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Abstract: The title reaction leads to the formation of the zwitterionic Michael adduct T* (PhCH(R2NH+)C(C0CH3)2") which 
is in rapid acid-base equilibrium with its anionic form T" (PhCH(R2N)C(COCH3)2~). Rate (A1, AL1) and equilibrium constants 
(AT1) for nucleophilic addition and the pATa of the T^adducts were determined in 50% Me2SO-50% water at 20 0C. From 
an interpolation of the rate constants to AT1 = 1 an intrinsic rate constant, log A0 = 0.3, was determined. This value deviates 
negatively by approximately 2.5 log units from a correlation of log Zc0 for amine addition to five olefins of the type PhCH=CXY, 
with log A0 f° r the deprotonation of the corresponding carbon acids CH2XY. Two major factors are believed to contribute 
to this depressed intrinsic rate constant or enhanced intrinsic barrier: (1) steric inhibition of resonance in T* with the steric 
effect developing ahead of C-N bond formation (this conclusion is supported by an X-ray crystallographic study of p-
methoxybenzylideneacetylacetone which shows that steric hindrance to optimal ir-overlap in the adduct T* is already present 
in the substrate); (2) intramolecular hydrogen bonding in T*, which is inferred from abnormally high pATa values and whose 
development lags behind C-N bond formation. These effects are shown to be manifestations of the Principle of Nonperfect 
Synchronization. 

In a series of recent papers2"8 we have reported intrinsic barriers 
(AG0*) or intrinsic rate constants (^0) for carbanion forming 
reactions such as proton transfers (eq 1) and nucleophilic additions 
to activated olefins (eq 2). Table I summarizes log A0 values for 

CH2XY + B 7 » 1 . 

* - 1 
HC. B H ' 

PhCH = CXY + N i / PhCH-

Nu 
<£. 

( i> 

(2) 

five different XY with Bz = Nuz = piperidine and morpholine 
in 50% Me2SO-50% water (v/v) at 20 0C. For the proton 
transfers we have defined A0 as kxjq = k^/p at ApAT + log (p/q) 
= 0, while for the nucleophilic addition reactions we use the 
definition k0 = k\ = AL1 when AT1 = k^/k^ = I.9 

It is apparent that in both reaction series log A:0 decreases in 
the order (CN)2 > (CN)C6H4-4-N02 > (CN)C6H3-2,4-(N02)2 

> (H)NO2 > (C6H5)NO2 which is essentially the inverse order 
of resonance stabilization of the respective carbanions. In other 
words, the formation of the most strongly resonance stabilized 
carbanions occurs with the slowest intrinsic rates. Similar trends 
have been observed with other nucleophiles (e.g., Nuz = OH" in 
eq 2)10'" and in other carbanion forming reactions such as eq 310,11 

and eq 4.12 

PhCH—CHXY 

I . 
O 

PhCH — CHXY = 

I 
R2N 

P h C H = O + HCi -

PhCH=NR 2 -t- HC 

(3) 

(4) 

+ This paper is dedicated to Professor Joseph F. Bunnett for his 65th 
birthday. 

It thus appears that increased resonance stabilization of the 
carbanion lowers k0 irrespective of the type of reaction that leads 
to the formation of the carbanion. It has been suggested that at 
least part of the lowering of A0 is a consequence of a lag in the 
development of resonance and concomitant solvation at the 
transition state.13,14 The fact that A0 shows a stronger dependence 
on XY in the proton transfers than in the addition reactions (Table 
I) is probably due to two factors: hydrogen bonding stabilization 
of the transition state of proton transfers which enhances the 
sensitivity of k0 to XY in the proton transfers, and the sp2-hy-
bridization of the carbon attached to XY in the olefins which 

(1) Part 18: Bernasconi, C. F.; Murray, C. J. J. Am. Chem. Soc. 1986, 
108, 5251. 

(2) Bernasconi, C. F.; Hibdon, S. A. J. Am. Chem. Soc. 1983, 105, 4343. 
(3) Bernasconi, C. F.; Bunnell, R. D. Isr. J. Chem. 1985, 26, 420. 
(4) Bernasconi, C. F.; Kliner, D. A.; Mullin, A., unpublished results. 
(5) Bernasconi, C. F.; Fox, J. P.; Fornarini, S. J. Am. Chem. Soc. 1980, 

; 02, 2810. 
(6) Bernasconi, C. F.; Murray, C. J.; Fox, J. P.; Carre, D. J. J. Am. Chem. 

Soc. 1983, 105, 4349. 
(7) Bernasconi, C. F.; Carre, D. J.; Fox, J. P. In Techniques and Appli­

cations of Fast Reactions in Solutions; Gettins, W. J., Wyn-Jones, E., Eds.; 
Reidel: Dordrecht, Holland, 1979; p 453. 

(8) Bernasconi, C. F.; Renfrow, R. A., unpublished results. 
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lecular in the other (eq 2-4) this simple definition creates a slight problem 
in that kt and AL1 have different units. Hine'b has suggested a way to deal 
with this problem by breaking down the reaction into two steps: encounter 
complex formation and actual chemical transformation. For the kind of 
qualitative or semiqualitative considerations we are interested in, the Hine 
formalism is not necessary; this formalism may also introduce some error 
because the value of the encounter complex equilibrium constant has to be 
assumed, (b) Hine, J. J. Am. Chem. Soc. 1971, 93, 3701. 
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1985, 107, 6563. 
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(13) Bernasconi, C. F. Tetrahedron 1985, 41, 3219 and numerous refer­

ences cited therein. 
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Table I. Log k0 for Deprotonation of Carbon Acids by Piperidine and Morpholine (eq 1) and for Nucleophilic Addition of Piperidine and 
Morpholine to Olefins (eq 2) in 50% Me2SO-50% Water (v/v) at 20 0C. 

