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Nucleophilic addition reactions of benzvlamines (XC¢HsCH-NH:) to benzylidene Meldrum's acids (BMA;
YC:sH4CH=C(COO0):C(CHa1):) have been investigated in acetonitrile at 20.0 °C. The rates of addition are
greatly enhanced due to the abnormally high acidity of Meldrum's acid. The magnitudes of the Hammett (ox
and py) and Bronsted (By) coefficients are rather small suggesting an early transition state. The sign and
magnitude of the cross-interaction constant. pyy (=—0.33). and kinetic isotope effects (knfkp=1.5-1.7)
involving deuterated benzylamine nucleophilies (XCsH,CH:ND-) are indicative of hyvdrogen-bonded cyclic
transition state. The activation parameters. AH- = 4 kcal mol™ and AS* = —37 e.u.. are also in line with the

proposed mechanism.
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Introduction

The nucleophilic attack to carbon-carbon double bonds
has been the subject of numerous investigations.! Nucleo-
philic vinvlic substitution reactions activated by electron-
withdrawing groups (Z.Z") are known to proceed by the two-
step mechanisn. eq. (1). where LG = leaving group and Nu
= nuclephilie.! The primary addition step, k. leads to an
association complex or intermediate which for amine base is
a zwitterion, T*.
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In the simple nucleophilic vinvlic additions, however,
when the amines are primary or secondary. intramolecular
proton transfer may immediately follow or even simultane-
ously upon formation of T*'™ eq. (2). Previous works
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have shown that in aqueous solution'™ the mechanism of
nucleoplulic addition to activated olefines 1s complex
involving group separated products formation following the
rate-luniting addition step. 4,. with imbalanced transition
states in which the development of resonance to the activat-
ing groups (Z.Z") lags behind charge transfer or N-C bond
formation. In contrast. the amine addition in acetonitrile’
was found to be a relatively simple one, /.e.. one step addi-
tion.

In this work we report kinetic studv of the nucleophilic

addition of benzylamines to benzylidene Meldrum's acids
(BMASs) in acetomtrile at 20.0 °C, eq. (3). Meldrum's acid 1,
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BMA 3)
YCH(XCH,CHNH)CHCH(COO),C(CH),

has attracted considerable attention due to its high acidity,*
higher (pK, = 7.3) than its acyclic analogues such as dimethyl
malonate (2; pK, = 15.9) or even the diketone analogue (3;
pK: = 11.2).* The nucleophilic addition reactions to BMA
n aqueous solution have been mvestigated extensively by
Bemasconi ef o/ They reported some unusual kinetic
behaviors in the addition reaction of BMA.

The primary purpose of this study 1s to elucidate the
mechamism of primary amine addition to BMA mn aceto-
nitrile. Since the Meldrum's acid in EMA 1s known to have
unusually strong power of stabilizing the anion formed in the
primary attack.”*~ we are interested especially in the rates of
addiion (k» step m eq. (3)) and m the degree of bond
formation in the TS by determining the Hammett (px) and
Brénsted coefficients (fv). and cross-interaction constant,®
oy egs. (4), where X and Y are the substituents in the
nucleophile (benzylamine) and substrate (BMA), respectively.

log (rxvikun) = pxox + Py Oy + Py OOy (4a)
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Pxy — APy 00N — dPxi 00y (4h) amine addition to BMA. the reactivity i aqucous solution
increases with the (polar) electron-withdrawing power (Zo)
of the activating groups whereas that in acetonitrile depends
on the through conjugative electron-withdrawing strength
(Zo7) of the activating groups. We note that the reactivity of
BMA is exceptionally large in aqueous solution as well as in
acetonitrile. The 2o - 0.75 should place the reactivity of
BMA to the lowest place but the log 4y value is the second
after that of BMN for which £ — 1.32. Again the £o™ —
1.38 should give the reactivity of BMA in acetonitrile less
than that of BID (£6~ — 2.08) but the reactivity of BMA in
acetonitrile is the largest. The enhanced reactivity of the
amine addition to BMA no doubt reflects the unusually
strong acidity of the Meldrum's acid due to strong stabilizing

[n aqueous solution, the magnitude of Bx(B.c) determined
with piperidine and morpholine pair has been shown to be
exceptionally small (fx=0.07)" but that with primary
amines is somewhat larger with S\ = 0.22.% It is of interest
to find out whether such unusual behaviors in aqueous
solution persist in acetonitrile or not,

Results and Discussion
A clean second-order kinetics according to egs. (5) and (6)

was obtained throughout this work, where % is the second-
order rate constant for the benzylamine (BnA) addition to

