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ABSTRACT: Two new Pb(II) complexes of the amide-
appended nitrogen/sulfur epppa (N-((2-ethylthio)ethyl)-N-
((6-pivaloylamido-2-pyridyl)methyl)-N-((2-pyridyl)methyl)-
amine) chelate ligand, [(epppa)Pb(NO3)2] (4-NO3) and
[(epppa)Pb(ClO4)2] (4-ClO4), were prepared and charac-
terized. In the solid state, 4-NO3 exhibits κ5-epppa chelate
ligand coordination as well as the coordination of two bidentate nitrate ions. In acetonitrile, 4-NO3 is a 1:1 electrolyte with a
coordinated NO3

−, whereas 4-ClO4 is a 1:2 electrolyte. Treatment of 4-ClO4 with 1 equiv Me4NOH·5H2O in CH3CN:CH3OH
(3:5) results in amide methanolysis in a reaction that is akin to that previously reported for the Zn(II) analogue
[(epppa)Zn](ClO4)2 (3-ClO4).

1H NMR kinetic studies of the amide methanolysis reactions of 4-ClO4 and 3-ClO4 as a function
of temperature revealed free energies of activation of 21.3 and 24.5 kcal/mol, respectively. The amide methanolysis reactions of
4-ClO4 and 3-ClO4 differ in terms of the effect of the concentration of methanol (saturation kinetics for 4-ClO4; second-order
behavior for 3-ClO4), the observation of a small solvent kinetic isotope effect (SKIE) only for the reaction of the Zn(II)-
containing 3-ClO4, and the properties of an initial intermediate isolated from each reaction upon treatment with Me4NOH·
5H2O. These experimental results, combined with computational studies of the amide methanolysis reaction pathways of 4-ClO4
and 3-ClO4, indicate that the Zn(II)-containing 3-ClO4 initially undergoes amide deprotonation upon treatment with Me4NOH·
5H2O. Subsequent amide protonation from coordinated methanol yields a structure containing a coordinated neutral amide and
methoxide anion from which amide cleavage can then proceed. The rate-determining step in this pathway is either amide
protonation or protonation of the leaving group. The Pb(II)-containing 4-ClO4 instead directly forms a neutral amide-
containing, epppa-ligated Pb(II)−OH/Pb(II)-OCH3 equilibrium mixture upon treatment with Me4NOH·5H2O in methanol.
The rate-determining step in the amide methanolysis pathway of 4-ClO4 is nucleophilic attack of the Pb(II)-OCH3 moiety on
the coordinated amide. Overall, it is the larger size of the Pb(II) center and the availability of coordination positions that enable
direct formation of a Pb(II)−OH/Pb(II)-OCH3 mixture versus the initial amide deprotonation identified in the reaction of the
Zn(II)-containing 3-ClO4.

■ INTRODUCTION

Lead is a toxic environmental pollutant that has dramatic effects
in biological systems even in small amounts. Even after the
elimination of leaded gasoline, lead poisoning continues to be a
problem in the United States, with about 5% of children being
affected.1 While the exact process by which lead poisoning
occurs is not completely defined, it is known that lead binds to
sulfur rich sites in proteins, often displacing Zn(II).2 Recent
small molecule and peptide studies have focused on examining
the coordination chemistry of Pb(II) in Zn(II)-binding
environments.3−11 However, these studies do not include
comparisons of biologically relevant reactivity, which might
provide additional insight into the toxic properties of Pb(II).
Studies of zinc-promoted amide cleavage reactions continue

to be an active area of research. This is due to the important
role that mononuclear zinc centers play in catalyzing amide
cleavage reactions that are directly involved in human health
and disease,12−14 as well as in reagents for the selective cleavage
of peptides.15−17 Despite the importance of zinc-promoted

amide cleavage reactions, few detailed investigations of the
kinetics and thermodynamics of such reactions involving a
nonactivated amide substrate have been reported.18−20 A
strategy typically utilized in such systems has been the
attachment of the amide to a chelate ligand so as to position
the metal ion close to the scissile bond, such as in 1−3
(Scheme 1). In our laboratory, we have previously investigated
the amide methanolysis or hydrolysis reactions of 2 and 3-
ClO4.

19,21−23

The interactions of Pb(II) with amide-containing ligands has
been previously investigated.2,24−26 However, to our knowl-
edge, no examples of Pb(II)-promoted hydrolysis or alcoholysis
of an amide linkage have been previously reported. In the
studies outlined herein, we have examined amide cleavage
reactivity in a system wherein the Zn(II) center can be replaced
by Pb(II). Using as a starting point our previously reported
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amide cleavage studies of [(epppa)Zn](ClO4)2 (3-ClO4, epppa
= N-((2-ethylthio)ethyl)-N-((6-pivaloylamido-2-pyridyl)-
methyl)-N-((2-pyridyl)methyl)amine; Scheme 1),22 we first
prepared and fully characterized two new Pb(II) complexes,
[(epppa)Pb(ClO4)2] (4-ClO4) and [(epppa)Pb(NO3)2] (4-
NO3), of the same chelate ligand. We then examined the
kinetics and thermodynamics of the amide methanolysis
reaction of 4-ClO4 and compared the results to those obtained
for 3-ClO4. Combined with investigations into the inter-
mediates in the amide methanolysis reaction pathways, as well
as computational studies of the amide methanolysis reaction
pathway as a function of metal ion,27,28 the research presented
herein provides the first detailed insight into the influence of
Pb(II) versus Zn(II) in a biologically relevant reaction. The
results of this study reveal how the inherent chemical properties
of Pb(II) influence an amide cleavage reaction.

■ EXPERIMENTAL SECTION
General Methods. All reagents were purchased from commercial

sources and used as received unless otherwise noted. The chelate
ligand N-((2-ethylthio)ethyl)-N-((6-pivaloylamido-2-pyridyl)methyl)-
N-((2-pyridyl)methyl)amine (epppa) and the zinc complex [(epppa)-
Zn](ClO4)2 (3-ClO4) were prepared as previously described.22

Physical Methods. All NMR spectra for compound character-
ization were obtained on either a JEOL ECX-300 or Bruker ARX400
spectrometer at ambient temperature. Spectra are referenced to the
residual solvent peak(s) in CHD2CN (1H 1.94 ppm (quintet),
13C{1H} 1.39 ppm (heptet)). FTIR spectra were obtained on a
Shimadzu FTIR-8400 as KBr pellets. Conductance measurements
were made at 22(1) °C using a YSI model 31A conductivity bridge
with a cell having a cell constant of 1.0 cm−1 and using Me4NClO4 as a
1:1 electrolyte standard, and [(bnpapa)Ni](ClO4)2

29 as a 1:2 standard.
Solutions for conductance measurements were prepared as previously
described.30 Mass spectroscopy experiments for compound character-
ization were performed at the University of California, Riverside.

