at 24° (k21. mol ~tmin~1)7

Ac, 26.4; EtS0,, 2.46; CN, 0.732; CO,;Me, 0.21; EtCO, 14.1

26. Rates of Addition of Morpholine to Substituted Ethylenesin
MeOH at 0° (10%, M ~1sec™ 1)k

PO(OEt),;, 0.233; CONH,, 0.561; CN, 14.4; CO;Me, 32.8; Ts,
187.0; Ac, 3770.0; CHO, 6490.0; Bz, 20,800

27. Rates of Addition of Morpholine to Substituted Ethylenes in
Methanol at 30° (104, M ~1sec™!)*

PO(OEt),, 1.43; CONH,, 3.57; CN, 56.8; CO;Me, 104.0; Ts,
755; CO.Ph, 1410.0; Ac, 12,000; CHO, 12,800; Bz, 40.500

28. Rates of Addition of Morpholine to Substituted Ethylenes in
MeOH at 45° (10% kp M1 sec™1)*

PO(OEt)y, 33.1; CONH,, 65.1; CN, 106.0; CO.Me, 162.0; Ts,
1200; CO;Ph, 2270; Ac, 23.300; CHO, 17,000; Bz, 49,200

/ P, E. Peterson and R. J. Bopp, J. Amer.
Chem. Soc., 89, 1283 (1967). 7 J. Halpern and H. B. Tinker,
J. Amer. Chem. Soc., 89, 6427 (1967). * H. C. Brown and K. A.
Keblys, J. Amer. Chem. Soc., 86, 1795 (1964). * Reference 11.
i R. N. Rign, G. C. Tesoro, and D. R. Moore, J. Org. Chem., 32,
1091 (1967). * Reference 12; kr indicates relative reaction
rates.

p 6 (cited in ref a).

constant for the reaction of acrylonitrile with the same
nucleophile, and Py is a measure of the electrical effect
of X relative to that of the cyano group. These
authors also reported nearly linear plots of log kx
against ¢ — ¢° and against or. A plot of log kx
against ¢~ — ¢° was said to give only qualitative cor-
relation. Shenhav, Rappoport, and Patai'? have re-

(12) H. Shenhav, Z. Rappoport, and S. Patai, J. Chem. Soc. B, 469 (1970).
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Tasie II
SuBsTITUENT CONSTANTS
X I Source R Source
CH,OMe —-0.08 @
CH;0Bz 0.15 b —0.05 ¢
CH.NMe; *Br— 0.25 b 0.0 ¢
CH,F 0.18 b —0.04 ¢
3-0,NCsH, 0.19 d —-0.01 e
CH.CH.0H 0 f —0.10 c
MeCHOHCH; —0.13 c
CH,0Ac 0.14 g —0.05 ¢ g
CONH. 0.09 h
PO(OCH,CH,Cl), 0.52 7 0.08 i
PO(OEt), 0.52 i 0.08 7
EtS0; 0.13 k
EtCO 0.29 l 0.19 l
CHO 0.31 m 0.14 n
CO:Ph 0.42 0 0.14 0
¢ Calculated from or = o¢p — o1 4SSUMING op,CH:0Me =

op.cmeor. ? Caleulated from orxcm: = 0.368501,x — 0.01656.

¢ Calculated from or = o, — ¢1. o, calculated from op,xcH;, =
0.5217111,}{ bl 01306 a From pKB, of 3—02NCGH4CH2002H.
¢ From or — o5 — o1. / From pK, of HOCH,CH,CH,CO.H.
¢ M. Charton, J. Org. Chem., 30, 3346 (1965). * M. Charton,
J. Org. Chem., 28, 3121 (1963). * Assumed equal to substituent
constants for PO(OEt),. ¢ Calculated from on and o, values
reported by L. D. Freedman and H. H. Jaffé, J. Amer. Chem.
Soc., 77, 920 (1055). * Assumed equal to or for MeSO,. ! M.
Charton, J. Org. Chem., 36, 266 (1971). ™ Calculated from the
equation o1,xc0 = 0.3080m,x + 0.31. * Calculated from the o,
value reported by K. Bowden and M. J. Shaw, J. Chem. Soc. B, 161
(1971). ¢ Calculated from ow and ¢, values estimated as de-
scribed in footnote a. Other values of or are generally taken
from M. Charton, J. Org. Chem., 29, 1222 (1964). Other values
of or are obtained as in footnote e, using o, values reported by
D. H. McDaniel and H. C. Brown, J. Org. Chem., 23, 420 (1958).

