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ABSTRACT: Interesting insight into the electronic molecular structure changes associated with substituent effects on the Fermi
contact (FC) and paramagnetic spin—orbit (PSO) terms of 'Jcg NMR coupling constants (SSCCs) in 0-X-, m-X-, and p-X-
fluorobenzenes (X = NH,; NO,) is presented. The formulation of this approach is based on the influence of different conjugative
and hyperconjugative interactions on a second-order property, which can be qualitatively predicted if it is known how they affect the
main virtual excitations entering into that second-order property. A set of consistent approximations are introduced in order to
analyze the behavior of occupied and virtual orbitals, which define some experimental trends for ']y spin—spin coupling constants.
In addition, DFT hybrid functionals were used, and a similar degree of confidence to compute the ']y with those observed for the
SOPPA(CCSD) method was obtained. The 'Jcr SSCCs for ezetimibe, a commercially fluorinated drug used to reduce cholesterol
levels, were measured and DFT-calculated, and the qualitative approach quoted above was applied. As a byproduct, a possible
method to determine experimentally a significant PSO contribution to 'Jcr SSCCs is discussed.

1. INTRODUCTION

Organic chemists are interested in compounds containing
fluorine atoms due mainly to its steric and polar characteristics.
Even a single fluorine substituent, placed at a favorable position
within a molecule, can have a remarkable effect upon its physical
and chemical properties. Discussion on the impact that fluorine
has on physical and chemical properties of compounds has
appeared in several reviews and textbooks.'* Selectively fluori-
nated organic molecules currently account for up to 40% of all
agrochemicals and 20% of all pharmaceuticals on the market.*
The importance of fluorine in medicinal chemistry is widely
recognized. Indeed, there is an increasing number of drugs
available (antidepressant, immunosuppressant, antibacterial,
and antiviral drugs, etc) which contain fluorine atoms, particu-
larly within a fluorobenzene system, and their presence is often
extremely important.” Further to carbon and hydrogen, 'F is
probably the most studied nucleus in NMR. The reasons for this
are the fluorine nucleus magnetic properties and the importance
of molecules containing fluorine. The '"F nucleus has the
advantage of 100% natural abundance, spin I = 1/2, and a high
magnetogyric ratio, about 0.94 times that of 'HY

Spin—slpin coupling constants (SSCCs) between '°F and 'H
("Jiar) or °C (") nuclei are highly variable in magnitude but
are also highly characteristic of their chemical environment."*
The SSCC is one of the most important sources of molecular
information in high resolution NMR spectroscopy, which is an
extremely useful tool for describing molecular electronic
structures.’

First-principle methods like SOPPA(CCSD) [second-order
polarization propagator approximation (coupled cluster singles
and doubles)]® and EOM-CCSD (equation of motion-coupled
cluster singles and doubles)” explicitly include electron correlation
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effects, which have increased importance for coupling involving
the more electronegative atoms.® However, the higher level
treatment of correlation effects makes EOM-CCSD significantly
more expensive computationally and limits its application to
relatively small systems and/or those with high molecular
symmetry.” On the other hand, SOPPA(CCSD) is much more
accessible, but it is also expensive in comparison with DFT-based
methods.

It is known that SSCCs measured in an isotropic g)hase are
contributed to, within the Ramsey approximation,'® by four
terms, Fermi contact, (FC), paramagnetic spin orbit, (PSO),
spin dipolar, (SD), and diamagnetic spin orbit, (DSO), eq 1,
where 7 stands for the number of formal bonds separating the
coupling nuclei, N and N'.

Tow “IEATEAIRAT )

The main aim of this work is to analyze in detail how
substituent effects (S) on 1]CF SSCCs, S-SSCCs, can provide
interesting insight into changes in the electronic structure
produced by such substituents in fluorobenzene derivatives. It
is known that in these compounds ! Jcr SSCCs are contributed to
significantly not only by the FC but also by the PSO and SD
terms. However, as it is shown below, the FC and PSO terms are
more sensitive to substituents than the SD term; for this reason
this study is focused in the former two. On the other hand, the
DSO term behavior is very well-known'!, and it cannot be
expected to change much for the different benzene derivatives
studied in this work (Figure 1). This study was carried out by
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Figure 1. Fluorobenzene derivatives studied in this work. Substituent
effects on 'Jcr SSCCs are defined by the difference between 'Jcy in the
X,Y-fluorobenzene derivative and 'Jcp SSCC in fluorobenzene (X,Y-
S-SSCC). Similar definitions hold for the FC, PSO, SD, and DSO terms.

measuring 'Jop SSCCs in 10 fluorobenzene derivatives and
performing their calculations with the SOPPA(CCSD) method.
Trends of the influence of conjugative and hyperconjugative
interactions on S-SSCCs are based on the FC and PSO expres-
sions obtained within the polarization propagator formalism
(PP) at the random phase approximation (RPA)."> However,
it is important to highlight that S-SSCCs are not calculated within
the PP formalism at the RPA level of approximation.

