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The semiempirical MNDO methodology for qualitative description NMR chemical shifts has now been extended
with the addition of NMR-specific parameters for the fluorine atom. This approach can be employed using
semiempirical (AM1/PM3) geometries with good accuracy and can be executed at a fraction of the cost of
ab initio and DFT methods, providing an attractive option for the computational studies of '°F NMR for
much larger systems. The data set used in the parametrization is large and diverse and specifically geared
toward biologically relevant compounds. The new parameters are applicable to fluorine atoms involved in
carbon—fluorine bonds. These parameters yield results comparable to NMR calculations performed at the
DFT (B3LYP) level using the 6—31++G(d,p) basis set. The average R? and rms error for this data set is
0.94 and 13.85 ppm, respectively, compared to 0.96 and 10.45 ppm when DFT methods are used.

Introduction

Fluorinated compounds with impressive biological activity
have drawn significant attention to the important role that
fluorine plays in the world of biochemistry.! The utility of
fluorine (°F) NMR in the study of such biological compounds
has been discussed in detail in previous publications.'= A few
advantages that fluorine NMR provides relative to the more
common 'H and 3C NMR methods derive from the natural
properties of the fluorine atom. '°F is a spin 1/2 nucleus and is
100% abundant, making it highly amenable to NMR studies.
In biological systems the fluorine atom serves as a relatively
small steric “footprint.” In many instances it can replace a
hydrogen atom in a ligand with influence on an event of
molecular recognition, and on the subsequent biological response
which can range from minimal to beneficial.! The fluorine
nucleus can be incorporated into proteins and other biological
compounds by routine methods including chemical synthesis
and biosynthesis using a living organism.! The '°F nucleus is
highly sensitive to its chemical environment because of the lone
pairs of electrons it possesses. Consequently, in protein systems
YF gpin-labeled amino acids provide a useful probe for
determining conformational change in a specific area of a
protein.®

Given that endogenous fluorine is found in biological systems
quite infrequently,’” the NMR spectra can typically be attributed
solely to '°F labeling; the resulting spectra contain more distinct
signals and are easier to interpret than proton NMR. The
simplified 'F NMR spectra can provide valuable information
about protein—drug complexes, thereby aiding in the charac-
terization of potential lead compounds at a reduced opportunity
cost. Because of the positive effects of fluorine labeling and
the additional value of the fluorine atom as a critical component
of several highly effective drug compounds currently on the
market,®” NMR screening monitoring the '°F nucleus of fluorine
containing ligands as selective markers has gained popularity.'®-13

The ability to make quick, routine, and accurate predictions
of fluorine NMR chemical shifts for biological molecules
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(ranging in size from a few hundred atoms to many thousands)
can aid in structure elucidation, give insight into the binding
modes of ligands in proteins, and add valuable information on
dynamics of biological systems. The ideal method of calculating
fluorine chemical shifts in the biological environment should
be versatile and sufficiently rapid to enable it to be applied to
large systems. Empirical models used to estimate fluorine
chemical shifts for protein have been well established and are
often very useful.'*!> Modern QM approaches offer several
advantages over empirical or classically based approaches to
the prediction of NMR chemical shifts. A few of the main
advantages are given below:

One advantage is that the electrostatic representation of QM
approaches is more accurate because environmental, confor-
mational, polarization, and charge transfer effects are explicitly
included, in contrast to the process used in simplified models.
A second is that the ring current effect (the total magnetic effect
felt as a result of the magnetic fields in the system) is an inherent
part of the QM model and does not have to be built into the
model in a parametric sense. A third advantage is that the ways
in which quantum chemical methods can be improved have been
thoroughly documented (e.g., inclusion of correlation and
improvements in the basis set). Furthermore, structural biologists
have generated an immense amount of experimental data that
can be used to validate quantum chemical approaches to the
study of NMR chemical shifts in biomolecules.

