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ABSTRACT: The methanolysis and ethanolysis of the Ni(Il), Zn(Il), and Cu(II) complexes of N,N-bis(2-picolyl)-p-
nitrobenzamide (1) and N,N-bis((1H-benzimidazol-2-yl)methyl)-p-nitrobenzamide (2) were studied under pH-controlled
conditions at 25 °C. Details of the mechanism were obtained from plots of the kg, values for the reaction under pseudo-first-
order conditions as a function of [M?**]. Such plots give saturation kinetics for the Cu(II)-promoted reactions of 1 and 2 in both
solvents, the Zn(II)-promoted reaction of 1 in methanol, and the Zn(II)- and Ni(II)-promoted reactions of 2 in methanol and
ethanol. Logs of the maximal observed rate constants obtained from the latter plots, (kii=), when plotted versus {pH, are curved
downward only for the Cu(Il) complexes of 1 and 2 in both solvents and the Zn(II) complex of 1 in methanol. Despite
differences in the metal-binding abilities and pK, values for formation of the active form, there is a common reaction mechanism,
with the active form being 1:M(II):("OR) and 2:M(II):("OR), where M(II):("OR) is the metal-bound alkoxide. The

acceleration provided by the metal ion is substantial, being 10"*—10" relative to the

alcoholysis of the uncomplexed amide.

1.0. INTRODUCTION

The ways by which metal ions promote acyl and phosphoryl
transfer reactions include: (a) Lewis acid activation of the
substrate; (b) intramolecular delivery of a metal-coordinated
lyoxide nucleophile to an activated C=X or P==X unit, where
X =0 or S; (c) electrostatic stabilization of the transforming
activated complex; and (d) electrophilic assistance of the
departure of the leaving group (leaving group assistance,
LGA)." ™ The latter role is particularly important for substrates
having poor leaving groups with high pK, values for their
conjugate acids such as amides and phosphate- or carboxylate-
esters with scissile alkoxy groups. The catalytic cleavage of
amides promoted by small molecules presents a stringent
challenge due to the amide’s inherent resonance stability, which
retards nucleophilic addition to the C=O unit, and to poor
leaving group ability of the amide anion, which hinders the
breakdown of the tetrahedral addition intermediates.* The
latter case typifies departure of a poor leaving group that is
facilitated by protonation or coordination to a metal ion prior
to, or concurrent with, its departure.

The catalytic mechanisms of several peptidase enzymes that
employ transition metal jons in their active sites have been
discussed in the above terms.>® Nature uses Ni(II) ions in the
enzyme urease to cleave urea’ and Zn(II) ions in metal-
lopeptidases like thermolysin and carboxypeptidase® to cleave
amide bonds in peptides. Considering how effective the metal
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ky>Me value for the alkoxide-promoted

ions in these metallo-enzymes are, it is surprising that there are
only a few small molecule systems capable of cleaving
carboxamides’ "' unless the amide leaving group is activated
in some way. Such modes of activation include the release of
strain or internal stabilization of the departing amide via
resonance, which facilitates departure from the tetrahedral
addition intermediates, thus obviating the need for stabilization
through LGA.

Metal jon-promoted LGA seems to be an extremely effective
but not-often-observed phenomenon in small molecule
examples unless there is some special structural character that
renders metal ion coordination to the amidic N possible. An
interesting example first described by Houghton and Puttner,"”
and subsequently by the groups of Alsfasser'>'* and
Bannwarth,'> concerned the Cu(II)-promoted methanolysis
of N-acyl derivatives of N,N-bis(2-picolyl)amine. We have
reported detailed kinetic studies of the latter process'®'” with
*pH control in methanol,'® and show that the reaction elicits a
trifunctional role for the Cu(II) that involves its pre-equilibrium
coordination to, or close to, the amidic N, subsequent
intramolecular attack of a Cu(II)-coordinated methoxide on
the C=0, and Cu(II)-assisted C—N cleavage. The catalytically
active form of the Cu(I):bis(2-picolyl)acetamide complex
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involves a substrate-coordinated Cu(II):(TOCH,) formed by
acid dissociation of the Cu(Il):(HOCH,;), which has a {pK, of
<6.5 in methanol. The catalytic effect of the Cu(II) ion in this
solvolysis is quantified to be at least 10'® times faster than the
rate constant for methoxide attack on N,N-bis(2-picolyl)-p-
nitrobenzamide (1)."” This suggests that, under optimized
conditions, man-made catalysts employing metal ion-promoted
LGA might rival the rates for peptide (amide) cleavage
achievable by enzymes.

The previous studies on the metal ion
methanolysis of N,N-bis(2-picolyl)-carboxamides
performed mostly with Cu(II) salts, but a recent report
discloses that other metal salts, including FeCl;, NiCl,,
Fe(OTf);, AgOTf, and Zn(OTf), facilitate the cleavage of
N,N-bis(2-picolyl)amides in methanol. These experiments were
not ;pH controlled, making it difficult to ascertain the relative
reactivity of each metal ion under conditions where their
speciation was unknown. The importance of the M(II)- or
M(IIT)-methoxides for catalytic efficacy in these metal ion-
promoted cleavage reactions prompted us to undertake a more
detailed kinetic study of the solvolytic cleavage of N,N-bis(2-
picolyl)-p-nitrobenzamide (1) in methanol and ethanol
promoted by Ni(II), Zn(II), and Cu(II) under {pH-controlled
conditions. In addition, we have completed an analogous study
of the metal ion-promoted cleavage of N,N-bis((1H-benzimi-
dazol-2-yl)methyl)-p-nitrobenzamide (2) where the amine
ligand is readily available from an easily scalable, one-step
reaction.'”
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2.0. EXPERIMENTAL SECTION

2.1. Materials. Methanol (99.8%, anhydrous) and acetonitrile
(99.8%, anhydrous) were purchased from EMD Chemicals. Absolute
ethanol (anhydrous, degassed, stored under argon, and freshly
dispensed for kinetic experiments) was purchased from Commercial
Alcohols (GreenField Ethanol Inc.). Acetone (99.5%) was purchased
from ACP Chemicals. Trifluoromethanesulfonic acid (HOTf, >99%),
1,2-phenylenediamine (99.5%), p-nitrobenzoyl chloride (98%), 2-
bromo-6-methylpyridine (98%), 2-picoline (98%), 2,6-lutidine
(=99%), N-ethylmorpholine (99%), N-methylpiperidine (99%), zinc
trifluoromethanesulfonate (98%), and sodium ethoxide (21 wt % in
denatured ethanol) were purchased from Aldrich, and 2-methoxy-6-
methylpyridine (98%) was purchased from AK Scientific. 2,4,6-
Collidine (98%) was purchased from BDH Laboratory Reagents.
Iminodiacetic acid (98%) was purchased from Alfa Aesar. Potassium
carbonate (99%), ethylene glycol (>99%), and sodium methoxide (0.5
M solution in methanol) were purchased from Sigma-Aldrich.
Copper(I) trifltuoromethanesulfonate (98%) was obtained from TCI
America Laboratory Chemicals. Nickel(II) perchlorate hexahydrate
(reagent grade) was purchased from GFS Chemicals.