ported a correlation of the rate constants of the addi-
tion of morpholine to substituted ethylenes with the Py
values of Friedman and Wall. They also report a cor-
relation of the rates with the or values where p = 48.
This correlation was limited to substituents with ox in
the range of 0.10 to 0.15. Sufficient data is extant in
the literature for eight sets of nueleophilic addition to
substituted ethylenes. The sets studied are reported
in Table I. The data were correlated with eq 1 and
with the equation

Qx = aorx + o rx + h (12)
where ¢ g, x is defined by
¢TRX = 0TpX — OLX (13)

using the ¢ values reported in the review of Ritchie
and Sager.'* The data have also been correlated with
eq 14,

Qx = Borx + h (14)

Results

The results of the correlations are presented in Table
III. Tt should be noted that the magnitude of the
multiple correlation coefficient is not the best measure
of the goodness of fit of data to an equation with two or
more independent variables. For such an equation,
the best measure of goodness of fit is the confidence
level of the F test for significance of regression. For
correlation with an equation having only a single in-
dependent variable the confidence level of the “t’’ test

(18) C. D, Ritchie, and W. T, S8ager, Prog. Phys. Org. Chem., 2, 323 (1963).
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for significance of the regression coefficient of that vari-
able is the best measure of goodness of fit. We con-
sider a confidence level (CL) of >999%, to be excellent;
99.09, very good; 97.5-98%, good; 959, fair; 90%,
poor; and <909, not significant. The equation which
gives the best correlation is that equation for which the
highest confidence level is observed. It is therefore
entirely possible to get a more significant correlation
with an equation which possesses fewer independent
variables than its competitor.

The value for SO;H was excluded from set 1 as it is
uncertain whether or not this group is ionized. The
results obtained are excellent. Set 2 also gave an ex-
cellent correlation. Set 3 gave good results which
were slightly improved by the exclusion of the value for
X = Bz (set 3A). Sets 4 and 5 gave good correlation;
sets 6 and 7 did not give significant results. Sets 8 and
10 gave excellent correlation; set 9 did not give signifi-
cant results, perhaps owing to the small size of the set.
The value for X = Ph was excluded from sets 8 and 9 as
it obviously did not fit. Possibly this compound re-
acts by a different path. Set 11 gave good results. It
is particularly significant that the values of « and 8 ob-
tained for sets 12 are both significant and differ in sign.
If the correlation is meaningful, this suggests a com-
posite substituent effect made up of contributions from
two or more steps. Set 13 gave very good correlation.
Set 14 did not give significant results, again perhaps
owing to the small size of the set. Set 15 gave an ex-
cellent correlation as did set 16.

The results for sets 2628 are all slightly improved by
the exclusion of the value for X = CHO. This is most
likely due to the uncertainty in the value of og for the
formyl group. Of the eight nucleophilic addition sets
studied, five gave significant correlation with eq 3. In
all of these sets, however, « was not significant. No
sets gave significant correlation with eq 12. Best re-
sults were obtained for correlations with eq 14; of the
eight sets studied, six gave significant correlation with
eq 14. The two sets which did not give significant
correlation with og had only four points each and en-
compassed a range of only 0.05 ¢ unit. Of the six sets
which did give significant correlation with eq 14, one
gave excellent, one gave very good, three gave good,
and one gave poor correlation.

Discussion

Composition of the Electrical Effect.—Previously in
this series of papers, the composition of the electrical
effect was described by means of the parameter, e,
where

¢ =8/a (15)

A more useful measure of the composition of the elec-
trical effect may be defined as

_ B X 100
Pr = a+ g

where Pg is the per cent resonance effect. The quan-
tities € and Pg are related to each other by eq 17.