Rate — kua [BMA] (3)  power of the Meldrum's acid anion,>*? in which the anionic
Fopsa = > [BRA] 6) charge is delocalized, 1A.
the benzylidene Meldrum's acid (BMA) under pseudo-first- 0. ,5‘ 0
order condition (kuwa} with large excess of amine nucleo- o[ - \[4
philes. Plots of 4. against [BnA] were linear for ca. 10- 10 03
fold increase in [BnA). The 4» values determined from the ><
slopes of these plots are summarized in Table 1. The rates 2
are compared with those involving other activating groups. 1A
Z,7'. in Table 2. The rates in acetenitrile are much slower The anomalously high acidity of 1 has been a subject of
than those {log k) in aqueous solution. Excepting for the extensive theoretical as well as experimental investigations.

Table 1. The second-erder rate constants. 42 (M™'s™"). and sclectivity parameters® for the addition of X-benzylamines to Y-benzylidene
Mecldrum's acids in acctonitrile at 20.0 °C

Y R
X Py
m-OMe p-Me H p-Cl
p-OMe 74.4 86.4 101 132 0.49+0.02
48.7¢ 858
32.4¢ 56.3
p-Me 71.9 803 93.5 117 042 £0.01
H 67.2 73.9 86.6 106 040 £0.01
#~Cl 62.6 68.0 76.6 91.0 0.32+0.01
421 60.3
28.4 40.6
m=C] 39.3 62.1 704 78.9 0.26 +£0.02
o -0.15+0.01 -0.21 £0.01 —0.24£0.01 -0.33£0.02 vt
B/ 0.15+0.01 0.21£0.01 0.23 £0.05 0.32+£0.02 =-(.33£0.03

“The o values were taken from rel. 7. The p&k, values were taken Irom ref. 8. The pA, — 9.67 was used for X—p-CT1:0 (rel. 9). "Correlation coefficients
were better than 0.996 in all cases. ‘Al 10.0 °C. “At 0.0 °C. *Correlation coeflicients were better (han 0.994 {n all cases. ‘Correlation coeflicients were
betier than 1,993 in all cases. “Correlation coellicient was 0.998,

Table 2. Comparisons of reactivity parameter for the addition reaction, YCJ L CH=CZZ XCol 15CHaNHa, in acetonitrile

Entry 2.7 kM s ! log & e o o o o f
1 (BMAY (COORCMe: $6.6 (20°C) =410 —0.24 0.40 -0.33 0.75 1.38
2 (BMN) CN.CN (.48 4.94 -1.62 —.35 -0.31 .32 2.00
3(BIDY (CORCel Ly 1.48 - -1.10 0.41 -0.33 0.83 2.08
4 (NSY NQz. 1 2.63% 107 2.55 -1.22 1.73 -0.40 0.78 1.27
5 (NSBY NO;. Clls 2.69% 1072 1.42 .82 1.27 -{).52 0.77 127"
6 (CNSY CN.p-NOColly 126 X 1077 (30°C) =335 -1.15 1.10 -0.67 0.92 100"

“For X=Y=H at 23.0°C unlcss otherwisc noted in parenthescs. “Intrinsic rate constants. &, tor carbanion forming reactions {4 in ¢g. 2) in 50% DMSO-
50% 120 at 20.0 °C with amines (refs. 1b and 5d). “For Y=I{ and X=11 respectively. “Correlation cocfficients were better than 0,997 in all cascs.
“Normal FHammett substituent constant {6,). ‘Cxalted substituent constant (6,7} for direct conjugation with anionic functional center (rel. 7). #“This work.
*Benzylidenemalonenitrile (ref. 3b). ‘Benzylidene-1 3-indundione (rel 3¢). ‘B-Nitrostyrene (rel. 3a). *B-Nitrostilbene and f-cyuano-f-4"-nitrostilbene
tref. 3d). ‘Extrapolated value, " The value of Ph group is excepted (et 3d). "The value of p-NO:Ph group is excepted (ret. 3d).
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Arnett ef a/ ™ measured acidity constants of esters and lac-
tones that are relevant to the Meldmun's acid and attributed
the strong acidity of 1 to restricted rotation which faces the
ester groups to adopt unfavorable anti conformation in
Meldrum's acid. Wiberg ef a/.™ studied the acidity difference
between syn and anti rotamers of methyl acetate theoretical-
Iy at the MP3/6-31G**//HF/6-31G* level' and concluded
that the change in charge distribution that accompanies the
more facile loss of proton from the anti rotamer (by 4.7 keal
mol™) leads to the unusual acidity of Meldrum's acid. having
a bis (anti) conformation. Wang and Houk™ also reported ab
initio calculations on the acidity of methy! acetate in syn and
anti conformations at the HF/6-31+G*/HF/3-21G level '
They attributed the strong acidity of the anti form (Meldrum's
acid has a bis (anti) form) to greater dipole-dipole electro-
static repulsion interaction between the ether and carbonyl
oxygen atoms in the anti conformation. which is significantly
relieved in the corresponding enolate anion.