Elemental analyses were performed by Atlantic Microlabs of Norcross,
GA, using a PE2400 automatic analyzer.

Caution! Perchlorate salts of metal complexes with organic ligands are
potentially explosive. Only small amounts of material should be prepared,
and these should be handled with great care.31

[(epppa)Pb(ClO4)2] (4-ClO4). To a solution of Pb(ClO4)2·3H2O (54
mg, 0.11 mmol) in methanol (∼2 mL) was added a solution of epppa
(46 mg, 0.11 mmol) in methanol (∼1 mL). The resulting mixture was
stirred at ambient temperature for ∼20 min after which time excess
Et2O (∼15 mL) was added to induce precipitation of the product.
After being allowed to settle overnight at −20 °C, the excess solvent
was decanted and the deposited solid was dried under vacuum (91%).
1H NMR (CD3CN, 300 MHz) δ 9.06 (br, 1H, N-H), 8.92 (m, J = 5.4
Hz, 1H, α-H (py)), 8.08−7.98 (m, 2H, β-H (Py), γ-H (AmPy)),
7.68−7.62 (m, 2H, β-H (Py), γ-H (py)), 7.44 (d, J = 7.6 Hz, 1H, β-H
(AmPy)), 7.37 (d, J = 8.2 Hz, 1H, β-H (AmPy)), 4.71 (d, J = 15.0 Hz,
1H, benzylic), 4.69 (d, J = 15.0 Hz, 1H, benzylic), 4.52 (d, J = 15.0 Hz,
1H, benzylic), 4.34 (d, J = 15.0 Hz, 1H, benzylic), 3.69−3.58 (m, 2H,
CH2 (ethylene linker)), 2.99−2.90 (m, 1H, CH (ethylene linker)),
2.64−2.52 (m, 3H, CH (ethylene linker) and CH2 (ethyl)), 1.35 (s,
9H, C(CH3)3), 1.21 (t, J = 7.4 Hz, 3H, −CH3 (ethyl)); 13C{1H}
(CD3CN, 100 MHz) δ 182.4, 159.8, 154.9, 151.8, 149.6, 143.3, 141.8,
126.0, 125.4, 122.6, 117.3, 62.6, 62.5, 60.3, 41.4, 29.3, 27.2, 26.7, 14.5
(19 resonances expected and observed); FTIR (KBr, cm−1) 3397 (br,
νN−H), 1656 (νCO), 1609, 1523, 1456, 1417, 1366, 1163 (νClO4),
1096 (νClO4), 1018 (νClO4), 918 (νClO4), 622 (νClO4). Anal. Calcd for
C21H30Cl2N4O9PbS: C, 31.82; H, 3.81; N, 7.07. Found: C, 32.03; H,
3.89; N, 6.75.

[(epppa)Pb(NO3)2] (4-NO3). This compound was prepared using
Pb(NO3)2 in a synthetic route analogous to that used for 4-ClO4
except with longer stirring time (∼40 min). Precipitation of the
product by Et2O addition resulted in the deposition of a white powder
(83%). Recrystallization of this powder by diethyl ether diffusion into a
iPrOH:CH3OH (1:1) solution yielded colorless crystals suitable for
single crystal X-ray diffraction analysis. 1H NMR (CD3CN, 300 MHz)
δ 9.15 (br, 1H), 8.82 (d, J = 4.8 Hz, 1H), 7.99−7.93 (m, 1H) 7.88 (t, J
= 8.2 Hz, 2H), 7.59−7.50 (m, 3H), 7.29 (d, J = 7.5 Hz, 1H), 4.52−
4.23 (m, 4H), 3.34−3.32 (m, 2H), 2.83−2.63 (m, 2H), 2.48−2.35 (m,

Scheme 1
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2H), 1.31 (s, 9H), 1.11 (t, J = 7.4 Hz, 3H); FTIR (KBr, cm−1) 3423,
1653 (νCO), 1606, 1523, 1456, 1383, 1292, 1242 (νNO3), 1155, 1030
(νNO3), 916, 819, 765, 632.
Amide Methanolysis Reactivity of 4-ClO4. Product Identi-

fication. To a methanol solution of 4-ClO4 (22 mg, 0.027 mmol) was
added a methanol solution of Me4NOH·5H2O (5.0 mg, 0.027 mmol).
The resulting cloudy mixture was stirred for 24 h at ambient
temperature, after which time a water solution containing excess
Me4NOH·5H2O (20 mg, 0.11 mmol) was added to the mixture and
the resulting solution was stirred for 20 min. The organic products
were extracted from this solution using CH2Cl2 (3 × 5 mL). The
combined organic fractions were then dried over Na2SO4, filtered, and
the solvent removed under vacuum. The resulting light yellow solid
exhibited 1H NMR features identical to those previously reported for
N-((ethylthio)ethyl)-N-((6-amino-2-pyridyl)methyl)-N-((2-pyridyl)-
methyl)amine (eappa: 8.1 mg, 96% yield).22 Me4NClO4 was isolated
from the reaction mixture as previously described.19 The methyl-
trimethylacetate produced in the amide methanolysis reaction of 4-
ClO4 was identified by 1H NMR (s, 1.13 ppm) and was quantified (1
equiv) via integration of this signal versus the internal standard
triphenylmethane.
Reaction of 4-ClO4 with Me4NOH·5H2O. Characterization of

4′-ClO4. To an acetonitrile solution of Me4NOH·5H2O (9.8 mg, 0.054
mmol) was added methanol (2 drops) to enhance dissolution of the
salt. A separate solution of 4-ClO4 (43 mg, 0.054 mmol) was prepared
in acetonitrile (∼2 mL). Admixture of these solutions produced a light
yellow solution containing a precipitate. Following removal of the
solvent under vacuum, the remaining solid was dissolved in CH2Cl2
and was filtered though a Celite/glass wool plug. The filtrate was
collected, and the solvent was removed under vacuum. 1H NMR
(CD3CN, 300 MHz) δ 8.80 (br, 1H), 8.68 (d, J = 4.9 Hz, 1H), 7.94−
7.87 (m, 2H), 7.61−7.56 (m, 2H), 7.45 (t, J = 6.0 Hz, 1H), 7.36 (d, J =
7.5 Hz, 1H), 4.31 (br, 2H), 4.27 (br, 2H), 3.15 (br, 2H), 2.65 (t, J =
6.5 Hz, 2H), 2.41(q, J = 7.4 Hz, 2H), 1.26 (s, 9H), 1.12 (t, J = 7.4 Hz,
3H); FT-IR (KBr, cm−1) 3354 (br), 1658 (νCO), 1606, 1528, 1521,
1455, 1406, 1300, 1159 (νClO4), 1092 (νClO4), 1002 (νClO4), 914
(νClO4), 803, 764, 620 (νClO4).
Kinetic Studies. 1H NMR kinetic studies of the amide

methanolysis reaction of 4-ClO4 were performed using a JEOL
ECX-300 NMR with a thermostatted probe. A temperature calibration
curve for the range of 220 to 295 K was obtained using ethylene glycol.
Data collection was performed using a method analogous to that used
to obtain rate data for the amide methanolysis reaction of
[(epppa)Zn](ClO4)2 (3-ClO4).

