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Abstract Replacement of [Pd(H20)4]2+ by cis-[Pd(en)
(H,0),1*", [PAC1,]*~, and [Pd(NH;),]*" on the hydrolytic
cleavage of the Ace-Ala-Lys-Tyr-Gly—-Gly-Met-Ala-Ala-
Arg-Ala peptide is theoretically investigated by using dif-
ferent quantum chemical methods both in the gas phase an
in water solution. First, we carry out a series of validation
calculations on small Pd(II) complexes by computing high-
level ab initio [MP2 and CCSD(T)] and Density Functional
Theory (B3LYP) electronic energies while solvent effects
are taken into account by means of a Poisson-Boltzmann
continuum model coupled with the B3LYP method. After
having assessed the actual performance of the DFT cal-
culations in predicting the stability constants for selected
Pd(II)-complexes, we compute the relative free energies in
solution of several Pd(II)-peptide model complexes. By
assuming that the reaction of the peptide with cis-
[Pd(en)(H,0),]*", [Pd(C1)4]*~, and [Pd(NH;)4]*" would
lead to the initial formation of the respective peptide-bound
complexes, which in turn would evolve to afford a
hydrolytically ~active complex [Pd(peptide)(H,0),]*"
through the displacement of the en, CI~, and NH; ligands
by water, our calculations of the relative stability of these
complexes allow us to rationalize why [PA(H,0),]*" and
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1 Introduction

Hydrolytic cleavage of the amide bond in peptides and
proteins is a very important issue due to its implication in
many bioanalytical and bioengineering applications such as
protein sequencing, peptide mapping, protein footprinting
and folding studies, protein semisynthesis, and purification
of fusion proteins [1-6]. The extreme inertness of the
amide linkage to be hydrolyzed has prompted the emerging
of different procedures to overcome such an inconvenience
[7-10]. Among them, the use of transition-metal com-
plexes constitutes one of the most promising strategies for
cleaving peptides and proteins because mild conditions can
be employed [2, 3, 5, 7, 9-16]. Besides this, the relatively
small size of these complexes favors the probing of the
conformation or accessibility of protein regions [3, 13, 17,
18], which can also be important to get a better knowledge
on natural metalloproteases.

Numerous experimental studies have shown that palla-
dium (II) and platinum (IT) complexes are useful reagents
for cleaving peptides and proteins [15, 19—41]. Particularly,
the complex [Pd (H,0)4]*" has been studied in some detail
because of its relatively high effectiveness [15, 25, 28].
This complex spontaneously binds to the side chains of
either methionine (Met) or histidine (His) residues and
regioselectively promotes the hydrolytic cleavage of the
second amide bond upstream from the anchoring residue,
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that is, for instance, the Gly—Gly and Gly—Pro bonds in the
Gly-Gly-Met (or Gly—Gly-His) and Gly—Pro-Met (or Gly—
Pro-His) peptide sequences, respectively (see Scheme 1)
[15, 25, 28]. These processes start with the complexation of
the peptide, in which the metal ion anchors to the sulfur or
nitrogen atoms of the Met or His residues, respectively (see
1 in Scheme 1 for the Met case). Then, the Pd (II) ion
deprotonates the secondary amide group and binds to the
nitrogen atom of the resulting amidate anion, thus giving
the so-called hydrolytically active complex (see 2 in
Scheme 1). This mechanistic proposal has gained much
support in our recent computational work [42] confirming
that only [Pd (peptide) (H,0),]™ complexes, in which the
scissile peptide bond has a trans conformation, possess the
adequate structure and stability for being hydrolytically
active. Our calculations, which are in consonance with the
most important experimental facts and their interpretation,
have also uncovered the critical roles played by both the
Pd—peptide dicoordination environment and one of the Pd-
bound water molecules during the hydrolysis reaction. In
this scenario, other plausible Pd—peptide complexes lack-
ing these two essential features, Pd-peptide dicoordination
and Pd-bound water, would not be reactive.

An experimental investigation into the [Pd(H,0),
catalyzed hydrolysis of the peptide Ace-Ala-Lys-Tyr-Gly—
Gly-Met-Ala-Ala-Arg-Ala at pH 1.8 has revealed that the
replacement of [Pd(H,0),]*" by cis-[Pd(en)(H,0),]*™,
[PdCl4]2_, and [Pd(NH3)4]2+ does not change the regio-
selectivity, but affects the rate of the reaction [28].
According to the rate constants experimentally obtained,
[Pd(H20)4]2+ and [Pd(NH3)4]2+ are better cleavage
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promoters than cis—[Pd(en)(H20)2]2+ and [PdCl4]2_.
However, the reason why this happens remains unclear.
Thus, for instance, the initial delay experimentally
observed in the peptide hydrolysis by cis—[Pd(en)(Hzo)z]2+
compared to [Pd(H20)4]zJr has been ascribed to a relatively
slow displacement of the en ligand by the sulfur and
nitrogen donor atoms of the peptide Met residue [28].
However, it has also been proposed that the more labile Pd-
bound water molecules are initially displaced by the pep-
tide molecule from the cis-[Pd (en)(H,0),]*" complex to
form cis-[Pd(pep)(en)]". Then, after a relatively slow
replacement of the en ligand by water in a process assisted
by the acidic solvent, the Pd(II) ion would cleave the
scissile peptide bond [28].