RCHXY log k0 PhCH=CXY log k0 

RCH(CN)2" 
4-O2N-C6H4CH2CN' 
2,4-(NOj)2-C6H3CH2CN' 
CH3NO2 

PhCH 2 NO/ 

=7.0* 
3.70 
2.70 
0.73 

-0.25 

PhCH=C(CN)2' 
PhCH=C(CN)C6H„-4-NO/ 
PhCH=C(CN)C6H3-2,4-(N02)/ 
PhCH=CHNO2* 
PhCH=C(Ph)NO2 

4.94 
3.35 
2.65 
2.55 
1.42 

"Hibbert, F. Compr. Chem. Kin. 1977, 8, 97. 
2. dReference 4. 'Reference 5. •'Reference 6. 

6In water; the solvent effect on log k0 is expected to be very small when XY = (CN)2. 'Reference 
'Reference 7. 

reduces the sensitivity of k0 to XY in the addition reactions.14 

In our efforts to broaden the scope of the above structure-re­
activity relationships we have now studied the reaction of ben-
zylideneacetylacetone (BAA) with piperidine and morpholine 
under the same conditions as the reactions reported in Table I. 
Our results will show that k0 is more than two orders of magnitude 
lower than expected. Our study will also serve to correct some 
misconceptions about the nature of the amine adducts of BAA 
that exist in the literature.15 

Results 
Kinetics. Figure 1 shows the spectra of benzylideneacetyl-

acetone (BAA), acetylacetone (AA), the anion of AA (AA"), and 
the piperidine adducts T*ip and T^p in 50% Me2SO-50% water. 
The spectra of the morpholine adducts (TMOT, TM0 ,) are not shown, 
but they are virtually identical with those of the respective pi­
peridine adducts. 

When BAA is mixed with a basic amine solution, two kinetic 
processes can be observed. The first, with the relaxation time T1, 
is relatively fast and requires the use of the stopped-flow apparatus. 
It is attributed to eq 5 

+ R2NH PhCH 

R2NH+ 

(5) 

The second process is much slower; it is associated with the 
breakdown of T - into benzaldehyde, AA (or AA-), and amine and 
will be the subject of a future report. 

The kinetics of the reaction was measured in 50% Me2SO-50% 
water (v/v) at 20 0 C. All runs were conducted under pseudo-
first-order conditions with the amine in excess and at a constant 
ionic strength of 0.5 M maintained by KCl. The determinations 
were made between 270 and 290 nm where the difference in e 
between BAA and T* (or T") is conveniently large (Figure 1). 
The formation of T* (T") gave rise to a decrease in OD since eBAA 

> ST±(«T)-
In a first series of experiments we approached the equilibrium 

from the substrate side by mixing BAA with the amine and 
measuring T1"

1 as a function of amine concentration and pH. At 
any given pH T1"

1 was determined at 3-10 different amine con­
centrations. The piperidine reaction was studied at pH 9.97,11.49, 
12.00, 13.97, 14.35, and 14.57, the morpholine reaction at pH 
13.19, 13.60, and 14.16. 

The results are summarized in Tables Sl and S2 (57 Tf'-values, 
supplementary material).16 Figures 2 and 3 show representative 
plots of T1"

1 vs. amine concentration. The plots show straight lines 

(15) Calmon, M.; Calmon, J.-P. C. R. Acad. Sd. Paris 1973, 276C, 197. 
(16) See paragraph at the end of this paper regarding supplementary 

material. 
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Figure 1. Spectra of benzylideneacetylacetone (BAA), acetylacetone, and 
its anion (AA and AA") and of the zwitterionic T* and anionic (T") 
piperidine addition complex of BAA in 50% Me2SO-50% water. 

[Piperidine], M 

Figure 2. Reaction of BAA with piperidine: Tf1 as a function of amine 
concentration and pH. Representative data from Table Sl.16 

of constant slope and pH-dependent intercept. This is consistent 
with the /V1-ZL1 step being rate limiting and rapid proton transfer 
between T* and T~, with T1"

1 given by 

T1"
1 = Zt1[R2NH] + /L1 

aH+ 

K* + aH* 
(6) 
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Figure 3. Reaction of BAA with morpholine. r f ' a s a function of amine 
concentration and pH. Representative data from Table S2." 

Table II. Reaction of Benzylideneacetylacetone with Piperidine in 
50% Me2SO-50% Water at 20 0 C 

PH 

14.73 
14.57 
14.35 
13.57 
12.01 
11.49 
9.97 

intercept, s~' 

0.0151 
0.0162 
0.0283 
0.10 
0.15 
0.15 
0.15 

intercept - k0Ha0H-," s~' 

0.0090 
0.012 
0.026 
0.10 
0.15 
0.15 
0.15 

From the slopes we obtain k, = 8.20 ± 0.40 M ' s ' for piperidine, 
Jt1 = 1.79 ± 0.10 M"1 s"1 for morpholine. 

The intercepts for the piperidine reactions are summarized in 
Table II. According to eq 6 the intercepts are given by 

Int = k . 
K* + aH. 

(7) 

However, at the very highest pH values there is a small contri­
bution by a A;oHaOH term which refers to the reaction of BAA 
with hydroxide ion. We have determined k0H to be 0.090 M"1 

s"' under our reaction conditions. From this we calculate koilaOH-
= 6.1 X 10"3, 4.2 X 10-', and 2.5 X 10"3 s"1 at pH 14.73, 14.57, 
and 14.35, respectively. For these three pH values we have 
corrected the intercepts by subtracting k0Ha0H- (third column in 
Table II). 

An inversion plot (not shown) according to 

(Int - kOHaOHy' = 
K, 

k.,a± + 
* - i 

(«) 

yields AT3* = 1.95 ± 0.50 x 10"14 M (pK± = 13.5 ± 0.1) and *_, 
= 0.15 ± 0 . 0 2 s-'. 

We also attempted to determine pATa* spcctrophotometrically 
as described in the Experimental Section. The value obtained was 
13.7 ± 0.1 which is in fairly good agreement with the kinetic value. 
Because of some instability of T* and T - , due to collapse into 
benzaldehyde, AA, and piperidine, we consider the kinetically 
determined pATa* more reliable. 