In principle, QM calculations are able to include each of the
effects that influence a given chemical shift. This lends QM
methods the beneficial quality that molecular mechanics (MM)
methods lack, that of being more generalized and applicable to
the variety of organic molecules of interest as ligands in
biochemistry studies. Unfortunately, the expense of ab initio
and density functional theory (DFT) computation prohibits their
application to protein systems containing thousands of atoms.!6

We are currently unaware of any of ab initio techniques that
have been shown to routinely and quickly calculate the NMR
chemical shifts of large systems with significant nonbonded
interactions (such as proteins) which are of interest to NMR
spectroscopists. The finite perturbation theory (FPT) developed
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in the framework of the MNDO!7 Hamiltonian using gauge-
including atomic orbitals (GIAO) has shown promising results
for the calculation of 'H and '3C chemical shifts.'® We have
recently implemented the FPT-MNDO GIAO method by using
a divide and conquer strategy for the diagonalization of the Fock
matrix.'? This method has previously been implemented using
NMR-specific parameters developed for 'H,'3C, 1N, and 7O
and has been shown to give fast and accurate results that can
be applied to large protein—ligand complexes.!®?° Here we
expand the scope of our approach to handle '°F chemical shift
calculations.

Methods

Parameterization. The systematic underestimation of excita-
tion energies using the standard MNDO parameters results in
an overestimation of the variation of the paramagnetic contribu-
tion to the NMR chemical shifts.?! Patchkovskii and Thiel?!
have generated NMR-specific MNDO parameters resulting in
significant improvement in the agreement between experimental
and calculated NMR chemical shifts for 'H,!3C, 15N, and 7O.
In the same work, the authors also provided a full explanation
of the choice of parameters to be optimized. Our method for
the fast semiempirical QM NMR calculations using these
parameters has previously been published.?® Here the first
addition to this set of MNDO-NMR parameters is presented.

In the previous MNDO-NMR parametrization,?! the authors
ran the initial tests avoiding the alteration of the one center/
one electron terms (Usypp). These parameters affect the core
energies and heats of formation of single atoms, and large
alterations can significantly change the charges, dipole moments,
and electronic structure. Since these parameters in the standard
MNDO formalism were optimized to reproduce the aforemen-
tioned quantities, and are based on the ionization potentials and
electron affinities,?” only the Slater atomic orbital exponents
(5yp) and atomic orbital two center/one electron resonance
parameters (Byp) were changed, leaving Ugypp, terms at the
MNDO value. While only the £ and § parameters were directly
changed, the derived MNDO parameters were recalculated as
appropriate.

Chemical shifts are calculated as the difference between the
calculated shielding constant and some reference value as
illustrated in eq 1.

éCﬂlCulath =

Previously, the MNDO-NMR parameters for H, C, N, and O
were generated by minimizing the difference between the
experimental and calculated chemical shifts via the goal function
shown in eq 2.

Oreference - Ocalculated (1)

NX
G= WX x lXZ(éf(-Fof(—oﬁf)z-l-P )
X=HCN.0 N =

Because the parameters were generated simultaneously for
all four atoms, a weighting factor, WX, was used to ensure that
the difference in chemical shift ranges for each atom X was
taken into account. In this equation, NX is the number of
chemical shifts for atom X. The reference shielding constants,
Oref’, were values chosen to minimize the overall rms deviations
from experiment for each atom, and 0% and oX are the
experimental chemical shifts and calculated absolute shielding
respectively. This equation includes a penalty function, shown
in eq 3, which was introduced in order to avoid searching in
areas of parametric space that would cause large deviations from
the known properties of the single atom. This penalty function
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TABLE 1: Comparison of Standard and NMR-Optimized
MNDO Parameters

atom parameter MNDO MNDO-NMR
H & (aw) 1.3319670 1.1782700¢
Bs (eV) —6.9890640 —15.2092800¢
C & (an) 1.7875370 1.6544500¢
& (au) 1.7875370 1.6544500¢
Bs (eV) —18.9850440 —18.5418100¢
Bp (eV) —17.9341220 —12.8114400¢
N & (aw) 2.2556140 2.0265800¢
& (au) 2.2556140 2.0265800¢
Bs (eV) —20.4957580 —23.5315500¢
Bp (eV) —20.4957580 —23.5315500¢
(0] & (aw) 2.6999050 2.2027400¢
& (au) 2.6999050 2.2027400¢
Bs (eV) —32.6880820 —19.8048500¢
Bp (eV) —32.6880820 —19.8048500¢
F & (au) 2.8484870 4.98552600
& (au) 2.8484870 3.75447400
Bs (eV) —48.2904660 —32.70953400
Bp (eV) —36.5085400 —87.01227727

“Values currently used for MNDO-NMR calculations in the
Wang—Merz method; these values were parametrized by
Patchkovskii et al.”!