Recently, it has been reported that the accuracy of SSCC
evaluation correlates with the percentage of exact orbital ex-
change Ex"™ in the functional. The following functionals éave
decreasing margins of error: PBE (Ex' " = 0.0), B3LYP (Ex = =
0.20), B97-2 (Ex™ =0.21), B97-3 (Ex'F =0.27)." Since SSCC
SOPPA(CCSD) calculations for larger compounds are compu-
tationally demanding, the same calculations quoted above were
also carried out within the DFT framework, comparing results for
the B3LYP'* and BHandH'® functionals with those obtained
from SOPPA(CCSD).

Section 2 describes how information about fine details of the
electronic molecular structure can be studied resorting to
qualitative analyses of SSCC expressions given within the PP
formalism taken at the RPA approximation. Experimental and
computational details are given in section 3, while results
obtained in this work on 'Jcg S-SSCCs in compounds shown
in Figure 1 are discussed in section 4. In section 4.a, SOPPA-
(CCSD) and DFT results are compared, and also a DFT analysis
of FC and PSO terms of 'Jcr SSCCs for a large fluorinated drug
molecule is shown. Finally, some concluding remarks are given in
section S.

2. CONJUGATIVE AND HYPERCONJUGATIVE EFFECTS
ON THE FC AND PSO CONTRIBUTIONS TO "Jc SSCCS

As shown below, the main contributions to the S-SSCC effect
on IJCF SSCCs in compounds studied in this work are those
originating in the PSO contribution followed by those originat-
ing in the FC term. For this reason this analysis of substituent
effects is limited here to these two terms only. It is recalled that a
similar approach was applied during the past few years to get in-
sight into different aspects of high resolution NMR parameters.'®

Briefly, this approach is based on the following grounds.
Within the PP approach, all terms of eq 1 can be decomposed
into molecular orbital (MO) contributions. Since this study is
limited to S-SSCCs on the FC and PSO terms, such MO

decomposition is only shown for them, eq 2, where i and j stand
for occupied and a and b for virtual MOs and X stands for either
the FC term or the a0t diagonal component of the PSO tensor. It
is recalled that while the FC term is isotropic, the PSO term is a
second-rank tensor.

IJ)éF = Z lfiﬁjb (CF) (2)

iay jb

2.a. The Fermi Contact Term. Equation 2 for the FC term of
"Ter SSCCs can be written as

s =QF> ke, (CF) (3)

iay jb

where Q€ is a constant involving the coupling nuclei magneto-
gyric ratios as well as universal and numerical constants; its
expression is not given explicitly since this a qualitative analysis
and therefore it is not affected by a constant. As shown previously'>
MO contributions to the FC term can be written as in eq 4

17FC 3 FC 1FC FC 11FC

]iaﬁjb (C,F) = Wi, ib[Uia, CUjb, F+Uia, FUjb, c] (4)
where 31/\71-%11, =(CA+ °B)s, }b are the elements of the inverse of the
triplet PP matrix, and they involve i — a and j — b virtual
excitations. Matrices A and B are given in terms of bielectronic
molecular integrals by

3Aia, jb =(£,—€;)0a0;—(aj | bi) and 3Bia, i

=(aj | jiy respectively

with (aj|bi) = [d*r; &’y a*(1)7*(2)(1/r12)b(1)i(2)

In eq 4, Ui, c (U]IZCF) are the so-called FC “perturbators”, i.e.,
the matrix elements of the FC operator, between the occupied i
(j) and virtual a (b) MOs evaluated at the C (F) site of the
coupling nuclei

Uiy n =(il0( T )la) (5)

where 8( T ) is Dirac’s delta function. The integral in eq 5 yields
a measure of the i— a and j — b virtual excitation strengths
owing to the FC operator.

Equations 3,4, and 5 provide a useful qualitative description of
the FC IJCF S-SSCCs trend along a series of compounds, which
could be affected by either the perturbators or the “W;, 3, term, or
both. Using adequate approximations, it is possible to estimate
qualitatively how conjugative and/or hyperconjugative interac-
tions affect such S-SSCCs. The approximations are based on the
following considerations. Equations 3, 4, and 5 are invariant
under unitary transformations; therefore, MOs involved in their
expressions can be considered as localized MOs (LMOs). The
next approximation is obtained assuming that occupied LMOs
behave, under conjugative and hyperconjugative interactions,
like core, bonding or lone pair orbitals, while vacant LMOs
behave like antibonding or Rydberg orbitals of Weinhold et al.’s'”
NBO approach. *W matrix elements are largest for diagonal
elements, i.e., those satisfying i = j and a = b. The second largest
*W matrix elements are those “quasi” diagonal; i.e., either
occupied or vacant orbitals are equal to each other. Diagonal
*W matrix elements in eq 4 decrease, in absolute value, whenever
there is a hyperconjugative interaction increasing the energy gap
between the corresponding a antibonding and the i bonding
NBOs, ¢, — &, and vice versa, hyperconjugative interactions that
reduce such gaps, yield an increase, in absolute value, in the
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diagonal *W element. In a previous paper,'** it was studied in
detail which are the main three contributions, according to eq 3,
to 'Jci SSCCs, ie., (1) the “bond” contribution, 'J®, where i=j=
Ocy and a = b = 0%cy, which corresponds to a diagonal
matrix element; (2) the “other bond contribution”, 'J°%, where
i=0cy #jand a =b = 0*cy; and (3) the “other anti-bond
contribution”, IJOAB, where i = j = Ocy and a = 0%y # b. While
(1) and (3) are positive, (2) is negative. Similarly, for 'Jcr SSCC
the main four contributions are (1) the “bond” contribution, 'J,
where i = j = 0cpand a = b = 0* g, which is positive; (2) the three
“lone pair contributions”, 'J**, where i = LP,,3(F), a = 0*cp,
which are negative; (3) the “other bond contribution”, 'J°%,
where i = 0cc #j = Ocrand a = b = 0*cp, which are negative; and
(4) the “other anti-bond contribution”, where i = j = 0cp and a =
0*cx # b, which are positive. It should be noted the similitude
between 'J°® and 'J*" contributions for 'Jcr SSCCs, where their
largest difference originates in the larger s % character of the F
lone pair deepest in energy compared with those of the “other
bonds”. Obviously, when one or two of the F three lone pairs is of
7T symmetry the corresponding 'J°® contribution is null. On the
other hand, LP,(F), which is the LP dee}l‘)est in energy, has a high
s % character. It is observed that 'J**' contribution does not
involve a diagonal *W element, and, consequently, it does not
depend explicitly on the €, — €; energy gap.