In this work, we aim at rationalizing the experimentally
observed ligand effects on the hydrolytic cleavage of the
Gly—-Gly-Met peptide sequence. Based on the details of the
theoretical hydrolysis mechanism as well as on the experi-
mental kinetic data, the lower reaction rate in the presence
of cis—[Pd(en)(HzO)2]2+ and [PdC14]2_ could be a conse-
quence of a larger stability of the [Pd(peptide)(en)]t and
[Pd(peptide)Cl,]~ complexes with respect to the hydro-
lytically active [Pd(peptide)(H20)2]+. To further clarify the
origin of the ligand kinetic effects, theoretical calculations
of stability constants could be very useful. In this respect,
and taking into account the relatively large size of the Pd-
peptide complex models, it is clear that Density Functional
Theory (DFT) methods offer a priori the best compromise
between accuracy and computational cost for performing
the required calculations. Nevertheless, we carry out a
series of validation calculations on small Pd(IT) complexes
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using high-level ab initio calculations. Then, we apply a
composite quantum mechanical protocol for determining
the relative stability of a series of [Pd (peptide)(L)] com-
plexes (L = H,0, en, C1~, and NHj3). The influence of the
pH on the stability of the reactive [Pd(peptide)(H,0),]"
complex is also assessed. Overall, our results fulfill a
twofold goal: (a) they give new insight into the ligand
effects on the hydrolysis of the Pd(Il)-peptide complexes,
and (b) they support the use of quantum chemical calcu-
lations to estimate the relative stability constants of Pd(II)
complexes, what could be of interest for the computational
design of other metal complexes for the regioselective
cleavage of peptides and proteins.

2 Computational details
2.1 Gas-phase calculations on test systems

From previous computational experience in metal-con-
taining systems, the error on the relative energies computed
by DFT methodologies is unlikely to exceed a range of
3-5 kcal/mol [43]. Nevertheless, exceptions exist and,
therefore, the performance of the B3LYP [44—46] method
when compared with ab initio methodologies is reassessed
in this work. Thus, we performed a series of validation
calculations on small palladium(I) compounds that are
relevant to the coordination environment of the Pd(II) ion
in the metal-peptide complexes. The gas-phase acidity of
acetamide, ammonia and ethylamine is also considered in
the test calculations given that binding of Pd(Il) to the
peptide backbone implies the deprotonation of NH groups,
while the NH; and en ligands would be protonated at the
acidic pHs required for the regioselective Pd(II)-assisted
peptide hydrolysis.

Molecular geometries were optimized using the DFT
B3LYP method and the ab initio MP2 method. In both
cases, we employed a correlation consistent basis set of
triple-{ quality: aug-cc-pVTZ for the non-metal atoms plus
the cc-pVTZ-PP basis set with extended relativistic
pseudo-potentials for Pd [47-51]. Given the acceptable
similarity between the B3LYP and MP2 optimized geom-
etries (see below), the nature of the critical points found
was only checked by harmonic frequency calculations at
the B3LYP/aug-cc-pVTZ (cc-pVTZ-PP for Pd) level.

Electronic energies were refined by performing single-
point calculations at the CCSD(T)/aug-cc-pVTZ (cc-
pVTZ-PP for Pd) level of theory (coupled cluster single
and double excitation augmented with a noniterative
treatment of triple excitations) [52] on the MP2/aug-cc-
pVTZ (cc-pVTZ-PP for Pd) geometries. The effect of lar-
ger basis sets on the ab initio energies was also estimated
by doing MP2/aug-cc-pVnZ//MP2/aug-cc-pVTZ (n = Q, 5)

calculations [47-51]. To extrapolate our results toward the
complete basis set (CBS) limit and, thereby, remove basis
set truncation errors, we used the Schwarz’s extrapolation
formula for correlation energy:

E, = Ecps +An™>

where n is the cardinal number of the basis set and Ecgpg
and A are fitting parameters, with Ecgg being the resulting
estimate of the CBS limit of correlation energy. Herein,
CBS extrapolations with the aug-cc-pVnZ (n = Q, 5) basis
sets were used systematically on the MP2 correlation
energies. The HF energies were not extrapolated, and the
57 values were simply taken as the most accurate estimates
of the HF limit. Then, the following “composite” formula
was used to obtain a better estimate of the electronic
energy:

Eccsp(r)/cBs & Emp2/cBs
+ (ECCSD(T)/augfccfpVTZ - EMPZ/augfccfpVTZ)

The frozen core approximation was used in all the corre-
lated ab initio calculations. B3LYP and MP2 calculations
were done using the Gaussian 03 [53] and TURBOMOLE
[54] packages, respectively, while the MOLPRO code [55]
was used for the CCSD(T) computations [56]. The
MP2 calculations were performed in the framework of
the “resolution-of-the-identity” approximation (RI-MP2)
using the appropriate auxiliary basis set.

2.2 Solvent effects and calculation of equilibrium
constants

To take into account condensed-phase effects, we used a
Self-Consistent-Reaction-Field (SCRF) model proposed
for quantum mechanical computations on solvated mole-
cules [57, 58]. The solvent is represented by a dielectric
continuum characterized by its relative static dielectric
permittivity e¢. The solute, which is placed in a cavity
created in the continuum after spending some cavitation
energy, polarizes the continuum, which in turn creates an
electric field inside the cavity. This interaction can be taken
into account using quantum chemical methods by mini-
mizing the electronic energy of the solute plus the Gibbs
energy change corresponding to the solvation process [59].
Among the different approaches that can be followed to
calculate the electrostatic potential created by the polarized
continuum in the cavity, we employed the Poisson-Boltz-
mann (PB) model as implemented in the JAGUAR pro-
gram [60]. AGy values were evaluated through geometry
reoptimizations of all the species in solution at the PB-
B3LYP/LACVP*+ [61, 62] level, excepting H" and H,0
(see below). A relative permittivity of 80.37 was employed
to simulate water as the solvent used in the experimental
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work. In these calculations, we used the LACVP*+ basis,
which comprises the 6-314G* basis set for non-metal
atoms and the Los Alamos effective core potentials for
palladium, as larger basis sets including diffuse and
polarization functions hardly change the aqueous solvation
effects [63].