The intercepts for the morpholine reaction are summarized in 
Table III (first three entries). The other entries in the table are 

Table III. Reaction of Benzylideneacetylacetone 
50% Me2SO-50% Water at 20 °CC 

pH 
14.16 
13.60 
13.19 
11.40 

intercept, s"1 

0.0036" 
0.010" 
0.021" 
1.12» 

pH 

11.10 
10.56 
10.21 

with Morpholine in 

intercept, s~' 

1.65» 
2.20» 
2.74» 

"From intercepts. »From pH-jump experiments. 
Figure 3 and from pH-jump experiments. 

Intercepts from 

Table IV. Summary of Rate and Equilibrium Constants for the 
Reactions of BAA with Piperidine and Morpholine in 50% 
Me,SO-50% Water at 20 0C" 

*„ M"1 s"1 

*-„ s-' 
K, = *,/*_,, M 
A:,*, M 

P*.* 
ATiAr4* 
P(AT1AT1*) 
pAT.R>NH' 

piperidine 

S.20 ± 0.40 
0.15 ±0.02 

-' 54.7 
1.95 ±0.50 X 10-'4 

13.5 ±0.1 
1.07 X 10-'2 

11.97 
11.00 

morpholine 

1.79 ±0.01 
2.78 ± 0.15 
0.64 
5.55 ± 0.50 X 10"12 

11.26 ± 0.05 
3.55 X 10"12 

11.45 
8.72 

0M = 0.5 M. 

C13/ 

Figure 4. ORTEP view of /)-methoxybenzylideneacetylacetone. 

from pH jump experiments in which the equilibrium was ap­
proached from the T-side and which were carried out as follows. 
The T-form was first generated in a solution containing 0.04 M 
morpholine and 0.02 M KOH. This solution was then mixed, in 
the stopped-flow apparatus, with a triethylamine buffer which 
contained enough acid as to produce the pH values listed in Table 
III after mixing. 

Under these conditions the reaction represents a virtually ir­
reversible breakdown of T - into BAA, and cq 6 is dominated by 
the A:_|<jH./(AT'a

± + <JH*) term. This term was obtained from 

JL. 
ATa* + a H . 

-A:,[Mor] (9) 

with AJMor] = 0.036 s"1. The results afford k_, = 2.78 ± 0.15 
s-' and ATa* = 5.55 ± 0.50 X lO"'2 M (pATa* = 11.26 ± 0.05). 

Table IV summarizes all rate and equilibrium constants de­
termined in this study. 

X-ray Crystal Study of p-Methoxybenzylideneacetylacetone 
(MeO-BAA). Space filling molecular models indicate substantial 
steric interference with the coplanarity of the two COMe groups, 
both in BAA and its amine adducts T* and T". An X-ray crystal 
study of BAA seemed therefore indicated. Since BAA is a liquid, 
the p-methoxy derivative was chosen instead. Figure 4 shows an 
ORTEP view of the molecule while relevant bond lengths and bond 
angles are summarized in Table V; atomic coordinates and thermal 
and positional parameters are deposited as supplementary material 
Tables S3-54.1 6 

The most striking feature of the structure is that the COMe 
group cis to the aryl group is almost perpendicular to the (ap­
proximate) plane defined by the C = C double bond and the other 
COMe group: the dihedral angle between the least-squares plane 
defined by C8, C9, ClO, Cl 2 (Figure 4) and that defined by C9, 
ClO, Cl 1, 0 2 is 92.6° while the angle between the planes C9, 
C12, C13, 0 3 and C8, C9, ClO, C12 is 6.4°. 
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Table V. Relevant Bond Lengths (A) and Bond Angles (deg) of 
P-MeO-BAA0 

0(1)-C(4) 
0(1)-C(7) 
O(2)-C(10) 
0(3)-C(12) 
C(l)-C(2) 
C(l)-C(6) 
C(l)-C(8) 
C(2)-C(3) 
C(3)-C(4) 
C(4)-C(5) 
C(5)-C(6) 
C(8)-C(9) 
C(9)-C(10) 
C(9)-C(12) 
C(IO)-C(Il) 
C(12)-C(13) 

1.364(4) 
1.416 (4) 
1.209(4) 
1.221 (5) 
1.387 (4) 
1.399(5) 
1.464 (4) 
1.381 (4) 
1.388 (5) 
1.381 (4) 
1.382 (4) 
1.353 (5) 
1.495 (5) 
1.485(5) 
1.493 (5) 
1.494(6) 

C(4)-0( l ) -C(7) 
C(2)-C(l)-C(6) 
C(2)-C( I)-C(S) 
C(6)-C( I)-C(S) 
C(l)-C(2)-C(3) 
C(2)-C(3)-C(4) 
0(1)-C(4)-C(3) 
0(1)-C(4)-C(5) 
C(3)-C(4)-C(5) 
C(4)-C(5)-C(6) 
C(l)-C(6)-C(5) 
C(l)-C(8)-C(9) 
C(8)-C(9)-C(10) 
C(8)-C(9)-C(12) 
C(10)-C(9)-C(12) 
O(2)-C(10)-C(9) 
O(2)-C(10)-C(ll) 
C(9)-C(10)-C(ll) 
0(3)-C(12)-C(9) 
0(3)-C(12)-C(13) 
C(9)-C(12)-C(13) 

118.3 (3) 
117.2(3) 
125.8 (5) 
116.9 (3) 
122.0 (3) 
119.4 (3) 
124.1 (3) 
115.8 (3) 
120.1 (3) 
119.7 (3) 
121.5 (3) 
131.2 (3) 
124.8 (3) 
121.8 (3) 
113.4(3) 
121.3 (4) 
121.3 (4) 
117.4(4) 
117.6(4) 
120.0 (4) 
127.5 (3) 

" Numbers in parentheses are standard deviations in the last signifi­
cant digit. 

Discussion 
Structure of BAA. The structure of BAA poses an interesting 

conformational problem. The four possible conformations in which 
the C = C and the two C = O double bonds are all coplanar for 
maximum ir-overlaps are shown in 1-4. 1 should be strongly 

disfavored because of steric repulsion of the methyl groups, while 
2 suffers from a repulsive dipole-dipole interaction between the 
C = O bonds. 4 would appear to be the least sterically hindered 
conformation of the remaining two. Our crystallographic study 
indicates that even 4 is too crowded to be viable, i.e., the COMe 
group cis to the aryl group is strongly twisted out of the plane 
defined by the C = C double bond and the other COMe group 
(Figure 4). 

