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Five multilevel model chemistries (CBS-QB3, G3B3, G3MP2B3, MCG3/3, and MC-QCISD/3) and seven
hybrid density functional methods (PBEO, B1B95, B3LYP, MPW1KCIS, PBE1KCIS, and MPW1B95) have
been applied to the calculation of gas-phase basicity and proton affinity values for a series of 17 molecules
relevant to the study of biological phosphoryl transfer. In addition, W1 calculations were performed on a
subset of molecules. The accuracy of the methods was assessed and the nature of systematic errors was
explored, leading to the introduction of a set of effective bond enthalpy and entropy correction terms. The
multicoefficient correlation methods (MCG3/3 and MC-QCISD), with inclusion of specific zero-point scale
factors, slightly outperform the other multilevel methods tested (CBS-QB3, G3B3, and G3MP2B3), with
significantly less computational cost, and in the case of MC-QCISD, slightly less severe scaling. Four density
functional methods, PBE1KCIS, MPW1B95, PBEO, and B1B95 perform nearly as well as the multilevel
methods. These results provide an important set of benchmarks relevant to biological phosphoryl transfer
reactions.

1. Introduction calibrated against experiment and/or higher level methods to
establish error limits and determine sources of systematic errors.
“Multilevel” methods are model chemistries that combine the
results of several electronic structure calculations, and in some
cases additional empirical terms, to predict energies and related
quantities to high accuracy. The multilevel methods discussed
in the present work include the CBS methods by Petersson and

Proton affinities and gas-phase basicities are important
thermochemical quantities required for the calculation I6f p
valued-?and linear free energy relatioAiological phosphoryl
transfer reactiorfsare particularly sensitive to the protonation
state. The utility of theoretical methods to provide detailed

atomic-level information that may aid in the interpretation and .
y b co-workers3-16 the Gaussiam methods by Pople and co-

refinement of experimental data is intimately linked to the kersl-19 the Wei thods by Marti d
accuracy of the underlying models. Consequently, it is important wor erséo - € Vweizmanm metnods by Martin and co-
to establish benchmark comparisons between theory and experiVorkers:>#* and the multicoefficient correlation methods

ment such that the limitations of current models can be (MCCMs) of '_I'ruhlar and co-worker8.2° These methods ha_ve
characterized, and new-generation models with increased reli-Deen extensively tested and shgwn to .be ggnerally reliaple;
ability and computational performance can be developed. A however, the_ry are too computationally intensive to apply to
promising strategy toward the elucidation of complex chemical many large b_|olog|cal _model systems. Methods_based on_Kohn
mechanisms of RNA catalysis, for example, is to derive highly Sham qlensny functlo_nal theory (DP¥)provide practical
accurate quantum models for phosphoryl transfer reactions thatdternative to the.mult|level methods fpr larger systems. The
are sufficiently fast to be applied in linear-scaling electronic [°'Mmal O(\) scaling of DFT methods is much less severe

structure methods® or hybrid quantum mechanical/molecular _than that of most multilevel metr_\ods, and c_ontinuge to improve
mechanical (QM/MM) simulation®; 1L in performance for thermochemistry and kine#¢g®

Significant effort has been made to develop electronic Int_he present work, five multilevgl and seven hybriq density
structure methods that achieve chemical accuradykcal/mol) functional methods have been applied to the calculation of gas-
for thermochemical propertiéd. Among two of the most phase basicity and proton affmlty_ vaIl_Jes for a series of 17
promising classes of model chemistries for thermochemistry and Molecules relevant to the study of biological phosphoryl transfer.
kinetics are so-called “multilevel” and density functional N @ddition, W1 calculations were performed on a subset of

methods. There is generally a tradeoff between accuracy angmolecules that warranted further study. The accuracy of the
computational efficiency that often motivates a hierarchical methods was assessed and the nature of systematic errors was

strategy where a more affordable level of theory is first €xplored, leading to the introduction of a set of effective bond
enthalpy and entropy correction terms.
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calculations used in the W1 method (see below) that were exchange and correlation functiod&B1B95 is a one parameter
performed using MOLPR®? The multicoefficient correlation  hybrid functionat® that uses the B88 exchange functidhahd
method calculations were performed using the MULTILEVEL B95 correlation functioné? of Becke. MPW1KCIS is a one
3.1/G03 suité! Five multilevel methods were studied: CBS- parameter hybrid function&l that combines the modified
QB3415G3B322 G3MP2B3%2 MCG3/32% and MC-QCISD/ Perdew-Wang (MPW1) exchange functiorfdbnd the Krieger,
323 CBS-QB3 is a multilevel model chemistry that combines Chen, lafrate, and Savin (KCIS) correlation functiofial.
the results of several electronic structure calculations and PBE1KCIS is a one parameter hybrid functicighat uses the
empirical terms to predict molecular energies to around 1 kcal/ PBE exchange functional and the KCIS correlation functional.
mol accuracy’® The G3B3 and the related G3MP2B3 methods MPW1B95 is a one parameter hybrid functioiiahat uses the
are both modifications of the Gaussian-3 multilevel theory for MPW exchange and B95 correlation functional.

the calculation of molecular energi¥sl.ike CBS-QB3, G3B3 2.3. Calculation of Proton Affinities and Gas-Phase
uses density functional theory with the B3LYP functional for Basicities. The proton affinity (PA) and gas-phase basicity
geometries and frequencies and combine the results of severa(GPB) of a species Aare related to the gas-phase reaction:
electronic structure calculations and empirical terms to predict _ .