2.2. General Methods. "H NMR spectra were determined at 400
MHz and C NMR spectra at 100.58 MHz. High-resolution mass
spectra (HRMS) were determined by electron impact time of flight
(EI-TOF). All CH;0H," and CH;CH,0OH," concentrations were
determined potentiometrically using a combination glass Fisher
Scientific Accumet electrode (model no. 13-620-292) calibrated with
certified standard aqueous buffers (pH 4.00 and 10.00) as described
previously.”® The $pH values in methanol were determined by
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subtracting a correction constant of —2.24'® from the electrode
readings, and the autoprotolysis constant for methanol was taken to be
107'677 M?. The $pH values in ethanol were determined by subtracting
a correction constant of —2.54'% from the electrode readings, and the
autoprotolysis constant for ethanol was taken to be 107! M2 The
«PH values for the kinetic experiments were measured at the end of the
reactions to avoid the effect of KCI leaching from the electrode.

2.3. Synthesis. N,N-bis(2-picolyl)-p-nitrobenzamide (1).”” This
was synthesized and characterized as previously reported. N,N-
bis((1H-benzimidazol-2-yl)methyl)-p-nitrobenzamide (2) was pre-
pared by acylation with p-nitrobenzoyl chloride, modeled on that for
the acylation by acetyl chloride.”’ In a 50-mL round-bottom flask,
N,N-bis((1H-benzimidazol-2-yl)methyl)amine (573.3 mg, 2.067
mmol) was dissolved in acetone (1S mL) by stirring for 10 min.
Excess potassium carbonate was added, and the mixture was stirred for
an additional 10 min at RT and then placed in an ice—water bath. In a
separate vial, p-nitrobenzoyl chloride (728.3 mg, 3.924 mmol) was
dissolved in acetone (S mL), cooled in an ice—water bath, and then
added dropwise to the reaction mixture. The solution was left to stir
and warm to RT overnight. The resulting orange solid was vacuum-
filtered and dried under vacuum. Column chromatographic separation
was carried out using a medium pressure liquid chromatography
(MPLC) apparatus (silica stationary phase, EtOAc/MeOH mobile
phase). The product was obtained as a yellow solid in 65.8% yield
(580.0 mg, 1.360 mmol).

HRMS (EI-TOF): calculated for C,;H,{N4O; 426.1440 amu, found
426.1457 amu. '"H NMR (400 MHz, CD;0D, 25 °C) & 7.98 (m, 2H;
APPeY) 763 (m, 2H; BPR) 7,52 (m, 4H; APeramidazobly 1798 (bm,
4H; Bbenimiduobl) g 06 (bs, 2H), 4.85 (bs, 2H). 3C NMR (100.58
MHz, CD,0D, 25 °C) & 172.5, [152.0, 151.7], 150.0, 1422, 139.6
(br), 129.3, 124.8, [124.0, 123.9], 116.0 (br), [49.5 (br), 46.0 (br)]
(square brackets are used to designate pairs of C signals that are
related by rotation). Both 'H and *C NMR spectra can be found in
Supporting Information (Figures 1S—5S). Ultraviolet—visible (UV—
vis) absorbance spectrum in anhydrous methanol: &,,, .., = (26.3 +
0.3) X 10 M em™, € om = (247 + 0.3) X 10> M~ cm™". Melting
point: 202.8 °C (dec).

2.4. General UV-vis Kinetics. All kinetic experiments were
conducted using a UV—vis spectrophotometer with the cell compart-
ment thermostatted at 25.0 + 0.1 °C. The reactions were conducted in
the presence of buffers composed of various ratios of amine (2-
methoxy-6-methylpyridine pHM" = 50, pHEH = 42-45; 2-
picoline spHM®H = §.3-6.6, SpHF'OH = 5.0—6.5; 2,6-lutidine SpHFOH =
5.9-6.8; 2,4,6-collidine pH" = 7.0-8.0, pH*H = 7.0-7.9; N-
ethylmorpholine pHY*" = 8.5-9.2; N-methylpiperidine {pHM" =
9.8—10.5) and HOTT to maintain the {pH in methanol or ethanol. The
upper limits on jpH were determined by the {pK, values for the acid
dissociation of the alcohol solvates of Ni(II), Zn(II), and Cu(Il) in
methanol and ethanol (from their potentiometric titration profiles*)
to avoid oligomerization of metal ion alkoxides. A typical kinetic
experiment for the alcoholysis of 1 involved preparation of an alcohol
solution containing buffer (10 mM), 1 (0.05 mM or 0.5 mM), and M**
(0.1-4.0 mM as the perchlorate or triflate) in a 1 cm path length
quartz cuvette. The reaction was initiated by the addition of an aliquot
of the M** stock solution to the buffered solution containing 1 to
achieve the desired concentrations of the reaction components at a
final volume of 2.5 mL. A typical kinetic experiment for the alcoholysis
of 2 involved preparation of an alcohol solution containing buffer (2
mM), 2 (0.02 mM), and M** (0.02—0.2 mM as the perchlorate or
triflate) in a 1 cm path length quartz cuvette. The reaction was
initiated by the addition of an aliquot of the M** stock solution to the
buffered solution containing 2 to achieve the desired concentrations of
the reaction components at a final volume of 2.5 mL. Experiments
were performed in duplicate, and the abs versus time traces for the
disappearance of the starting complex were fit with a standard first-
order exponential equation to a minimum of $ half-life times to obtain
the kg, values.

The analogous Ni**, Cu®, and Zn®>* catalyzed methanolyses and
ethanolyses of 1 or 2 were conducted under ;pH-controlled conditions
using various buffers, and were monitored by observing, with UV—vis

dx.doi.org/10.1021/ic4028755 | Inorg. Chem. 2014, 53, 2211-2221



Inorganic Chemistry

spectrophotometry at 25.0 °C, the rate of loss of complex or formation
of M(II)-coordinated amine at various wavelengths. The details for
each metal ion and complex are described in Supporting Information.