Strictly speaking, these conclusions refer to p-MeO-BAA rather 
than BAA, but it is unlikely that the structure of BAA is sig­
nificantly different. In fact it can be argued that the loss in 
ir-overlap due to the twisting of one of the COMe groups is 
energetically costlier for the p-methoxy derivative than for BAA 
because of the loss of through-conjugation between the methoxy 
and the COMe groups. That the twisting of the ci's-COMe group 
is not an artifact of crystal forces either is indicated by theoretical 
and spectroscopic studies which lead to similar conclusions as the 
X-ray analysis.17 

Structure of T*. Although there can be little doubt about the 
structure of T" which shows the characteristic bathochromic shift 
compared to the parent carbanion (AA"),5,18 the zwitterionic 
structure assigned to T* calls for some comment. In 1973 Calmon 
and Calmon15 reported the observation of an adduct between 
p-MeO-BAA and piperidine in aqueous solution for which they 
proposed the structure 5. In our symbolism this would correspond 
to a T° form. They also reported an equilibrium constant of 44.1 
M-1 at 25 0C and an isosbestic point with the olefin at 304 nm 
(e 14 800). 

It would appear that the strong absorption at 304 nm, which 
is about the same as t = 13 700 for our T* form, is difficult to 
reconcile with the saturated system 5; T° forms of the OH" adducts 

(17) Zahradnik, P.; Hrnciar, P. Collect. Czech. Chem. Commun. 1983, 48, 
1042 and references cited therein. 

(18) Bernasconi, C. F.; Fornarini, S. J. Am. Chem. Soc. 1980,102, 5329. 

A r C H - C H 

NR2 

COCH3 

COCH3 

ArCH — C 
/ 

COCH3 

'^V 
NR2 

'C(OH)CH3 

5 • T 1 6 * T ° . n 

of benzylidene Meldrum's acid19 and of l,l-dinitro-2,2-di-
phenylethylene20 have been shown to have no absorption in the 
range where T" absorbs. 

A more realistic alternative to T* would be the enol form of 
T0 (6 = Tj!nol) for which absorption at 304 nm may be expected. 
As is apparent from Figure 1 the spectrum of AA, which contains 
30% enol,3 shows an absorption in the 270-300 range. However, 
the following analysis of our kinetic results unequivocally excludes 
both T0 and T°nol as viable species. 

Including T0 or T°no| would expand the reaction scheme as 
follows 

BAA + R2NH "TF 

( T •nol1 

(10) 

If the equilibration T± ^ T0 (T°nol) or T0 (T°m]) ^ T were rapid 
compared to the BAA + R2NH ^ T* step (realistic for T°nol, 
unrealistic for T021), T{~X would be given by 

Tf1 = Jt1[R1NH] + k. 
aH* 

Kf + (1 + Kf/Kf)au+ 
(H) 

Dominance OfT 1̂101 over T* would require Kf » Ka° so that eq 
11 would simplify to 

Kf 
Tf1 = ^ 1 [ R 2 N H ] + *_, — 

aH+ 

Kf Kf + «H+ 

(12) 

If our data were evaluated according to eq 12 we would obtain 
pATa° = 13.5 for the piperidine, pKf = 11.27 for the morpholine 
adduct. 

These pATa° values show that this interpretation cannot be valid. 
pKf should display little sensitivity to the change from piperidine 
to morpholine, with the difference between the two being at most 
0.2-0.3 pK units.12 This contrasts with a ApAT3

0 = 13.50 - 11.27 
= 2.23 which is almost identical with the difference in pATa (2.28) 
between piperidinium and morpholinium ion. On the other hand, 
such a large difference is expected for ApKf. 

An interpretation according to which T0 may be dominant, or 
at least contributing, in the morpholine adduct only, as observed 
in the reaction of benzylidenemalononitrile,5 can also be ruled out. 
It would require Kf £ A3

0 for the morpholine adduct but Kf 
« Ka° for the piperidine adduct, so that in the piperidine reaction 
the P-K2 value refers to pKf while in the morpholine reaction it 
refers to pKf or a combination of pKf and pKf. If this were 
the case, ApK should not be as large as the difference in the pATa 

values between the piperidinium and the morpholinium ion. 
Equally compelling, the virtual identity of the spectra of Tplp and 
TjJior shows that we are dealing with the same species with both 
amines. 

Equilibrium Constants. A. KxKf. The equilibrium constant 
for the formation of a T~-type adduct from an olefin is given by 
KiKf. There is a close analogy between eq 13 and 14 because 

PhCH=CXY + R2NH = • P h C H - C X Y 

NR, 
% CH^Y 

CH2XY . ' • HCXY 

(13) 

(14) 

(19) Bernasconi, C. F.; Leonarduzzi, G. D. J. Am. Chem. Soc. 1980, 102, 
1361. 

(20) Bernasconi, C. F.; Carre, D. J.; Kanavarioti, A. J. Am. Chem. Soc. 
1981, 103, 4850. 

(21) Carbon protonation is very slow, unpublished observations. 
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Table VI. Equilibrium Parameters for Proton Transfer and Piperidine Addition to Olefins as a Function of XY in 50% Me2SO-50% Water or 
Water 

<x 

Y 

COCH3 

COCH3 

.COO CH3 

COO CH 3 

< " 

C 9 H , - 4 - N O 2 

C e H 3 - 2 . 4 - ( N O 2 I 2 

H 

NO2 

solvent 

Me2SO-H2O 

H2O 

Me2SO-H2O 

Me2SO-H2O 

Me2SO-H2O 

Me2SO-H2O 

P^CH2XY 

9.12 

4.83° 

10.21* 

12.62' 

8.06c 

11.32 

P(ATiO 

11.97 

4.43 

9.09 

12.12 

10.02 

6.80 

P*a* 

13.5 

11.64 

10.28 

«8.67 

8.13 

8.30 

pAT.* - pK*'H+ 

2.50 

0.24 

-0.72 

-2.33 

-2.87 

-2.70 

ref 

this work 

18 

5 

6 

6 

7 

'Reference 30. 'Bernasconi, C. F.; Zitomer, J. L.; Fox, J. P.; Howard, K. A. J. Org. Chem. 1984, 49, 482. cReference 2. ''Reference 7. 

the carbanions formed in the two reactions are very similar. If 
the energetics of the two equilibria are mainly determined by the 
stability of the carbanion, one expects a (linear) correlation be­
tween P(AT1AT3*) and pAT3

CH2XY. On the other hand, this correlation 
might be perturbed by steric effects such as crowding in T - and/or 
by a differential (de)stabilization of the olefin vs. CH2XY by 
certain substituents. 