specifically prevents the calculated energy, ¢;, of a single atom
from straying too far from the atom’s experimental energy, E;.
In the current method, the one center/one electron terms were
kept at the standard values, resulting in no variation of the
atomic energies, thereby rendering the penalty function un-
necessary.

pP= z wX x z (EX =&Y (3)
X=H,C,N,0 EiSEpan

In the present parametrization, the o value used in eq 1
was initially set to the '°F shielding constant that was calculated
for CFCl; for each new set of parameters tested. This was done
in an effort to be more consistent with experimental studies,
which often use CFCl; as the standard. However, in many cases
parameters performed well for most other compounds but did
not perform as well for CFCls. In these instances the large rms
error was a false indication that the parameters yielded poor
results for all compounds, when in fact a more appropriate Oef
was needed (cf. Tables 2 and 3). This problem was addressed
by calculating the average signed error (see eq 4) between the
experimental chemical shifts and the calculated shielding
constants and using this average signed error as the o value.

Z (5exp - Ucalcd)

average signed error = =————— “)

For a given set of parameters, this method essentially sets
the average signed error to zero and minimizes the rms error
for the data set. The scoring function then optimized the
parameters by minimizing the rms error between experimental
and resulting calculated chemical shifts via eq 5. All reported
chemical shifts are given using the oyf value chosen to minimize
the average signed and rms error.

N
_ /1 o
G= J_V,-Zl (0,4 0,— 0, 5)

Since the goal of this project was to provide parameters that
could be used for large biological systems such as ligands bound
to proteins, semiempirical geometries were used in the param-
etrization because the large size of proteins and other biomol-
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TABLE 2: Comparison of Errors Associated with Each Method for 100 Compounds Using the Shielding Constant Calculated

for CFCl; as the o, value in Eq 1

NMR method
geometry B3LYP/6—31++G(d,p) MNDO MNDO-NMR
RMS error AM1 16.42 92.41 90.21
PM3 22.51 93.72 92.90
B3LYP/6—31G(d,p) 13.79 94.29 89.47
R? AM1 0.94 0.38 0.94
PM3 0.95 0.36 0.94
B3LYP/6—31G(d,p) 0.96 0.33 0.93
average signed error AMI1 6.81 —81.78 —89.14
PM3 —15.04 —82.83 —91.94
B3LYP/6—31G(d,p) 8.26 —82.96 —88.23
average unsigned error AMI1 12.79 81.92 89.14
PM3 19.82 83.95 91.94
B3LYP/6—31G(d,p) 10.59 83.12 88.23
reference (0rr) value AM1 172.29 69.07 466.66
PM3 188.91 75.10 470.65
B3LYP/6—31G(d,p) 179.19 74.68 464.54

TABLE 3: Comparison of Errors Associated with Each Method for 100 Compounds Using the Average Signed Error as the

0t Value in Eq 1

NMR method
geometry B3LYP/6—31++G(d,p) MNDO MNDO-NMR
rms error AM1 14.95 43.03 13.85
PM3 16.75 43.85 13.35
B3LYP/6—31G(d,p) 10.45 44.80 14.80
R? AM1 0.94 0.38 0.94
PM3 0.95 0.36 0.94
B3LYP/6—31G(d,p) 0.96 0.33 0.93
average signed error AM1 0.00 0.00 0.00
PM3 0.00 0.00 0.00
B3LYP/6—31G(d,p) 0.00 0.00 0.00
average unsigned error AMI1 11.77 35.90 10.73
PM3 12.96 36.69 10.34
B3LYP/6—31G(d,p) 6.75 37.65 11.38
reference (o) value AM1 178.93 —12.71 377.51
PM3 173.87 =7.73 378.77
B3LYP/6—31G(d,p) 187.57 —8.28 376.31

ecules precludes the use of structures obtained via higher level
calculations. Although our current procedure for NMR chemical
shift calculations uses the MNDO Hamiltonian, geometry
optimization was carried out at the AM12* and PM3%* levels
because they are better able to capture some important geometric
features, including hydrogen bonding, and are consequently
more likely to be used for biological systems.?>?* As discussed
below, our results indicate that the choice of Hamiltonian for
the geometry optimization has minimal effect on the quality
of the NMR calculation. It is important to note that in all
instances the calculations using new parameters are single point
NMR calculations using the standard geometries noted (AM1,
PM3, B3LYP?>%), since the new parameters are ''F NMR
specific and have not been tested for their ability to provide
realistic geometries. In addition, the starting point for the
parametrization incorporated parameters developed by Patch-
kovskii and Thiel for C, H, N, and O and standard MNDO
parameters for all other atoms. Changes were made only to the
fluorine parameters. Gauge-including atomic orbitals were used
for all calculations.!®-?7