2.5. Product Analyses. The methanolysis and ethanolysis of
M(II):1 and M(II):2 (M(II) Ni(Il), Zn(II), Cu(II)) were
conducted at higher concentration in ROH (R = CH; CH,;CH,),
where [M**] = 4 mM, [1 or 2] = 2 mM, [NaOR] = 2 mM. After
completion of the reaction (assessed by UV—vis spectroscopy), the
solvent was rotary-evaporated, and the residue was dissolved in
CD,0D, after which the 'H NMR spectrum (400 MHz) was collected.
In the cases of Ni(II) and Cu(II), the only observable product was the
corresponding methyl or ethyl benzoate. The Ni(II) or Cu(II)
complex of N,N-bis(2-picolyl)amine or N,N-bis((1H-benzimidazol-2-
yl)methyl)amine was not observed by 'H NMR due to Ni(II)- or
Cu(II)-induced paramagnetic broadening. In the case of Zn(II), sharp
signals corresponding to the methyl or ethyl benzoate were observed
as well as broadened signals corresponding to the Zn(II) complex of
N,N-bis(2-picolyl)amine or N,N-bis((1H-benzimidazol-2-yl)methyl)-
amine.

3.0. RESULTS

3.1. M(ll)-Promoted Methanolysis of 1. 3.1.1. Kinetics of
the Ni(ll)-Promoted Methanolysis of 1. The Ni(II)-promoted
methanolysis of § X 107> M 1 was studied from 7.2 < pH <
10.5 under buffered conditions in the presence of variable but
excess [Ni(ClO,),]. The effect of buffer inhibition was assessed
at each {pH by monitoring the [M?*]-dependence at two
concentrations (10 mM and 20 mM) of buffer; in all cases the
two [M?*]-dependent second-order rate constants were either
very close to or within experimental error. As the effect of
buffer was found to be insignificant, only the data at 10 mM
buffer are reported. The upper limit on the ;pH range was
limited by the {pK, for the acid dissociation of the solvated
metal in methanol (Ni(Il);:(HOCH;) + HOCH; = Ni(Il),:
(TOCH;) + H,0'CH; (pK, = 11.24)**) to maintain the
speciation of Ni(II) reasonably constant in its neutral solvated
form. Saturation binding of Ni(II) with 1 was not observed, as
evidenced by linear dependencies of the k,, values on [Ni**] at
each {pH over the range of 0 < [Ni(ClO,),] < 40 mM; a
representative example is shown in Figure 1.
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Figure 1. Plot of k., for the cleavage of 5 X 107> M 1 vs [Ni(ClO,),]
buffered at pH 8.5 (10 mM N-ethylmorpholine, 5 mM HOTY) in
anhydrous methanol at 25 °C. The data are fitted to a linear regression
computing k, = (0.301 + 0.003) M~" s

The lack of saturation kinetics for the decomposition of 1
with increasing [Ni*] signifies that the metal ion is far from
being completely bound under the experimental conditions, a
conclusion supported by '"H NMR experiments where the
addition of 1 equiv of Ni(ClO,), resulted in only a small
perturbation of the "H NMR spectrum of 1. The second-order
rate constants (k,) for the metal-ion promoted reactions are
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given as the gradients of the kg, versus [Ni(ClO,),] plots at
each :pH. Shown in Figure 6S (Supporting Information) is a
plot of log(k,) versus :pH, which is linear with a slope of 0.89 +
0.03, which is considered as experimental support that one
methoxide is involved in the transition state (TS) for the
reaction, probably by way of its being coordinated to the Ni(II).

3.1.2. Kinetics of the Zn(ll)-promoted methanolysis of 1.
The Zn(II)-promoted methanolysis of 1 was studied from 8.5
< ;pH < 10.0 under buffered conditions in the presence of
excess Zn(OTf),. Buffer dependence studies were conducted as
described above for Ni(II), and the effect of buffer was found to
be insignificant. As is the case of Ni(II)-promoted cleavage of 1,
the kp, values depend linearly on metal ion concentration, this
time over a narrower concentration range of 0—2 mM of
Zn(OTTf),. As has been confirmed by experiments with varying
concentrations of 1 at the higher {pH values, an observed
downward curvature of the concentration/rate profile at
[Zn(OTf),] > 2 mM is not due to saturation binding with 1,
but is rather due to dimerization or oligomerization of the
Zn(11):(TOCHj;) species. Given in Figure 7S (Supporting
Information) is a plot of log(k,) versus {pH, which is linear with
a slope of 0.97 + 0.0S.

3.1.3. Kinetics of the Cu(ll)-Promoted Methanolysis of 1.
Our previous study'” of the Cu(II)-promoted methanolysis of
1 was expanded to encompass a broader {pH range of 5.0—8.0
under buffered conditions in the presence of excess Cu(OTf),
(to ensure complete binding to 1). All ky, values were
corrected for inhibitory effects of buffer and excess Cu(OTf),,
and a plot of the log of the corrected rate constants (log(k$e))
versus ;pH is given in Figure 2. NLLSQ fitting of the data to eq
1 yielded a kinetic ;pK, value of 5.79 + 0.07 and a maximum
rate constant (k) of (5.7 + 0.4) X 1073 s7%,

kXK
log(kyp.) = log(M]
> K, + [H'] (1)
-2
[ ]
"_ll)
3
>
°
4 5 6 7 8 9
<PH

Figure 2. A plot of log(ky) vs $pH for the cleavage of 1:Cu(II) (0.5
mM each of Cu(II) and 1 and corrected for buffer and excess Cu*"
effects) in anhydrous methanol under buffered conditions at 25 °C.
The data are NLLSQ fit to eq 1 to give a kinetic {pK, of 5.79 + 0.07
and a maximum rate constant (k) of (5.7 + 0.4) X 1073 s7% /* =
0.9666.

3.2. M(ll)-Promoted Ethanolysis of 1. 3.2.1. Kinetics of
the Ni(ll)-Promoted Ethanolysis of 1. Although saturation
kinetics are not observed with Ni** or Zn>* in methanol, the
favored process for the reaction of other divalent metal ion
complexes should proceed via formation of the essential
intermediate, 1:M(I1):(TOCH,), with the metal ion bound to
the two pyridines and an alkoxide as in Scheme 1. Earlier
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Scheme 1. Proposed Reaction Scheme for the M(II)-
Promoted Solvolysis of 1 (R = Me, Et)
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studies®® have shown that a change in medium to one with a
lower dielectric constant, such as from methanol to ethanol (e,
= 31.5 and 24.3),>* greatly increases the binding of anionic
substrates and metal ion complexes, and a similar phenomenon
should exist with the binding of M** and 1.

The Ni(Il)-promoted ethanolysis of 5 X 107> M 1 was
studied from 5.9 < }pH < 7.9% under buffered conditions in
the presence of excess Ni(ClO,),. At all pH values in this range
the plots of kg, versus [Ni(ClO,),] exhibit a downward
curvature consistent with a saturation binding process; a
representative example is shown in Figure 3. NLLSQ fitting of
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Figure 3. Plot of k, for the cleavage of 5 X 107> M 1 vs [Ni(ClO,),]
buffered at pH 6.7 (10 mM 2,6-lutidine, S mM HOTTY) in anhydrous
ethanol at 25 °C. The data were fitted to a standard one-site binding
model to give K, = (360 = 30) M™" and k32 = (4.8 + 0.2) X 1073 s7%;
* = 0.9953.
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Figure 4. Plots of log(k}¥) (M) and log(k,) (O) for the Ni(II)-
promoted cleavage of 1 vs ;pH in anhydrous ethanol under buffered
conditions (10 mM amine, various concentrations of HOTTf) at 25 °C.
The lines through the data are generated from linear regressions to

provide slopes of 0.89 + 0.06 (* = 0.9864) and 0.93 + 0.09 (* =
0.9731), respectively.