In Table VI we have summarized pAfa
CHjXY and P(AT1A"̂ ) values 

of piperidine adducts for a number of systems (third and fourth 
columns) while Figure 5 shows a plot of P(Af1Af3*) vs. pAfa

CH2XY. 
Note that all data, except for the Meldrum's acid system, refer 
to 50% Me2SO-50% water. Since the change to water should 
affect P(A-IAT3*) and pATa

CHjXY approximately equally, inclusion 
of the Meldrum's acid system into the correlation is justified. 

We have, somewhat arbitrarily, drawn a straight line of slope 
1.34 which passes through the points for XY = (COO)2C(CH3)2, 
(CN)2, and (CN)C6H4-4-N02. In the absence of more data it 
is difficult to prove that the line drawn constitutes a genuine linear 
free energy relationship, but we shall assume so as a working 
hypothesis. The conclusions to be drawn are not sensitive to the 
precise location or slope of this line. 

A positive deviation from the line implies that Af1A3* is reduced 
by some factor not present in the systems used to define the line; 
a negative deviation suggests that AT1AT3* is enhanced by such a 
factor. The observed, enhanced AT1AT3* for /S-nitrostyrene has been 
noted in another system and has been attributed to a weakening 
of the C = C double bond.22 The reduced AT1AT3* for «-cyano-
2,4-dinitrostilbene has been ascribed to a steric effect which ap­
pears to destabilize T" mainly by turning the ortho nitro group 
out of the plane of the benzene ring, thereby reducing its resonance 
effect.6 

AT|ATa* for BAA is seen to be depressed by a similar or even 
greater factor (>104) as for a-cyano-2,4-dinitrostilbene, indicating 
that here, too, steric crowding is important. Space filling molecular 
models of T" suggest that such crowding indeed exists and that 
one of the COMe groups may not be coplanar with the other one, 
just as in the substrate. According to the same models this 
crowding is more severe than in the carbocation (CH3)2CH-+C-
(OCH3) 2 for which steric hindrance to charge delocalization has 
been suggested to account for a 9 X 105-fold reduction in the rate 
of protonation of (CH3)2C=C(OCH3)2.23 

The approximate il04-fold reduction OfATiAT3* probably un­
derestimates the destabilization of T" suffered by the loss of 
ir-overlap. This is because the steric crowding also reduces ir-
overlap in BAA, thereby destabilizing the reactant state. This 
effect manifests itself as a shorter C10-O2 bond (1.209 A) 
compared to the C12-03 bond (1.221 A) (Table V), i.e., the 
C10-02 bond (no 7r-overlap with C = C double bond) has more 

(22) Bernasconi, C. F.; Howard, K. A.; Kanavarioti, A. J. Am. Chem. Soc. 
1984, 106, 6827. 

(23) Kresge, A. J.; Straub, T. S. J. Am. Chem. Soc. 1983, 105, 3957. 

double bond characters than the C12-03 bond. 
B. P-Sf3*. The pAT3* values for T* derived from BAA are 

unusually high, about 2.5 pAf units higher than the pAfa of the 
respective R2NH2

+. Table VI lists pATa* values for a number of 
different T*ip adducts. As is apparent from this list, in most cases 
pAf3* is smaller than pAT/*" , indicating that the PhCHCXY-
moiety is usually electron withdrawing, despite the negative charge. 
The acidifying effect is seen to be largest when the charge can 
be most strongly delocalized. This is an expected trend since in 
these cases the negative charge is relatively remote and least able 
to exert its influence on pATa*. 

The most obvious cause for the high pAT3* in the BAA adducts 
is intramolecular hydrogen bonding as shown in 7. The slightly 
positive pAfa* - pAfa

pipH for benzylidene Meldrum's acid has also 
been explained by such hydrogen bonding.18 The much larger 

CH3 

\ 3 

fir0 

P h C H — C ( -

H«0 

pAT3* - pAf,1^"* for BAA is probably the result of the higher 
basicity of the oxygen and the smaller electron-withdrawing effect 
of the C(COCH3)2 moiety compared to the C(COO)2C(CH3)2 

moiety, which leads to stronger hydrogen bonding. On the basis 
of the comparative data in Table VI we estimate that the hydrogen 
bond raises the pAfa* for T* derived from BAA by 3-4 pAf units. 

Bronsted Plots and Intrinsic Rate Constants. Figure 6 shows 
plots of log kx and log Ic1, respectively, vs. log Af1 from which we 
obtain log k0 = 0.30 for morpholine/piperidine addition to BAA. 
The slopes of the lines are d log kjd log AT1 = /3JJUC = 0.33 and 
d log k-i/d log AT1 = /3n

lg = -0.67. 
For purposes of comparison we have included similar plots for 

the reactions of the same amines with two other olefins, 
PhCH=C(CN) 2 (log k0 = 4.94) and PhCH=CHNO 2 (log k0 

= 2.55). Log Zc0 for BAA appears to be abnormally low (or the 
intrinsic barrier abnormally high) in relation to log k0 = 2.75 for 
the deprotonation of AA3 and log Zc0 for the deprotonation of the 
other C-H acids shown in Table I. 

The extent of this negative deviation is best seen in Figure 7 
in which log k0 for olefin addition is plotted vs. log k0 f° r C-H 
deprotonation. There is a fairly good linear correlation for the 
five systems listed in Table I, from which log k0 (C=C) for BAA 
deviates by about 2.5 log units. It is noteworthy that in the reaction 
of AA" and other 1,3-dicarbonyl carbanions acting as nucleophiles 
in an SN2 reaction with a disulfide the intrinsic rate constants 
appear to be "normal", i.e., they lie somewhere between k0 for 
nitronate ions and nitrile anions.24 

(24) Gilbert, H. F. J. Am. Chem. Soc. 1980, 102, 7059. 
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Figure 5. Correlation of P(K1K1*) for olefin addition with pA:a
CH2XY. 