(16)

e X 100
e+ 1

Pp = 17)

Values of Py are given in Table I'V.
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Set a

1 —9.72

2 —13.5

3 ~7.14

3Ar —6.22

4 —22.4

5 —-19.1

6 —10.7

7 —8.35

8 —13.0

9 -9.76
10 0.328
11 —7.49
12 —3.72
13 —4.32
14 -8 .48
15 —18.3
16 —1.26
21A 1.79
21B 1.90
21C
22A 1.70
22B 0.995
22C
23A 2.38
23B 2.54
23C
24A 2.25
24B 2.71
24C
25A 2.13
258 0.895
25C

- 264, 1.14

264, 2.30
26B 2.21
26C,
26C,
274, 1.28
274, 2.33
27B 1.71
27C,
27C,
284, 0.0555
28A, 0.817
28B —0.434
28C;
28C,

Resurrs oF CORRELATIONS

8 h Jind
~5.60 2.28 0.980
-3.38 0.912 0.965
—-3.02 3.41 0.881
—4.77 2.94 0.928

2.29 6.10 0.974

0.832 4.86 0.964
—5.82 4.70 0.857
-2.73 3.82 0.837
—~3.56 2.25 0.981
—4.53 2.37 0.931
-13.2 1.64 0.973

2.20 1.93 0.990

6.80 2.01 0.990
—-32.9 ~0.158 0.959
-13.7 0.672 0.985
~0.554 0.835 0.995
—3.88 0.444 0.948
19.2 —1.45 0.797

4.31 —-1.17 0.678
23.5 —-1.09 0.699
19.4 ~0.940 0.921

8.14 -1.58 0.848
17.5 0.0124 0.891
17.8 —0.514 0.794

3.63 ~0.140 0.698
23.6 —0.0337 0.643
20.2 —~1.45 0.911

9.26 —2.81 0.865
17.1 —0.211 0.877
18.5 —3.09 0.978

7.53 -3.35 0.957
14.5 —1.63 0.936
35.0 —-2.81 0.841
35.0 —3.47 0.874

7.94 —2.60 0.882
33.2 —-2.14 0.838
31.6 —2.13 0.862
32.7 —-2.02 0.861
32.9 —2.62 0.892

7.13 ~1.49 0.877
30.7 -1.27 0.857
29.6 -1.26 0.877
25.9 -0.113 0.912
25.1 —0.554 0.944

5.77 0.365 0.918
24.8 —0.0806 0.912
23.9 —~0.0758 0.941

Tasre IIT

49
40

8.
12,

28
19

2.
2.
78.
3.
44,
48.
48.
22.
16.
262.
220,

0

0.

8

2.

3

Fb

. 280
.82/
6727
457
157
987
762m
337m
65/
238m
797
467
647
96
46m
7!

40
.873m
424m

437!
568™

.855™
.476m

.862m
.491m

48k
431

044!
489!
. 505™

.76k
.6997
.337m

14.87*

20

5

. 520
. 345™

CuARTON AND CHARTON

@ Multiple correlation coefficient.
deviation of the estimate, e, 8, and A.

©98.09% CL. 797.5% CL. *959% CL. !90% CL.

TasLe IV
VALUES OF Pre
Set Pr Set, Pr Set Pr Set Pr
1 37 5 4 9 [ 13 [
2 b 6 d 10 e 14 d
3 43 7 d 11 b 15 b
4 ¢ 8 21 12 d 16 76

* For sets with Pr > 50, 8 is predominant, whereas, for sets
with Pr < 50, « is predominant. ? g is not significant for this
set. ¢ oI is a function of or for this set. ¢ Correlation is not
significant for this set. ¢ aisnot significant for this set.

Mechanism of Electrophilic Addition.—In the major-
ity of the sets studied (sets 1-5, 8, 11, 15) a large sig-
nificant value of @ was obtained, while 8 was small and
in some cases not significant. Thus two major classes

b F test for significance of regression.
¢ Number of points in the set.
n <909, CL.
labeled A, B, and C were correlated with eq 3, 12, and 14, respectively.