For all the species, Gibbs energies in solution (Gyoution)
were computed by adding the Gibbs energies of solvation
(AGgo1v) to Gibbs energies in the gas phase (Gas). The Ggas
values were obtained by combining the B3LYP/aug-
cc-pVTZ electronic energies with the gas-phase thermal
corrections evaluated at the B3LYP/aug-cc-pVTZ(cc-
pVTZ-PP for Pd) level (for the test calculations on small
systems) or the B3LYP/aug-cc-pVDZ(cc-pVDZ-PP for Pd)
[47-51] level (for the QM cluster models of the Pd—peptide
complexes, see below). Thermodynamic magnitudes were
computed within the ideal gas, rigid rotor, and harmonic
oscillator approximations at a pressure of 1 atm and a
temperature of 298.15 K. To obtain Gyguion Values at the
standard state of 1 M, it must be taken into account that the
translational entropy for each species is smaller by
6.4 cal mol~' K™ than the entropy value obtained for the
standard state of an (ideal) gas (1 atm, 298.15 K —
0.041 M). For water, a standard concentration of 55 M was
taken.

The standard free energy of a proton that is needed to
compute pK, values was estimated by combining the gas-
phase free energy of a proton (%RT — TSgss = 1.48 —7.776 =
—6.28) kcal/mol at 298 K and 1 atm) with its solvation free
energy (AGgy(HT)). Here, AGy,y(H")was treated as a
parameter chosen to give the best match between calculated
and experimental pK, values for methylamine. The selected
AGoy(HT) = —266.0 kcal/mol is in good agreement with
the typical literature values [64]. On the other hand, we used
the experimental solvation free energy for water
(AGsoy(H,0) = —6.3kcal/mol) [65] in the calculations of
stability constants for Pd-complexes as we found that this
value, which is 3.2 kcal/mol less negative than the PB-
B3LYP/LACVP*+ one, improves the agreement between
theoretical and experimental data for the small complexes.

2.3 QM calculations on the Pd-peptide cluster models

In our previous work [42], we found that (a) the central
region of the peptide molecules nearby the Pd(II) ion is
conformationally rigid, and (b) QM calculations on trun-
cated models of the peptide molecules (Ace-Gly—Gly-Met-
Nme or Ace-Gly—Gly-Pro-Nme) can reproduce both the
structure of the first coordination shell around the Pd(II)
ion and the relative stability of various coordination modes.
Assuming that exchange of water by other ligands at the
Pd(II) site would mainly affect the Pd-ligand bond ener-
gies, the stability of the Pd—peptide complexes is then
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evaluated using again a truncated peptide model (Ace-Gly—
Gly-Met-Nme).

Initial geometries for the QM cluster models were built
based on the structure of the complexes studied in our
previous work [42]. The augmented correlation basis sets
aug-cc-pVnZ (cc-pVTZ-PP for Pd) with n =D, T, in
conjunction with the hybrid density functional method
B3LYP, were used to fully optimize all the critical struc-
tures. The structures were first optimized and their nature
as energy minima on the Potential Energy Surface con-
firmed by analytical computations of harmonic vibrational
frequencies at the B3LYP/aug-cc-pVDZ (cc-pVDZ-PP for
Pd) level. Subsequently, the structures were reoptimized at
the B3LYP/aug-cc-pVTZ (cc-pVTZ-PP for Pd) level. As
the molecular geometries obtained with the double- and
triple-( correlation consistent basis sets were quite similar,
we did not carry out the computationally very costly fre-
quency calculations using the larger basis set (aug-cc-
pVTZ). For the sake of brevity, we only report the
molecular geometries at the B3LYP/aug-cc-pVTZ (cc-
pVTZ-PP for Pd) level.

All the quantum chemical computations at the B3LYP/
aug-cc-pVDZ (cc-pVDZ-PP for Pd) theory level and only
those at the B3LYP/aug-cc-pVTZ (cc-pVTZ-PP for Pd)
theory level involving molecular systems other than Pep
and Pd(Il)-Pep complexes were carried out with the
Gaussian 03 series of program [53]. To perform the
B3LYP/aug-cc-pVTZ (cc-pVTZ-PP for Pd) calculations on
the Pd-peptide complexes, we employed the TURBO-
MOLE V5.9 code [54] selecting the B3LYP version
equivalent to that implemented in Gaussian 03. Gibbs free
energies in the gas phase and in solution were computed
using the prescriptions above described (i.e., all the struc-
tures were reoptimized in solution at the PB-B3LYP/
LACVP*+ level).