22 At regular intervals, the integrated
intensity of the t-butyl methyl signal (1.27 ppm) was determined via
automatic integration available on the Delta NMR Processing and
Control Software (version 4.3.6) and normalized through comparison
against the integrated intensity of the internal standard CHPh3 (5.56
ppm). Pseudo-first order rate constants were determined from the
slopes of ln[4′-ClO4] versus time. Data in these plots represent more
than three half-lives and typical correlation coefficients for these plots
were ≥0.992. Second order rate constants were determined using the
known concentration of CD3OD in the mixture.32 Variable
concentration studies in terms of CD3OD (0.21 to 15.39 M) for the
amide methanolysis reaction of 4-ClO4 revealed saturation-type
kinetics with respect to the alcohol. Similar studies for the amide
methanolysis reaction of 3-ClO4 revealed a linear relationship. An
Eyring plot was constructed for the amide methanolysis reaction of 4-
ClO4 using rate constants over a range of 21 °C (274−295 K). All data
used in the Eyring plot was collected in triplicate with [CD3OD] =
15.39 M in CD3CN.
Solvent Kinetic Isotope Effect Studies. The influence of

solvent-derived protons was explored through the comparative use
of CD3OD and CD3OH in kinetic studies of the amide methanolysis
reactions of 3-ClO4 and 4-ClO4. The experimental procedure for
CD3OD is described above. An identical approach was used with
CD3OH with the exception of the presence of 4 equiv of CHPh3 as an
internal standard. All reactions were carried out at 295 K and
[CD3OH] = 15.39 M in CD3CN. All data used to examine the solvent
kinetic isotope effect were carried out in triplicate.

X-ray Crystallography. A crystal of 4-NO3 was mounted on a
glass fiber using a viscous oil and was transferred to a Nonius Kappa
CCD diffractometer with Mo Kα radiation (λ = 0.71073 Å) for data
collection at 150(1) K. Methods for the determination of cell
constants and unit cell refinement have been previously described.19

The structure was solved by a combination of direct methods and
heavy atom methods using SIR97.33 All of the non-hydrogen atoms
were refined with anisotropic displacement coefficients. Hydrogen
atoms were assigned isotropic displacement coefficients U(H) =
1.2U(C) or 1.5U(Cmethyl), and their coordinates were allowed to ride
on their respective carbons using SHELXL97.34

Computational Methods. All calculations were performed using
the Gaussian 09 program package.35 The geometries of reactants,
intermediates, transition states, and products were optimized in the gas
phase at the B3LYP/Lanl2dz level of theory without any symmetry
constraints using the corresponding Hay−Wadt effective core
potential (ECP) for zinc and lead.36−38 The final energies of the
optimized structures were further improved by performing single point
calculations including additional d and p polarization functions for O
(α = 0.96), N (α = 0.74), C (α = 0.59), and H (α = 0.36) atoms
(taken from the EMSL’s Gaussian basis set library), respectively, in the
basis set used for optimizations. Hessians were calculated at the same
level of theory as the optimizations to confirm the nature of the
stationary points along the reaction coordinate. The transition states
were confirmed to have only one negative eigenvalue corresponding to
the reaction coordinates. In this paper, the energies obtained at the
B3LYP/{Lanl2dz + d (O, N, and C) + p (H)}/ including thermal
corrections are discussed.

■ RESULTS

Preparation and Characterization of [(epppa)Pb(X)2]
(X = ClO4

− or NO3
−). Synthesis. Treatment of epppa with an

equimolar amount Pb(ClO4)2·3H2O or Pb(NO3)2 in methanol
enabled the generation of [(epppa)Pb(X)2] (4-X). Precip-
itation of the perchlorate salt using Et2O resulted in the
isolation of analytically pure 4-ClO4, which was characterized
by elemental analysis, 1H and 13C NMR, IR, and conductivity
measurements. A similar isolation procedure yielded 4-NO3,
which was characterized by 1H NMR, IR, and X-ray
crystallography.

X-ray Crystallographic Characterization of 4-NO3. A
thermal ellipsoid view of 4-NO3 is shown in Figure 1(left).
Details of the X-ray data collection and refinement for 4-NO3
are given in Table 1. Selected bond angles for this complex are
given in Table 2. The overall coordination number of the
Pb(II) center in 4-NO3 is nine, with each nitrate anion
coordinated in a bidentate fashion to give an overall
holodirected-type structure.39 The epppa chelate ligand is κ5-

Figure 1. Thermal ellipsoid representations of 4-NO3 (left) and the
cationic portion of 3-ClO4 (right). Ellipsoids are drawn at the 50%
probability level. Hydrogen atoms, except the amide proton, have been
omitted for clarity.
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coordinated by the N3S-donor set along with the amide oxygen
atom. The Pb−N(chelate) distances found in 4-NO3
(2.607(2)−2.749(2) Å) are similar to the ranges found in
Pb(II) complexes of N4-donor chelate ligands ([(H2tpaa)Pb−
Cl] (2.646(6)−2.803(6) Å),40 [(TQA)Pb(NO3)2] (2.549(3)−
2.680(3) Å),41 and [(6-Me3TPA)Pb(NO3)]NO3 (2.546−2.677
Å)).42 The Pb(II)-S(thioether) distance of 3.0619(8) Å is
similar to the distances found in other Pb(II) thioether-
containing structures (e.g., [Pb([18]aneO4S2)(H2O)2(κ

