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The kinetics of the addition of X-substituted benzylamines (BA) to Y-substituted Benzylideneacetylacetones
(BAA) have been investigated in acetonitrile at 280 The reaction is studied under pseudo-first-order
conditions by keeping a large excess of BA over BAA. The addition of BA to BAA occurs in a single step in
which the addition of BA to g£of BAA and proton transfer from BA tog®f BAA take place concurrently

with a four-membered cyclic transition state structure. The magnitude of the Haphatiq Bronsted(x)
coefficients are rather small suggesting an early tansition state (TS). The sign and magnitude of the cross-
interaction constanpxy (= -0.49), is comparatible to those found in the normal bond formation processes in
the S2 and addition reactions. The normal kinetic isotope effaity> 1.0) and relatively lowhH* and large
negativeAS” values are also consistent with the mechanism proposed.

Key Words : Nucleophilic addition reaction, Single-step process, Cross-interaction constant, Kinetic isotope
effect, Four-center cyclic transition state

Introduction log(kxy/KkiH) = PxOx + Py Oy + Pxy Ox Oy (3a)
Pxy = dpz/dO'y = dpy/dO'z (3b)
Nucleophilic addition of amines (XRNJ to activated

olefins (YGH4CH=CZZ) is known to proceed in acetonitrile in eq. 4. Theoxy has been shown to have a negative sign in
by concerted formation of the,@N and G-H bonds in a  addition processes,g, bond formation in the\2 reactions
single-step process leading to a neutral prddect 1). This  and in the addition of amines to an olefin with -0.6 to
is, however, quite in contrast to the mechanism in aqueou.83
solution, which occurs through a zwitterionic intermediate,

(eq. 2), with imbalanced transition states (TSs) in which theXCeHsCHaNH, +YCgH,CH=C(COCHz)z —> Zst

25> YCoH4CHCH(COCHs), @)

NHCH,CgHsX

H k H
QC=CZZ' + RyNH = QC—CHZZ’
y Y W, (1) Results and Discussion

K, 0oz N . .
Qg 077 + RoNH == Q?_C/ Products (2) The reactions investigated in the present work obeyed a
Y 7y .

iR \z simple kinetic law given by egs. (5) and (6) weHeris the
Tt z second-order rate constant for the benzylamine (BA)
addition to substrate (BAA).
development of resonance into the activating group (Z, Z") i _
lags behind charge transfer or bond formatidine rates of d[BAQ]/citk;[léO:]{BAA] ((2;
bs=

amine additions in acetonitrile are in general much slower
than in aqueous solution. The mechanistic difference found No catalysis by a second benzylamine molecule was
between amine additions to the activated olefins in aqueoudetected, which is similar to the benzylamine additions to
and acetonitrile solutions has been attributed to wealbenzylidenemalononitrile (BMNY but in contrast with the
solvation by MeCN to stabilize the carbanion in the putativebenzylamine catalysis found in additions Zaitrostyrene
intermediate (), and hydrogen bonding to negative charge(NS)!2 Plot of ke,s against [BA] were linear with ea. 10-
localized on G in the TS due partly to the well known fold increase in [BA]. Th&, values obtained from the slopes
“‘imbalance”, which causes a lag in charge delocalizatiorof these plots are summarized in Table 1. The Hammett
into the activating groups (Z, Z') behind C-N bond for- and py and the Bronsteg@x values are also shown in the
mation? table together with the cross-interaction constapt[eq.
Another point of interest is the sign and magnitude of thg3)]. Comparison of the rates with those in aqueous sofution
cross-interaction constantyy in eq. 3 where X an Y are  shows that the rate constant in acetonitrile are lower by more
substituents in the nucleophile, benzylamine (BA), and inthan 16-fold as we found for other substratesy, BMN*®
the substrate, benzylideneacetylacetone (BAA), respectivelgnd 2-benzylidene-1,3-dione(BIf) for BAA, the rate
constant for addition step is 0.82 with piperidine in 50%
"Corresponding Author. e-mail: ohkeun@moak.chonbuk.ac.kr, Me;SO-50% water at 2C** and 4.61x 10 with BA in
Fax: +82-63-270-3416 acetonitrile at 28C. We have collected reactivity parameters
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Table 1. The Second Order Rate Constamisx 10* (M~'s™?) for the Addition Reactions of X-Benzylamines to Y-Benzylideneacetyl-
acetones in Acetonitrile at 25°C