2.b. The Paramagnetic Spin—Orbit Term. For the PSO**
diagonal component contributing to the 'Jcr tensor, the expres-
sion similar to eq 4'*° is

1 Pg}oﬁaa _QPso Z Uil;s% alwia} P U/l;}sc;, a (6)
iay jb

where Q"¢ is a constant involving the magnetogyric ratios of
the coupling nuclei as well as universal and numerical constants.
The PSO® perturbators are given in eqs 7a and 7b.

U * =Gl(Tp xV)gre’la) (7a)
and
Up @ @ =(l(T e xV)rcli) (7b)

They are equivalent to eq 5 for the FC term.

IW',-W-;, =('A+ IB);,};, are the elements of the inverse of the
singlet PP matrix, and they involve i — a and j — b virtual
excitations. Matrix 'A and 'B elements are given by

'A (ea—€)0a05+2aj | ib)—(aj | bi) (8)

iajb —
"B, =ab | ji)—2(ab | ij) (9)

and the corresponding molecular bielectronic integrals are

(aj | iby =[d*r) dry a*(l)j*(Z)rib(l)i(Z) (10)
12

Similar approximations to those considered above when
analyzing the FC term are now introduced. i, j (a, b) are supposed
to be occupied (vacant) LMOs, and their behavior under
conjugative and hyperconjugative interactions are assumed to
be similar to those of Weinhold et al.’s NBOs."” (T, x V), in
eq 7a is the 90° rotation operator around the O axis and centered
on the F atom. Therefore, a PSO* perturbator will have a
substantial value whenever an occupied LMO rotated 90° around
the ot axis shows a significant overlap with an antibonding orbital.

z
Y
X
M

Figure 2. Principal axes for the paramagnetic part of the F nuclear
magnetic shielding tensor and for the PSO tensor contribution to 'Jcr
SSCC (M = H, FB; M = NH,, 4FA; M = NO,, F4NB (actually, the NH,
is not planar but this difference is not significant for the PAs orientations
when a qualitative description is sought).

The PSO operator in eqs 7a and 7b resembles somewhat that
of the paramagnetic part of the nuclear magnetic shielding tensor.
This resemblance is analyzed for both quantities in terms of the
PP approach. It is also noted that, due to the 4FA, FB, and F4ANB
molecular symmetries, the principal axes (PA) for both the
paramagnetic part of the F nuclear magnetic shielding tensor
and the PSO tensor of I]FC SSCC are coincident; they are
displayed in Figure 2.

The diagonal terms of the PSO tensor, ie., the PSO*¢
contributions to 1]CF, are shown in eq 6, where the respective
perturbators are given in eq 7, and the diagonal 0”"** component
of the paramagnetic part of the F nuclear magnetic shielding
tensor within the PP formalism can be written as'®

o “U(F) =Q7 ) _[US('A+'B),, , U ¢
ia, jb
+Ug, p('A+'B);,

ia, jb U]%] (1 1)

The Q factor, which is different from both the Q¢ and Q¢
factors, involves numerical as well as universal constants. Besides,
the respective perturbators are

U2 =(i|(F xV),|a) (12)
U o =(al(T, xV)rsli) (13)

where r and T, stand for the electron position vector from the
gauge origin and from the F nucleus site, respectively. In this
qualitative analysis the gauge origin can be taken at the F nucleus
site. In this way, the perturbator of eq 12 can be written as

UL % =(i|(Tp X V)y|a) (14)

Comparing eq 7a for the o Cartesian component of the PSO*
perturbator with those for the paramagnetic shielding tensor,
eqs 13 and 14, it is observed that the former is just equal to eq 7a,
while the latter does not contain the rz° factor. Within this
approximation, the main contributions to eq 11 originate in
diagonal terms of the "W matrix, which are very sensitive to
changes in the respective energy gaps, Ae = ¢, — &, However,
there is a significant difference between eqs 6 and 11 since both
terms of eq 11 for 0”*%(F) are monocentric expressions
centered at nucleus F, while eq 6 is a bicentric expression, with
the two centers are at the sites of the coupling nuclei. Ineq 7a, T
is the electron vector position with origin at the F coupling
nucleus, while in eq 7b Fc is the electron vector position with
origin at the C coupling nucleus.