The original MNDO parameters!” were not optimized for a
high level of performance in NMR calculations. As a result, it
was necessary to search over a large parameter space in order
to find parameters that would yield a more accurate description
of the NMR chemical shifts. Additionally, some of the
parameters in the MNDO method are derived from others and
have other features of interdependence. This results in a poorly

defined parameter space with multiple minima. Minimizing the
goal function (shown in eq 5) via more routine optimization
schemes, such as BFGS or conjugate gradient, may keep the
parameters within a local minimum. Finding the global mini-
mum was not our specific goal, as that may have involved
straying too far from parameters with any physical meaning;
however, a genetic algorithm (GA) was used because it had
the potential to find parameters covering a broader range of
parameter space. Furthermore, a GA has been successfully used
previously in several semiempirical parametrizations.?3=30 A full
description of the type of GA used in this work in the generation
of semiempirical parameters has been previously published.?
The GA and all handling of the data were performed using an
in-house molecular tools package MTK++ (Molecular Tool
Kit [written in C++]). Semiempirical geometry optimizations
and NMR calculations were performed using our DivCon
program.’!

The results obtained using the MNDO-NMR '°F parameters
are compared to those of DFT calculations performed at the
B3LYP level. This comparison required the selection of the most
appropriate basis set for the DFT calculations. There have been
several investigations into the optimal geometries and basis sets
for accurate NMR chemical shift calculations at the DFT
level 3234

Recently, a study of 'F NMR chemical shift calculations
highlighted the importance of diffuse functions to accurately
reproduce experimental values.>* The use of diffuse functions
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TABLE 4: Comparison of NMR Chemical Shifts (ppm) Grouped to Facilitate Analysis

Table 4-A. Fluorinated aliphatic chains

MNDO-

Table 4-C. Aliphatic rings: Continucd

Williams et al.

Structure Exp. DFT MX\DO NMR Medium Ref Structure Exp DFT MNDO M r\rill;?l; Medium Rel
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TABLE 4: Continued
Table 4-D. Non-aromatic doublc bonds: Continucd . o )
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TABLE 4: Continued

Table 4-H1. Benzene Derivatives
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Table 4-11. Benzene Derivatives : Continued

. o MNDO- ) . o MNDO- )
Structure Exp. DF1 MNDO NMR. Medium Ref Structure Exp. DF1 MNDO NMR Medium Ref
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=
! |
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A

@ orer values used were optimized to minimize the average signed error for the complete data set of 100 compounds and are given in Table 3

denotes compounds used in test set.

for ”F NMR calculations has yielded calculated values within
~10 ppm of experimental results, which is acceptable accuracy
for a theoretical chemical shift range of ~500 ppm (~2%). The
MNDO-NMR results are therefore compared to DFT calcula-
tions performed at the B3LYP/6—31G++(d,p)//B3LYP/
6—31G(d,p) level as the previously mentioned study showed
this to have the best agreement with experimental '°F chemical
shifts for a range of compounds. Our own tests on the complete
data set of 100 compounds supported this choice. The DFT
calculations were performed using the Gaussian03 program.’

Experimental Data. The data set comprised a training set
of 81 compounds and a test set of 19 compounds containing
100 and 23 unique '"F chemical shifts respectively. The
structures are shown in Table 4. The test set was chosen to
represent each class of chemical environments (as they are
grouped in Table 4.) While the goal was to ensure the robustness
of the model, it seemed counterproductive to deliberately
exclude the data from a particular chemical environment for
the sole purpose of observing the predictability of the method.
Therefore, all chemical environments in the test set were closely
represented in the training set.