Y
X fya
p-Me H p-Cl p-Br
p-OMe 4.09 6.24 11.9 13.1 1.23 £0.07
2.9P 9.11
2.06 6.26
p-Me 3.72 5.60 10.2 11.6 1.18 £0.08
H 3.09 4.61 8.23 8.71 1.10 £0.04
p-Cl 2.63 3.79 6.17 6.61 0.97 £0.04
m-Cl 2.28 3.13 5.13 5.38 0.92 £0.04
1.56 3.77
1.05 2.63
X ad -0.39 £ 0.02 -0.46 + 0.02 -0.56 + 0.01 -0.60 = 0.02 poxv®
B 0.38 £ 0.02 0.44 £ 0.02 0.55+0.01 0.59 +£0.03 =-0.49 £0.09

aThe values were taken from reference 6. Correlation coefficients were better than 0.995 in &AicaSe3’C. °At 5.0 °C. “Correlation coefficients
were better than 0.997 in all cas&orrelation coefficient was 0.998 he [Ka values were taken from Fischer, A.; Galloway, W. J.; Vaughah, J.
Chem. Sacl964 3588. Ko = 9.67 was used for X p=CHzO (reference 10). Correlation coefficients were better than 0.996 in all cases.

Table 2. Comparisons of Reactivity Parameter for the Addition ReactiogtYX@H=CZZ'+XGH4CH.NH,, in Acetonitrile at 25.0C

Entry zZ ke2/Mst log ko px ¢ ove Pxy ¢ so® So°f
1 (BMN)® CN, CN 1.48 4.94 -1.62 -0.55 -0.31 1.32 2.00
2(BID)" (COYCeHa 1.48 4.20 -1.10 0.41 -0.33 0.83 2.08
3 (BAA)' COCH;, COCHs 4.61x 1072 0.30 -0.46 1.10 -0.49 1.00 1.68
4 (NS) NOz, H 2.63% 107 2.55 1.22 1.73 -0.40 0.78 1.27
5 (NSBY NOz, CsHs 2.69% 102 1.42 -0.82 1.27 -0.52 0.77 127
6 (CNSY CN,p-NO:CeHa  1.26x10°(30°C)  =3.35 -1.15 1.10 -0.67 0.92 1.00

3For X=Y=H at 25.0°C unless otherwise noted in parenthesEstrapolated valu€ntrinsic rate constantgy, for carbanion forming reactionk (n

eq. 2)in 50% DMS0-50% HO at 20.0°C with amineg® °For Y=H and X=H, respectivel§fCorrelation coefficients are better than 0.997 in all cases.
®Normal Hammett substituent constanti)( ‘Exalted substituent constaniop() for direct conjugation with anionic functional cerfter.
9Benzylidenemalononitrilé® "Benzylidene-1,3-indandiorté! This work |3-Nitrostyrene? ¥3-Nitrostilbene angB-cyanof-4-nitrostilbené®'The value

of Ph group is exceptéd™he value op-NOzPh group is exceptéd.

for various activating groups, Z, Z', in Table 2. An essentialto some extent depending on the Z, Z' grauipsus the ease
difference between the reactivity in aqueous solutionkf)g  of the initial attack by amine on,Cand hence the polar
and that acetonitrile solution is that the former increases witlelectron-withdrawing effect of Z, Z' is the rate determing
the (polar) electron-withdrawing power (normal substitutentfactor for the reaction in aqueous solution as evidenced by
constanto) of the activating groups. Z, Z' (8th column in the rate sequence of the intrinsic rate constant Xathn
Table 2), whereas the latter depends on the throughable 2. In contrast, however, the same reactions in a dipolar
conjugative electron-withdrawing strength ) of the Z, Z'  aprotic solvent, acetonitrile, proceed in a single step by
groups. concurrent formation of N---£and H---G bonds to a