Data from Table VI. 
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K0(RiCH = C(CN)I2 

k0 (PhCH = CHNO2) 

K0(PhCH = C(COCH3I2) 
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log K1 

Figure 6. Plots of log kx and log &_, vs. log Kx for the reactions of three 
olefins with the piperidine/morpholine pair in 50% Me2SO-50% water. 
Data for BAA from Table IV, data for PhCH=C(CN)2 from ref 5, data 
for PhCH=CHNO2 from ref 7. 

Factors Depressing the Intrinsic Rate. A. Steric Effect. In 
trying to explain the large depression in log k0 we need to ask in 
what ways does BAA and/or its T* adducts differ from the other 
systems. From our discussion of KxK^ we concluded that T" is 
sterically crowded which hinders 7r-overlap. Since T* and T" only 
differ by one proton we can assume that T* must suffer from the 
same destabilization as T-. Could this destabilization of T* affect 
the intrinsic rate constant? 

In transfer reactions (proton transfers, alkyl transfers, etc.) it 
is immediately obvious how a steric effect can increase the intrinsic 
barrier or reduce k0: all is needed is a crowded transition state. 
However, in an addition reaction, a steric destabilization of the 
transition state will generally be accompanied by an even larger 
effect on the adduct, i.e., Kx will be reduced even more than kx, 
and thus the net effect on k0 may be quite small. 

Let us assume that the steric effect induces the changes d log 
Kf and d log kf, respectively, so that d log k^/d log Kf = cta. 
If ast were equal to /3"uc = 0.33, there would be no effect on Zc0 
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log k 0 (C-H) 
Figure 7. Correlation of log Zc0 for olefin addition with log k0 for proton 
transfer. 

at all. If ast > /3„uc, Zc0 would decrease; if asl < |3JUC, Zc0 would 
increase. 

The general equation relating the change in Zc0 to changes in 
K1 caused by steric crowding is given by 

d log fe0
st = (« i t - ftuc)3 log Kf (15) 

Note that this equation is based on the implicit assumption that 
/3"uc is not affected by the steric effect. For the purposes of this 
discussion this is probably a good enough approximation. 

Equation 15 is best understood with reference to Figure 8A. 
The solid line of slope /3£uc refers to the situation before the 
introduction of a steric effect while the dashed line represents the 
situation in the presence of a steric effect which develops early 
(ast > /3£uc). (The second solid line labeled ast is meant to illustrate 
that ast can be understood as the slope, d log kf/d log Kf, of 
that line.) In trying to estimate the maximum possible reduction 
in log ko (d log kf) which could be caused by the steric effects 
we shall assume that the reduction in Kx is at least 104-fold, as 
discussed above. The maximum possible reduction in log Zc0 would 
occur if the steric effect were fully developed in the transition state, 
i.e., ast = 1.0 (implying d log k-f/d log Kf = 0). In this case 
d log kost = (1-0.33X-4) < -2.67. 

Early development of the steric effect is indeed suggested by 
the crystallographic data: the crowding that prevents optimal 
charge derealization in T* is already built into the substrate. 
This is tantamount to "early development" of the steric effect 
and hence to a large ast, perhaps close to unity. 

Another system in which Zc0 is strongly depressed is the reaction 
of l,l-dinitro-2,2-diphenylethylene with the piperidine/morpholine 
pair.25 We have not included this system into the correlation of 
Figure 7 because the a-carbon carries two phenyl groups which 
makes this system not strictly comparable with the others. 
Nevertheless, we note that log Zc0 is more than one unit lower than 
for the /?-nitrostyrene system26 while Zc0 for the deprotonation of 
1,1-dinitroethane is higher than for nitroethane.26 In view of the 
strong crowding which prevents coplanarity of the nitro groups 
both in T* and in the olefin, the low Zc0 is again most reasonably 
accounted for by eq 15 with asl > /3£uc. 

Before discussing other possible contributing factors to the 
reduction in log Zc0, we should point out that probably all adducts 
listed in Table I and included in Figure 7, except for /3-nitrostyrene 
and benzylidenemalononitrile, suffer from various degrees of steric 
hindrance to optimal 7r-overlap, particularly when XY = (C-
N)C6H3-2,4-(N02)2 as pointed out earlier. This may be the reason 
why the points for H(NO2) and (CN)2 are slightly above the 
least-squares line in Figure 7, while all the others, and particularly 
that for (CN)C6H3-2,4-(N02)2, are below it. 

B. Hydrogen Bonding. Another major feature which distin­
guishes the BAA system from most of the others is the strong 

(25) Bernasconi, C. F.; Carre, D. J. J. Am. Chem. Soc. 1979, 101, 2698. 
(26) Bernasconi, C. F. Pure Appl. Chem. 1982, 54. 2335. 
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B 

log K, 
I 

Figure 8. Schematic representation of how the steric effect (A), intra­
molecular hydrogen bonding as separate step (B) and as part of nu-
cleophilic addition (C) can depress log k0. 

intramolecular hydrogen bond in T*. This is not only reflected 
in the high PAT3* values as discussed earlier but should also increase 
the stability of T* with respect to BAA and thus enhance Kx. The 
increase in pKf of 3-4 units estimated earlier implies a similar 
increase in log Kx. 

One way to visualize the effect of intramolecular hydrogen 
bonding is to assume that there is an actual equilibrium between 
a hydrogen-bonded and a nonbonded form. In the context of eq 
16 the experimentally determined kx, k_x, and Kx values would 
become 

- i i , 

*, = k\; K1 = K\K,; ifc_, = k'.JKK 

(16) 

(17) 

while the experimental intrinsic rate constant, k0, is related to k'0 

of the first step in eq 16 by 

log /c0
Hb = log k'0- ftuc log K1 (18) 

This is illustrated in Figure 8B (d log k$b = log k0 - log *'„). Here 
the solid line of slope /3|]uc describes the situation without hydrogen 
bonding, the dashed line the situation with hydrogen bonding. 
With log K1 = 3, based on an estimated increase of 3 units in log 
Kx, and ^ u c = 0.33, the reduction in log k0 would amount to about 
one log unit. 