2-
BF4)]BF4, 3.0151(8), 3.0191(7) Å;43 [Pb([18]aneO4S2)-
(ClO4)2], 3.091(1) Å;44 [Pb([18]aneO4S2)(NO3)2], 3.114(6),
3.131(6) Å;44 [Pb([15]aneO3S2)2](BF4)2, 3.022(2)−3.116(2)
Å;43 [Pb([9]aneS3)2(ClO4)2], avg 3.076 Å45). In terms of the
amide coordination, the Pb(II)-O(amide) distance of 2.645(2)
Å is significantly longer than M(II)-O(amide) bonds in Group

12 analogues supported by either the epppa (3-ClO4: Zn−
O(amide), 1.998(7) Å)22 or the bmppa (N,N-bis(2-
methylthio)ethyl-N-((6-pivaloylamido-2-pyridyl)methyl)amine;
[(bmppa)Cd(ClO4)]ClO4: Cd−O(amide), 2.302(2) Å;21

[(bmppa)Hg(ClO4)]ClO4: Hg−O(amide), 2.271(5) Å46)
chelate ligands. The O(1)−M(1)−N(2)−C(6) torsion angle
(−21.62°) is similar to that found in the Hg(II) complex
[(bmppa)Hg(II)(ClO4)]ClO4 (−22.5°).

46 Overall, the average
M-N distance, as well as the M-S(thioether) and M-O(amide)
distances associated with chelate ligand coordination in 4-NO3,
exceed those found in the zinc complex 3-ClO4 by 0.63−0.68
Å. This is a result of the larger ionic radius (Pb(II) (1.19 Å);
Zn(II) (0.74 Å))47 as well as the higher coordination number
of the Pb(II) complex. Finally, both nitrate ions are coordinated
to the Pb(II) center in 4-NO3 in a bidentate fashion, with the
nitrate coordinated via O(5) and O(6) being nearly symmetric
bidentate.48

Spectroscopic and Solution Conductivity Properties. The
solid-state IR spectrum of 4-NO3 contains vibrations at 1242
(ν1) and 1030 (ν2) cm−1, which are consistent with the
bidentate nitrate coordination identified via X-ray crystallog-
raphy.49 For the perchlorate analogue 4-ClO4, a series of four
vibrations at ∼1163, 1096, 1018, and 918 cm−1 suggest
bidentate coordination of the perchlorate anions.49

When dissolved in acetonitrile, 4-ClO4 is a 1:2 electrolyte
(Figure 2) which is consistent with the dissociation of both

perchlorate anions. These anions are likely replaced with
coordinated solvent ligands in acetonitrile-containing solutions
of the complex. The 1H NMR spectrum of 4-ClO4 in CD3CN
is shown in Figure 3a. The signals for the chelate ligand are
shifted downfield relative to the free ligand and are sharp, with
well-resolved 1H−1H coupling. These features are consistent
with chelate ligand coordination to the Pb(II) center in a
structure that is not fluxional on the NMR time scale. The
appearance of four distinct doublets for the benzylic protons, as
well as inequivalent protons for the methylene units of the
thioether appendage, is consistent with retention of the chelate
ligand coordination mode found in the solid state. Coupling
between 207Pb and the protons of the ligand could not be
clearly identified in the 1H NMR spectrum of 4-ClO4.

Table 1. Summary of X-ray Data Collection and
Refinementa

4-NO3

empirical formula C21H30N6O7PbS
formula weight 717.76
crystal system monoclinic
space group P 21/n
a (Å) 10.70150(1)
b (Å) 15.6611(2)
c (Å) 15.8963(2)
a (deg) 90
b (deg) 100.3770(8)
c (deg) 90
V (Å3) 2620.60(5)
Z 4
density (calcd), Mg m−3 1.819
temp (K) 150(1)
crystal size (mm) 0.18 × 0.15 × 0.10
diffractometer Nonius KappaCCD
abs. coeff. (mm−1) 6.569
2θ max (deg) 54.96
completeness to 2θ (%) 99.9
reflections collected 11303
indep. reflections 6011
variable parameters 330
R1/wR2b 0.0237/0.0455
goodness-of-fit (F2) 1.061
largest diff. (e Å−3) 1.802/-0.671

aRadiation used: Mo Kα (λ = 0.71073 Å). bR1 = ∑||Fo| − |Fc||/∑|Fo|;
wR2 = [∑[w(Fo

2 − Fc
2)2]/[∑(Fo

2)2]]1/2 where w = 1/[σ2(Fo
2) +

(aP)2 + bP].

Table 2. Selected Bond Distances (Å) and Angles (deg) for
4-NO3

a

Pb(1)−O(1) 2.645(2) O(1)−Pb(1)−N(4) 167.56(7)
Pb(1)−N(2) 2.749(2) O(1)−Pb(1)−N(2) 65.65(7)
Pb(1)−N(3) 2.720(2) N(4)−Pb(1)−N(2) 125.89(7)
Pb(1)−N(4) 2.607(3) O(1)−Pb(1)−N(3) 127.08(7)
Pb(1)−S(1) 3.0619(8) N(4)−Pb(1)−N(3) 64.90(8)
Pb(1)−O(2) 2.592(2) N(2)−Pb(1)−N(3) 61.53(7)
Pb(1)−O(3) 2.845(3) N(3)−Pb(1)−S(1) 69.04(6)
Pb(1)−O(5) 2.912(2) O(1)−Pb(1)−S(1) 99.26(5)
Pb(1)−O(6) 2.864(2) N(4)−Pb(1)−S(1) 81.48(6)

N(2)−Pb(1)−S(1) 73.36(5)
aEstimated standard deviations in the last significant figure are given in
parentheses.

Figure 2. Onsager plot of conductivity data for 4-NO3, 4-ClO4, the
1:1 standard Me4NClO4, and the 1:2 standard [(bnpapa)Ni](ClO4)2
in acetonitrile.
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Notably, the 1H NMR spectrum of 4-NO3 differs in terms of
the chemical shifts of several of the resonances (Figure 3b).
Most notable is broadening and upfield shifts (relative to 4-
ClO4) for the proton resonances of the benzylic positions and
thioether appendage. Suspecting that this may indicate
interactions between the Pb(II) center and the nitrate
counterions,2,43 we investigated 4-NO3 via conductivity
measurements (Figure 2). Unlike 4-ClO4, the nitrate analogue
is not a 1:2 electrolyte, but instead exhibits 1:1 behavior,
indicating that one of the two nitrate anions remains
coordinated in acetonitrile solution. In the amide cleavage
reactivity studies outlined below, we have only employed 4-
ClO4.
Amide Cleavage Reactivity. Product Identification. We

have previously reported that upon treatment with Me4NOH·
5H2O in CD3CN:CD3OD (3:5), 3-ClO4 undergoes amide
methanolysis as shown in Scheme 1c.22 Treatment of 4-ClO4

with Me4NOH·5H2O in CD3CN:CD3OD (3:5) also results in
amide cleavage (Scheme 2). The products of this reaction,
including d3-methyltrimethylacetate, were identified and
quantified using approaches as previously described.19,22 We
have previously reported that exposure of free chelate ligands
containing the 6-pivaloylamido group to Me4NOH·5H2O in
CD3CN:CD3OD (3:5) does not result in amide cleavage in the
time required for completion of the amide methanolysis
reactions of the divalent metal complexes.21