3 Results and discussion
3.1 Validation computations

Before presenting and discussing the obtained results for
the Pd-peptide models, we corroborate the adequacy of the
B3LYP/aug-cc-pVTZ(cc-pVTZ-PP for Pd) level for com-
puting their molecular geometry and electronic energy by
performing ab initio benchmarking calculations based on
MP2/aug-cc-pVTZ(cc-pVTZ-PP for Pd) geometry optimi-
zations followed by single-point calculations at the
CCSD(T)/aug-cc-pVTZ(cc-pVTZ-PP for Pd) and MP2/
aug-cc-pVnZ(cc-pVXZ-PP for Pd) with n = Q, 5 levels of
theory. To accomplish this task, we selected a series of
proton dissociation and ligand exchange processes on small
molecules with the aim of ranging over most of the
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Table 1 Electronic reaction energies (in kcal/mol) obtained with different quantum chemical computational protocols
Reaction B3LYP/ MP2/aug- MP2/aug- MP2/aug- MP2/  CCSD(T)/ Composite
aug-cc- ce-pVTZ®  cc-pVQZ® cc-pV5Z° CBSPC  aug-cc- energy”
pVTZ? pvVTZ®
Proton dissociation
CH;CONH, — CH;CONH™ + H* 369.9 366.8 367.0 367.0 3669  369.1 368.9
CH;CH,NH;" — CH;CH,NH, + H* 226.2 225.0 2249 224.8 2247 2265 226.2
NH," — NH; + H" 211.1 210.6 210.6 210.5 2104 2118 211.6
[PA(H,0)4]*" - [Pd(H,0)3(OH)]" + HT 126.0 122.5 122.0 121.7 121.1 1255 124.5
Ligand exchange
[PA(H,0)4*" + NH; — [Pd(H,0);(NH3)]*T + H,O —24.8 —28.9 —29.0 —28.9 —288 —265 —26.3
[PA(H,0)4]*" + CI™ — [Pd(H,0)3(CH]" + H,O —227.7 —231.7 —233.5 —234.4 —235.2 —229.8 —233.3
[PA(H,0)41*" + 2C1™ — trans- —357.3 —364.6 —367.6 —369.2 —370.6 —360.4 —366.4
[Pd(H,0)»(CD)2] + H,0
[PA(H,0),]*" + 4CI~ — [PA(Cl4]*~ + 4H,0 —340.4 —350.6 —356.2 —358.9 —361.5 —342.6 —353.6

% Using the cc-pVTZ-PP basis set for Pd
° Single-point calculations on the MP2/aug-cc-pVTZ geometries

¢ Obtained from CBS extrapolation of the VQZ and V5Z energies and using the HF/aug-cc-pV5Z energies

d
EMP2/CBS + (ECCSD(T)/aug-cc-pVTZ - EMP2/aug—cc-pVTZ)

chemical features involved in the larger Pd—peptide
complexes.

In general, the MP2 and B3LYP molecular geometries
of the test compounds are very similar to each other. Thus,
the MP2 computed bond lengths and bond angles of the
structures involved in the gas-phase acidity of acetamide,
ammonia, and ethylamine differ from the B3LYP values by
only (—=1.0%) to (+0.4%) and (—1.0%) to (40.2%),
respectively. More significant deviations were found when
comparing the B3LYP and MP2 geometries of the com-
plexes  [PA(H,0),]*",  [Pd(NH3)(H,0)3]**,  [Pd(H;0)5
(OH)]*, [PA(H,0);CI1", [PAC1,)*", and trans-[Pd(H,0),
Cl,]. All the above-mentioned Pd(II)-complexes present
a shortening of the metal-ligand distances ranging from
(—=1.9%) to (—4.3%) ongoing from B3LYP to MP2. The
maximum relative deviations were found for Cl-containing
complexes following the sequence: [Pd(H,0);Cl]* <
trans-[Pd(H,0),Cl,] < [PdC14]2_. The discrepancies bet-
ween the MP2 and B3LYP bond angles were only
significant for the complexes [Pd(NH5)(H,0);]*" and
trans-[Pd(H,0),Cl,], which are in the range (—5.7%) to
(+5.7%). In addition to this, it maybe also interesting to
note that both the B3LYP (2.041 A) and MP2 (1.983 A)
Pd-OH, bond distances at [Pd(H20)4]zJr compare well
with the maximum of the Pd—O radial distribution function
at 2.04 A obtained from recent molecular dynamics (MD)
simulations for aqueous solutions of Pd(II) [66]. This and
other MD studies have also reported that the first solvation
shell of the Pd(II)-aqua complex presents four water mole-
cules in a square-planar conformation confirming the
reasonable adequacy of considering four water ligands in
our computations [66—68].

Table 1 shows the electronic reaction energy at different
levels of theory for proton release from the fol-
lowing acids: CH;CONH,, NH,", CH;CH,NH;* and
[Pd(H,0),4]*". For the extremely weak acid (acetamide)
and the stronger acids, ammonium and methylammonium,
the B3LYP/aug-cc-pVTZ energies closely match the best
ab initio estimate provided by the composite CCSD(T)/
aug-cc-pVTZ and MP2/CBS energies, the energy differ-
ences being lower than 0.5 kcal/mol. The gas-phase acidity
of the [Pd(H20)4]2+ cation is slightly less accentuated at
the B3LYP/aug-cc-pVTZ, but the difference between the
B3LYP and ab initio energies is also quite low, 1.5 kcal/
mol. We also computed the electronic reaction energy of
ligand replacement at [Pd(H20)4]2+ leading to the mono-
monochloro-, dichloro- and tetrachloro-Pd(II)
complexes. In this case, we find that the discrepancy
between the B3LYP and the composite ab initio reaction
energies varies between 1.5 and 13.2 kcal/mol, the highest
deviations corresponding to the processes involving chlo-
ride ions. These results clearly indicate that the energetics
of the metal-ligand bonds is more sensitive to the corre-
lation method and basis set effects than the deprotonation
energies, particularly in the case of the H,O — Cl™
exchange processes. Overall, we conclude that the B3LYP
reaction energies for deprotonation and formation of
[PA(NH3)(H,0)5]>" do not deviate significantly from the
CCSD(T) and composite ones, while the relative stability
of the Pd—chloride bonds tends to be underestimated by a
few kcal/mol.