3.2.2. Kinetics of the Zn(ll)-Promoted Ethanolysis of 1. The
Zn(II)-promoted ethanolysis of 5 X 107> M 1 was studied from
6.2 < ;pH < 7.2 under buffered conditions in the presence of
excess Zn(OTf),. Over this range the plots of k, versus
[Zn(OTf),] exhibit a slight downward curvature indicative of a
weak, yet quantifiable, binding between Zn(II) and 1. Fits of
the k., versus [Zn>*] data to a standard 1:1 binding expression
gave the binding constants (K,) and maximum rate constants
(K%2) for the decomposition of the metal bound complex at

each {pH. The plot of log(ki) versus jpH in Figure S has a

2.0+ --0.5
T .2.54 1.0 3
° 8
o -3.0 --1.5
2 =
S N
o -3.54 =20 <
-4.0 v ' v 25
5.5 6.0 6.5 7.0 7.5
S
.pH

Figure 5. Plots of log(k%2) (M) and log(k,) (O) for the Zn(II)-
promoted cleavage of S X 107> M 1 vs {pH in anhydrous ethanol
under buffered conditions (10 mM amine, various concentrations of
HOTY) at 25 °C. The lines through the data are generated from linear
regressions to provide slopes of 1.19 + 0.07 (+* = 0.9890) and 0.96 +
0.07 (* = 0.9833), respectively.

the data to a standard one-site binding model gives the metal
binding constant (K;,) and maximal observed rate constant
(k52) at each pH. Additional kinetic experiments using
increasing concentrations of tetrabutylammonium perchlorate
(0—20 mM) demonstrated that there is no significant effect of
additional perchlorate anions on the rate of the reaction. The
linear plot of log(k}%) versus jpH shown in Figure 4 has a
slope of 0.89 + 0.06.

Considering the error limits and the fact that kgpe and K, are
heavily correlated, second-order rate constants for the metal
ion-catalyzed reaction at each pH (k,) were calculated as
k3%>K,. Figure 4 also presents a plot of log(k,) versus {pH that
exhibits a linear dependence on [TOCH,;] with a gradient of
0.93 + 0.09.
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slope of 1.19 + 0.07. Second-order rate constants for the
reaction of Zn(II)-promoted reaction of 1 at each pH were
calculated as the product of the kgt and K, values. The plot of
log(k,) versus pH (Figure S) gives a straight line with a
gradient of 0.96 + 0.07.

3.2.3. Kinetics of the Cu(ll)-Promoted Ethanolysis of 1. The
Cu(1I)-promoted ethanolysis of S X 107* M 1 was studied from
3.3 < pH < 7.6 under buffered conditions in the presence of
excess Cu(OTf), (to ensure complete binding to 1). All ki,
values were corrected for inhibitory buffer and excess
Cu(OTY{), effects, and the kijs was plotted in logarithmic
form as a function of {pH (Figure 13S, Supporting
Information). NLLSQ fits of these data to eq 1 yield a kinetic
pK, of 5.4 + 0.1 and 2 maximum rate constant (k,,,) of (9 +
1) X 1073 s7%,
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3.3. M(ll)-Promoted Methanolysis of 2. 3.3.1. Kinetics of
the Ni(ll)-Promoted Methanolysis of 2. The Ni(II)-promoted
methanolysis of 2 X 107> M 2 was studied from 7.2 < $pH <
10.2 in the presence of variable concentrations of excess
Ni(ClO,),. Unlike the Ni(Il)-catalyzed cleavage of 1 in
methanol, a plot of the k,, values for the cleavage of 2 versus
[Ni**] in ethanol exhibits saturation metal binding, which was
analyzed to give K;, and k% values. The linear plot of log(kfiy)
versus :pH shown in Figure 14S (Supporting Information) has
a slope of 094 + 0.02. Second-order rate constants were
calculated from the k%% and Kj, values and plotted as log(k,)
versus ;pH (Figure 15S Supporting Information), exhibiting a
linear dependence with a gradient of 0.98 + 0.0S.

3.3.2. Kinetics of the Zn(ll)-Promoted Methanolysis of 2.
The Zn(II)-promoted methanolysis of 2 X 107> M 2 was
studied from 7.0 < {pH < 9.2 in the presence of variable
concentrations of excess Zn(OTf),. The plots of the k,, values
for the cleavage of 2 versus [Zn**] in ethanol exhibit saturation
binding. NLLSQ fitting of the log(klx) and jpH data (Figure
6) gives a kinetic JpK, of 8.36 + 0.07 and a maximum rate

1.5+ -1
< 2.5 Lo =
" a
w -3.59 L1
2 =
o =N
=< o,
8 451 L2 <
-5.5 ' ' . 3
6.5 75 85 95 105
s
.pH

Figure 6. Plots of log(kix) (M) and log(k,) (O) for the Zn(II)-
promoted cleavage of 2 vs {pH in anhydrous methanol under buffered
conditions (10 mM amine, various concentrations of HOTY) at 25 °C.
The M data are NLLSQ fitted to eq 1 to give a kinetic jpK, of 8.36 +
0.07 and a maximum rate constant for the decomposition of the
2:Zn(I1):(TOCH,) complex (k) of (5.8 + 0.6) X 107 s7%; * =
0.9903. The linear regression fit of the (I data has a slope of 0.97 +
0.04; * = 0.9912.

constant (k) of (5.8 + 0.6) X 10™* s™'. Second-order rate
constants for the metal ion-catalyzed reaction were calculated
from the k5% and K, values and plotted in the form of log(k,)
as a function of jpH (Figure 6), exhibiting a linear dependence
with a gradient of 0.97 & 0.04. Of note in Figure 6 is the fact
that the log(k,) value is linear above the saturation {pH for the
kgge plot, suggesting that the binding of the metal ion is
strongest when it has an attached methoxide. >’

3.3.3. Kinetics of the Cu(ll)-Promoted Methanolysis of 2.
The Cu(II)-promoted methanolysis of 2 X 1075 M 2 was
studied from 4 < pH < 8.5 under buffered conditions. Cu(II)
is completely bound to 2 as evidenced by a maximum in the
kyps versus [Cu?*] plot at a 1:1 ratio of metal ion to substrate,
followed by a slight decrease in cleavage rate with increasing
[Cu(OTf),). Such a decrease in rate may be attributed to
inhibition by triflate ions or to minor changes in ionic strength.
The jpH-independent plateau region depicted in Figure 18§,
Supporting Information, arises from the decomposition of the
2:Cu(Il):("OMe) complex, the average of all k%= values being
(80 £ 0.8) x 107*s7L,