In general, the rates in aqueous solution are dependent saturated productin this concerted addition in acetonitrile
the polar electron-withdrawing effect)( of Z, Z', while  there is no transition state (TS) imbalance due to the lag in
those in acetonitrile are determined by the direct resonandde negative charge delocalization within the Z, Z' groups,
electron-withdrawing strength of the activating groups,(  and the direct resonance, or toward the Z, Z' groups is the
Z,Z'. This difference is of course originated by the most important TS stabilization which determined the
difference in the amine addition mechanism in the tworeactivity. Thus for the reactions in acetonitrile the reactivity
different media. It has been well established that the amindepends primarily on the resonance electron withdrawing
addition reactions of activated olefins in agueous solutioreffect of the Z, Z' groups. Table 2 shows that the rate for
proceed by the initial rate-limiting addition of the amine to BAA is slower than that for NS, NCB and BID which
form a zwitterionic intermediate,*T which is deprotonated indicate that the polar electron-withdrawing effect of
to an anionic intermediate (Yin a later fast step and then COCH; group ¢, = 0.50) is not fully operative. The
on a longer time scale Teventually decomposédn the  magnitudes opx (= -0.39 ~ -0.60) angy (= 0.38-0.59) are
rate-limiting addition stepk, the positive charge on,Gs somewhat smaller than those corresponding values of the
important, which is determined by the electron-withdrawingother series (BMN, BID, NS, NSB and CNS). This is an
polar effect of Z, Z'. The development of negative charge onndication of a smaller degree of bond formation in the TS.
Z, Z' lags behind bond making of the N--8ond in water The py values are relatively large so that charge transfer
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Table 3. Kinetic Isotope Effects on the Second-Order RateTable 4. Activation Parametetsfor the Addition of X-Benzyl-
Constants for the Addition of Deuterated X-Benzylaminesamines to Y-Benzylideneacetylacetones in Acetonitrile
(XCeH4CH:ND>) to Y-Benzylideneacetyl-acetones in Acetonitrile

at 25.0°C X Y AH7/kcal mo*  -AS¥/cal mol'K™
X Y ke x 1M kox 1IMTIST kalko pOMe — pMe >1 38
p-OMe p-Br 55 35
p-OMe p-Me  4.09(x0.05) 2.09(+0.02) 1.95+0.03 mcl p-Me 5.8 37
p-gMe I-(I: | 6.2;1((1 g.og)) 3.85;3(@ g.(());s)) 1.7;1 + 8.323 mCl 0-Br 5.3 37
pOMe p- 11.9(x 0.1 7.82( 0. 1.52+0. _ _ _
dCalculated by the Eyring equation. The maximum errors calculated (by
p-OMe  pBr  13.1(x0.15) 9.77(xt0.10) 1.34%0.02 1o method of Wiber’é are +0.9 kcal mol and +3 e.u. foAH* andAS’,
p-Cl p-Me 2.63(x0.03) 1.31(x0.01) 2.01+0.03 respectively.
p-Cl H 3.79(x0.03) 2.04(x0.01) 1.85+0.02
pCl  pCl  6.17(+0.08) 3.83(x0.04) 1.61+0.03 o .
p-Cl pBr  6.61(+0.09) 4.55(0.06) 1.45+0.03 donorY @oy < 0), which is exactly opposite to the trends

found for NS, BMN, BID and CNS, for which tHe/ko
value decreases with an electron-acceptor X and an electron-
donor Y2 This opposite trend may also be due to the looser
from the benzylamine nucleophile to the vinylic carbon inTS with a lower degree of bond-making. In such a case, the
the TS may be large. greater negative charge org with an electron-donor Y)

The cross-interaction constantsgy in eq. 3, are all and the greater acidity of NH proton (with an electron-
negative for the these series (Table 3). This shows that thecceptor X) are important for the hydrogen bond bridge
cross-interaction constantpxy, in the bond formation formation. This is in contrast to the tightly formed-i&
process is always negativérrespective of whether the bond for the NS, BMN, NSB and CNC for which théko
reaction center, & becomes more negative or positive in the depends on the extent of bond-makiing, a greater degree
TS, in agreement with the negatipgy values observed in of bond-making by an electron-donor X and an electron-
the associativedy > 0) as well as in the dissociativa < 0) acceptor Y leads to a stronger hydrogen bond (lasg/ks)
S\2 processes.The size ofpxy for BAA has again an  which varies more sensitively with substituents X and Y. The
intermediate value, but is well within the range of the overall size of thé&u/ko values ranging 1.3-2.0 are smaller
values found for @& processesoky = -0.6 ~-0.8) provided than those of the corresponding values for the substrates
the fall-off factor ofca. 0.47for an intervening Ckigroup  with weaker electron acceptor Z.Z' exhibiting slower
in the benzylamine is accounted fag [0.42. addition ratege.g for entries 5 and 6 in Table 2 tke'ko