If T̂ ontonded is not a discrete species and some hydrogen bonding 
is already present in the transition state, eq 19 which is similar 
to eq 15 would apply (Figure 8C). aHb is the change in kx for a 

d log k0»
b = (aHb - KJd log Kx»

b (19) 

given change in Kx (d log kx
m/d log Kx

Hb), which is produced 
by the hydrogen bond, and d log Kx

m is the extent by which K1 

is increased. Again, this equation presumes that /3JUC is not affected 
by hydrogen bonding. 

If aHb < 0luc, which is the situation shown in Figure 8C, log 
k0 decreases; if aHb > /3"uc, log k0 increases, as a consequence of 
hydrogen bonding. An aHb < @\]nc implies that in the transition 
state the development of the hydrogen bond lags behind C-N bond 
formation. aHb = 0 is the limiting case in which no hydrogen 
bonding exists in the transition state; this is equivalent to the 
two-step mechanism of eq 16. 

Evidence based on deprotonation rates of intramolecularly 
hydrogen-bonded systems indicates that equilibria between bonded 
and nonbonded forms do exist,27 suggesting that T ^ ^ , ^ could 
indeed be a discrete intermediate. If there is no intermediate, it 
is likely that hydrogen bonding would lag behind C-N bond 
formation. This is because the donor and acceptor atoms may 
still be quite far apart in the transition state and, probably more 
importantly, the acidity of the N-H proton and the basicity of 
the oxygen acceptor have not developed enough to give the hy­
drogen bond significant stability. If this stability shows a similar 
dependence on the pATa values of donor and acceptor as suggested 
by Hine28 for /«f<?rmolecular hydrogen bonded complexes (AH 
+ B s AH-B), eq 20, hydrogen bonding would indeed lag behind 

log ^AH-B = -KPKH3O+ ~ pKm)(pKAH - P^H2O) - log [H2O] 

(20) 

C-N bond formation. This is because the Hine equation suggests 
(a) threshold values for pKAH and pKSH above (below) which 
hydrogen bonding with the solvent prevents association and (b) 
a quadratic dependence on pK differences. This means that unless 
pKAH and pA!BH in the transition state have values close to those 
in T* the hydrogen bond will have negligible stability. In view 
of the low /3„uc = 0.33 it is very unlikely that the pA"a values have 
made the required progress in the transition state. 

Even though further work will be needed to firmly assess the 
relative importance of hydrogen bonding vs. steric hindrance to 
ir-overlap in lowering k0, it appears likely that the steric effect 
is more important. First, \d log A:,s,| (eq 15) is probably somewhat 
larger than \d log Kx

m\ (eq 19) or [log Kx\ (eq 18). More sig­
nificantly, the maximum possible value of |ast - /3JUC| = 0.67 (for 
ast = 1.0) is much larger than the maximum possible value of \aHb 

- O = 0.33 (for am = 0). 
Alternative Interpretations. We have considered alternative 

explanations for the depressed k0 values, but they are unattractive. 
One is that it is a (as yet unexplained) characteristic of XY 
containing carbonyl groups that leads to depressed kQ values in 
nucleophilic additions but not in proton transfer. Several ob­
servations render this hypothesis untenable. For example, k0 for 
piperidine and morpholine addition to benzylidene Meldrum's acid 
(8) does not appear to be unusually low compared to k0 for the 

PhCH 
COO CH3 

=c X PhCH 

COO CH 3 -c© 
a 

PhCH=C, 

.CH=O 

CH=O 

10 

deprotonation of Meldrum's acid.29 In the same vein, k0 for OH" 

(27) Hibbert, F. Ace. Chem. Res. 1984, 17, 115. 
(28) (a) Hine, J. J. Am. Chem. Soc. 1972, 94, 5766. (b) Funderburk, L. 

H.; Jencks, W. P. J. Am. Chem. Soc. 1978, 100, 6708. 
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addition to benzylidene-1,3-indandione ( 9 ) " and benzylidene-
malonaldehyde (1O)32 are not abnormally low. 

Another alternative explanation is that it is not steric hindrance 
to Tr-overlap but steric hindrance to the approach between nu-
cleophile and olefin (F-strain)3 3 which lowers k0. If the F-strain 
were highly developed in the transition state, the lowering of k0 

could formally be described by the same equation as for steric 
hindrance to 7r-overlap (eq 15, a s t > /3"uc, d log AT,st < 0) . The 
problem with this interpretation is that it is difficult to visualize 
how the F-strain could substantially run ahead of C - N bond 
formation (a s t > ^ u c ) . 

A system known to suffer from strong F-strain is the reaction 
of amines with l , l -dini t ro-2,2-diphenylethylene. The effect of 
the F-strain is seen by comparing rate and equilibrium constants 
for piperidine addition with those for n-butylamine addition: 
^ 1 PiP^n-BuNH2 = 6 . i 8 X 1(T4 and k^/kf*"™* = 0.17.25 This 
contrasts with ^ , ^ / ^ , " - B U N H : > ^ a n d ^Pip/^-BuNHj > ( » ) i 
for all other comparable systems studied thus far.34 On the other 
hand, the intrinsic rate constant for piperidine addition to 1,1-
dinitro-2,2-diphenylethylene is not depressed relative to that for 
n-butylamine addition: it is actually approximately threefold 
higher than k0 estimated for n-butylamine addition,35 i.e., it shows 
the well-known pattern of secondary amines being better nu-
cleophiles (and bases in proton transfers) than primary amines.1,2,36 

We conclude that F-strain is unlikely to depress k0. 