The data set is diverse in nature and contains C, H, N, O, F,
Cl, Br, and S atoms. The compounds contained a variety of
small cyclic (three- to eight-membered rings), fused-cyclic,
aliphatic, and aromatic functional groups and a range of
compounds from singly fluorinated to perfluorinated. Particular
effort was made to include compounds that have characteristics
relevant to the study of biological systems (drugs, amino acids
and bases). A relevant factor here is that some molecules of

interest were large with many degrees of freedom and would
require a conformation search to determine the appropriate
conformation(s) to be used. In these instances, an alternate
molecule was used that contained the particular functional group
of interest. Included in the data set are fluorinated derivatives
of three amino acids: tyrosine (TYR), phenylalanine (PHE), and
tryptophan (TRP). Additionally, steroids, sugars, pyrrole, pyra-
zole, imidazole, oxazole, and thiazole rings, as well as two DNA
bases (cytosine, uracil), were incorporated into the set. Excluded
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Figure 1. Histogram of the distribution of experimental chemical shifts
in the full data set (training set and test set of 123 unique chemical
shifts for 100 compounds.)
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from the data set were the chemical shifts of fluorine atoms
that were involved in bonds other than a single C—F bond. This
was done because C—F is the most common bonding arrange-
ment seen in the biological systems in which we are interested.
Of the 100 compounds included in the statistics, the experi-
mental chemical shifts ranged from —267.9 ppm to +33.24 ppm,
covering a span of roughly 300 ppm. Figure 1 illustrates the
distribution of the experimental chemical shifts for the combined
training and test set of 100 compounds.

One problem that arose was the discovery of discrepancies
among different reports of experimental chemical shifts for the
same compounds. In many instances this was found even when
the solvent was the same. It is known that subjectivity in the
methods of interpreting and validating raw NMR data limits its
reproducibility.® Fortunately many of the discrepancies were
sufficiently small (<1 ppm, well within the error of higher level
calculations) to not have a significant effect on our results.

As with the previous MNDO-NMR parametrization, the
reference data were preferentially chosen from experiments run
under conditions that minimize association and solvent effects.
Additionally, in most cases the most recently reported data were
used as the reference, as they were calculated using higher
resolution instruments. In Tables 4A—H the actual references
for the values used are those listed first in column 8; subsequent
references listed were in close agreement (off by no more than
2 ppm) and may not have been run using the solvent listed in
column 7.

Results and Discussion

The new fluorine parameters [, &, Bs, Bp] are listed in Table
1. The chosen parameters were those that yielded the closest
agreement with experiment while straying minimally from the
original MNDO parameters. To reiterate, this is in an effort to
preserve any physical meaning that the original parameters were
designed to reproduce, to the extent that this is possible without
detracting from the correlation for the NMR chemical shifts.
For consistency, all chemical shifts listed were calculated using
a Opr value that minimizes the average error for this data set.
As mentioned previously, this procedure was also implemented
in the first MNDO-NMR parametrization by Patchkovskii and
Thiel.!” The oy values used in the implementation of eq 1 are
listed in Tables 2 and 3. With the assumption that our training
set was sufficiently large and diverse in this parametrization,
these reported onf values should be applicable to future
calculations.

The final parameter set resulting from this work includes just
4 optimized parameters to be added to the 16 optimized MNDO-
NMR parameters previously published for H, C, N, and O.*!
The &, and 3, were critical terms for obtaining good agreement
with the experimental NMR data. The larger values of the Slater
orbital exponent (&) terms indicate a preference for less diffuse
orbitals. Because the fluorine parameters are being added to pre-
existing parameters, little knowledge can be gained about the
shortcomings of the MNDO method solely by examining the
changes made for fluorine parameters in this instance. This is
because it is difficult to discern whether the changes deemed
necessary would be to compensate for a shortcoming in the pre-
existing parameters or one in the method itself. Although AM1
geometries were used in the parametrization, it is unlikely that
the geometries used in the parametrization were a significant
source of error since the new parameters yield very similar
results when DFT geometries were used.

As illustrated in Table 3, it is apparent that the choice of
geometry does not significantly impact the overall quality of fit
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Figure 2. Box and whiskers plot of the average unsigned error for
19F NMR chemical shifts calculated by 1. B3LYP//B3LYP, II. MNDO-
New 9F Parameters//AM]1, and III. MNDO-Standard Fluorine Param-
eters//AM1. All MNDO calculations were performed using NMR-
specific parameters for C, H, N, O given in the fourth column of Table
1. (For interpretation of box plots, see: Bernstein, S. Schaum’s Outline
of Elements of Statistics I: Descriptive Statistics and Probability;
McGraw-Hill: New York, 1999.)

between the experimental and calculated chemical shifts when
the new parameters are used. This suggests that the new
parameters can be used to calculate NMR chemical shifts for
structures using either the AM1 or PM3 Hamiltonian, and that
the more computationally expensive ab initio geometries are
not necessary. This is important because our semiempirical QM
approach for NMR calculations on large molecules will rely
only on semiempirical optimized geometries and not on a more
expensive method for geometry optimization.