7° Sestd? s s8¢ shd ne
0.244 0.369 1.35% 1.15% 0.601°¢ 7
0.378 0.696 1.557 3.71° 0.397! 9
0.012 0.756 1.79¢ 2.39 0.781% 8
0.121 0,603 1.50¢ 2.107 0.6677 7
0.838 0.974 4.23% 10.5¢ 0.8864 6
0.838 1.01 5,43% 10.9¢ 0.920¢ 6
0.376 1,94 6.85¢ 5.54° 3.33¢ 5
0.376 1.43 5.05° 4,082 2.45°0 5
0.133 0.440 1,04/ 1.75¢ 0.238/ 9
0.178 1.09 3.93° 4,637 1.15¢ 4
0.477 0.569 1.35¢ 1,617 0.292* 8
0.330 0.228 0.895¢ 1.03% 0.239¢ 5
0.512 0.187 0.423¢ 0.816° 0.201% 5
0.447 0,651 3.46¢ 6.08° 0.587% 7
0.879 0.375 1.88» 2.417 0.375¢ 4
0.694 0.187 1.12/ 1.93» 0.174* 8
0,428 0.192 0.492! 0.875" 0.0990* 8
0.319 0.758 2.81» 2.14» 2.14» 4
0.418 0.924 3.58? 9.33» 3.157 4
0.635 17.0° 4
0.376 0.495 1.61° 4.,76F 1.050 6
0.193 0.773 2.49» 3.59m™ 1.982 5
0.501 0.448° 6
0.319 0.834 3.107 23.57 2.35¢ 4
0.418 0.983 3.80» 9.93» 3.36¢ 4
0.744 1.99¢ 4
0.538 0.632 2.660 6.76¢ 1.63¢ 5
0.465 1.02 4.637 5.41° 3.359 4
0.601 5.42! 5
0.674 0.260 1.13» 3.13¢% 0.848! 5
0.426 0.450 1.83» 2.38m 1.570 4
0.355 3.16¢ 5
0.552 1.19 4,099 11.5% 2.7 8
0.540 1.00 3.857 10.6% 2.530 7
0.280 1.14 4.80» 3.02» 2,610 5
1.09 8.82°¢ 8
1.02 8.30¢1 7
0.538 0.932 3.167 8.841 2.10¢ 9
0.528 0.847 2.950 8.04* 1.95° 8
0.280 1.06 4,432 2.78 2.41» 5
0.874 6.99% 9
0.820 6.61% 8
0.538 0.568 1,93¢ 5,40k 1.28¢ 9
0.528 0.464 1.62» 4.41*% 1.07» 8
0.280 0.707 2.97¢ 1.86¢ 1.61¢ 5
0.526 4.21% 9
0.435 3.50/ 8

¢ Partial correlation coefficient of o1 on or. ¢ Standard

£ 99.99, confidence level (CL). ¢99.59% CL. #99.0% CL.

2809 CL. °509, CL. 7209 CL. ¢<20% CL. rSets

of electrophilic addition to olefins seem to exist in so
far as substituent effects are concerned. We believe
that this behavior may be accounted for in terms of the
addition mechanism. The rate-determining step in the
electrophilic addition to the double bond is the forma~
tion of an intermediate which may be either bridged or
a free carbonium ion.* Thus i-ii obtain. Those sets
for which 8 is'predominant are the sets which are most
likely to give rise to the free carbonium ion, 3, as
the substituents in these sets are all donors by
resonance. This can readily be seen from the op

(14) While structures 1, 3, and 8 may well represent points in a spectrum
of intermediate type, it is certainly conceivable that for a given set of sub-
strates the intermediate is closest to one of these species, and they are there-
fore very useful for purposes of discussion,
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values of these substituents. Those sets for which « is
predominant may be accounted for in terms of the for-
mation of intermediates 1 or 2. ‘Sets 1, 3A, and 8 gave
significant although small values of 8. It is difficult to
account for this in terms of intermediate 2. The results
can, however, be accounted for in terms of interme-
diate 1 if the species resembles other three-membered
rings in behavior. Sets 2, 4, 5, 8, and 11 include both
donor and acceptor substituents. The sucecssful cor-
relation of these sets suggests that the same mech-
anism operates throughout the set. Then we may
exclude free carbonium ion formation in these sets as
the donor-substituted compounds would lead to 3 and
the acceptor-substituted compounds would lead to 2 if
free carbonium ions were to form. As substituent
effects are not the same for 2 and 3, this would result in
a lack of correlation with eq 3. Then we conclude
that in these sets the addition must proceed through
the formation of the bridged intermediate 1. Since all
of the substituents in set 15 are donors by resonance
with the exception of X = H, if a free carbonium ion
were to form, it would be expected to be 3. This
intermediate should show a large and significant 8
value, however. We conclude therefore that in set 15
the reaction again proceeds by way of the bridged
intermediate, 1. The results obtained show that cor-
relations with the extended Hammett equation are of
use in describing the mechanism of the electrophilic
addition to the double bond.