molecular energies to around 1 kcal/mol accur&ci. close Ag T Hg—AHg 1)

relative of the G3B3 method, the G3MP2B3 metHadiminates The proton affinity of A" is defined as the negative of the

all of the MF_>4 calcu_la_tions in G3B3, trading some accuracy enthalpy changeAH) of the process in eq 1, and the gas-phase

for computational efficiency. basicity of A is defined as the negative of the corresponding
The MCG3/3 and the related MC-QCISD/3 methods are gjpps free energy changaG).**

MCCMs that evolved from the original G3 method and predict  The required thermodynamic properties were obtained from

molecular energies to around 1 kcal/mol. These methods the electronic structure calculations using standard statistical

introduce several coefficients that scale the various energy mechanical expressions for separable vibrational, rotational, and

components in the multilevel energy expression (although the ransjational contributions within the harmonic oscillator, rigid

coefﬂaentg do not always sum to unity). Unlike the multilevel qtor. ideal gas/particle-in-a-box models in the canonical

methods discussed above, MCG3/3 and MC-QCISD/3 were ensembldS The standard state in the gas phase was for a mole

designed for potential energy surfaces and do not include agf particles at 298.15 K and 1 atm pressure.

prescription for zero-point energy and thermal corrections to  The gas-phase enthalpy and entropy of the proton was

the enthalpy and free energy as part of the numerical recipe.cgjculated from the ideal gas expression and SacKetrode

The authors suggest, however, that the MCCMs may be UsedequatiorﬁG respectively, as in previous wofk.

with any “reasonable geometr§®.In this work, we choose to It is sometimes the case that a molecule and/or its conjugate

use B3LYP/6-311G(2d,d,p) geometries and frequencies used foryase has more than one indistinguishable microscopic proto-

the zero-point and thermal vibrational corrections, because thesenation state. All of the GPB values in this paper mrieroscopic

are available from the CBS-QB3 calculations. The zero-point gas-phase basicities, because that is what naturally comes out

energies for the MCG3/3 and MC-QCISD/3 method were scaled of electronic structure calculations of a single protonation state.

so as to minimize the sum of the squared proton affinity and The conversion between microscopic and macroscopic GPB

gas-phase basicity errors. The resulting scale factors are 1.088,3|yes was estimated as follows.

and 0.918 for MCG3/3 and MC-QCISD/3, respectively. This  The macroscopic equilibrium constat, for the reverse

procedure gives the MCG3/3 and MC-QCISD/3 methods an process to that of eq 1, assuming unit activity coefficients, is
“advantage” in terms of error analysis of the PA and GPB data given by

presented here, with respect to the CBS-QB3, G3B3, and

G3MP2B3 methods that have zero-point scale factors deter- M [Af]M[H+]

mined from a more general data set. This issue will be discussed = W )
further in the Results. Analogous to the G3B3 and G3MP2B3 M

methods, the MC-QCISD/3 method is based on the MCG3/3 If A~ hasm indistinguishable microscopic protonation states
but eliminates the costly MP4ASDQ calculation and the pertur- and AH has indistinguishable microscopic protonation states,
bative triples in the quadratic configuration interaction step, then

trading some accuracy for speed and more favorable scaling.

- +
Finally, several key molecules were studied with the highly KM = mA ],[H] _ Kﬂ(m) 3)

accurate (and expensive) W1 multilevel method that typically n[AH], n

is able to predict molecular energies to around 0.8 kcal/mol e _ _ .

with maximum errors of around 2 kcal/m2t wherey indicates microscopic quantities akd = [A~],[H™]/

2.2. Density Functional Methods.All density functional [AH],.. The free energy changaG) for a process is related to

calculations were performed using the GAUSSIANO3 (G03) the equilibrium constant by

suite of programg? using the 6-3%+G(d,p) basis set for AG=—RTInK (4)
geometries and frequencies and the 6-B+1(3df,2p) basis bstituti ¢ . ields the followi ion f
set for refined energies with the standard numerical integration .Su stitution of eq 4 Into eq 3 ylelds the following equation for
grid (a pruned grid based on 75 radial shells and 302 angularmterconversmn of microscopic and macroscopic free energy
points per shell) and default geometry convergence criteria. changes:

Several hybrid density functionals were investigated: PBEO, w M m

B1B95, B3LYP, MPW1KCIS, PBEIKCIS, and MPW1B95. AG'=AG" + RT'”(H) ®)

B3LYP is a three parameter hybrid functioffahat uses the
B88 exchange functional of Beckeand the Lee, Yang, and
Parr correlation function&® PBEO is a zero parameter hybrid In this section, calculated proton affinities and gas-phase
functionab” that uses the Perdew, Burke, Ernzerhof (PBE) basicities are compared with experimental values using the

3. Results and Discussion
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TABLE 1: Gas-Phase Basicity Error Analysis for Multilevel Methods?