3.4. M(ll)-Promoted Ethanolysis of 2. 3.4.1. Kinetics of
the Ni(ll)-Promoted Ethanolysis of 2. The Ni(Il)-promoted
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ethanolysis of 2 X 107> M 2 was studied from 5.2 < pH < 8.7
under buffered conditions and in the presence of variable
concentrations of excess Ni(ClO,),. The kinetics also indicate
saturation binding with increasing [Ni**], which is analyzed to

give a ki value at each {pH. The linear plot of log(k3Z) versus
:PH shown in Figure 7 has a slope of 1.11 + 0.03. Second-order

0+ -3
- -1 F2
" 3
x" 5l B =
Em -2 1 ':'X
2 =
_g:’ -34 A -0 -
5 =
= -4 -1
'5 L) L) L] L) L] '2
5 6 7 8 9
S
.PH

Figure 7. Plots of log(k}>) (M) and log(k,) (O) for the Ni(II)-
promoted cleavage of 2 vs jpH in anhydrous ethanol under buffered
conditions (10 mM amine, various concentrations of HOTf) at 25 °C.
The lines through the data are generated from linear regressions to
provide slopes of 1.11 + 0.03 (¥ = 0.9967) and 1.05 + 0.09 (* =
0.9787), respectively.

rate constants were calculated from kg and K, values and
plotted in the form of log(k,) as a function of {pH (Figure 7),
exhibiting a linear dependence with a gradient of 1.05 + 0.09.”*

3.4.2. Kinetics of the Zn(ll)-Promoted Ethanolysis of 2. The
Zn(II)-promoted ethanolysis of 2 X 107> M 2 was studied from
59 < ¢pH < 7.5 in the presence of three concentrations of
excess Zn(OTI),. The kg, values for the cleavage of 2 exhibit a
saturation phenomenon with increasing [Zn*"]. The linear plot
of log (k%) versus pH shown in Figure 8 has a slope of 1.00 +

3+

-5

10g(kops ™, s7)

(-2

[« X
oo -

.pH

Figure 8. Plot of log(kli) for the Zn(II)-promoted cleavage of 2 vs
spH in anhydrous ethanol under buffered conditions (2 mM amine,
various concentrations of HOT) at 25 °C. The line through the data
is generated from a linear regression with a slope of 1.00 + 0.04; r* =

0.9914.

0.04. The second-order rate constants (k3) were not calculated
due to the large uncertainties in the binding constants (K,),
which stem from strong interactions between the metal ion and
the substrate.”” However, generally the kinetically determined
K, values are large, being in the range of 10°—10° M}, which
can only be determined with an appreciable error.

3.4.3. Kinetics of the Cu(ll)-Promoted Ethanolysis of 2. The
Cu(II)-promoted ethanolysis of 2 X 107> M 2 was studied over
a narrow range of 6.9 < ;pH < 7.7 under buffered conditions
where, at 1:1 concentrations, Cu(Il) is expected to be
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completely bound to 2 for the same reasons described for the
reaction in methanol. The plateau region depicted in Figure
22S, Supporting Information, represents the maximum rate
constant (k,,,) for the unimolecular decomposition of
2:Cu(I1):("OEt), the average value being (3.8 + 0.2) x 107*
sL

4.0. DISCUSSION

Previous studies examined the Cu(Il)-promoted solvolytic
cleavage of N,N-bis(2-picolyl)amides facilitated by its binding
to the amidic nitrogen. These provided evidence for the
mechanism shown in Scheme 1 in truncated form, which
involves metal ion complexation followed by formation of the
metal-bound alkoxide, which then acts as the nucleophile
toward the closely positioned C=O. Importantly, in a
subsequent step, the Cu(II) acts to assist the departure of the
leaving amide group.'®'” In those studies, the experimental and
computational data with p-nitro, H, and p-OCHj substituted
benzoyl derivatives supported a mechanism where a Cu(II) ion
is bound to the N,N-bis(2-picolyl)amide unit and positioned so
that it permits delivery of a metal-coordinated methoxide
nucleophile to the C=0 in the rate-limiting TS of the reaction.
This proceeds to a tetrahedral intermediate, occupying a
shallow minimum on the free-energy surface with the Cu(II)
coordinated to both the methoxide and amidic N. Breakdown
of the latter is virtually barrierless, involving a Cu(II)-assisted
departure of the bis(2-picolyl)amide anion and a loosening of
the Cu(II)-OCHj, bond. Given the shallowness of the potential
surface subsequent to formation of the tetrahedral intermediate,
the latter is considered to have an insufficient lifetime to exist,
so the overall process is termed enforced—concerted.>® While
we have not performed the required computations with all
metal ions, substrates, and solvents that form the subject matter
in the present study, the overall mechanism is likely similar to
rate limiting nucleophilic attack of the metal coordinated
alkoxide and subsequent fast, or barrierless, breakdown of an
unstable intermediate.

Bannwarth and co-workers'*" have reported a brief survey of
the potential of some other metal ions in a study of what were
termed “chelating carboxylic acid amides as robust relay
protecting groups of carboxylic acids.” The latter study
compared the effectiveness of several metal ion salts on the
cleavage of N,N-bis(2-picolyl)-p-iodobenzamide in methanol
containing a set amount of metal ion for 16 h at room
temperature. Because this study was a comparative assessment
of the utility of various metal ions under a common condition,
there was no determination of the relative constants for metal
binding to the substrates, nor was the ;pH measured and
controlled. Given that the recent mechanistic work'®'”
indicates the lyoxide form of the bound metal complex is
important for the Cu(II)-promoted cleavage, the speciation of
other analogous metal ion complexes may also be important. In
such cases, the complexes may only exhibit their maximal
activities when fully bound with metal ion methoxide and these
activities may well be far greater than what was reported to be
the case at the set condition.'*®

The observations in the present work indicate all the metal
ions are active and suggest that their various behaviors fall into
three subsets of a common mechanism encompassed by that
shown in Scheme 1. These are controlled by the values of the
substrate:M(II) binding constant, Ky, and the substrate:M(II):
(HOR) acid dissociation constant, K,, leading to formation of
the essential substrate:M(II):(TOR) complex. In a given case
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one can observe: (1) saturation binding of substrate with metal
ion, as well as a low pK, for formation of substrate:M(II):
(TOR) complex; (2) saturation of metal ion binding, but a high
enough }pK, for proton dissociation from the substrate:M(1I):
(HOR) complex that the reaction appears first order in (TOR)
throughout the {pH range investigated; and (3) no saturation of
metal binding to substrate, and an observed first order
dependence on the reaction rate on both [M**] and ["OR]
over the ;pH range investigated.