In addition to reliable free energies in the gas phase,
the calculation of pK,’s and stability constants of metal
complexes also demands accurate solvation energies for

amin-,
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Table 2 B3LYP/aug-cc-pVTZ (cc-pVTZ-PP for Pd) electronic energies (AE) and thermal Gibbs energy corrections (AGEN ), PB-B3LYP/

therm

LACVP*+ Gibbs energies of solvation (AAGy,,), and Gibbs energy in solution (AGgion) referred to the corresponding reactants

Reaction AE AGEE » P AAGLy  AGuion  PKa (calc) pK, (exp)
Proton dissociation
CH;CONH, — CH;CONH™ + H" 369.8 —11.4 —333.6 24.7 18.1 17.0 [69]
CH;CH,NH;" — CH;CH,NH, + H* 2262  —13.7 —198.1 14.5 10.6 10.7 [70]
NH,"” - NH; + H' 2112 —14.8 —183.5 12.9 9.4 9.3 [70]
[PA(H,0)4*T — [Pd(H,0)5(OH)|™ + H* 1260 —122 —109.0 4.9 3.6 3.0 [71]
log B, (calc)  log B, (exp)
Ligand exchange
[PA(H,0)4]*T + NH; — [Pd(H,0);(NH;3)]** + H,0 —24.8 1.3 9.6 —14.0 10.2 9.7 [72]
[PA(H,0)4]>" + C1I~ - [Pd(H,0);(CD)]* + H,O —227.7 -2.0 2243 —54 3.9 6.1 [73]
[PAH,0)4]*" + 2C1™ - trans-[PA(H,0),(Cl),] + H,O  —357.3 -3.1 3480 —124 9.1 10.7 [73]
[PA(H,0)4]>" + 4C1~ - [PA(C1),]*~ + 4H,0 —340.4 —6.0 328.3 —18.1 13.3 15.7 [73]

All values are in kcal/mol. The computed and experimental pK values at 25 °C are also indicated

* The correction due to the standard state concentration (1 M for all the species except 55 M for H,0) is included

" Using Gperm(H") = 5/2RT — TSy, = —6.28 cal/(K mol)

¢ Using AG(H,0) = —6.3 kcal/mol (exp); AG(H") = —266.0 kcal/mol

d AGsolution =AE + AGfk?gm + AAGSO]V

the different species involved. Hence, after having cali-
brated the electronic B3LYP/aug-cc-pVTZ energies, it is
equally important to assess the performance of the Gibbs
solvation energies for computing equilibrium constants.
To this end, we evaluated the free energies and the
equilibrium constant in aqueous solution for the depro-
tonation and ligand exchange reactions above considered,
and for which experimental data are available (see
Table 2). As mentioned in the Computational Details, we
employed the PB-B3LYP/LACVP*+ level of theory to
compute the solvation energies, excepting those of H™
and bulk H,O, which were chosen to give the best
agreement with experimental data. Thus, by adjusting
AGsotvation(HT )to —266.0 kcal/mol, the computed pK,’s
for CH;CONH,, NH,", CH;NH;" and [Pd(H,0),]*" are
all within ~1 pK unit from the experimental ones (see
Table 2). Therefore, we believe that this degree of
agreement is quite remarkable considering the diverse
nature and acid strength of these molecules (note also that
in these calculations the gas-phase Gibbs energy is
obtained at the B3LYP/aug-cc-pVTZ level). We note in
passing that the geometry relaxation effects accounted for
by the PB-B3LYP/LACVP*+ solvation energies are rela-
tively important for obtaining reliable pK, predictions for
the species studied in this work. For example, the com-
puted pK, values for [Pd(H20)4]2+ are 0.90 (single-point
calculations on the gas-phase geometries) and 3.59 (sol-
vation energies derived from the fully relaxed structures
in solution), the experimental pK, value being 3.0 (this
effect can be traced back to a slightly loss of planarity
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upon solvation of the coordination polyhedra in the
[Pd(H,0)5(OH)]* complex).

For the [Pd(L);(H,O)4_;] complexes with L = NHj,
CI, their stability constants are expressed in the form of
cumulative constants (log f,) (see Table 2). The combi-
nation of the B3LYP/aug-cc-pVTZ electronic energies
with the PB-B3LYP/LACVP*+ solvation energies gives a
quite reasonable value for the log §;(NH3) constant, 10.2,
which is only 0.5 log units above the experimental value.
For the Pd—chloro complexes, the resulting log f§ constants
are about 2 units below the experimental ones, what is not
entirely unexpected given that the B3LYP/aug-cc-ppVTZ
reaction energies deviate from the ab initio values by
2-13 kcal/mol although it also seems that the logf calcu-
lations for CI™ ligands benefit from a partial cancelation of
errors. With all these results in mind, we note that our
computational protocol based on the B3ALYP method would
be more adequate to determine the relative stability of the
complexes [Pd(L)(peptide)] (L = H,O, en, NHj) than
those including L = CI™.