It is observed that the experimental YF SCSs, taken from
the literature,' are linearly correlated to the calculated PSO
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Figure 3. Plot of PSO versus SCS for meta- and para-monosubstituted
fluorobenzene derivatives. The linear correlation (R*), although statis-
tically not very significant since only four points are considered, was
calculated for SOPPA(CCSD), BHandH, BHandHLYP,and B3LYP
methods obtaining 0.976, 0.997, 0.996, and 0.998, respectively.

S-SSCCs in IJCF SSCCs in p-fluorobenzenes; see Figure 3.
Comments made above comparing the operators corresponding
to the '’F paramagnetic part of the magnetic shielding constant
and that of the PSO term for the 'Jop SSCC suggest that the
substituent effect on the PSO perturbator centered at the ‘°F
nucleus, eq 7a, is notably more significant than that centered at
the C atom, eq 7b.

3. EXPERIMENTAL AND COMPUTATIONAL DETAILS

3.a. Experimental Section. Compounds studied in this work
(Figure 1) are commercially available and were used without
further purification. "H and "*C{'H} NMR spectra were re-
corded at 25 °C on a Bruker DPX 250 spectrometer, operating at
250 MHz for 'H and 62.9 MHz for "*C. Samples were prepared
as solutions in CDCl; (30 mg/0.7 mL), and TMS was used as
internal reference. Absolute values of 'Jcr SSCCs were obtained
from "*C{'H} NMR spectra. Typical conditions for "*C{'H}
spectra were 512 transients, spectral width 8 kHz, with 64 k data
points, giving an acquisition time of 4.0 s and zero filled to 256 k
to give a spectral resolution of 0.2 Hz/point.

3.b. Computational Details. For all compounds quoted in
Figure 1 geometries were optimized at the DFT/B3LYP level using
the Dunning aug-cc-pVTZ basis set,”® which includes polarization
and diffuse functions. 'Jcr SSCCs were calculated using the EPR-
II*' basis set using the following methods: SOPPA(CCSD),’
the well-known Becke’s three-parameter exchange functional,
B3LYP,"* and the Becke’s “half and-half’, BHandH'**'® and
BHandHLYP functionals,"*'® the latter includeing 50% HF ex-
change and 50% Slater exchange. SOPPA(CCSD) calculations
were performed using the Dalton 2.0 program package®’, and DFT
calculations were performed using the Gaussian03> suite of
programs. In the Ramsey approximation'® the total isotropic
SSCCs are expressed as the sum of four contributions, eq 1; all
of them were taken into account. The NBO analysis was obtained
at the B3LYP/cc-pVTZ level of theory for all studied compounds.

4. RESULTS AND DISCUSSION

In Table 1 are reported the theoretical four isotropic terms of
Ter SSCC calculated with the SOPPA(CCSD) method and

Table 1. Four Calculated Isotropic Contributions to IICF
SSCCs at the SOPPA(CCSD) Level and Their Respective
$-SSCCs in Compounds 1—10 (Figure 1)*

compounds e P FSe PO Yiicle Ve exp.
FB —264.2 7.0 0.0 0.8 —256.4 —245.5
S-SSCC 0.0 0.0 0.0 0.0 0.0 0.0
2FA —258.1 8.6 10.7 09 —2379 —2384
S-SSCC 6.1 1.6 10.7 0.1 18.5 7.1
3FA —252.9 6.2 —4.3 09 —250.1 —246.2
S-SSCC +11.3 —0.8 —4.3 0.1 —6.3 —0.7
4FA —261.7 8.4 9.7 09 —242.7 —235.7
S-SSCC 2.7 1.4 9.7 —0.1 13.7 10.5
F2NB —276.5 28 —142 1.0 —2869 —264.8
S-SSCC 113 —42 —142 0.2 20.5 193
F3NB —266.2 5.9 =32 09 —262.7 —251.2
S-SSCC —2.0 —1.1 —32 0.1 —6.3 —5.7
F4NB —268.2 4.7 —-9.3 09 —272.0 —257.9
S-SSCC —4.0 —23 —93 —01 —15.6 —12.4
4F3NA —275.6 3.8 —3.1 00 —2749 —255.3
S-SSCC —114 =32 —31 —08 —18.15 —9.8
2FSNA —266.9 5.8 1.6 0.9 —258.6 —250.1
S-SSCC —2.7 —-12 1.6 0.1 —22 —4.6
4F2NA —261.6 7.8 8.3 0.9 —244.6 —239.2
S-SSCC 2.6 0.8 83 0.1 11.8 6.3

*Total calculated values are compared with experimental values
measured as part of this work. All values are in Hz.

their experimental values measured as part of this work. The
respective substituent effects, S-SSCC, on Ter SSCCs for
fluorobenzene derivatives shown in Figure 1 are also reported.
It is observed that, in general, good agreement is found between
the experimental and theoretical trends of S-SSCCs, although in
some cases the respective quantitative agreement is somewhat
poor. However, for 4FA and F4NB that agreement between
calculated and observed values is notably better; therefore, the
present discussion is started rationalizing para-S-SSCCs. Since it
is accepted that the conjugative effect for ortho-substituted
compounds is similar to that of para compounds, ortho-S-SSCCs
are rationalized in the second place, and finally, meta-S-SSCCs
are also rationalized in terms of 0-hyperconjugative interactions.