CBS-QB3 G3B3 G3MP2B3 MCG373 MC-QCISD/3!
moleculé expt

water 1.7 2.3 1.2 1.3 1.3 1.1 —-1.7 —-1.4 —-1.7 —-1.4 383.7(0.2)
hydronium -1.1 -0.6 -0.4 -0.4 -0.5 -0.7 -1.1 -0.8 -1.0 -0.8 157.7(0.1)
methanol 1.3 1.9 2.4 2.5 2.3 2.2 1.3 1.6 1.7 2.0 374.8(0.7)
ethanol 0.4 1.0 1.3 1.3 1.4 1.3 0.7 1.0 1.1 1.3 371.3(1.0)
propanol 0.2 0.8 1.2 1.2 1.4 1.2 0.6 0.9 0.9 1.2 369.4(1.1)
2-propanol 0.3 0.9 1.0 1.0 1.3 1.2 0.3 0.6 0.6 0.9 368.8(1.0)
DMPHe -1.7 -1.1 -1.2 -1.1 -0.7 -0.8 -0.1 0.2 -0.8 -0.5 324.6(4.0)
phosphoricacid  —2.5 -1.9 -1.9 -1.9 -15 -1.6 -1.3 -1.0 -2.3 -2.0 323.2(4.9)
formic acid -1.3 -0.8 -0.6 -0.5 -0.1 -0.2 -0.5 -0.2 -0.5 -0.2 337.9(1.2)
acetic acid -2.0 —-1.4 -1.2 -1.1 -0.8 -0.9 -1.2 -0.9 -1.2 -0.9 341.4(1.2)
propanoic acid -0.9 -0.3 -0.1 -0.0 0.3 0.2 0.6 0.8 0.6 0.9 340.4(1.4)
phenol -0.6 -0.1 -0.5 -0.4 -0.5 -0.7 -0.7 -0.5 -0.6 -0.3 342.9(1.4)
o-chlorophenol -0.8 -0.2 -0.4 -0.3 -0.4 —0.6 -0.3 -0.1 -0.4 -0.1 337.1(2.0)
m-chlorophenol —-1.2 —0.6 —0.9 -0.8 -0.9 -1.0 —0.9 -0.7 -0.8 —0.6 335.2(1.4)
p-chlorophenol -0.9 -0.3 -0.5 -0.5 -0.5 -0.7 -0.5 -0.2 -0.5 -0.2 336.5(1.4)
p-methylphenol -0.6 -0.0 -0.4 -0.3 -0.4 -0.5 -0.5 -0.2 -0.3 —0.0 343.8(1.2)
p-nitrophenol -0.1 0.4 0.2 0.2 0.7 0.5 0.8 11 0.5 0.7 320.9(2.0)
MAXE -25 2.3 2.4 25 2.3 2.2 -1.7 1.6 -2.3 -2.0

RMSE 1.2 1.1 1.1 1.1 1.0 1.0 0.9 0.8 1.1 1.0

MUE 1.0 0.8 0.9 0.9 0.9 0.9 0.8 0.7 0.9 0.8

MSE -0.6 0.0 0.0 0.0 0.1 0.0 -0.3 0.0 -0.3 0.0

a All quantities are in kcal/mol. Experimental values are the unweighted average of all values available from ref 48, corrected for degenerate
protonation sites where appropriate to produce microscopic gas-phase basicities. Estimates of the experimental error are shown in parentheses
immediately to the right of the experimental data and were calculated from the individual error estimates using standard propagatiot? of errors.
The error metrics (error calculated value- experimental value) shown are the maximum error (MAXE), root-mean-square error (RMSE), mean
unsigned error (MUE), and mean signed error (MSE). The gas-phase basicity errors that include the empirical bond free energy/u@frémtion
O—H bonds (see text) are shown in italics immediately to the right of the uncorrected data. The MAXE for each method is bbldAtzieeule”
refers to AH in eq 1¢B3LYP/6-311G(2d,d,p) geometries and frequencies with zero point corrections scaled by 1.088 (sé®3XP/6-
311G(2d,d,p) geometries and frequencies with zero point corrections scaled by 0.918 (sé¢tekt)gen dimethyl phosphate.

TABLE 2: Proton Affinity Error Analysis for Multilevel Methods 2

CBS-QB3 G3B3 G3MP2B3 MCG373 MC-QCISD/3!
moleculé expt

water 1.7 1.8 1.2 0.8 1.3 0.7 -1.6 -1.8 -1.7 -1.8 390.3(0.2)
hydronium -1.0 -0.9 -0.3 -0.7 -0.4 -1.0 -0.9 -1.1 -0.9 -1.0 165.0(1.0)
methanol 11 1.3 2.2 1.9 21 1.6 1.6 1.4 2.0 19 381.5(1.0)
ethanol 0.7 0.8 15 11 1.7 11 1.0 0.9 1.3 1.2 378.2(0.8)
propanol 0.8 0.9 1.7 1.3 1.9 1.4 1.2 1.1 1.5 1.4 376.0(1.1)
2-propanol 0.8 0.9 14 11 1.7 1.2 0.8 0.6 11 1.0 375.7(0.8)
DMPHe —-2.4 -2.2 -1.8 —2.2 -1.3 -1.8 -0.8 -0.9 -15 -1.6 331.6(4.1)
phosphoric acid  —1.8 -1.7 -1.4 -1.8 -1.0 -1.6 —0.6 -0.7 -1.7 -1.8 330.5(5.0)
formic acid —0.4 -0.3 0.4 —0.0 0.9 0.3 0.5 0.3 0.5 0.4 344.0(1.6)
acetic acid 0.2 0.3 1.0 0.6 14 0.8 1.0 0.8 1.0 0.9 347.2(1.1)
propanoic acid -0.5 -0.3 0.3 -0.1 0.7 0.1 -0.3 -0.5 -0.3 -0.4 347.4(1.8)
phenol -0.8 -0.6 -0.6 -1.0 —0.6 -1.2 -0.8 -1.0 -0.7 -0.8 350.1(1.1)
o-chlorophenol 0.7 0.8 1.0 0.6 1.0 0.4 1.1 1.0 1.0 1.0 343.4(2.3)
m-chlorophenol -0.5 -0.4 -0.2 —0.6 -0.2 -0.8 -0.3 —-0.4 -0.2 -0.3 342.1(3.1)
p-chlorophenol -0.5 —-0.4 -0.2 -0.6 -0.2 -0.8 -0.2 -0.3 -0.2 -0.3 343.4(1.6)
p-methylphenol -0.3 -0.1 0.0 -0.4 0.0 -0.6 -0.1 -0.3 0.0 -0.1 350.7(1.3)
p-nitrophenol —-0.2 —-0.0 0.2 —-0.2 0.7 0.1 0.8 0.7 0.4 0.3 327.8(2.1)
MAXE —-2.4 -2.2 2.2 —-2.2 2.1 -1.8 -1.6 -1.8 2.0 1.9