3.2 Pd-peptide cluster models

As mentioned in the Introduction, our previous calculations
have revealed that [Pd(H,0),]*" can promote hydrolysis of
the Ace-Ala-Lys-Tyr-Gly—Gly-Met-Ala-Ala-Arg-Ala pep-
tide through an external attack of a water molecule to the
scissile Gly—Gly peptide bond in frans conformation (see
Scheme 2) [42]. To analyze the changes in the stability of
the hydrolytically active Pd—peptide complex upon ligand
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WLI\ \)J\ ﬁk /KH/NH
H\O: H20 Pd—
0H2

H n=1,2

3

\o,’

Scheme 2 Hydrolytically active Pd(II) complex

exchange processes, we investigate the effect of ligands en,
ClI", and NH; on a closely related model complex,
[Pd(Pep)(H20)2]+, where Pep stands for Ace-Gly—Gly-
Met-Nme. By using this model for representing the peptide
molecule, a relatively high QM level of theory can be
employed to compute only relative stability constants
among Pd—peptide complexes. Thus, truncation effects and
neglect of the conformational freedom of the peptide
molecule prevent us from computing absolute binding
energies for the formation the Pd—Pep complexes.

We studied the energy change corresponding to several
reactive processes that can be envisaged when the Pd-
bound water molecules at the [Pd(Pep)(H,0),]"
[Pd(H20)4]2+ complexes, are substituted by en, NH; and
CI™. For these processes to occur, an acidic environment is
assumed in order to match more closely the experimental
conditions. This means that the en and NH; ligands should
be considered to be in their protonated forms as enH,*"
and NH, ", respectively, when they are not bound to the
Pd(II) ion. The chemical equations and the computed
energy data are summarized in Table 3 while Fig. 1 dis-
plays the optimized geometries of the Pd-bound peptide
complexes at the B3LYP/aug-cc-pVTZ (cc-pVTZ-PP for
Pd) level of theory. Unless otherwise stated, we will dis-
cuss in the text the Gibbs energies in solution.

3.2.1 Influence of ethylenediamine ligand

The chelate effect associated to the bidentate en ligand is
well reproduced by our calculations. Thus, the cis-
[Pd(en)(H20)2]2+ complex is predicted to be 11.2 kcal/mol
more stable than [Pd(H,0),]**. This free energy difference
assumes a 1 M standard concentration of H' in aqueous
solution, so that water replacement by en takes place with
the release of two H' from the doubly protonated enH>"
species. In Fig. 1, we see that the equilibrium geometry of
the corresponding complexes in the presence of the Pep
ligand, [Pd(Pep)(H,0),]" and [Pd(Pep)(en)]™, is quite
similar in terms of the Pep-moiety conformation and the
intramolecular H-bonds between the Pd-water/amino
groups and the backbone carbonyl group. We note in

passing that this structural similarity gives support to the
use of these QM cluster models for estimating the relative
stability of the Pd-peptide complexes. Interestingly, the
computed free energies indicate that water replacement by
en stabilizes the Pd—Pep complex by 3.1 kcal/mol, that is,
the presence of the Pep ligand diminishes the chelate effect
of the en ligand in such a way that the resulting energy
difference could be small enough for establishing an
equilibrium between the [Pd(Pep)(H,0),]" and [Pd(Pe-
p)(en)]" complexes.

3.2.2 Influence of ammonia ligands

According to our calculations in acid aqueous solution, the
predicted stability of the Pd—ammonia complexes with
respect to [Pd(H20)4]2+ is rather low in consonance with
expectation. For example, [PA(NH3),(H,0),*" is slightly
more stable than the Pd(II)-aqua complex by 0.9 kcal/mol.
Moreover, when the experimentally used [PA(NH3),]*"

taken into account in the calculations, the stability is
reversed by 7.1 kcal/mol (see Table 3). From a structural
point of view, ammonia and water ligands result in very
similar [Pd(Pep)(L),]* complexes (see Fig. 1), but
[Pd(Pep)(NH3),]" turns out to be 8.4 kcal/mol less stable
than the hydrolytically active species [Pd(Pep)(H20)2]+.

3.2.3 Influence of chloride ligands

According to our results and taking as reference the
[Pd(H,0),]" species, the replacement of two and four
water ligands by C1™ ions largely stabilizes the Pd-complex
by 10.7 and 18.1 kcal/mol, respectively. Similarly, when
comparing the relative stability of the Pd(II) complexes
coordinated to the Pep fragment, the [Pd(Pep)(Cl),]™
complex is much more stable than the precursor water
complex by 17.2 kcal/mol. These figures can be understood
in terms of the larger strength of the metal-ligand bonds
formed between the Pd(II) and Cl™ ions. However, they
should be taken with caution, particularly for the Pd-pep-
tide structures. First, our validation calculations suggest
that the quality of the relative stability calculations
involving chloro-complexes would be lower than those for
the other ligands. Secondly, the use of a tripeptide model
instead of the full decapeptide can result in larger trunca-
tion effects in the [Pd(Pep)(Cl),]~ complexes. In effect, as
seen in Fig. 1, the optimized [Pd(Pep)(Cl),]™ structure
exhibits a more extended conformation, which deviates
significantly from the hairpin shape of [Pd(Pep)(H,0),]",
[Pd(Pep)(en)]+ and [Pd(Pep)(NH3)2]+. This change is due
to the location of a global negative charge around the Pd(II)
ion and the inability of the Pd-bound Cl™ ions to establish
intramolecular hydrogen bond interactions. Hence, the use
of a more realistic model for [Pd(Pep)(Cl),]~ through the
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Table 3 B3LYP/aug-cc-pVTZ (cc-pVTZ-PP for Pd) electronic ener-
gies (AE), B3LYP/aug-cc-pVDZ (cc-pVDZ-PP for Pd) thermal Gibbs
energy corrections (AG{n. ), PB-B3ALYP/LACVP*+ Gibbs energies