Kinetic Studies. Using methods previously employed for
kinetic studies of the amide methanolysis reaction of 3-ClO4,

22

we collected rate data for the amide methanolysis reaction that
occurs upon treatment of 4-ClO4 with Me4NOH·5H2O in
CD3CN:CD3OD (3:5). Pseudo first-order rate constants
(Table 3) were determined from slopes of plots of ln[4′-
ClO4] versus time. A typical correlation coefficient for these
first-order plots was ≥0.992. At a given temperature, the

Figure 3. 1H NMR spectral features of (a) 4-ClO4 and (b) 4-NO3 in CD3CN at ambient temperature. The asterisks denote trace diethyl ether that
was present in the 1H NMR sample.

Scheme 2
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observed rate of amide methanolysis was ∼10-fold faster for the
Pb(II) complex versus the Zn(II)-containing analogue.22

Examination of the rate of amide methanolysis as a function
of the concentration of CD3OD (0.21−15.39 M) in CD3CN
revealed additional differences between the reactions of 3-ClO4
and 4-ClO4. Specifically, the rate of amide methanolysis for the
zinc complex 3-ClO4 exhibits a linear correlation with
increasing methanol concentration (Figure 4), and therefore

overall second order behavior (rate = k[3-ClO4][CD3OD]).
However, the Pb(II) complex 4-ClO4 instead exhibits
saturation behavior (Figure 4), indicating a reaction that is
more complicated than a single step. The saturation behavior is
consistent with a reaction pathway involving an equilibrium
prior to an irreversible step having a rate constant k2 as shown
in eq 1. The calculated values of K1 and k2 from the fitting of
this equation to the variable [CD3OD] concentration data for
4-ClO4 gave K1 = 1.5(4) and k2 = 8.3(5) × 10−4 M−1 s−1.

=
+

k
k k

K
[CD OD]

1 [CD OD]obs
2 1 3

1 3 (1)

Eyring plots were constructed for the amide methanolysis
reactions of 3-ClO4 and 4-ClO4 (Figure 5). Activation
parameters derived from these plots are given in Table 4.
This data reveals that the slightly faster rate of methanolysis for
the Pb(II) complex 4-ClO4 is associated with lower values of
enthalpy and entropy of activation. Both complexes exhibit ΔS⧧
values that are consistent with an intramolecular rate-
determining step.20

Solvent kinetic isotope effect (SKIE) experiments using
CD3OD and CD3OH revealed a SKIE (kH/kD) of 1.4 for the
amide methanolysis reaction of 3-ClO4. By contrast, the amide
methanolysis reaction of the Pb(II)-containing 4-ClO4 shows
no solvent kinetic isotope effect.

Evaluation of Possible Intermediates in the Amide
Methanolysis Reactions. As we have previously reported,
treatment of 3-ClO4 with Me4NOH·5H2O in acetonitrile or a
CD3CN:CD3OD (3:5) mixture initially results in the formation
of a deprotonated amide species (3′-ClO4, Scheme 3).22 This
complex has been isolated and characterized by 1H and 13C
NMR, IR, and elemental analysis.22 Unique 1H NMR spectral
features of this compound relative to the starting material
include the absence of an N-H resonance and significant upfield
shifts of the resonances associated with the β-protons of the
amide-appended pyridyl ring (>0.45 ppm) and the t-butyl (0.22
ppm) protons. The upfield shifts of these resonances are
consistent with enhanced electron density within the
deprotonated amide unit, which is delocalized into the pyridyl
ring.19 Additionally, proton resonances associated with the
thioether appendage are shifted upfield relative to their position
in 3-ClO4. This change suggests a weakening of the Zn(II)-
S(thioether) interaction in 3′-ClO4, which is supported by
density functional theory (DFT) calculations reported herein
(vide infra). In terms of IR features, 3′-ClO4 does not exhibit a
1646 cm−1 vibration that is assigned to the coordinated amide
carbonyl unit in the starting amide complex. Combined, these
spectral features are consistent with the formation of a
deprotonated amide species. Upon introduction of methanol,
3′-ClO4 undergoes reaction to give amide methanolysis
products, providing evidence that it is a viable intermediate in
the amide methanolysis pathway of 3-ClO4.
Treatment of 4-ClO4 with 1 equiv of Me4NOH·5H2O in

acetonitrile or CD3CN:CD3OD (3:5) results in the initial
formation of a new species, 4′-ClO4. This complex has a t-butyl
1H NMR resonance that is shifted slightly upfield (0.09 ppm)

Table 3. Rate Constants for Amide Methanolysis Reaction of
4-ClO4 in CD3CN:CD3OD (3:5)

temp (K) 4-ClO4 (M) [CD3OD] (M) kobs (sec
−1)

295 0.020 15.39 8.07(43) × 10−4

288 0.020 15.39 4.98(34) × 10−4

281 0.020 15.39 2.47(21) × 10−4

274 0.020 15.39 1.20(6) × 10−4

295 0.020 9.23 7.42(43) × 10−4

295 0.020 0.92 5.27(35) × 10−4

295 0.020 0.21 1.50(4) × 10−4

Figure 4. Plot of [CD3OD] versus kobs for the amide alcoholysis
reactions of 3-ClO4 and 4-ClO4. The saturation curve for 4-ClO4 is fit
according to eq 1.

Figure 5. Erying plots for the amide methanolysis reactions of 3-ClO4
and 4-ClO4.