RMSE 1.0 1.0 1.1 1.1 1.2 1.0 0.9 0.9 1.1 1.1

MUE 0.8 0.8 0.9 0.9 1.0 0.9 0.8 0.8 0.9 0.9

MSE -0.1 —0.0 0.4 —0.0 0.6 0.0 0.1 0.0 0.1 0.0

a All quantities are in kcal/mol. Experimental values are the unweighted average of all values available from ref 48. Estimates of the experimental
error are shown in parentheses immediately to the right of the experimental data and were calculated from the individual error estimates using
standard propagation of errcf&The error metrics (error= calculated value- experimental value) shown are the maximum error (MAXE), root-
mean-square error (RMSE), mean unsigned error (MUE), and mean signed error (MSE). The proton affinity errors that include the empirical bond
enthalpy correctioMH® for O—H bonds (see text) are shown in italics immediately to the right of the uncorrected data. The MAXE for each
method is bold-face® "Molecule” refers to AH in eq 1¢ B3LYP/6-311G(2d,d,p) geometries and frequencies with zero point corrections scaled by
1.088 (see texty! B3LYP/6-311G(2d,d,p) geometries and frequencies with zero point corrections scaled by 0.918 (séelyextigen dimethyl
phosphate.

following error metrics: mean signed error (MSE), mean the various quantum model chemistries. The 17 molecules in
unsigned error (MUE), root-mean-square error (RMSE), and these tables were selected from available experimental data to
maximum error (MAXE), where the error for each data point represent those most relevant to the study of phosphoryl transfer,
is defined as the calculated value minus the experimental value.including the most common types of biological phosphorus

Tables -4 compare the errors with respect to experiment for compounds, nucleophiles, and leaving groups that involve

proton affinity and gas-phase basicity values calculated with formation and cleavage of-FO bonds. Discussion of error
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TABLE 3: Gas-Phase Basicity Error Analysis for Hybrid DFT Methods?
MPW1KCIS PBE1KCIS MPW1B95 PBEO B1B95 B3LYP

moleculé expt
water 1.8 3.0 2.1 3.0 3.2 3.5 3.2 3.6 3.3 3.5 0.1 2.4  383.7(0.2)
hydronium -0.0 1.2 —-0.1 0.8 —0.0 0.3 0.4 0.8 0.3 05 -—-12 1.1 157.7(0.1)
methanol —-1.4 —-0.1 —-0.8 0.1 -0.0 0.3 —-0.4 —-0.0 0.1 0.2 2.1 0.2 374.8(0.7)
ethanol -1.9 —0.6 -11 -02 -01 0.2 —-05 -01 0.1 02 -24 -0.1 371.3(1.0)
propanol —0.6 0.6 0.0 0.9 0.9 1.3 0.5 0.8 1.1 1.3 -20 0.3 369.4(1.1)
2-propanol -1.2 01 -04 05 06 09 03 07 08 1.0 -1.7 0.6 368.8(1.0)
DMPHe -0.1 1.2 0.1 1.0 -04 -01 0.1 05 -15 -13 -09 1.4 324.6(4.0)
phosphoric acid —0.5 0.8 —-0.2 06 —0.2 0.2 0.3 0.6 0.2 04 -—-25 —0.2 323.2(4.9
formic acid -1.7 -0.4 -5 -07v -12 -09 -11 -08 -08 -06 —-29 —-06 337.9(1.2
acetic acid —-1.7 -0.4 —-15 —0.6 -0.2 0.1 -0.1 0.2 —-1.7 -15 —-3.1 —0.8 341.4(1.2)
propanoic acid -1.2 0.1 -09 -01 -0.0 0.3 0.7 1.0 0.4 06 —-36 —13 3404(1.4)
phenol -1.8 -0.6 -15 -06 -09 -06 -14 -10 -07 -05 —-24 —-0.1 3429(1.4)

o-chlorophenol -18 -05 -14 -05 -06 -03 -11 -08 -05 -03 —-24 -01 337.1(2.0)
m-chlorophenol  —2.3 -10 -19 -10 -13 -10 -17 -14 -12 -10 -29 -06 3352(1.4)
p-chlorophenol -20 -07 -17 -08 -11 -08 -15 -12 -10 -08 —-26 —-03 336.5(1.4)
p-methylphenol -19 -06 -14 -06 -19 -16 -13 -09 -02 -00 -22 0.1 343.8(1.2)