Unlike the chemical shift calculations, the absolute shielding
tensors do appear to be influenced by the geometry used. This
can be inferred by the deviations in the oy values used in the
different instances. Because of this difference, when comparing
results for different molecules it is of course advisable to use
geometries that were optimized using the same level of theory.

The '°F chemical shifts of our data set (aimed at capturing
many '°F environments that are of biological interest) ranged
from —267.9 ppm to +33.24 ppm. Within this range, calcula-
tions using the new parameters on the complete data set of 100
compounds yielded an average rms error of 13.85 ppm which
is just below 5% of the total range of chemical shifts used in
this data set. Furthermore, these values yielded an R? value of
0.94. The new parameters performed particularly well for some
fluorinated derivatives of DNA bases and amino acids including
uracil, cytosine, phenylalanine, glycine, and tyrosine. For some
amino acids that are not included in the data set the functional
groups of interest are represented and accurately calculated using
our new parameters. For example, the parameters do well for
prediction of the chemical shifts of fluorine at various positions
on indole rings, the functional group present in tryptophan.

The complete list of errors, including average signed and
unsigned errors calculated using CFCls; and the signed error as
the s values, is given in Tables 2 and 3. For the training set
of 100 'F chemical shifts, the optimized parameters yielded
an rms error of 13.47 ppm and an R? value of 0.95. The results
were very promising for the test set of 23 1°F chemical shifts,
yielding an rms error of 13.61 and an R? of 0.90.

Tables 4A—H contain the experimental chemical shifts and
those calculated using the new parameters. The tables are
grouped by chemical functionality so as to facilitate analysis



8836 J. Phys. Chem. A, Vol. 112, No. 37, 2008

.
T T v T v ) o

-3p0 250 -200 -150 -100 -50 50
2 %
= (S 50 1
n
b -

o
g o % 100 -

@
£ °
3] 71
B o -150 4
g RN, SCLON &
2’ Q R 60

]
o 0‘0 * g i

15,  o* S 200

200
300

Exp. "°F Chemical Shifts

Figure 3. Correlation between experimental and calculated (MNDO-
NMR//AM1) "F chemical shifts using the newly generated fluorine
parameters. Compounds with chemical shifts that deviate from experi-
ment by greater than 27.2 ppm are indicated by the compound number
used in Table 4.

of our results, and the errors associated with each group of
compounds are given at the bottom of each table. This method
of examining the errors by groups enables us to highlight some
of the areas in which the parameters yield favorable results. In
particular, the benzene derivatives and the five-membered
heterocycles show good agreement with experiment. This
appears to indicate that the chemical shifts of aromatic systems
are well described using the new parameters.

For comparison purposes, the chemical shifts calculated at
the B3LYP level and at the MNDO level using the MNDO-
NMR parameters with the original or “old” fluorine parameters
are also shown in Table 4. The compounds included in the test
set are denoted with the dagger symbol in the Table 4 series;
all other compounds were included in the training set. Since
the parameters were optimized using AM1 geometries, the NMR
data listed in Table 4 were calculated using AM1 geometries
for the semiempirical NMR calculations and B3LYP geometries
for the DFT NMR calculations.

When compared with the original MNDO-NMR parameters,
the final parameters show significant improvement in agreement
with experimental results for our data set. Figure 2 illustrates
via box plot the magnitude of the error that resulted from
calculations using our new parameters versus those using the
original fluorine parameters and the DFT calculations. The
extreme outliers (marked by asterisks) were greater than 3 x
IQR (interquartile range) above the value of the third quartile.
These outliers are discussed below, along with possible areas
in which the new method may be limited. The results are
significantly better than those using the standard fluorine
parameters and compare very well to DFT results calculated at
the B3LYP-GIAO/6—31++G(d,p) level for our data set. As
shown in Figure 2, 75% of the calculations using our new
parameters yielded an absolute error less than 13.8 ppm, as
compared to the standard fluorine parameters (56.4 ppm), and
DFT (7.4 ppm). To reiterate, this basis set has been shown to
provide the closest agreement with experiments for '’F NMR
chemical shift calculations using the B3LYP-GIAO method.>

The correlation between the experimental and theoretical
chemical shifts using the new fluorine parameters is shown in
Figure 3. Mild outliers are highlighted, chemical environments
in which the deviations between the calculated and experimental
chemical shifts exceeded 27.2 ppm (1.5 x IQR above the third
quartile). There were three main conditions under which use of
the new parameters resulted in chemical shifts that were not in
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close agreement with the experimental results. These are
summarized in the paragraphs below.