Table 4. Thermodynamic Data for Amide Methanolysis
Reactions of 3-ClO4 and 4-ClO4 in CD3CN:CD3OD (3:5)

3-ClO4
a 4-ClO4

b

ΔH⧧ (kcal/mol) 17.3(2) 16.0(6)
ΔS⧧ (cal/(mol·K)) −24(1) −17(2)
TΔS⧧ (kcal/mol)c −7.2(3) −5.2(7)
ΔG⧧ (kcal/mol)d 24.5(5) 21.3(9)

aReference 22. bThis work. c298 K. dCalculated from ΔG = ΔH −
TΔS.
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relative to the chemical shift of the same resonance in the
starting material, but does not exhibit significant upfield shifts
for any other protons of the amide-appended pyridyl ring
(Figure 6). A broad N−H resonance is present in the 1H NMR
spectrum of 4′-ClO4 at ∼8.8 ppm. Combined, these results
suggest that 4′-ClO4 does not contain a deprotonated amide

moiety. This conclusion is supported by the solid state IR
spectral features of 4′-ClO4 wherein an amide carbonyl
stretching vibration is still present at ∼1658 cm−1. A notable
difference in the 1H NMR spectrum of 4′-ClO4 versus that of
4-ClO4 is that the former shows significant changes in the
multiplicity of signals for the methylene protons of the

Scheme 3

Figure 6. 1H NMR spectral features of (a) 4-ClO4 and (b) 4′-ClO4 in CD3CN at ambient temperature. The asterisks denote trace diethyl ether that
was present in the 1H NMR sample. Water and CH2Cl2 impurities are also denoted in the spectra.

Scheme 4
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thioether appendage, which suggests a loss of diastereotopic
character for these protons (Figure 6), perhaps due weakening
or loss of the Pb(II)-S(thioether) interaction upon anion
coordination. This change in the Pb(II)-S(thioether) inter-
action is supported by DFT calculations described herein (vide
infra).
A possible structure for 4′-ClO4 is an epppa-ligated Pb(II)-

OH or Pb(II)-OCD3 species (Scheme 4). Evidence for a
mixture of such species in the amide methanolysis reaction of
4-ClO4 is the formation of a small amount of amide hydrolysis
product (identified via a trimethylacetate t-butyl resonance at
0.96 ppm; verified via treatment of 4-ClO4 with CD3CN:D2O
(3:5) which results in exclusively this hydrolysis product).
Importantly, treatment of isolated 4′-ClO4 with CD3OD results
in amide methanolysis, providing evidence that this compound
is a viable intermediate in the amide methanolysis reaction
pathway.
Computational Studies. The amide methanolysis path-

ways of 3-ClO4 and 4-ClO4 were modeled using density
functional theory (DFT) calculations to correlate computed
energetics with the results of the kinetic studies described
above, as well as to provide insight into the mechanisms.
Structures of geometry optimized reactants, transition states,
and intermediates in the respective amide cleavage pathways of
3-ClO4 and 4-ClO4 are provided in Figures 7 and 8,

respectively. Table 5 lists the M(II)/chelate ligand bond
distances in each of these structures. The potential energy
surface (PES) diagrams of these pathways are shown in Figure
9. The starting reactant complex for the calculated pathway of
each metal ion is a deprotonated amide species containing a
coordinated methanol, [(epppa−)Zn(CH3OH)]

+ (RZn) and
[(epppa−)Pb(CH3CN)2(CH3OH)]

+ (RPb). RZn was developed
from the X-ray structural data of [(epppa)Zn](ClO4)2 (3-
ClO4),

22 followed by geometry optimization for a structure that
exhibits amide deprotonation and methanol coordination. RPb

was developed from the X-ray crystallographic data of 4-NO3.
Two molecules of coordinated acetonitrile were found to
optimally model the solvated form of the [(epppa)Pb]2+ cation
based on comparisons to the X-ray crystallographically
determined bond distances involving the epppa chelate ligand
i n 4 - NO 3 . T h e s t r u c t u r e o f [ ( e p p p a − ) P b -
(CH3CN)2(CH3OH)]

+ (RPb, Figure 8), wherein the amide
has been deprotonated and a coordinated methanol has been
added, was then geometry optimized.
In the optimized structure of the deprotonated amide Zn(II)

reactant complex (RZn), the coordinated methanol molecule
interacts with coordinated amide oxygen via a hydrogen bond
(Figure 7). This structure contains a six-coordinate Zn(II)
center. The coordination number of the Zn(II) ion is 5 or 6
throughout the reaction pathway. The long Zn−S(thioether)

Figure 7. DFT-optimized structures of reactant, intermediates, transition states, and product in the amide methanolysis reaction pathway of 3-ClO4.
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distance (3.01 Å) in RZn suggests a weak interaction as, while it
is within the sum of the van der Waals radii (3.19 Å) of the two
atoms, the observed distance is >0.7 Å longer than that found
in 3-ClO4. This elongation of the Zn(II)-S(thioether)
interaction is consistent with the 1H NMR features of the
thioether appendage of 3′-ClO4 as discussed above. The other
zinc-ligand distances in RZn are generally elongated to a lesser
extent (<0.3 Å) upon amide deprotonation and introduction of
the anionic charge into the metal coordination environment.
The first transition state investigated was for proton transfer
from the coordinated methanol to the deprotonated amide of
the chelate ligand. This step proceeds with an activation barrier
of 22.4 kcal/mol to give In1Zn, a structure containing a neutral
amide and a coordinated methoxide anion. This intermediate is
endergonic by 8.1 kcal/mol relative to RZn. The Zn(II)-chelate
ligand distances in In1Zn are slightly elongated relative to RZn

(Table 5). Nucleophilic attack of the methoxide ligand on the
amide carbonyl carbon results in the formation of the
tetrahedral intermediate In2Zn. Notably, this transformation
results in a decrease in the Zn−S(thioether) distance to 2.69 Å.

Comparison of the amide C−N bond distances in In2Zn (1.49
Å) and In1Zn (1.38 Å) reveals elongation that is favorable for
the subsequent amide cleavage step. A second molecule of
methanol that is required for amide cleavage was then added to
In2Zn to form In3Zn. In the optimized structure of In3Zn, the
additional methanol interacts with the amide N−H via a
hydrogen bond (Figure 7). From In3Zn, which is endergonic by
3.7 kcal/mol relative to RZn, proton transfer from methanol to
the amide nitrogen leads to cleavage of the amide C−N bond.
This transformation happens with a barrier of 17.6 kcal/mol
from In3Zn and an overall barrier of 21.3 kcal/mol from RZn. In
the final product (PZn), the Zn(II) center coordinates a
methoxide anion and is supported by the primary amine-
containing chelate ligand (eappa). One equivalent of a
noncoordinated carboxyl ester (methyltrimethylacetate) is
also generated.
Similar to the X-ray structure of 4-NO3, the geometry

optimized structure of the deprotonated amide Pb(II) reactant
complex (RPb) exhibits coordination of the chelate ligand with
coordination space available for the binding of two solvent