p-nitrophenol —3.4 -21 -28 -19 -20 -17 -24 -21 -18 -16 -42 —-19 320.9(2.0)
MAXE —-3.4 3.0 -28 3.0 3.2 3.5 3.2 3.6 3.3 35 —4.2 2.4
RMSE 17 1.1 1.4 11 1.2 1.2 1.3 1.3 1.2 1.2 2.5 1.0
MUE 15 0.8 11 0.8 0.9 0.8 1.0 1.0 0.9 0.9 2.3 0.7
MSE -13 —-00 -0.9 00 -03 -00 -04 00 -02 -00 -23 -00

a All quantities are in kcal/mol. Experimental values are the unweighted average of all values available from ref 48, corrected for degenerate
protonation sites where appropriate to produce microscopic gas-phase basicities. Estimates of the experimental error are shown in parentheses
immediately to the right of the experimental data and were calculated from the individual error estimates using standard propagatiot? of errors.
The error metrics (error calculated value- experimental value) shown are the maximum error (MAXE), root-mean-square error (RMSE), mean
unsigned error (MUE) and mean signed error (MSE). The gas-phase basicity errors that include the empirical bond free energy/AGfrémtion
O—H bonds (see text) are shown in italics immediately to the right of the uncorrected data. The MAXE for each method is bbldAtzieeule”
refers to AH in eq 1¢Hydrogen dimethyl phosphate.

TABLE 4: Proton Affinity Error Analysis for Hybrid DFT Methods 1

MPW1KCIS PBE1KCIS MPW1B95 PBEO B1B95 B3LYP
moleculé expt
water 1.8 2.6 21 2.6 3.2 31 3.2 3.3 3.3 3.0 0.1 1.9 390.3(0.2)
hydronium 0.1 0.9 0.0 0.5 0.1 0.0 0.5 0.7 0.4 01 -11 0.6  165.0(1.0)
methanol -16 -07 -09 -05 -02 -02 -05 -04 -01 -04 -23 -0.6 3815(1.0)
ethanol -16 —-08 -08 -04 0.1 01 -02 -01 0.3 00 —-22 —-04 378.2(0.8)
propanol 0.2 11 0.9 1.4 1.8 1.7 14 15 1.9 1.7 -14 0.3 376.0(1.1)
2-propanol -0.8 0.1 0.0 0.5 1.0 0.9 0.7 0.9 1.2 09 -13 0.4  375.7(0.8)
DMPH?* -0.6 02 -05 -01 -11 -11 -06 -04 -08 -11 -15 0.3 331.6(4.1)
phosphoric acid —1.2 -04 -10 -05 -09 -10 -05 -04 -06 -09 -—-17 0.1 330.5(5.0)
formic acid -0.8 01 -06 -01 -02 -03 -02 -00 01 -02 -2.0 -—-0.2 344.0(1.6)
acetic acid 0.4 1.2 0.6 1.0 0.3 0.3 0.4 0.6 1.2 1.0 -0.8 1.0 347.2(1.1)
propanoic acid  —0.2 0.7 0.0 0.5 0.3 02 -02 -01 0.6 03 -—-13 0.4 347.4(1.8)
phenol -1.9 —-1.0 —-1.5 -1.1 —-1.0 -1.1 —-15 —-1.3 —-0.8 —-1.1 —-25 —-0.7 350.1(1.1)

o-chlorophenol  —0.4 05 -0.0 0.5 0.8 0.7 0.3 0.4 0.9 0.7 -10 0.7 343.4(2.3)
m-chlorophenol  —1.7 -08 -13 -08 -07v -08 -11 -10 -05 -08 -23 —-0.6 342.1(3.1)
p-chlorophenol -17 -08 -13 -09 -08 -09 -12 -10 -06 -09 —-23 —-0.6 343.4(1.6)
p-methylphenol  —1.3 —-05 -09 —-04 0.2 02 -08 -07 -02 -05 -18 —-0.1 350.7(1.3)

p-nitrophenol -33 -25 —27 -23 -20 -20 -24 -22 -18 -21 —42 —24 327.8(2.1)
MAXE -33 26 -27 26 32 31 32 33 33 30 -42 -24
RMSE 14 11 12 11 12 12 12 12 12 12 1.9 09
MUE 1.1 09 09 08 09 09 09 09 09 09 1.7 07
MSE -09 -00 -05 00 01 00 -02 -00 03 -00 ~-17 0.0

a All quantities are in kcal/mol. Experimental values are the unweighted average of all values available from ref 48. Estimates of the experimental
error are shown in parentheses immediately to the right of the experimental data and were calculated from the individual error estimates using
standard propagation of errdisThe error metrics (error calculated value- experimental value) shown are the maximum error (MAXE), root-
mean-square error (RMSE), mean unsigned error (MUE), and mean signed error (MSE). The proton affinity errors that include the empirical bond
enthalpy correctioMHC for O—H bonds (see text) are shown in italics immediately to the right of the uncorrected data. The MAXE for each
method is bold-face’ ”"Molecule” refers to AH in eq 1 Hydrogen dimethyl phosphate.