of solvation (AAGs,,), and Gibbs energies in solution (AGsopution)
referred to the corresponding reactants in kcal/mol

therm
Reaction AE AGRE ® AAGg,° AGoion
[PA(H,0)4]>T + 2NH, " — cis-[PA(NH3)»(H,0),1** + 2H,0 + 2H* 1) 373.2 —253 —348.9 -0.9
[PA(H,0)4]>" + 4NH, " — [PA(NH3)4*" + 4H,0 + 4H* ) 759.6 —49.6 —703.0 7.1
[Pd(Pep)(H,0),]* + 2 NH,© — [Pd(Pep)(NH;),]" + 2H,0 + 2H" (3) 404.9 —26.1 —370.4 8.4
[PAH,0)4]>" + enH,>" — cis-[Pd(en)(H,0),]** + 2H,0 + 2H* ) 295.3 —27.0 —279.5 —11.3
[Pd(Pep)(H,0),]" 4 enH,>™ — [Pd(Pep)(en)] ™ + 2H,0 + 2H™ (5) 3334 -27.9 —308.7 -3.1
[PA(H,0)4]>T + 2C1~ — cis — [Pd(H,0)(C1),] + 2H,0 (6) —356.2 -23 3478 —10.7
[Pd(H,0)4]*T + 4C1~ — [PA(C1),]*~ + 4 H,0 ) —340.4 —6.0 328.3 —-18.1
[Pd(Pep)(H,0),]" + 2C1~ — [Pd(Pep)(Cl)»]~ + 2H,0 ) —147.5 -72 137.5 —172
[Pd(Pep)(H,0),]" — [Pd(Pep)(H,0)] + H,O + H ) 248.4 —18.6 —232.5 -2.7

* The correction due to the standard state concentration (1 M for all the species except 55 M for H,0) is included. Gyerm(H') = —6.28 cal/(k mol)
® Using AGy(H,0) = —6.3 kcal/mol (exp); AG(H™) = —266.0 kcal/mol

AG.rz)lurizm =-27 solution

[Pd(Pep)(H,0)]

1.667 ¢ !

AG =-3.1

solution

[Pd(Pep)(en)]*

AG =0.0 AG,
[Pd(Pep)(H,0),1*

Solution 8.4 : o
[Pd(Pep)(NH;),]*

‘ AG

solution

=-17.2
[Pd(Pep)(CD),]-

Fig. 1 B3LYP/aug-cc-pVTZ (cc-pVTZ-PP for Pd) optimized geometries of the complexes Pd-Pep complexes of Pd(II) ion investigated in this
work. Relative Gibbs energies in solution are also indicated. Distances are given in A and energies in kcal/mol

inclusion in the QM calculations of water molecules and
more peptide residues could modify our theoretical find-
ings on the influence of the chloride ligands.

3.2.4 Deprotonation of [Pd(Pep)(HzO)ZfL

We also calculated the free energy for the deprotonation of
one amide group of the hydrolytically active complex
[Pd(Pep)(H,0),]" with simultaneous release of a Pd-bound
water molecule, leading thus to a [Pd(Pep)(H,0)] complex
in which the Pd ion is bound to two N and one S donor
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atoms of the peptide plus the remaining water molecule
(see Fig. 1). The resulting structure is a model of complex
3 in Scheme 1, so that the computed change in the standard
free energy in solution, which amounts to —2.7 kcal/mol,
can give some indication about the stability of the reactive
complex 2 with respect to the acidity of the solution.

3.2.5 Implications for peptide hydrolysis

The mechanistic proposal that the [Pd(Pep)(H,0),]"
complex is the hydrolytically active species regardless the



Theor Chem Acc (2011) 128:465-475

473

identity of the ligands initially bound to the Pd(II) cation at
the reactant state is supported by various experimental
evidences: the coincidental order of magnitude of the rate
determining constants measured for the [Pd(H,0),]* ™,
[PA(NH3),*",  cis-[Pd(en)(H,0),)*" and [Pd(Cl)4]*~
complexes, the fact that all of them present the same regio-
selectivity toward peptide hydrolysis, and the pH kinetic
effects showing that the rate of the reaction increases with
acidity [28]. Although the Pd(II)-assisted peptide hydro-
lysis processes have practical rates at 20-40 °C, they are
not extremely fast and, therefore, it can be reasonably
expected that pseudo-equilibrium processes among differ-
ent Pd(Il)-complexes with various ligands including the
reactive complex, [Pd(pep)(H20)2]2+, could affect the rate
of the reaction and modulate the value of the apparent first-
order kinetic constant on the peptide concentration. In this
mechanistic scenario, the calculations reported in this work
provide new insight by showing that the different experi-
mental reaction rate of peptide hydrolytic cleavage pro-
moted by the complexes [Pd(H,0)4*" (0.24 h™h,
[PA(NH3),]*" (0.25 h™Y), cis-[Pd(en)(H,0),]*" (0.14 h™Y),
and [Pd(C1)4)*~ (0.13 h™") [28] can be correlated with the
relative stability of the complexes [Pd(Pep)(NHs),]™,
[Pd(Pep)(en)]+, and [Pd(Pep)(Cl),]~ compared to [Pd(Pe-
p)(H20)2]+ and other related ligand exchange processes
(see Table 3). Particularly, our calculations help under-
standing qualitatively why complexes in which Pd(Il) ion
carries labile ligands, [Pd(H20)4]2+ and [Pd(NH3)4]2+, are
more reactive than those containing an anionic ligand,
[PA(C1)4]*~, or a bidetante ligand, cis-[Pd(en)(H,0),]**.