Magnitude of the Electrical Effect in Electrophilic
Addition.—The 8 values observed for the sets in which
a is predominant are smaller than the 8 values observed
for substituent effects on dienophiles in the Diels—Alder
reaction (the latter values must be corrected for mul-
tiple substitution by dividing by two). The 8 values
observed for the sets in which 8 is predominant are
large, in accordance with a mechanism proceeding via
intermediate 3. The o« values obtained for sets in
which ais predominant are also large.

Multiply Substituted Sets in Electrophilic Addition.
~The failure to obtain significant correlation in sets
6 and 7 cannot be attributed to a change in mechanism,
A comparison of the substituents in sets 6 and 7 with
those present in sets 4 and 5 suggests that, if more than
one mechanism ocecurs in sets 6 and 7, then it should
also oceur in sets 4 and 5. Since sets 4 and 5 are
successfully correlated with eq 3, we may reject the
multiple mechanism hypothesis. The lack of correla-
tion may possibly be due to the neglect of interaction
terms in the use of eq 4 or perhaps to steric factors.
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Orientation in Electrophilic Addition.—The results
of correlation with eq 10 show that orientation in
electrophilic addition can be successfully represented
by the extended Hammett equation. It would seem
that orientation in the addition of BH;s to substituted
ethylenes is primarily dependent upon the delocalized
electrical effect. There is one surprising point con-
cerning the results. For that member of the set for
which X = H, carbon 1 is equivalent to carbon 2 and
therefore p1 = p:. Then log (p1/p2)r = 0 and there-
fore A’ should be equal to zero. The value actually ob-
tained is significantly different from zero. This may
possibly be due to a constant steric effect.

Nucleophilic Addition.—Obviously, the electrical
effect in nucleophilic addition to the double bond is
almost purely a resonance effect. In magnitude the
electrical effect is very large. The values of 8 ob-
tained range from 14 to 32. This is comparable to the
range of 8 observed for those electrophilic addition sets
for which 8 was predominant, the range in that case
being — 13 to —33.11

The results are in accord with a mechanism in-
volving the formation of a carbanion, 6, by a rate-
determining step (eq 18). The carbanion, 6, in which

ks o
XCH=—CH,; === X6-CH=CH, - -0-Nu — X(]JCHgNu =
4 5

H
6
H
([: fast .
X C CH;Nu — XCH,CH:Nu + A~ (18)
H---A
7

the substituent X is directly attached to the carbon
bearing the negative charge, would be expected to show
a large degree of resonance stabilization of the negative
charge. Thus, a large positive value of 8 for this reac-
tion is in agreement with the formation of 6 by a transi-
tion state, 5, which is closer to 6 than to 4. If the
transition state were closer to 4 than to 6, the resonance
effect would not be predominant, and 8 would be much
smaller.

The B values are a function of temperature as is
shown by the results for sets 26C,, 27C,, and 28C,.
Contrary to the literature®® however, 8 is not linear in
1/T. The B values ought to be dependent on both
solvent and nucleophile. Thus, in the case of the nu-
cleophile, let the reactivity as a function of nucleo-
phile be given by the equation

Qxu = aNwu + R (19)

where N is a parameter characteristic of the nucleophile
reactivity. When the nucleophile is held constant, and
the substituent in the substituted ethylene is varied,
the data may be represented by eq 20 where Ay, repre-

@x,¥u = BxuoR.X + hnu (20)
sents the reactivity of the unsubstituted compound
(ethylene itself). Then fromeq 19

hyy = aNwu + h 21)
and
Qx.xu = Bxusr.Xx + Nwu + b (22)

(15) H. H. Jaffé, Chem. Rev., 88, 191 (1953).



1636 J. Org. Chem., Vol. 38, No. 9, 1978

According to Miller, the quantity Q@x x. can be written
as eq 23 where xor,xNwny is the so-called interaction
term.

Qx, ¥ = Borx + aNwy + xorxNxu + £ (23)

Setting eq 22 equal to eq 23 and dividing through by
or,x gives eq 24 which predicts that the slopes of the
Bru = xNyu + 8 (24)

line obtained from correlation with eq 17 will be a
linear function of the nucleophilicity parameter, N.
The same type of equation can be derived from the

solvent variation. Thus,
Bsv = xSsv + B {25)
Unfortunately, the data available here do not permit a

test of eq 24 and 25.
The results obtained would undoubtedly be much
improved if a wider range of og values could be studied.