metrics, unless indicated otherwise, will refer to the magnitude for gas-phase basicities—{.7, +0.9, and +0.8 kcal/mol,
of these quantities (and not their sign). respectively), and the smallest MAXE and RMSE for proton
3.1. Performance of Multilevel Methods.In general, the affinities (—1.6 and+0.9 kcal/mol, respectively). The G3B3
multilevel methods are fairly comparable. MCG3/3 and CBS- method has the smallest GPB MSE (less than 0.005 kcal/mol).
QB3 each predict 7 data points outside the experimental error CBS-QB3 and MCG3/3 both have PA MUE of 0.8 kcal/mol.
bars. MC-QCISD/3, G3B3, and G3MP2B3 have 9, 10, and 12 The PA MSE is of the same magnitude for CBS-QB3, MCG3/
points outside the experimental error bars, respectively. The 3, and MC-QCISD/3{0.1,+0.1, and+0.1 kcal/mol, respec-
MCG3/3 method has the smallest MAXE, RMSE, and MUE tively). Given the cost of the MCG3/3 method compared to
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CBS-QB3 and G3B3 and the reduced scaling of MC-QCISD/3 TABLE 5: Thermodynamic O —H Bond Corrections for
(O(NS) versus O(N)), the performance of the MCCM methods Multilevel Methods?®

of Lynch and Truhla® is impressive. CBS-QB3 G3B3 G3MP2B3 MCG3/3 MC-QCISD/F
The zero-point energies used for the MCCM methods were ", 0.1 04 06 11 0.6

scaled by a parameter (the zero-point scale factor) selectedase —1.4 —14 —1.4 -13 -13

especially for this data set, and hence the results reported hereAG¢ 0.6 0.0 -0.1 -0.7 1.0

are a best-case scenario in this respect. When these §ca|e factors . e andAGE are in kcalimol and correspond to 298. 154 is
are set to unity the MAXE, RMSE, MUE, and MSE increase i, cal(mol K). "B3LYP/6-311G(2d,d,p) geometries and frequencies
to 2.3, 1.0, 0.8, and 0.5 kcal/mol, respectively, for the MCG3/3 with zero point corrections scaled by 1.088 (see texBB3LYP/6-
GPB values and 2.5, 1.3, 1.1, and 0.9 kcal/mol, respectively, 311G(2d,d,p) geometries and frequencies with zero point corrections
for the MCG3/3 PA values. More dramatically, the MAXE, scaled by 0.918 (see text).
RMSE, MUE, and MSE increase t62.9, +1.4,+1.1, —1.0 ) . .
kcal/mol, respectively, for the MC-QCISD_/B GPB values and L@Eﬁf&g&ﬂ{ﬂgﬁg’g""m'c ©~H Bond Corrections for
—2.4,+1.2,+1.0, —0.6 kcal/mol, respectively, for the MC-
QCISD/3 PA values. Even without the zero-point scale factor, MPWIKCIS PBEIKCIS MPW1B95 PBEO B1B95 B3LYP
MCG3/3 is still quite competitive with the other multilevel ~AH® 0.9 05 —0.1 02 -03 17
methods, although it moves from best to worst of the Q(N ﬁgc _i-g _10-‘;') _1(523 _0(-)74 _1-062 _1-33
methods for prediction of the PA values in this set (assuming ’ ' : ) : :
that the experimental measurements are sufficiently reliable). 2 AH®andAGC are in kcal/mol and correspond to 298.154 is
The MC-QCISD method without the zero-point scale factor has in cal/(mol K).
an RMSE within the experimental error bar for each quantity
(1.9 and 2.1 for the experimental GPB and PA, respectively). (XO—H) and deprotonated (XQ states for -H bonds, and

It is noteworthy that the zero-point scale factor for MCG3/3 are listed in Tables 5 and 6.
is greater than one, when conventional methdasd other The multilevel methods are not significantly affected by the
multilevel thermochemical methot€9-32typically have scale ~ bond enthalpy and entropy corrections (see Tables 1 and 2) as
factors that are less than one. Because the zero-point energyhey are already considerably accurate, and the residual error is
contribution to GPB and PA is always negative (due to the loss not sufficiently systematic that a simple correction of this form
of the A—H bond), this may be indicative of a systematic Makes appreciable difference. On the other hand, for certain
overestimation of the electronic energy difference between AH density functional methods, especially B3LYP, the bond energy
and A in the MCG3/3 method. corrections greatly reduce the errors in GPB and PA calculation

3.2. Performance of Hybrid Density Functional Methods. ~ (see Tables 3 and 4). Indeed, with bond enthalpy and entropy

Although multilevel methods are considerably reliable, they are corrections, the B3LYP method performs as well as or slightly
also quite costly and have highly nonlinear (i.e., €@F O(N")) better than the best corrected or uncorrected DFT and multilevel

scaling behavior, making many important biological model methods with GPB and PA MAXE, RMSE, and MUE values

compounds inaccessible to practical calculation. On the other of approximately 2.4, 1.0, and 0.7 kcal/mol, respectively.
hand, density functional methods are sufficiently efficient to ~ 3.4. Extended Analysis and Discussion of ErrorsThe
apply over a broad range of biological systems, and are the purpose of this work is to benchmark PA and GPB values of
methods of choice in modern applications. The seven density most relevance for biological phosphoryl transfer using a wide
functional methods examined here give comparable results forrange of modern thermochemical and density functional meth-
prediction of GPB and PA values, with MAXE of aroudeB ods. As such, the data set used in this work represents the
kcal/mol, RMSE just over 1 kcal/mol, and MUE ef1 kcal/ intersection of those molecules for which experimental GPB
mol, except for MPW1KCIS and B3LYP, which have errors and PA values are available and that are of importance in the
up to a kcal/mol higher. It is interesting to note that the two Study of phosphory! transfer reactions. Often the experimental
best functionals for these systems, B1B95 and MPW1B95, both error bars for this data set exceed the differences between the
use Becke’s B95 meta-GGA correlation functional. These results PA and GPB values, which brings into question the resolution
make B95 containing functionals promising candidates to Of the gas-phase basicity scale. Although this is cause for some
supersede B3LYP as the functional of choice for most calcula- skepticism, it is likely that the trends in relative PA and GPB

tions. values for sets of molecules with similar functional groups and
3.3. Bond Enthalpy, Entropy, and Free Energy Correc- the relative average PA and GPB values between these sets are

tions. It has be previously observed that systematic errors in more reliable.