Figure 8. DFT-optimized structures of reactant, intermediates, transition states, and product in the reaction pathway leading to amide methanolysis
of 4-ClO4.
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molecules. The coordination number of the Pb(II) ion is 7 or 8
throughout the reaction pathway. Proton transfer to the
deprotonated amide from a coordinated methanol occurs in
this case with an activation barrier of 18.9 kcal/mol to give
In1Pb. This intermediate is 7.2 kcal/mol exergonic relative to
RPb. The structure of In1Pb contains a neutral, coordinated
amide as well as a coordinated methoxide anion. The Pb(II)-
S(thioether) distance in In1Pb is 3.59 Å which, while within the
sum of the van der Waals radii of the two atoms, represents a
significant elongation relative to the same interaction in RPb
(3.11 Å). Notably, the elongation of the Pb(II)-S(thioether)
interaction in In1Pb is consistent with the observed changes in
the 1H NMR spectral features of the thioether appendage of 4′-
ClO4 versus the starting 4-ClO4 complex. Nucleophilic attack
of the methoxide at the amide carbonyl carbon occurs with a
barrier of 21.9 kcal/mol from In1Pb and 14.7 kcal/mol relative
to RPb. The intermediate formed, In2Pb, is 10.5 kcal/mol

endergonic relative to RPb. As was seen in the Zn(II) system,
the Pb−S(thioether) interaction is stronger in In2Pb (3.05 Å)
and the C−N bond is elongated in In2Pb (1.48 Å) relative to
In1Pb (1.39 Å). Once again, a second molecule of methanol
required for amide cleavage was added to In2Pb to form In3Pb.
In the optimized structure of In3Pb, the additional methanol
interacts with the amide N−H via a hydrogen bond (Figure 8).
From In3Pb, which is endergonic by 6.7 kcal/mol relative to
RPb, proton transfer from methanol to the amide nitrogen leads
to cleavage of the amide C−N bond. This transformation
happens with a barrier of 4.7 kcal/mol from In3Pb and an
overall barrier of 11.4 kcal/mol from RPb. In the final product
(PPb), the Pb(II) center coordinates a methoxide anion and is
supported by the primary amine-containing chelate ligand
(eappa). One equivalent of a noncoordinated carboxyl ester
(methyltrimethylacetate) is also generated.
Based on the observation of small amounts of amide

hydrolysis product in the amide methanolysis reaction of 4-
ClO4, we also used DFT calculations to examine the relative
energies of the Pb(II)-OCH3 species (In1Pb) and a Pb(II)−OH
analogue. We found that the hydroxide compound is only 1.04
kcal/mol lower in energy in the gas phase, suggesting that these
two compounds can form an acid/base equilibrium (Figure 10).
Notably, the calculated free energy difference between these
two compounds matches well with that derived for the
equilibrium component in the saturation kinetics of the
amide methanolysis of 4-ClO4 (0.2 kcal/mol).

■ DISCUSSION AND CONCLUSIONS

Amide cleavage reactions catalyzed by enzymes containing a
mononuclear zinc center are well-known in biological
systems.50 Though Pb(II) substitution for the active site zinc
center has not been reported for an amide hydrolase to date,
the general properties introduced by heavy metal substitution
into zinc proteins is of current interest.11 The amide hydrolysis
reactivity of Zn(II) in biological systems is often proposed to
involve the formation of a Zn(II)−OH nucleophile.20 The
involvement of Pb(II)−OH as a general base catalyst in tRNA

Table 5. Structural Data for DFT-Calculated Structures (Å)

complex M-S M-N4 M-N2 M-N3 M-O1

[(epppa)Zn](ClO4)2
a 2.399(3) 1.983(8) 2.0470(16) 2.169(8) 1.998(7)

RZn 3.01 2.14 2.09 2.29 2.01
TS1Zn 3.19 2.11 2.10 2.36 2.36
In1Zn 3.12 2.15 2.24 2.27 2.17
TS2Zn 2.86 2.13 2.16 2.36 2.10
In2Zn 2.69 2.12 2.12 2.33 1.97
In3Zn 2.67 2.10 2.07 2.34 1.93
TS3Zn 2.83 2.18 2.17 2.39 2.05
PZn 2.74 2.11 2.11 2.32 1.93

[(epppa)Pb(NO3)2]
b 3.0619(8) 2.607(2) 2.749(2) 2.720(2) 2.645(2)

RPb 3.11 2.91 2.48 2.74 2.31
TS1Pb 3.30 2.90 2.56 2.95 2.81
In1Pb 3.59 2.60 2.78 2.62 2.71
TS2Pb 3.26 3.06 2.57 2.96 2.29
In2Pb 3.05 3.00 2.54 2.86 2.19
In3Pb 3.07 2.93 2.46 2.74 2.14
TS3Pb 3.36 3.08 2.62 3.02 2.23
PPb 3.38 2.86 2.56 2.86 2.19

aIngle, G. K.; Makowska-Grzyksa, M. M.; Szajna-Fuller, E.; Sen, I.; Price, J. C.; Arif, A. M.; Berreau, L. M. Inorg. Chem. 2007, 46, 1471−1480. bThis
work.

Figure 9. Free energy profiles for the amide methanolysis reactions for
3-ClO4 and 4-ClO4.
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hydrolysis has been proposed,51,52 as well as a Pb(II)−OH
acting as a nucleophile in the hydrolysis of uridine 2′,3′-cyclic
monophosphate.53 In the experiments described herein, we
have examined in detail the coordination chemistry and amide
methanolysis reaction pathways of mononuclear Pb(II) and
Zn(II) complexes of an amide-appended chelate ligand.
Pb(II) and Zn(II) differ in a number of important ways.