In the case of [Pd(NH3),]*", our results indicate that this
complex would not be stable at the low pHs required for
the reaction to occur, and the predicted free energy of
other species like [Pd(H20)2(NH3)2]2+ would be close to
that of [Pd(H,0),]*". This means that, starting from
[PA(NH;)4]*", peptide binding to the PA(II) ion could form
directly the reactive aqua-complex, [Pd(Pep)(H20)2]2+.
Moreover, we found that the equivalent ammonia complex,
[Pd(Pep)(NH3)2]2+ is much less stable. Hence, we con-
clude that ammonia behaves as a more labile ligand than
water, regardless of the presence or not of the Pd-bound
peptide molecule, explaining thus the practically identical
reaction rate of [Pd(H,0),]** and [Pd(NH;),)**.

A more complex behavior can be expected in the case of
the ethylenediamine Pd(II) complex because our calcula-
tions point out that the ligand chelate effect is still present
at low pH values. Thus, it is not probable that water mol-
ecules can displace the en ligand before peptide binding
takes place. Alternatively, we predict that the peptide
molecule binds first to cis-[Pd(en)(H,0),]*", forming thus
the [Pd(Pep)(en)]” complex which, in turn, could be in
equilibrium with the reactive [Pd(Pep)(H,0),]" complex
as the latter one is only about 3 kcal/mol less stable in

terms of standard free energy. In this way, the hydrolytic
delay experimentally observed can be attributed to a slow
displacement of the bidentate en ligand by two water
molecules instead of by the N and S donor atoms in peptide
as experimentally suggested [28].

As indicated before, the first-order rate constant for the
cis—[Pd(en)(H20)2]2+ and [Pd(Cl)4]2_ complexes reacting
with the peptide molecules is nearly identical (0.14 and
0.13h™!) [28]. Our calculations show again that
[Pd(Pep)(Cl),]~ is more stable than [Pd(Pep)(H,0),]",
what is in qualitative agreement with the observed kinetic
effect for the Cl~ ligands. However, the calculated
AGo1ution Value, —17.2 kcal/mol favoring [Pd(Pep)(Cl),] ™,
is clearly too large in absolute value for explaining the
similar rate constants experimentally reported for the en
and Cl™ ligands. As previously noticed, two computational
facts can justify this discrepancy: a poorer theoretical
description of the Pd—Cl bond energies and larger trunca-
tion effects due to the use of a cluster model in our QM
calculations. We believe that truncation effects play a more
important role since the stability constants of the small
[Pd(H,0),Cl,] and [PdCl4]27 complexes are actually
underestimated according to our benchmarking calcula-
tions (see Table 2). Nevertheless, the possibility that the
peptide hydrolysis reaction could also take place at the
[Pd(Pep)(Cl),]™ complex through the attack of an external
water molecule cannot be ruled out.

The rate constant for the regioselective peptide hydro-
lysis induced by the Pd(II) complexes increases with
acidity. On the basis of NMR experiments, it has been
demonstrated that at pH 2.3 the only Pd(Il)-peptide com-
plexes are 2 and 3 (see Scheme 1). Our calculations show
again a reasonable agreement with these experimental
observations because the standard free energy change for
the  [Pd(Pep)(H,0),]" — [Pd(Pep)(H,0)] + H,O + H"
reaction is not large, —2.7 kcal/mol, and thereby an acid—
base equilibrium between the two Pd(II) complexes rep-
resenting 2 and 3 can be expected: the lower pH, the larger
concentration of 2.

4 Summary and conclusions

In this work, we present benchmark ab initio calculations
on small Pd(II) complexes that together with a careful
comparison with experimental data (pK, and stability
constants) allow us to propose the combination of the
B3LYP/aug-cc-pVTZ level of theory with the PB-B3LYP/
LACVP*+ solvation energies in order to estimate reliable
free energies in solution for Pd—peptide complexes with
different ligands: H,O, NH3, en and CI™. This computa-
tional protocol, which could be useful to analyze other
problems related with the relative stability of metal—
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peptide complexes, allow us to study the ligand effects on
the kinetics of cleavage of Ace-Ala-Lys-Tyr-Gly—Gly-Met-
Ala-Ala-Arg-Ala promoted by different Pd(II) complexes.
Thus, our calculations confirm that complexes in which the
Pd(II) ion carries labile ligands such as [Pd(H,0),)*" and
[Pd(NH3)4]2+ would be more effective than those con-
taining a bidentate ligand, such as cis—[Pd(en)(H20)2]2+, or
anionic ligands, such as [PdCl4]2_, as promoters of the
cleavage. Besides, we propose a more detailed explanation
of the experimental facts on the basis of the computed
relative stability of the various Pd—peptide complexes with
respect to the hydrolytically active complex [Pd(pep-
tide)(H,0),]" and on the assumption of an initial formation
of the respective peptide-bound complexes, which subse-
quently evolve to give [Pd(peptide)(H,0),]*". The greater
or lower labile character of the ligands en, C1~, and NH;3
compared to H,O coordinated to Pd seems to control the
relative stability of the Pd—peptide complexes investigated
in this work and, as a consequence, the global rate constant
of peptide cleavage.
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