Since NH,, and to a lesser extension F, is a resonance electron
donor group, while NO, is a resonance electron acceptor group,
in 4FA it is expected that NH, inhibits to some extent the F
resonance effect, while in F4ANB the NO, group is expected to
enhance that effect. The largest S-SSCC effects are observed for
the FC and PSO terms. For this reason, after a discussion of how
the conjugative effect affects the FC and PSO terms of 'Jcy, the
rationalization of those effects will be considered in detail for
2FA, 3FA, 4FA, FB, F2NB, F3NB, and FANB (Figure 1).
Calculated parameters necessary to rationalize both types of
substituent effects in terms of discussions presented in section 2
are displayed in Table 2. The LP3(F) — s* interactions are
employed to gauge the strength of the conjugative interaction
between the F atom and the aromatic 77 system.

A comparison of the LP3(F) occupancies, displayed in Table 2,
shows that the conjugative F effect in 2FA presents a slightly
larger inhibition than in 4FA. An analogous effect is more evident
for F2NB and F4NB, but in these compounds it corresponds to
an increase in the resonance enhancement. Apparently, this
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Table 2. Resonance Interaction, 0c_ Bond Length, Energy
Gap, and s % Character of G¢c_g, LP;(F), LP,(F), and LP;(F)
in Compounds 2FA, 3FA, 4FA, FB, F2NB, F3NB, and F4ANB*

2FA 3FA  4FA FB  F2NB F3NB F4NB

oc—r (A) 1.3622 1.3537 1.3572 1.3527 1.3324 13461 1.3437
Ae =€ grcp 12462 12658 12553 12667 1.3062 1.2782 1.2862
— &oCc—F
S-FC 6.1 113 27 0.0 —11.3 —20 —40
s% (atF) oc—p 2860 29.06 2870 2897 29.06 2889 29.19
s % at LP,(F) 7136 7093 7127 71.00 7031 71.07 70.78
s % at LP,(F) 001 000 00 000 060 001  0.00
s % at LP5(F) 000 003 00 000 000 000 000
S-PSO 107 —43 97 0.0 —142 —32 —93

LP,(F) occupancy 1.9699 19714 19708 1.9709 1.9662 1.9694 1.9699
LP5(F) occupancy 1.9370 19274 19347 19272 19102 19233 19172
*Changes in the resonance interactions are gauged through the
occupancy of the respective LP3(F) lone pair. Substituent effects
on FC (S-FC) and PSO (S-PSO) terms are also shown. ° Units of au.

increase in the resonance interaction between substituents
placed ortho to each other originates in a proximity effect since
in 2FA the F---H—N distance in the optimized structure is 2.37
A, while in F2NB the similar F---O distance is 2.61 A. In both
cases such distances are shorter than the sum of the respective
van der Waals radii, i.e, (1.47 + 1.20) and (1.47 + 1.52) A,
respectively.

In Table 2 it is observed that the inhibition of the F conjugative
effect in 4FA yields a positive increase in both the FC and PSO
terms, while the enhancement of the F conjugative effect in
F4NB renders a negative increase in both terms. These observa-
tions are somewhat unexpected since the respective operators
describing both interactions are quite different (see section 2).
This unexpected behavior is rationalized as follows: an increase
(or decrease) in the conjugative effect shortens (or lengthens)
the 0 bond length. Because S-FC is isotropic, its rationaliza-
tion is more straightforward than that of S-PSO, and, therefore, it
will be considered first. As described in section 2, for the 'Jcr
SSCCs of compounds considered in Table 2, their main con-
tributions are exgected to originate in the diagonal elements of
the *W matrix
contribution”, ]B, and the main factor affecting it is the corre-
sponding Ae = €5+ — €5c—r energy gap. The trend of S-FC
for 4FA and F4ANB is compatible with this rationalization, and the
same assertion holds for 2FA and F2NB. It is noted in both cases
that the resonance effect for the ortho position is stronger that for
the para position, which can also be observed in the LP;(F)
occupancy. Moreover, for meta substituents, the resonance effect
is smaller than for substituents either at the ortho or para
positions, and the changes observed in the Ae = gpc—p —
£oc—F energy gaps originate both in such differences as well as in
the different o-hyperconjugative interactions of type 0cy—c3 —
0*c1—r. In 3FA the S-FC is larger than expected from the trend
observed for the Ae = €,,c—r — €yc—p energy gap, which
suggests that the influence of nondiagonal *W matrix elements
are significant. The most important of them should be * ]LPI(F) )
which corresponds to a negative contribution and, as explained
above, it must be very sensitive to the s % character of the LP, (F).
According to Table 2, the 3FA s % character is smaller than for
2FA and 4FA, and the absolute value of ' ]LPI(F) should follow the
same trend, yielding a larger S-FC, in agreement with its
calculated value.