4.1. Ni(ll)- and Zn(ll)-Promoted Methanolysis of N,N-
Bis(2-picolyl)-p-nitrobenzamide (1). Neither metal ion
gives evidence of saturation binding to the substrate up to
concentrations of 4 mM (Ni**) or 2 mM (Zn?*). The near unit
value of the gradients of the log(k,) versus {pH plots in Figures
6S and 7S, Supporting Information, is consistent with a first-
order dependence of the reaction rate on [TOCH;], as
expected for the mechanism in Scheme 1. This is similar to
what was previously proposed for the Cu(Il)-promoted
cleavage of 1,"” which involves strong coordination of Cu**
followed by nucleophilic attack by the Cu(Il)-coordinated
methoxide and metal-assisted departure of the leaving group.>
Strong binding of Cu®* to 1 was evident from the observation
of a downward curvature in the k versus [Cu**] plots, and the
plateau in its pH/log(k3) plot above $pH 6 is consistent with
the maximal activity being due to unimolecular decomposition
of the 1:Cu(Il):(TOCHj;) form. The weaker binding of Ni(II)
and Zn(I1) relative to Cu(Il) correlates well with their known
binding constants with pyridine. For example, the dissociation
constant for the complex Ni(II):Pyr, in water (1.48 X 107> M?;
u = 0S5) is approximately 40 times larger than that for
Cu(II):Pyr, (4.11 X 107> M% u = 0.5),>* while the stability
constants of the monopyridine complexes of Ni(I) and Cu(1I)
are 87 and 398 M7, respectively, at y = 0.5.>> Weaker
complexes are formed between Zn(II) and pyridine ligands
relative to Ni(II). The dissociation constant for the complex
Zn(II):Pyr, in water is 7.8 X 107> M? (u = 0.1) versus 1.48 X
107° M? (u = 05) for Ni(Il):Pyr,>>, while the stability
constants for the monopyridine complexes of Zn(II) and Ni(1I)
are 14 and 87 M, respectively.

The strong effect that JpH has on the rate of the Ni(II)-,
Zn(11)-, and other metal ion-catalyzed processes'> "' gives a
clear message that the activated complexes contain methoxide,
probably bound to the ligand-complexed metal ion prior to the
rate-limiting decomposition. In a given case, without
confirmation of speciation and ;pH control, the overall catalytic
effect of different metal ions with different substrates may be
understated since the reactions may not have been investigated
under conditions where the 1:M(II):(TOCH,) complex is fully
formed. Because of the stronger binding of Cu(Il), and its
acidifying effect on coordinated solvent, the active form of
1:Cu(II):(TOCH,) is generated at a relatively low $pH ((pK, ~
6 or lower as found here), thereby spontaneously forming an
appreciable amount of the active form in methanol without
adding additional base. In fact, Ni(II) is more catalytically active
when fully present as 1:Ni(I):(TOCH;) than is 1:Cu(Il):
(TOCH,;). At a pH of 10.5, well below the pK, for the
ionization of the 1:Ni(II)-coordinated methanol, the maximum
observed rate constant for the Ni(Il)-catalyzed cleavage of 1
(kops ~ 0.07 s7" at 4 mM Ni(II), not saturating conditions) is
12 times larger than the Cu(Il)-catalyzed process (ko =
0.0057 s™!, under saturation conditions). At higher {pH, and
with full binding of the metal ion—methoxide to 1, the k,, for
the Ni(II)-promoted reaction would be far greater.
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Table 1. Second-Order Rate Constants for Attack of Alkoxide on the Fully-Formed Substrate:M(I1) Complex under Saturation
Conditions with Respect to [M>*], Maximal Rate Constants for Selected Substrate:M(II):(TOR) complexes at 25 °C

subst. solvent Ni &,2% (M~ s71) Zn K} (M s7Y) K2 (s7h Cu 2R (M1 s71) kSe (s7h
1 MeOH aky=44x10 M5 aky=45x10°M2s'? a 54 x 10° 5.7 x 107
EtOH 1.0 x 10 1.7 x 10° a 4.5 x 101 9.0 X 1073¢

2 MeOH 6.3 X 10° 1.5 X 10° 5.8 X 107% 7.6 X 107 8.0 x 107
EtOH 7.3 X 10° 9.5 X 107 a 1.9 x 10* 3.8 x 107Y

“K,, constants are not available due to the fact that saturation is not observed in the k,; vs [M**] plots or the k%= vs $pH plots. bk, is a third-order
rate constant calculated for the hypothetical process involving substrate + M** + “OR. “Kinetic {pK, 8.36. ¥Kinetic sPK, 5.79. “Kinetic jpK, 5.4. No

observed kinetic {pK,.

4.2. Ni(ll)- and Zn(ll)-Promoted Ethanolysis of 1. The
mechanism given in Scheme 1 is also favored for the Ni(II)-
and Zn(Il)-promoted ethanolysis of 1. Because of the lower
polarity of the medium, their binding to 1 in ethanol is stronger
than it is in methanol, leading to saturation of the k., versus
[M?*] plots (see Figure 3). The binding constants for Ni(II) to
1 in ethanol are consistently larger than those for Zn(II), which
correlates with the aforementioned trends in binding constants
for metal ion—pyridine complexes in water. From the data in
Figures 9S and 11S in the Supporting Information, one sees
that the k5 values for the Ni(Il) and Zn(II) complexes of 1 at
respective SpH values of 7.9 and 7.2 are 0.05 s™* and 2.6 X 1073
s~ !. Because these SpH values are below the pK, for formation
of their maximally active 1:M(I1):("OEt) forms, both reactions
would be faster at higher ;pH and indeed faster than the
reaction of 1:Cu(II):(TOEt) in ethanol, k% =9 x 1073 7%,

4.3. Cu(ll)-Promoted Methanolysis and Ethanolysis of
1. The pH/log(ks:) profile for the Cu(II)-promoted
methanolysis of 1 from our previous study was extended to
determine a kinetic {pK, of 5.79. This is lower than the value of
6.5 observed for the analogous N,N-bis(2-picolyl)acetamide-
copper(Il) complex and may be attributed to a greater
stabilization of the conjugate base originating from the more
electron-withdrawing p-nitrobenzoyl group relative to the acetyl
group. The kinetic studies were also carried out in ethanol,
where the cleavage reaction has a similar dependence on pH as
in methanol. The kinetic {pK, in ethanol is 5.4, beyond which
the k52 is 9 X 107 57" (1.5-fold larger than in methanol, 5
times less reactive than the Ni(II) complex in ethanol at jpH
7.9, and 3—4 times more reactive than the Zn(II) complex at
pH 7.2 in ethanol).