The kinetic isotope effectsq/kp (Table 3), involving  values are larger ranging 2.2-3%.This is in line with the
deuterated benzylamine nucleopHil€$CsH4sCH.ND,) are  greater degree of bond formation in the TS for those
greater than unitku/kp = 1.3-2.0, suggesting a possibility of substrates (in NSB and CNS) with large magnitude of the
forming hydrogen-bonded four-center type TS,as has cross-interaction constangsy = -052 ~ -0.67.
often been proposed for similar reactiéh3he Hydrogen The activation parameterspH* and AS?, for the
bonding of N-H proton toward a carbonyl oxygdln) (nay = benzylamine additions to BAA in Table 4 are quite similar
those for the reactions of BMN and BID with léw{* and

aStandard deviations.

?,’ (“3 large negativeAS” values. These are consistent with the
Hg- «C—CHa Hg- ~C—CHs concurrent bond formation of NaGind H-G in the TS,|.
YCeHa :*QQC_CH YCoHa C; :Q\C—CH Since exclusion repulsion energy in the N{4ond making
s ot 3 s N 3 . . .
-1 8 Hl'\E..H5+ tl)5 is partially offset by the bond energy of the bond formation
¢H H, and also by the proton transfer from N tg i€ the H-G
2 2 . . . .
é bond formation, the barrier to bond formation is normally
gHaX sHaX

low showing little variation with substituents X and Y. This
is because the higher barrier for a weaker nucleopfule>

0) is partially offset by a stronger acidity of the N-H proton
be a possibility, but involves a too long hydrogen-bond sincen the hydrogen bond formation. The large negative entropy
the lone pair on N of benzylamine approaches almosbf activation (-35 ~ -38 eu) is consistent with a four-centered
vertically from above (or below) the molecular plane of constrained TS structure,

BAA to the G,-Cg rebond. The relatively smaller values of

In summary, the addition of benzylamine (BA) to benzyl-

ka/ko (1.34-2.01) than those corresponding values for thedeneacetylacetone (BAA) take place in a single step in

reactions of NS Ky/ko 0 2.30-3.08), BMN Kq/kp [0 2.25-
2.71), NSB kn/kp 02.42-2.71) and CNS{/kp 02.15-2.61)

which the G-N bond formation and proton transfer tg &
BAA occur concurrently with a four-membered cyclic TS

could be due to the lower degree of bond formation (smallestructure,l. The reaction center carbong,@ecomes more

magnitude ofpx and Bx) in the TS for BAA. Another
interesting result is that the/kp value for BAA increases
with an electron-acceptor X0¢x > 0) and with an electron-

negative py > 0) on going from the reactant to TS, but the
negative charge development is weaker than that for the
reactions of NS. The structure-reactivity behavidss gy,
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Bx, and py) are intermediate between the two series ofration and purification. We therefore analysed the reaction
addition reactions of BA to BMN and BID and to NS, NSB mixture by NMR (JEOL 400 MHz) at appropriate intervals
and CNS in acetonitrile. The sign and magnitude of theunder exactly the same reaction conditions as the kinetic
cross-interaction constaigyy, is comparable to those for the measurement in GIGN at 25.0°C. Initially we found a peak
normal bond formation processes in the &nd addition for CH in the reactantp-CICsHsCH=C(COCH), at 7.65
reactions. The normal kinetic isotope effedtglko (>1), ppm, which was gradually reduced, and a new two peaks for
involving deuterated benzylamine nucleophiles {M£CH,- CH-CH in the productp-CICeH4(MeOCH4CHNH)CH-
ND), are somewhat smaller than those corresponding valu€sH(COCH;),, grew at 4.67 and 5.58 ppm as the reaction
for the reactions of NSB and CNS due to the smaller exterpproceed. No other peaks or complecatons were found during
of bond formation in the TS. The relatively ladH* and  the reaction except the 3 peak heights change indicating that
large negativeAS” values are also consistent with the the reaction proceeds with no other side reactions.
mechanism proposed.
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