Conclusions 

The Principle of Nonperfect Synchronization. As pointed out 
in the Introduction, the intrinsic ra te constants for carbanion-
forming reactions decrease with increasing resonance stabilization 
of the carbanion (Table I ) . A major factor believed to be re­
sponsible for this decrease is a lag in the development of resonance 
and concomitant solvation of the negative charge in the transition 
state. This phenomenon is a manifestation of a general principle 
which we have called the Principle of Nonperfect Synchroniza­
tion13 (PNS) . 3 7 According to the P N S any factor that stabilizes 
a product of a reaction depresses k0 if it develops late but increases 
k0 if it develops early. Conversely, a reactant stabilizing factor 
descreases Zc0 if it is lost early but increases k0 if it is lost late . 
For product and reactant destabilizing factors the opposite relations 
hold. 

From the preceding discussion it follows that the unusually low 
k0 values for amine addition to benzylideneacetylacetone can also 
be understood in the context of the P N S . In other words, in 
addition to the "regular" P N S effect of carbanion-forming re­
actions there are two additional P N S effects. One is caused by 
steric hindrance to ir-overlap. This is a product destabilizing factor 
whose early development decreases k0. The other is caused by 
the intramolecular hydrogen bond in T*, a product stabilizing 

(29) The point for the benzylidene Meldrum's acid/Meldrum's acid pair 
has not been included in Figure 7 because the data were obtained under 
different conditions (water at 25 0C for 8,18 water at 15 °C for Meldrum's 
acid30), and the estimate of ka for the addition reaction is quite uncertain, 
owing to very high Kt values which necessitate a long extrapolation. Nev­
ertheless, after corrections for the different temperatures and solvents, the 
point would be close to the line in Figure 7 or probably somewhat above it.31 

(30) Eigen, M.; Ilgenfritz, G.; Kruse, W. Chem. Ber. 1965, 98, 1623. 
(31) Bemasconi, C. F.; Panda, M., to be published. 
(32) Bernasconi, C. F.; Stronach, M. W. J. Org. Chem. 1986, 51, 2144. 
(33) Brown, H. C ; Kanner, B. /. Am. Chem. Soc. 1953, 75, 3865. 
(34) K1PiPZJC1-BuNHj = 6il0> 3 16> 2.26, and 1.28 for benzylidene Meld­

rum's acid,' a-cyano-4-nitrostilbene,6 a-cyano-2,4-dinitrostilbene,6 and )3-ni-
trostyrene,7 repsectively; k^/kftWi = 4.82,1 14.7,6 16.0,6 and 36.87 for 
the same respective compounds. 

(35) Based on /3JUC = 0.38 for the pip/mor pair.25 

(36) (a) Bell, R. P. The Proton in Chemistry, 2nd ed.; Cornell University: 
Ithaca, NY 1973; Chapter 10. (b) Spencer, T. A.; Kendall, M. C. R.; 
Reingold, I. D. J. Am. Chem. Soc. 1972, 94, 1250. (c) Hine, J.; Mulders, J. 
J. Org. Chem. 1967, 32, 2200. (d) Jencks, W. P. Catalysis in Chemistry and 
Enzymology; McGraw-Hill: New York, 1969; p 179. 

(37) In ref 13 and other papers we called it the Principle of /wperfect 
Synchronization (PIS), in keeping with Hine's38 original suggestion. A 
number of referees have suggested that we drop the acronym PIS for reasons 
of euphemy. 

Table VII. Crystallographic Data for p-MeO-BAA. 
space group Pl\/C no. of unique reflectns 1509 
a, A 12.916 (3) reflectns with / > 2<r(/) 1168 
b, A 10.111 (3) R 0.057 
c, A 9.220 (2) Rw 0.073 
/3, deg 100.18(6) weight ( ^ + 0.000132F2)"1 

F1A3 1185.1(8) scan mode a/20 
Z 4 Au, deg 1.0 
Pcaicd, g cm~3 1-223 total background, s 20 
M(MoKn), 0.51 <U,deg 22.5 

cm"1 

factor whose late development decreases k0. 

Experimental Section 
Materials. Benzylideneacetylacetone (BAA) and p-methoxy-

benzylideneacetylacetone (p-MeO-BAA) were synthesized according to 
the method of Horning et al.39 BAA was distilled at 4 mmHg, bp 
140-142 0 C, and was characterized as follows: IR 1720 cm"1 and 1670 
cm"1; H NMR in CDCl3 6 7.46 (1 H, s, CH), 7.36 (5 H, s, phenyl), 2.38 
(3 H, s, CH3), 2.24 (3 H, s, CH3); MS, 188 (M + ) . p-MeO-BAA was 
recrystallized from 20% isopropyl alcohol-80% hexane, mp 71-72 0 C 
(lit.40 mp 71.5-72 0 C). Piperidine, morpholine, and dimethylsulfoxide 
were purified as described previously.25 All other materials were ana­
lytical or reagent grade commercial products used without further pu­
rification. 

Spectra and pK^ Determination. The spectra of all compounds were 
taken on a Cary-219 spectrophotometer. The spectra of the adducts T* 
and T" were recorded less than 30 s after mixing BAA with the amine 
in order to avoid significant decomposition into benzaldehyde, acetyl-
acetone, and amine.41 The p/fa* of 7*Pip was measured spectrophoto-
metrically at 290 and 320 nm where the differences between r and e* 
are largest (Figure 1). The standard equation 

pK,* = pH + log 
OD8 - OD 

OD - ODA 

was used in which OD8 , ODA, and OD refer to the optical density at pH 
» pKf, pH « pKf, and pH ~ pK*, respectively. 

Reaction Solutions and Rate Measurements. In general the procedures 
described before25 were used. The pH of the solution in the stopped-flow 
experiments was measured in mock mixing experiments which simulated 
the conditions in the stopped-flow apparatus. This apparatus was a 
Durrum-Gibson type. The rates of hydrolysis of BAA (kOH) were 
measured in a Gilford 2000 spectrophotometer. 

X-ray Crystal Structure of p-Methoxybenzylideneacetylacetone. The 
diffraction data of a single crystal were obtained at the Hebrew Univ­
ersity of Jerusalem on a PWl 100/20 Philips four-circle computer-con­
trolled diffractometer with graphite-monochromated Mo Ka radiation 
(X = 0.71069 A). The crystal structure was solved by MULTAN.42 The 
crystallographic parameters are summarized in Table VII. 
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