4.4. Ni(ll)- and Zn(ll)-Promoted Methanolysis of N,N-
Bis((1H-benzimidazol-2-yl)methyl)-p-nitrobenzamide
(2). The onset of saturation of kg, with increasing [M**] for
the cleavage of 2 indicates that it binds Ni(II) and Zn(II)
stronger than does 1 in methanol. The stability constants for
the 1:1 complexes formed between Ni** or Zn** and
benzimidazole in water at 25 °C and g = 0.5 (NaNO,) are
100 M~! and 41 M~',** values larger than those found for the
their monopyridine complexes, which mirrors the larger
binding constants observed for M(II) complexes of 2 relative
to 1. A somewhat contrasting trend is seen in the order of
binding strength of 2 to Zn(II) being slightly stronger than
Ni(II) when compared to the values reported for benzimida-
zole.** This discrepancy may be attributable to the differences
in the preferred geometry of each metal ion on complexation
with polydentate ligands. A distinct characteristic of the
2:Zn(Il) system is the pH independence of k%% beyond its
kinetic {pK, of 8.36, representing a plateau region with a k,,, of
5.8 X 10™* s7" (Figure 16S, Supporting Information).
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4.5. Ni(ll)- and Zn(ll)-Promoted Ethanolysis of 2. The
binding constants between Ni** or Zn®* and 2 in ethanol are
larger than those observed with 1 in ethanol. It is noteworthy
that 2 appears to bind Zn>" more tightly than Ni** in ethanol,
the opposite of what is seen with 1, but parallel to the trend
observed in methanol. In each case, plots of log(kiiy) versus
$pH do not show evidence of complete formation of 2:M(II):
(TOEt), the highest values attained for the respective Ni(II)
and Zn(II) complexes being 0.3 s™' (5pH 8.7) and 2.3 X 107*
s (5pH 7.5) (see Figures 19S and 21S, Supporting
Information).

4.6. Cu(ll)-Promoted Methanolysis and Ethanolysis of
2. The k,, value for Cu(Il)-mediated cleavage of 2 in
methanol is about twice that in ethanol ((3.8 + 0.2) x 107*
s7"), the opposite of what is observed in the case of 1. These
values are almost an order of magnitude smaller than those
observed for 1 in the corresponding solvents, suggesting a less
desirable proximity or more severe restriction of access of the
metal-bound ethoxide in the transition state for attack on the
C=O0 unit of the Cu(II)-complex of 2.

4.7. Comparison of Relative Activity. A convenient way
to compare the relative activities of most of the systems
considered here assesses the apparent second-order rate
constant for the attack of alkoxide (k,”%) on the fully formed
substrate:M(II) complex as defined in eq 2. These are shown in
Table 1 along with other k,, values, which have been
determined in various ways. The binding of Cu®* with 2 in
methanol and ethanol is sufficiently strong that only a value of
the maximum unimolecular rate constant k™. for decom-
position of the substrate:Cu(II):(TOR) complex at three
different jpH values could be obtained. In theory, complete
plots of the log(k$%) values versus $pH will show linear
behavior with a gradient of unity at values below the jpK, for
formation of the substrate:M(II):(TOR) complex and a plateau
with a zero gradient at greater ;pH values. The latter behavior
with respect to increasing {pH was only realized with Cu** and
1 in methanol and ethanol and with Zn** and 2 in methanol. A
complete analysis through NLLSQ fitting of the log(k3%)
versus pH values to eq 1 yields first-order rate constants (k>..)
for decomposition of the maximally active substrate:M(II):
(TOR) form and their kinetic }pK, values, which are given in
Table 1. Plots of kg, versus [M>*] show saturation for Cu?*,
Zn*", and Ni** with 1 in ethanol, Cu** with 1 in methanol, and
Zn** and NiZ* with 2 in methanol and ethanol, which allows us
to obtain the kj; rate constant for reaction of the
substrate:M(II) complex at each experimentally attainable
:PH. For these examples, which do not show a saturation in
the log(k3>) versus :pH plots (due to the fact that the
experimentally accessible {pH values are less than the pK,), one
can obtain the apparent k,’" rate constant for “OR attack on
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the substrate:M(II) cornplex by averaging the individual k,°
values at each [TOR].>*

9 OR ?
.C 3 /" NH ¢
—_— g
M \@ HoR MU )T RO \@
NO, OR NO; (2

The M k,® constants given in Table 1 are large for all
complexes in both solvents, and in some cases approach, and
even exceed, the diffusion limit in methanol (1-2 X 10" M™!
s71)% and ethanol (2 X 10" M~"' s7!).37 The fact that the k.8
value for 1:Cu(II) in ethanol (4.5 X 10" M~ s7) is computed
to exceed the diffusion limit in that solvent by ~20 times can be
taken as confirmation that the true reaction does not involve
the attack of external ethoxide on 1:Cu(Il), but rather
decomposition of a 1:Cu(Il):("OEt) complex. By extension,
it seems reasonable to propose that all of these reactions occur
through the metal-bound lyoxide form, as proposed pre-
viously.'®!”

4.8. Acceleration of Amide Cleavage Provided by the
Presence of a Metal lon. The acceleration of the alcoholysis
of benzamides 1 and 2 provided by the metal ion can be
conveniently measured in three ways. The first involves
comparing the k,’% rate constant for alkoxide attack on the
substrate:M(II) complex with that for attack of alkoxide on the
uncomplexed 1 or 2. Previously'” we experimentally
determined that the methoxide-promoted reaction of 0.15 M
1 in 0.3 M KOCHj; shows no indication of product formation
after 52.5 d. We have now extended the time to 250 d without
observing product formation. Assuming we could detect 1 mM
of the product, the upper limit for the second-order rate
constant is k™! = 1 x 107 M~ s™'. While we do not have
experimental data for the ethanolysis reaction of 1, Phan and
Mayr have reported that the k™°™¢ values for nucleophilic
addition of methoxide in methanol to trinitrotoluene or
benzhydrilium ions are S times less than the nucleophilic
addition of ethoxide in ethanol®® In another comparison,
methoxide attack on p-nitrophenyl acetate in methanol is
reported®” to be essentially the same as the attack of ethoxide
in ethanol.**® If we are allowed to use these comparisons, then
the approximate upper limit for the k,°™ reaction with 1 is ~1
x 107 M~ s7". Unfortunately experimental data correspond-
ing to the alkoxide reactions of 2 are not obtainable due to
technical problems of deprotonation of the benzimidazole N—
H under strongly basic conditions.

The second methodology involves comparing the first-order
rate constant observed for decomposition of substrate:M(II):
(HOR) at the pK, for its acid dissociation, with the pseudo-
first-order rate constant that would be observed for alkoxide
attack on substrate at a jpH corresponding to that ;pK,. Using
the above comparisons, the accelerations in methanol and
ethanol for the various complexes of 1 compared with the
background methoxide reactions are given in Table 2.