The Hammett (px = -0.15 ~ -0.33) and Brénsted coeffi-
cients (S = 0.15-0.32) in Table 1 are similar to those obtain-
ed in the corresponding reactions with primary amines in
aqueous solution (px = -0.22)* The By values are greater
than that obtained with secondary amines (f = 0.07% by
two points correlation using piperidine and morpholine) in
aqueous solution. but are rather smaller still than those for
other benzylamine addition reactions’® (although the SBx
values are not listed in Table 2. they are numerically quite
similar to the py values in Table 2 due to the near wnity slope
in the correlation between the pKi's of benzylamine and
Hammett substituent constants. ¢ i.e.. dpK./éc = 1.06 for
benzylamines.'’) The larger fx value with primary amines
than with secondary and tertiary amines seems fo represent a
common pattern. albeit there are some exceptions.™ For
example. Skoog and Jencks'= reported Bx =019 and 0.17
for the reactions of primary amines and pyridines with
phosphorylated 3-methoxypyridine and fx =028 and 0.22
for the corresponding reactions with phosphorvlated 4-
morpholinopyridine. respectively. The aminolysis of iso-
quinoline N-phosphonate with primary amines and piperi-
dine-morpholine pair gave S = 0.15 and 0.0. respectively.’*
For the aminolysis of S-(2.4-dinitropheny1) O-ethyl carbon-
ate. EtOC(=0)SDNP. £ =036 and 048" are obtained
with secondary alicvclic amines and quinuclidines. respec-
tively. The pv values are also small so that charge transfer
from the benzylamine nucleophiles to the vinylic carbon in
the TS may be small.

On the other hand. the cross-interaction constant. Oxy
(= -0.33). is negative as in other bond forming processes’
and the magnitude is similar to those for other relatively
faster addition reactions with stronger activating groups.
entries 2 (BMN: pxy =-0.31) and 3 (BID: pxy=-0.33) in
Table 2. The modest size of the pxy value despite the
relatively early TS with a lower degree of bond making
(lower Sy values) may point to a possibility of intramole-
cular hydrogen bonding’® to an oxygen of the (COO):-
C(CH;): moiety. 6. or to the central carbon atom. 7. since in
these types of hvdrogen bonded TS structures the interaction
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between X and Y can be through two routes so that the
intensity of interaction. {.¢.. the magnitude of Py, can have a
modest value even though the C-N bond making is small.'®
Normally the amine nucleophiles approach toward an end
carbon of the vinylic double bond from almost directly
above (or below) the carbon so that distancewise the H---C
in 7 may be nearer than H---QO in 6.

The kinetic isotope effects involving deuterated benzyl-
amine nucleophiles (XC:H,CH-ND-) in Table 3 are all
greater than unity (Au/kp = 1.3-1.7) and indeed supports such
hydrogen bonded TS structure. 6 and 7. The size of Au/kp
increases with a stronger electron acceptor substituent in the
substrate (Y) as well as in the nucleophile (X) which is in
accord with a greater degree of bond making in the TS with
electron accepter Y (with a greater f value) and the
enhanced acidity of the NH proton with an electron-acceptor
substituent X in the nucleophile. The overall size of the An/ip
values ranging 1.5-1.7 are. however. smaller than those of
the corresponding values for the substrates with weaker
electron acceptor Z.Z' exhibiting slower addition rates. e.g.
for entries 4. 3. and 6 in Table 2 the An/kp values are larger
ranging 2.2-3.1.%¢ This is in line with the greater degree of
bond formation in the TS for those substrates (entries 4-6)
with larger magnitude of the cross-interaction constants. Py

Table 3. Kinetic isotope effects on the second-order rate constants
for the addition of deuterated X-benzvlamines (XCsH,CH-ND-) to
Y-benzylidene Meldrum's acids in acetonitrile at 20.0 °C

X Y kM5 /M5! fnfkn
p-OMe  p-OMe T44(+£0.1) SL3(x05) L45+002¢
p-OMe p-Me 86.4(+0.9) 576(x0.5) 1.50£002
p-OMe H 101 (£ 1) 64.7(£08) 1.56+0.03
p-OMe p<Cl 132 (£ 2) 81.5(x09) 162+003

pCl p-OMe 626(+0.8) 409(x04) 153+0.03
pCl p-Me 68.0(+0.9) 428(x04) 159+0.03
pCl H 76.6(+0.9) 456(x04) 168+0.02
pCl p<Cl 91.0(x0.1) 3523(x035) 1.74+002

“Srandard deviations.