The principal axes (PAs) of the PSO tensor for 'Jor SSCC are
X, Y, Z axes shown in Figure 2, for 4FA and F4ANB. On the other

. «
WaC—F) 0*C—F; oC—F o*C—F L&, the “bond

hand, assuming that in 3FA and F3NB compounds, the PAs of
those corresponding tensors depart only slightly from those
shown in Figure 2, and considering that this is only a qualitative
analysis, the present approach can also be applied to rationalize
the meta S-PSO effects. Tentatively, the same criterion is applied
for studying the ortho S-PSO effects.

As commented in Section 2, only nondiagonal elements of the
"W matrix must be considered for rationalizing the PSO behavior
in 2FA, 3FA, 4FA, FB, F2NB, F3NB, and F4NB; therefore, the
energy gaps are not relevant for this analysis. Referring to PAs
shown in Figure 2, it is observed that the most important
perturbators correspond to a 90° rotation around the X axis for
LP,(F) and to a 90° rotation around the Y axis for LP5(F). It is
noted that such rotations yield PSO principal values of different
signs, negative for X and positive for Y. This behavior seems to be
the main reason why the calculated PSO term for FB is zero,
since both components tend to cancel each other.

Since E[erturbators corresponding to these two PSO* (PSO*
and PSO") components contain the g > term, their absolute
values depend on the s % character of the 0c_r bond at the F
atom site, i.e., when increasing that s % character the e factor,
on average, decreases and vice versa. Similar effects originate in
the s % character of the LP,(F) and LP5(F) orbitals. According to
data collected in Table 2, this rationalization describes correctly
the trend of PSO calculated values for 4FA and for F4NB, since
for these two compounds the s % character of the LP,(F) and
LP;(F) orbitals is 0.00, and the main factors defining the PSO*
and PSOY components are, for both of them, the former, the s %
character of the 0c_g at F and, for 4FA the LP,(F) occupancy
while for the F4ANB the LP;(F) occupancy. Changes of the
LP,(F) occupancy along the series of compounds, shown in
Table 2, are notably smaller than the corresponding changes in
the LP;(F) occupancy. Therefore, the comparison of substituent
effect on both components, S-PSO* and S-PSOY, can be achieved
with some exceptions quoted below, analyzing the LP3(F)
occupancy, which corresponds to the negative S-PSO™ compo-
nent, since its absolute value increases when decreasing that
occupancy. This is in agreement with the calculated trend along
the series FB, FANB, F3NB, and F2NB, where the large absolute
value of the latter can be ascribed to the s % character at the
LP,(F). The same trend holds for FB, 4FA, and 2FA. The
negative value for 3FA can be rationalized considering the higher
Oc—r bond s % character at the site of the F atom.

4.a. Comparison of Calculated 'Jr between SOPPA-
(CCSD) and DFT. To verify the applicability of DFT functional
to rationalize with confidence ' Jcr S-SSCCs, a comparison
between SOPPA(CCSD) and DFT calculations was performed.
The corresponding SOPPA(CCSD), DFT/BHandH, DFT/
BHandHLYP, and DFT/B3LYP values for all four isotropic
contributions to SSCC are listed in Table 3 for the following
seven compounds (FB, 2FA, 3FA, 4FA, F2NB, F3NB, and
F4NB; Figure 1). They are also compared with the respective
experimental values.

The best numerical agreement for 'Jzc SSCCs data with
experimental values was obtained with SOPPA(CCSD), as known
from current literature.*”** The discrepancy between the experi-
mental and these different DFT levels, especially with B3LYP
(Table 3), originates mainly in the FC and PSO terms, which were
evaluated considering virtual triplet and singlet transitions, respec-
tively. A poor description of the triplet mechanisms responsible for
the Fermi contact and the spin-dipole contributions to the cough'ng
constants seems to be the main reason for this discrepancy.>> **
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Table 3. Theoretical and Experimental S-SSCC Values of 'Jcg (Hz) Couplings for Fluorobenzene Derivatives at Different Levels

of Theory
compound method e P
FB SOPPA(CCSD) —2642 7.0
BHandH —269.8 S.1
BHandHLYP —274.7 3.9
B3LYP —312.1 6.2
2FA SOPPA(CCSD) —258.1 8.6
BHandH —268.1 7.0
BHandHLYP —2729 5.9
B3LYP —309.5 83
3FA SOPPA(CCSD) 2529 62
BHandH —267.6 5.6
BHandHLYP —272.0 4.6
B3LYP —308.9 6.6
4FA SOPPA(CCSD) —261.7 8.4
BHandH —267.3 6.5
BHandHlyp —2722 5.3
B3LYP —309.8 7.8
F2NB SOPPA(CCSD) —276.5 2.8
BHandH —280.7 0.3
BHandHLYP —287.2 —13
B3LYP —3214 1.6
F3NB SOPPA(CCSD) —266.2 5.9
BHandH —270.7 3.9
BHandHLYP —2759 2.6
B3LYP —313.1 S.1
F4NB SOPPA(CCSD) 2682 47
BHandH —2724 2.3
BHandHLYP —277.7 0.9
B3LYP —313.8 3.6