GPB and PA calculations (manifested whefSE| ~ RMSE) Phosphoric acid and DMPH are, to our knowledge, the only

may be considerably reduced by introduction of (constant) two relevant phosphate derivatives for which GPB and PA
effective enthalpic and entropic correction terthhe corrected ~ values are available. Unfortunately, the error bars on these

change in enthalpyAH'), entropy AS), and free energyAG') experiments are the largest of all the molecules in the data set
of the process in eq 1 take the form at 4-5 kcal/mol. This lack of accurate and abundant experi-
mental GPB and PA data for phosphate derivatives emphasizes
AH' = AH + AHC® (6) the need for theoretical benchmarks, such as those presented
here, that may, in conjunction with experiment, lead to further
AS = AS+ AZL (7) refinement of these values and generation of a more diverse set
of GPB and PA values relevant to biological phosphoryl transfer.
AG = AG + AG® = AH' — TAS (8) Nonetheless, the limited current availability of experimental

GPB and PA values, and hence limited number of phosphate
whereAHC andAS® are the effective bond enthalpy and entropy derivatives in the dataset, precludes one from drawing general
corrections, respectively, amdG¢ = AHC — TAS. These terms conclusions about the reliability of the current methods for these
correct for enthalpy and entropy difference between a protonatedcompounds. This prompted us to consider an additional cationic
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TABLE 7: GPB and PA Values Predicted by W1 Theory? PA values (i.e., all of them predict smaller PA values with errors

that range from—0.6 to —1.8 for the multilevel methods and

moleculé GPB err PA err :
water 3841 04 390.7 oA from —'0.5 to —1.7 for the DFT methods), and Wlth the
hydronium 1575 02 165.0 0.0 exception of some of the DFT methods, al_so agree qualitatively
methanol 376.6 1.8 383.1 1.6 with the W1 GPB values (e.g., the multilevel methods GPB
ethanol 372.6 1.3 379.8 1.6 errors range from-1.3 to—2.5 kcal/mol). These results suggest
phosphoric acid 3216 —-16 328.9 -16 that the actual GPB and PA values of phosphoric acid may be

a All quantities are in kcal/mol. “err” is the difference between the 1—2 kcal/mol lower than the current reported NIST value,
W1 value and the experimental valti¢Molecule” refers to AH in eq although with the limited number of phosphate compounds in
1. the data set, this suggestion is not conclusive.

The two most troublesome molecules for the density func-
phosphate derivative in the calculations, and in the case of tional methods studied here are water padtrophenol. Because
phosphoric acid, a higher level set of W1 calculations. the GPB and PA errors for the two molecules are large and

The one other CUrrently available eXperimental GPB and PA often of Opposite Sign, one m|ght be tempted to eliminate them
values, to our knowledge, is for the hydrogen trimethyl from the data set. Although this would indeed reduce the errors
phosphate cation (TMPF. The TMPH" ion is considerably  reported below, it would also have the affect of eliminating two
different from the other neutral molecules studied here (the Only of the most important molecules in the data set. Water is of
other cation being hydronium) and is an unlikely species directly course a key player in phosphate hydrolysis and related
related in bi0|Ogica| phosphoryl transfer. Indeed, the errors for reactionsp-nitropheno] has been used as an enhanced |eaving
TMPH" (much like those for hydronium) are qualitatively group in experimental studies of phosphate hydrol§&sisd-
different than those for the other phosphdfesor example, ditionally, the DFT errors fop-nitrophenol are often not much
the G3B3 DMPH GPB error is-1.2 kcal/mol, whereas for  |arger than the experimental error bar of 2.1 kcal/mol. If certain

TMPH? it is 0.6 kcal/mol. For most of the DFT methods methods (like current state-of-the-art hybrid DFT methods) are
(MPW1KCIS, PBE1KCIS, MPW1B95, and PBEQ) the phos- ynable to correctly calculate the GPB and/or PA of key

phate errors are less thari kcallmol, but for TMPH the errors molecules such as water apd’]itrophenoL then this needs to

are~2 kcal/mol. Given that TMPHis Chemica”y diverse from be documented. In the present Work, we endeavor neither to
the other phosphates and of limited relevance to phosphoryl eliminate perceived experimental outlier points in the data set
transfer, it is not present in the tables or statistics. nor to obscure the most pertinent trends by inclusion of
There are several other data points in Tables 1 and 2 thatmolecules that are significantly outside the area of biological
warrant further study, specifically water, hydronium, and interest (i.e., predominantly phosphates and oxyanion leaving
methanol, which are consistently outside the experimental error groups). At the same time, it should be emphasized that the
bars for almost all of the multilevel methods, and phosphoric data set used here, though relevant for phosphoryl transfer, is
acid and hydrogen dimethyl phosphate, which have large not sufficiently large to draw more broad generalizations. It is

experimental error bars {46 kcal/mol) and are associated with jikely that other more diverse chemical species will exhibit a
the MAXE for several of the multilevel methods. In an effort  |arger range of errors.

to further probe the reliability of both the calculated and
experimental GPB and PA values for these molecules, the W14 conclusion
method®?'was employed for a subset of molecules (Table 7).