Table 4. Activation parameters” for the additon of X-benzyl-
amines to Y-benzylidene Meldrum's acids in acetonitrile

X Y AHkcal mol™ —-AS feal mol 'Kt
pPOMe  p-OMe 3.9 37
-OMe »-Cl 4.1 36

»Cl p-OMe 38 38
»Cl »Cl 38 37

“Calculated by the Eyring equation. The maximum errars calculated (by
the method of Wiberg, K. B. ref. 17) are = 0.5 keal mal™ and = 2 e.u. for
AH* and ASY, respectively.
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As expected from a hydrogen bonded cyclic TS. the
enthalpies of activation are low. AH= = 4 keal mol™. and the
entropies of activation are large negative AS* = =37 e
(Table 4). The addition step is facilitated by the simultaneous
hydrogen bonding (low AH=) but the TS is constrained
(large negative ASY) in a cyclic structure.

Conclusion

The reactions of benzylamine additions to benzylidene
Meldrum's acids (BMA) are unusually fast in acetonitrile.
which can be ascribed to the abnormally high acidity of the
Meldnun's acid. The reactions proceed by simultancous
addition of amine and proton to the vinylic double bond with
hydrogen bonded cyclic transition state. Relatively low Sy
Px and Py values are interpreted to indicate an early transi-
tion state. The normal kinetic isotope effects (Au/kp =1.3-
1.7) involving deuterated benzylamine necleophiles. a
modest size of the negative cross-interaction constant. Py =
-033. and activation parameters support the proposed
mechanism.

Experimental Section

Materials. Merck GR acetonitrile was used after three
distillations. The benzylamine nucleophiles. Aldrich GR.
were used after recrystallization. Toluene. Meldrmun's acid
and piperidine were Aldrich reagents.

Preparation of Benzylidene Meldrum's Acids. The
benzylidene Meldrum's acids were prepared by the literature
method of Schuster ef ¢/.'® A solution of Meldrum's acid (3
mmol) and benzaldehyde (3 mmol) in toluene was treated
with a few drops of piperidine and refluxed for 3 h. The
solution was cooled. some of the toluene was evaporated.
and the dark-colored solid was removed by filtration to
obtain (83%) crude material. This was recrystallized from
toluene. Melting points. IR and 'H and '*C NMR (400 MHz)
data were found to agree well with the literature values.'®

Kinetic Measurements. The reaction was followed spectro-
photometrically by monitoring the decrease in the concent-
ration of benzylidene Meldrum's acids. [BMA]. at Ama. of the
substrate to over 80% completion. The reaction was studied
under pseudo-first-order condition. [BMA] = 6.0x 107 M
and [BnA] =~107 M at 20.0 £ 0.1 °C. The pseudo first-order
rate constant, Ao, was determined from the slope of the plot
(> 0.993) of In [BMA] vs time. Second-order rate constants.
k=~ were obtained from the slope of a plot (+ > 0.995) of Aobea
v [BnA] with more than five concentrations of benzy lamine
and were reproducible to within = 3%.

Product Analysis. The analvsis of final products was
difficult due fo partial decomposition during product separation
and purification. We therefore analyzed the addition reaction
of p-MeOCsH4CH-NH- to p-CICsH4CH = C(COO)-C(CH3)z
by “C NMR (400 MHz) at appropriate intervals under exactly
the same reaction conditions as the kinetic measurement in
CD;CN at 30.0 °C. Initially we found a peak for CH in the
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reactant. p-CICsH.CH = C(COQ)-C(CHa)-. at 7.62 ppm. which
was gradually reduced. and two new peaks for CH-CH in the
product. p-CICsHai(p-MeOCsH,CH-NH)CH-CH(CQO)--
C(CHa3)-. grew at 3.93 and 4.69 ppm as the reaction proceed-
ed. No other peaks or complications were found during the
reaction except the 3 peak height changes indicating that the
reaction proceeds with no other side reactions.
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