PSO
J

0.0
—4.7
—4.9
—6.8

10.7

5.3

4.7

3.9
—4.3
=S5
—5.8
—6.6

9.7

4.3

3.7

2.6

—14.2
—194
—19.5
—20.6
—32
=79
=79
—10.2
—9.3
—14.5
—14.5
—159

Jose e calc. S-SsCc* e exp.
0.8 —256.4 0 —245.5 (0.0)"
09 —268.4 0
09 —274.8 0
09 —311.8 0
0.9 —237.9 18.5 —238.4 (7.1)°
1.0 —254.8 13.6
1.0 —261.3 135
1.0 —296.3 15.5
0.9 —250.1 6.3 —2462 (—0.7)"
09 —266.5 1.9
0.9 —2723 2.5
09 —308.0 38
0.9 —242.7 137 —235.7 (9.6)"
09 —255.6 12.8
09 —262.3 12.5
09 —298.5 133
1.0 —286.9 —30.5 —264.8 (—5.7)"
1.0 —298.8 —30.4
1.0 —307.0 -322
1.0 —339.4 —276
09 —262.7 —63 —2512 (—5.7)"
0.9 —273.8 —54
0.9 —280.3 -5
09 —317.3 -5
09 —272.0 —15.6 —257.9 (—12,4)"
09 —283.8 —15.4
0.9 —290.4 —15.6
09 —325.2 —13.4

*S-SSCC = 'Joy calc. for substituted fluorobenzene — 'J¢ cale. for fluorobenzene. ° Experimental S-SSCC.

The DFT/BHandH is also a hybrid functional, which includes
an ad hoc mixture of half the exact (HF) exchange with half of the
uniform electron gas exchange, plus Lee, Yang, and Parr’s
expression for correlation energy. It provided better results than
B3LYP and BHandHLYP functionals. Therefore, it was
sug%lested29 that an adequate exchange functional (BHandH:
(Ex® = 0.5)/(Ex"*"* = 0.5), in comparison with B3LYP:
(Ex™ = 0.2)/(Ex"P* = 0.8)), should improve the accuracy of
the DFT calculations in predicting the spin-density in such
complex structures. The deficiencies have been attributed to
self-interaction errors® in pure (approximate) density func-
tionals. The increase of Hartree—Fock exchange leads, in some
cases, to an improvement in the numerical results.”> The
calculated value for ! Jcr = —274.7 Hz in fluorobenzene obtained
by BHandHLYP (version of B3LYP functional, using 50% Ex'
and 50% Ex*P*) leads to a better agreement for these SSCC
values in comparison to experimental data (Table 3). This fact
reinforces the importance of Ex' " in the density functional in
order to obtain a better accuracy in SSCC calculations involving
lone pair bearing atoms.

In Table 3 it is observed that S-SSCCs calculated at different
levels yield the same trend, and they compare favorably with the
experimental values with the exception of ortho-substituted
compounds. In fact, for 2FA and especially for F2NB calculated
S-SSCCs show absolute values notably larger for calculated than

1277

Scheme 1. Ezetimibe Molecule
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for experimental data, although the respective signs are in
agreement. However, it is important to highlight that S-SSCCs
calculated with different approaches are similar enough to
suggest that those DFT functionals can be used with reasonable
confidence to perform similar analyses to those shown above for
fluorobenzene derivatives for larger molecular systems like
ezetimibe, which is a drug used to reduce the cholesterol blood
level by decreasing cholesterol absorption in the intestine
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Table 4. Experimental and Theoretical Values of 'Jc5; and
Jcara SSCCs for Ezetimibe”

l]CF ]FC ]SD ]PSO ]DSO IJCF calc. IJCF eXP.
Yot —2699 45  —60 09 —270.4 —246.1
FB —2698 51 —47 09 —2684 2455
Ve —2584 51 —15 09 —264.0 —2439

* The different terms are compared with those in fluorobenzene (FB).
All theoretical values were obtained at the BHandH/EPR-III level
and are given in Hz.

Table 5. Resonance Interaction, 0c_ Bond Length, Energy
Gap, and s % Character of G¢c_g, LP;(F), LP,(F), and LP;(F)
in F; and F, for Ezetimibe and Those in FB”

Yeir YJcr(FB) Years
oc—r (A) 1.3489 1.3527 1.3514
A€ = eprc—p — Egori’ 12756 1.2667 1.2697
S-FC —0.1 0.0 11.4
s% (at F) oc_p 29.15 2897 29.01
s % at LP,(F) 70.96 71.00 70.82
s % at LP,(F) 0.00 0.00 0.0
s % at LP;(F) 0.00 0.00 0.00
S-PSO -13 0.00 32
LP,(F) occupancy 1.9704 1.9709 1.9704
LP;(F) occupancy 1.9259 1.9272 1.9294

*Changes in the resonance interactions are gauged through the
occupancy of the respective LP3(F) lone pair. Substituent effects
on FC (S-FC) and PSO (S-PSO) terms are also shown. ° In au.

(Scheme 1). This compound contains two different fluorinated
aromatic rings, where the analysis shown above is applied.