A third and more informative method for judging the efficacy
of the metal ion-promoted reaction compares the AG’ of
binding of the metal ion to the transition state of the presumed
lyoxide-promoted reaction, namely, [S:M(I):(TOR)]¥ with
that of the lyoxide reaction, [S:("OR)]*.***" The thermody-
namic cycle is shown in Scheme 2, where M(II) is represented
as M and the various free energies for the kinetic and
equilibrium terms can be obtained from the rate constants for
attack of alkoxide on the substrate or its metal-complexed form
(k" and Mk,’?) and the metal binding constants (K,).
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Table 2. Acceleration of Amide 1 Alcoholysis Provided by
the Presence of a Divalent Metal Ion at 25 °C

benzamide  solvent Ni(11) Zn(1I) Cu(II)
1 MeOH (13 X 10")* (49 x 10%)? (3.5 x 10Y)¢
(3 x 107)4

EtOH (17 x 10%)° (2.5 x 107)° (9 x 10'8)"

“Computed from kg, value for decomposition of 1:Ni(II) at $pH 10.5
(kops = 0.07 s' at 4 mM Ni(II), not saturating conditions). This
provides a lower 11m1t for the acceleration since the Ni(II) complex is
not fully formed. “*Computed from k,; value for decomposition of
1:Zn(11) at $pH 9.6 (kops = 3.3 X 107* 57! at 1 mM Zn(II), not
saturating conditions). This provides a Iower limit for the acceleration
since the Zn(II) complex is not fully formed. ‘Computed from
comparison of the k,"™¢ value for attack of methoxide on 1:Cu(II)
given in Table 1 vmth the second-order rate constant for attack of
methoxide on 1. “Computed from comparison of the first-order rate
constant for decomposition of 1:Cu(Il):(HOCH,) at {pH $.79,
corresponding to the kinetic ;pK,, with the pseudo first-order rate
constant for reaction of methoxide with 1 at that pH. “Computed
from the k,°™ values for the Ni(II) and Zn(II) complexes of 1 from
Table 1 compared with the second-order rate constant for attack of
ethoxide on 1. /Computed from comparison of the first-order rate
constant for decomposition of 1:Cu(Il):(HOEt) at pH 5.4,
corresponding to the kinetic {pK, in ethanol, with the pseudo first-
order rate constant for reaction of ethoxide with 1 at that pH.

Scheme 2. A Thermodynamic Cycle Describing the Free
Energies for Various Equilibrium and Kinetic Steps for
Alkoxide Attack on Substrate S, Equilibrium Binding of the
Metal Ion to S, and Alkoxide Attack on the S:M Complex
(Metal Ion Charges Omitted for Clarity). Products Include
the Dipicolyl Amine and Dibenzimidazol-2-ylmethyl Amine
Ligands

+
- AG
RO +S Non
oM o [S:(ORIE__+ M
Ko i /
3 A AAG
AGbM G3 stab
Mk, OR methyl benzoate
S:M M:(RO):S |——
T AGSMF DPA or DBMA + M

AAGZ,, is computed from the expression given in eq 3, which
is applicable for the situations where Ni, Zn, and Cu bind with
saturation to the substrate in ethanol.

AAGE, = AG?

non

(AGYM + AGEMF) —

] ©)

2
For the situation where no saturation binding of the metal
ion to the substrate is observed, in the cases of Zn and Ni in
methanol, the hypothetical third-order rate constant (k;) for
reaction of substrate + M(IT) + "OR was computed,*” and the
AAGY,, is obtained from the expression given in eq 4.

ks }

—OR
k 4)

The results at a standard state of 1 M and 298 K are shown
graphically in Figure 9, using the value of 1 X 107 M ™' s7" as
the upper limit for attack of methoxide or ethoxide on substrate
1 in methanol or ethanol in the absence of catalytic metal ion.

AAGH

stal

» = AGF —

non

AGF = —RTln[
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Figure 9. A free-energy diagram obtained for the alcoholysis of 1 in the presence of methoxide in methanol (left side) and ethoxide in ethanol (right
side), and in the presence of Zn and Ni in both solvents at standard state. The computed stabilizations of the [lyoxide:1]* by its binding to the metal
ions, AAGY,, are given numerically on the extreme left and right sides of the diagram and are computed as described in the text.

On the right side of the diagram are included the numerical
values obtained for the process in ethanol where metal binding
to 1 is sufficiently strong to obtain Kj, and a AG}Y. It is of
interest to note that the AG:M¥ values obtained from the large
Mk, values in Table 1 nearly offset the AGY values such that
the [1:"OEt:M]¥ transition states lie very close in energy to the
free energy of the nonassociated substrate, metal ion, and
alkoxide partners. This illustrates that, once the metal ion binds
the ethoxide and substrate, their transition states for reaction
are stabilized by 27.7 and 29.3 kcal/mol for Zn and Nij,
respectively. For these two metal jons in methanol, the
transition state binding is not as large, being 21.3 and 22.7
kcal/mol for Zn and Ni. That this is less than in ethanol is a
consequence of the reduced affinity of the metal ion for the
substrate and methoxide binding in the ground state, which is
more largely manifested in binding the transition state although
less so than in ethanol. This sort of effect is reminiscent of a
dinuclear Zn(II) catalyst that promotes the methanolytic and
ethanolytic cleavage of phosphate diesters where extremely
large binding of the catalyst to the [alkoxide:substrate]
transition states leads to very large rate accelerations. '

5.0. CONCLUSIONS

The results of this study in combination with related ones
have established that large accelerations for amide cleavage
reactions over background base-promoted reactions can be
achieved by the multifunctional role of a single metal ion that is
appropriately positioned relative to the >N—C=0 moiety. To
fully realize these effects in small molecules requires a substrate
design where the metal ion is forced into binding the lone pair
of the amidic N, concurrently positioning a metal-bound
nucleophile in a favorable trajectory for attack on the acyl
group, with subsequent assistance of the departure of the LG
anion. In an optimized system, the metal ion seems to enact
several catalytic roles such as was seen earlier in the
methanolytic cleavage of a thiobenzanilide catalyzed by a
simple palladacycle catalyst.** In that case, the Pd enhances the

12—-17
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electrophilicity of the thioamide through favorable binding of
the C=S unit and delivers the activated methoxide nucleophile
to form a tetrahedral intermediate, which subsequently
rearranges to allow assisted leaving group departure through
Pd—N-coordination. That this sort of trifunctional role for
three other transition metal ions is seen to provide catalytic
accelerations of 10'* to 10" in the present systems dealing with
alcoholysis of benzamides 1 and 2 may imply that metal ion
assistance of leaving group departure plays a key role that may
also be operative in metallo-enzyme promoted cleavage of
peptides.
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