First, the ionic radius for the former is considerably larger
(Pb(II) 1.19 Å; Zn(II) 0.74 Å).47 This is reflected in the higher
coordination numbers that are typically found for Pb(II)
complexes versus Zn(II) analogues, including compound 4-
NO3 versus 3-ClO4, which exhibit overall coordination
numbers in the solid state of nine and five respectively.22 In
both of these compounds, the epppa chelate ligand is
coordinated in a κ5-fashion. However, whereas the coordination
of the chelate ligand in 4-NO3 leaves available positions for
anion or solvent coordination, in 3-ClO4 the chelate ligand fully
encapsulates the metal center. This is also the case for the
geometry-optimized structures of the deprotonated amide
species RPb and RZn. As outlined below, we propose that it is
this difference in accessibility of coordination positions at the
Pb(II) center in 4-ClO4 that enables a reaction pathway for
amide cleavage in this complex that initially differs from that of
the Zn(II) analogue 3-ClO4.
Pb(II) and Zn(II) are also similar in a number of important

ways. According to Pearson’s classification of hard and soft
acids and bases, both are considered intermediate acids and
therefore bind a variety of donor atoms.54 In the X-ray crystal
structures of 4-NO3 and 3-ClO4, each metal ion binds a
mixture of nitrogen, oxygen, and sulfur donors from the chelate
ligand, with the Pb(II) complex exhibiting longer bond
distances because of the larger size of the metal ion. The
multidentate chelate nature of the epppa ligand ensures that the
metal ion in 4-ClO4 and 3-ClO4 is not released during the
transformations involved in amide cleavage.
Treatment of 4-ClO4 or 3-ClO4 with 1 equiv of Me4NOH·

5H2O in CD3CN:CD3OD (3:5) results in amide methanolysis
and the formation of similar products. Thus, regardless of the
divalent metal ion present, the same amide methanolysis
products are obtained. Variable temperature kinetic studies of
the reactions revealed only small differences in the activation
parameters, with the ΔG⧧ for the Pb(II)-containing 4-ClO4
being ∼3 kcal/mol lower than that found for the Zn(II)

analogue 3-ClO4. However, differences in the influence of
methanol concentration, saturation kinetics for 4-ClO4 versus
second-order behavior for 3-ClO4, and the identification of a
small solvent deuterium kinetic isotope effect identified only for
the reaction involving 3-ClO4, suggest differences in the
reaction pathway. This led us to carefully investigate
spectroscopically identifiable intermediates in the reaction
pathways, as well as to examine the reaction as a function of
metal ion via DFT calculations.
Upon introduction of 1 equiv of Me4NOH·5H2O to

acetonitrile solutions of 4-ClO4 and 3-ClO4 different isolable
products are generated, as determined by 1H NMR and IR.
Whereas the Zn(II) complex 3-ClO4 undergoes amide
deprotonation to give 3′-ClO4, no evidence was identified for
amide deprotonation in the Pb(II) analogue. Instead, the
spectroscopic properties of the intermediate suggest the
formation of a mixture of epppa-ligated Pb(II)-OH and
Pb(II)-OCH3 species containing a neutral amide. This
difference in reactivity with Me4NOH·5H2O is a consequence
of the available coordination sites for anion binding in 4-ClO4,
whereas anion coordination to 3-ClO4 is considerably more
difficult because of the more encapsulating chelate ligand
coordination motif. This is reflected in the ∼15 kcal/mol
difference in energy between In1Pb and In1Zn.
DFT calculations indicate that both 4-ClO4 and 3-ClO4 may

feasibly undergo amide methanolysis starting from a deproto-
nated amide species, with activation barriers for the rate-
determining step that are generally consistent with exper-
imentally determined free energies of activation. For example,
for the Zn(II)-containing 3-ClO4, the rate-determining step
would involve either protonation of the deprotonated amide, or
protonation of the amine leaving group, as both steps have
similar activation barriers (22.4 and 21.3 kcal/mol, respec-
tively), which are similar to the experimentally determined free
energy of activation (ΔG⧧ = 24.5 kcal/mol). We note that these
activation barriers are also similar to the ΔG⧧ values recently
reported for the methanolysis of an internal amide substrate in
a Cu(II) complex.55 The small observed normal SKIE identified
for the reaction of 3-ClO4 (1.4) may be consistent with
intramolecular proton transfer from a coordinated methanol, or
general acid assistance by a solvent molecule for departure of
the leaving group.55 General base assistance by a Zn(II)-OCH3
moiety in accepting a proton from an exogenous solvent

Figure 10. DFT optimized structures of In1Pb (right) and a Pb−OH analogue and the equilibrium that relates these compounds.
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molecule that would nucleophilically attack the carbonyl would
be expected to exhibit a larger SKIE.56

The DFT studies indicate that the reaction of Pb(II)-
containing 4-ClO4 starting from a deprotonated amide species
(RPb) would involve rate-limiting amide protonation from a
coordinated methanol, a reaction with a calculated activation
barrier of 18.9 kcal/mol. This value is comparable to the
experimentally determined free energy of activation (21.3 kcal/
mol). However, based on the lack of evidence for the initial
formation of a deprotonated amide species in the reaction of 4-
ClO4 upon treatment with Me4NOH·5H2O, we propose that
this reaction proceeds via the direct formation of a Pb(II)−OH
species [(epppa)Pb−OH(sol)n]+ (sol = CH3CN or CH3OH; n
= 1−2), that equilibrates with a corresponding Pb(II)-OCH3
(In1Pb) species. The equilibration of these two compounds is
consistent with the observed saturation kinetic data wherein the
Pb(II)−OH/Pb(II)-OCH3 equilibrium precedes nucleophilic
attack of the methoxide on the coordinated amide. The
calculated activation barrier associated with this nucleophilic
attack (In1Pb → TS2Pb, 21.9 kcal/mol) is a very good match
with the experimentally determined activation barrier (21.3
kcal/mol). The lack of an observed SKIE is consistent with this
step being rate-determining, as no proton is in flight.56

Therefore, we propose that the amide methanolysis reactions
of 3-ClO4 and 4-ClO4, while giving the same products, proceed
via different initial reactants, 3′-ClO4 (modeled as RZn) and 4′-
ClO4 (modeled as In1Pb) that are the result of the differences
in the size and coordination preferences of Zn(II) versus Pb(II)
(Scheme 5). That being said, in both cases the metal center is
likely playing multiple roles in the amide cleavage reaction.
These include electrophilic activation of the carbonyl via
coordination of the oxygen atom and stabilization of the
nucleophile.57,58 In terms of Pb(II), our calculations indicate
that the larger Pb(II) ion more effectively stabilizes the double
Lewis activated structure having both amide and nucleophile
coordination (In1Pb). Notably, the Pb(II) center also
substantially lowers the activation barrier for leaving group

departure, relative to the Zn(II) analogue (Figure 9). These
effects likely relate to a more flexible metal coordination
environment for Pb(II), wherein a greater range of metal−
ligand distances may be accessed during the amide cleavage
reaction.59

Overall, the purpose of this study was to evaluate how the
presence of Pb(II) versus Zn(II) would influence an amide
cleavage reaction. Our results indicate that Pb(II) may serve as
a Lewis acid to promote amide cleavage and lower the energy
barrier for key steps in the reaction pathway. The differences in
the reaction pathway as compared to a Zn(II) analogue relate
to the inherent chemical properties of this heavy metal ion.
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