Theoretical 'Jcp SSCCs for ezetimibe were calculated using
the DFT/BHandH functional. Here, it is stressed that SOPPA-
(CCSD) calculations can not be carried out due to the large size
of this molecular system. The experimental and theoretical values
for 'Jcr SSCCs for ezetimibe are shown in Table 4, where they
are also compared with the respective values in FB.

Taking "Jcr for fluorobenzene as reference (Table 4), it can be
observed a slightly negative increase for Yerrr and a positive
increase for ! Jcarz- However, it is noted that FCs for the former
coupling differ only 0.1 Hz from that in FB. On the other hand,
for the latter the FC and PSO terms define its trend. These two
observations suggest that a similar analysis performed for fluoro-
benzene derivatives can be used for the ezetimibe molecule. To
this end, all parameters necessary to rationalize the FC and PSO
behavior are collected in Table 5 (see Table 2). It is noted that a
comparison of this type amounts to assume that the PA axes for
the PSO contribution are similarly oriented like in Figure 2.

Further comments can be made on data displayed in Table S.
The negligible FC S-SSCC in 'Jc1r1 can be rationalized as a com-
pensation of the following two effects; the larger Ae, energy gap
in comparison to FB yields a decrease in 'J°;, while the increase
in the s % character of the 0, at the F; atom yields an increase
in the same term. The 1]C2F2 trend is rationalized on the following
grounds: the energy gap Ae, yields a slight decrease in 'J*, which
is mostly compensated by the also slight increase in the s %
character of the 0, g, at the F, atom. Apparently, the calculated
trend is mainly determined by the lower s % character at LP,(F2),
which reduces the negative 'J[LP2(F2)] contribution.

The trends of the PSO® component can be compared with
that on benzene. As commented above, the X component is
negative while the Yis positive. The former corresponds to a 90°
rotation of LP, around the X axis, while the latter corresponds to
a 90° rotation of LP3 around the Y axis. According to the
occupancies of LP, and of LP3, it is observed that the former is
practically the same for 1]C1F1; 1]C2F2, and 1]CF(FB). Therefore,
the differences observed for these three PSO terms are originated
in the LP; contribution. In fact, such occupancies suggest that
PSOY increases for * Jcars and decreases for ! Jcip in agreement
with the calculated values displayed in Table S.

Based on the LP3(F) occupancy, it is noted that in ezetimibe
while the F; atom undergoes a stronger conjugative interaction
than that in FB, the F, conjugative interaction is weaker than that
in FB. In para position with respect to F,, there is a three-
coordinated N atom and it causes an inhibition of the F
resonance interaction, which is notably smaller than for the
amino group in 4FA. The rationalization of this behavior seems
to originate in this fact, the N atom in ezetimibe is placed o to a
carbonyl group, and the following calculated interactions are
worth mentioning: LP;(N) — 7*c—o = 58.6 kcal/mol while
LP,(N) — m*c—c = 36.6 kcal/mol. The latter should be
compared with LP|(N) — 7¥c—c = 25.7 kcal/mol in 4FA. As
aresult, in ezetimibe the F, resonance interaction is notably more
inhibited than in 4FA (Table 2).

5. CONCLUSIONS

A qualitative approach, which allows one obtaining an in-
depth insight into electronic molecular structure changes along a
series of compounds by studying high resolution NMR param-
eters, was presented in previous papers.'> In this work such an
approach is applied to rationalize several substituent effects on
the FC and PSO contributions to 1]FC S-SSCCs in terms of
changes in the molecular electronic structure. First, it is applied
to analyze those SSCC terms in monosubstituted fluoroben-
zenes. Those analyses were complemented, on one hand, with
measurements of their experimental values for the compounds
shown in Table 1 and, on the other hand, with high level ab initio
calculations, carried out within the SOPPA(CCSD) method. In
this way, very interesting para, meta, and ortho substituent effects
on 'Jep SSCC rationalizations were obtained. The following
results are highlighted.

Para and meta S-PSO SSCCs were observed to approximately
correlate linearly with the corresponding fluorine SCSs (taken
from the literature). Such correlation was ascribed to the close
resemblance between the operators describing the paramagnetic
part of the fluorine nuclear magnetic shielding tensor and the part
of the PSO operator centered at the F atom. This suggests an
approximate test to verify experimentally, if a given 'Jog SSCC in
a series of compounds shows significant S-PSO can be obtained,
by observing the corresponding fluorine SCSs in the same series
of compounds. It is recalled that, for the time being, no
experimental approach can be used to estimate the presence of
the PSO term in a given SSCC.

Ortho S-PSO studied in this work provided an interest-
ing description of the proximity contribution to the so-called
“ortho” substituent effect. The description given many years ago
by Lee and Chesnut®® for the proximity effect between two
moieties on nuclear magnetic shielding constants is now de-
scribed in terms of changes in the LMOs representing the
fluorine lone pairs.
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For the application of this approach to larger compounds,
S-SSCC:s calculated within the DFT framework employing three
different functionals were compared with those obtained with the
SOPPA(CCSD) method, for some model compounds. Since a
good agreement was found for S-SSCCs, the molecular electro-
nic structure that yields both 'Jcr SSCCs in ezetimibe could be
compared. Results thus obtained show that this qualitative
approach can be successfully used to study larger compounds
using moderate computational resources.
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