The first difficult chemical environment involved systems in
which the fluorine was bonded to an a carbon adjacent to a
carbon involved in multiple bonds with a heteroatom. The a
carbon problem is also seen in the B3LYP calculations
accounting for all of the outliers (compounds 30, 31, 32, 60,
and 73 in Table 4.) This may be due to an effect of the solvent
forming hydrogen bonds with the heteroatom as well as the
fluorine atom and deshielding the '°F nucleus to a greater extent
than can be accounted for by the in vacuo calculations.

Second, rather large errors were noted in CH3F and CFy,
where the fluorine atoms were too deshielded by ~30 ppm. In
these very small systems it is possible that the contributions of
the core electrons are more significant than in the larger systems.
Systematic problems of the core electrons were addressed by
using a chosen o value. However, a different o, value may
be more appropriate for these particular systems, as the core
electrons may be playing a more important role. In the previous
MNDO-NMR parametrization it was found that different o¢
values were required to capture the relative chemical shifts for
'H under different circumstances as well (in this instance
hydrogen atoms involved in N—H, C—H, and O—H bonds used
unique oy values) Since this problem occurred in so few cases
in our data set, there were not sufficient data points to determine
a more appropriate Oys value to use in these cases. These errors
may stem from insufficient flexibility in the single-& basis sets
being used in the MNDO approximation. The source of this
error may have also been the source of larger errors found in
some small ring systems crowded with polar atoms. Polarization
functions may be necessary in order to simultaneously describe
the shielding felt by the fluorine atom in these and other systems.

Third, important large errors were also found for several
compounds with chlorine or sulfur atoms. In this case the errors
may be a result of the standard MNDO parameters for these
atoms, possibly making the electron density of chlorine and
sulfur too diffuse, and consequently excessively shielding the
fluorine atom. Because of the large deviation seen in the
calculation of CFClj3, (too shielded by ~90 ppm) it was not
appropriate to use this as the reference value.

Conclusions

The addition of NMR-specific MNDO parameters for fluorine
has now extended the semiempirical QM NMR-based method-
ology for qualitative (to near quantitative) description of
chemical shifts. Our approach can be employed using semiem-
pirical (AM1/PM3) geometries with good accuracy and can be
executed at a fraction of the cost of ab initio methods, thereby
assisting in the computational studies of '"F NMR for much
larger systems including DNA and protein—ligand complexes.
The results are comparable to calculations performed at the
B3LYP-GIAO level for our data set. There is a marked
improvement over the standard MNDO parameters in the
agreement between experimental and calculated chemical shifts
for our data set. This improvement in the correlation is clearly
indicated by the increased R? value from 0.38 to 0.94 using the
standard and new MNDO fluorine parameters, respectively. Our
parameters work well for a variety of functional groups
frequently found in biological molecules where '°F is present.
Furthermore, the results seen in the test set are promising for
the extendability of the method. Although the parameters were
not generated by a method that allows us to state conclusively
that they correspond to a global minimum, the genetic algorithm
has allowed us to search a broad range of parameter space and
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there has been no evidence suggesting that a significantly lower
minimum exists.

Halogens present a peculiar problem for the semiempirical
methods in the Neglect of Diatomic Differential Overlap
(NDDO) family of approximations in that certain calculations
may require polarization or multizeta representations that the
minimal basis sets do not offer. As discussed previously, this
inflexibility appears to prevent us from capturing the relative
chemical shifts for compounds including CFCls. For this reason
we have found that the most effective method of obtaining
qualitative accuracy for the 'F NMR chemical shifts is through
the use of an optimized reference value and not through the
use of the fluorine chemical shift of CFCIl; as the reference.
When CFCl; is used as the reference value, large signed errors
are found in spite of the high correlations, as illustrated by the
R? values.

The limitations of these parameters that we have found have
been outlined in Results and Discussion. These limitations
include, but are not limited to, the fact that the parameters were
generated for fluorine atoms involved in C—F bonds only.
Nonetheless, the present parameters allow one to study the effect
of the environment on '°F chemical shifts that are seen in many
biological systems. Application of the new !°F parameters to
biological problems will be illustrated in future publications.
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