Hixe, Narpucy, MULDERS, ROGERS, AND FLACHSKAM

The largest range of ogr studied in this work encom-
passed only 0.14 ¢ units. It is unlikely that a greater
range of ¢ will be studied as no substituent with oy
>0.21 is known, and it is unlikely that a substituent
with or <0.07 would react at a measurable rate.

It is interesting to note that, although or™ values
might have been expected to be the substituent con-
stants most applicable to reactions involving car-
banions, correlations with eq 12 are generally inferior to
correlations with eq 3 in which or constants were used.
This is partly due to the fact that values of or™ were
not available for all substituents, and therefore in sev-
eral cases all the members of the set could not be cor-
related by eq 12. Nevertheless, eq 12 is not successful
in correlating this data. Thus no attempt was made
to correlate data with the equation

Qx = Be"rx + A (26)

Why Increasing Concentrations of Ethylenediamine Cause the Rate of Exchange of

Isobutyraldehyde-2-d to Rise, Then Fall, and Then Rise Again™*

Jack Hivg,* KenNETH W. NARDUCY,” JULiEN MULDERS, F. E. RogERs, AND NaNcy W. FLACHSKAM

Department of Chemistry, The Ohio State University, Columbus, Ohio 43210,
and the School of Chemistry, Georgia Institute of Technology, Atlanta, Georgia

Recetved January 23, 1973

First-order rate constants for the deuterium exchange of about 0.06 M isobutyraldehyde-2-d in aqueous solu-
tion around pH 8.5 increase with increasing concentrations of added ethylenediamine and reach a maximum at
diamine concentrations around 0.03 M. They then decrease, pass through a minimum around diamine concen-
trations of 0.1 M, and finally increase again. This behavior is explained in terms of the transformation of most
of the limiting reagent to 2-isopropylimidazolidine (or its conjugate acid), which then catalyzes the exchange of
remaining aldehyde. Exchange by this pathway is fastest when half the aldehyde has been transformed to
imidazolidine. At higher concentrations of diamine most of the exchange arises from attack of the various bases
present on the small amounts of iminium ions, such as Me;CDCH=NHCH,CH,NH, *, which are present in equi-

librium with the imidazolidine.
mental rate constants.

Quantitative treatment of the data gives reasonable agreement with the experi-
A few measurements using N-methylethylenediamine also show a rate maximum and

minimum, but N,N’-dimethylethylenediamine, which gives a considerably less basic and more hindered imid-

azolidine, shows no extrema.

In searching for bifunctional catalysts for the de-
deuteration of isobutyraldehyde-2-d,®:2:% it was ob-
served that the rate of dedeuteration of ~0.06 M iso-
butyraldehyde-2-d in the presence of ethylenediamine
around pH 8.38 at first increased, then decreased, and
then increased again as the concentration of diamine
was increased from zero to about 0.5 M. We developed
a hypothesis, which included the formation of 2-
isopropylimidazolidine and its action as a basic catalyst,
to explain these results. To test this hypothesis (and
for other reasons), the equilibrium constant for the
formation of 2-isopropylimidazolidine from isobutyral-
dehyde and ethylenediamine was measured and the
basicity constant of the imidazolidine was determined.*
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The way in which these results and additional kinetic
measurements support our hypothesis will be described
in the present paper.

Results

The kinetics of the dedeuteration of isobutyralde-
hyde-2-d in the presence of ethylenediamine at 35° were
studied at various concentrations and various pH'’s.
The reaction was followed in the manner described
previously®® by acidifying the reaction mixture to stop
the reaction (and to hydrolyze any imines, imidazoli-
dines, etc., to aldehyde), extracting the aldehyde, and
making proton magnetic resonance measurements to
determine the extent of deuteration of the aldehyde.
Satisfactory first-order rate constants were obtained in
the various runs and their values are collected in Table
I. Rate constants for the runs at pH 837 =% 0.14
using 0.060 % 0.007 J isobutyraldehyde-2-d are plotted
as open circles against the concentration of ethylene-

(5) J. Hine, J. G. Houston, J. H. Jensen, and J. Mulders, 1bid., 87, 5050

(19865).
(6) J. Hine, B. C. Menon, J. H. Jensen, and J. Mulders, ibid., 88, 3367

(1966).