The W1 GPB and PA values for water and hydronium are  Five multilevel and seven hybrid density functional methods
quite close to the experimental values, suggesting that there ishave been tested against experimental gas-phase basicity and
no deficiency in the experiments or in the standard assumptionsproton affinity values for a series of 17 molecules relevant to
of the multilevel methods that are shared with W1. The W1 the study of biological phosphoryl transfer. The multilevel
GPB and PA values for methanol, on the other hand, differ from methods all have MAXE of around 2 kcal/mol, RMSE of around
the experimentally reported values by 1.8 and 1.6 kcal/mol, 1 kcal/mol, MUE =< 1 kcal/mol, andMSE| =< 0.6 kcal/mol,
respectively, around 2 times the expected error for this method With typical values less than 0.4 kcal/mol. The multicoefficient
and outside the experimental error bars by a factorf5. correlation methods (MCG3/3 and MC-QCISD), with inclusion
Similar results are obtained for ethanol. Examination of the Of specific zero-point scale factors, slightly outperform the other
individual experimental results making up the NIST GPB and Multilevel methods tested (CBS-QB3, G3B3, and G3MP2B3),
PA values for methanol and ethanol reveals that every reportedwith significantly less computational cost, and in the case of
value is lower than the corresponding W1 values with the MC-QCISD, slightly less severe scaling.

smallest difference being 0.7 kcal/mol for the PA of ethanol,
as measured by DeTuri and Ervihand the largest difference

Four density functional methods, PBE1KCIS, MPW1B95,
PBEO, and B1B95 perform nearly as well as the multilevel

being 2.6 kcal/mol for the GPB of methanol, as measured by methods. The widely used B3LYP functional shows a relatively

Bartmess et al! It is known that the W1 method underpredicts
the heat of formation of methanol by 1.0 kcal//dji.e., W1

large, but systematic, error in the calculation of GPB and PA

values, which may be largely offset by a set of effective D

predicts that methanol is too stable). Taking this into account, bond enthalpy and entropy correction terms. Two of the best
the GPB and PA errors for methanol are reduced to 0.8 and 0.6performing density functional methods use Becke’s B95 meta-
kcal/mol, respectively, which are within the expected perfor- GGA correlation functional, suggesting that a density functional
mance of W1. The origin of this disagreement between W1 and method incorporating this functional (e.g., B1B95 or MPW1B95)
experiment is not clear and warrants further study. shows promise in computational biochemistry applications
The W1 GPB and PA values for phosphoric acid differ from where protonation/deprotonation events play an important role,
the experimentally reported values byl.6 kcal/mol, which, such as in the prediction ofi shifts and linear free energy
though within the experimental error bars, is around 2 times relations.
the expected error in the W1 method. All of the methods tested W1 calculations of the GPB and PA of water and hydronium
here agree qualitatively with the W1 results for phosphoric acid support the accuracy of the experimental values. The same
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calculations on methanol and ethanol, however, deviate by 1.3 (24) Zhao, Y.; Lynch, B. J.; Truhlar, D. Q®hys. Chem. Chem. Phys.

; 2005 7, 43-52.
1.8 kca}I/moI from th_e experimental val_ues (although the (25) Lynch, B. J: Zhao, .; Truhlar, D. Gl Phys. Chem. /2005
calculations of the relative GPB and PA are in closer agreement). 19 1643-1649.
All of the multilevel methods tested in this work, including W1, (26) Parr, R.; Yang, W.Density-Functional Theory of Atoms and
predict that the GPB and PA of phosphoric acid are ap- Molecules Oxford University Press: New York, 1989.
proximately 12 kcal/mol lower than the best current experi- 20(()%7)10%*‘6‘2%1;_-?2(0310;Z"*Z'Garcav N.; Truhlar, D. GJ. Phys. Chem. A
mental values. Although this discrepancy is within the experi- ™ 5g) 7hao, v.; Truhlar, D. GJ. Phys. Chem. 8005 109, 5656-5667.
mental error bars for this system, the calculated results, although  (29) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
not conclusive, are suggestive that the true value may indeedM. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K.

be lower than the experimental value. The fact that there N- Burant, J. C.. Millam, J. M., lyengar, S. S.; Tomasi, J., Barone, V.,
. Lo . . Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A,
currently exists only a few phosphate derivatives with available Nakatsuji, H.; Hada, M.; Ehara, M.: Toyota, K.; Fukuda, R.: Hasegawa, J.:

experimental GPB and PA values, and that these values haveshida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,
fairly large error bars, underscores the need for theory and X Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo, C.;

. : illo, J.; R; R.E;Y . Austin, A. J.;
experiment to work together to provide GPB and PA values at éeg;'r?:i OF’Q.‘? ’Pg'%rglﬁerésli oéh?gg}??n\}v.- Ayélaaé¥e¥j'?ﬂbroiit$é K.J. ‘

higher resolution and over a broader spectrum of biologically voth, G. A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich,
relevant phosphate COI'T]pOUﬂdS. Such a data set would beS.; Daniels, A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A.

extremely useful in the design of next-generation quantum
models for the study of phosphoryl transfer reactions in solution,

enzymes and ribozymes.
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