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ABSTRACT: The 'H NMR spectra of the title compound in nonpolar and polar
solvents and theoretical calculation of spin—spin coupling constants (SSCCs) show that
Jene SSCC, where TS stands for “through-space”, in polar solvents is amenable to
measurement only in the trans conformer. The mechanisms for transmission pathways to
such unusual SSCCs are rationalized in terms of the molecular electronic structure. It is
stressed that such a result calls for some caution when intending to use "Jg; as a probe to
detect the spatial proximity between fluorine and hydrogen atoms.

B INTRODUCTION

Through-space spin—spin scalar coupling constants (TS-
SSCCs) were reported for the first time in the early 1960s.
The TS-SSCC pathway was re7ported to be due to interactions
between proximate moieties'~ and was assigned as responsible
for the especially large SSCCs observed in many different
systems, involving, among others, active nuclei such as Iy, 3¢,
5N, F, and *'P.*'® Two of the most important TS-SSCCs
are " v i and 2, oq_ sy couplings observed for DNA and
RNA molecular systems,'”*° where the transmission pathway
occurs through a hydrogen bond between Watson—Crick base
pairs.21 Unusual through-space (TS) ™,y couglings have been
observed across two stacked aromatic rings.”>*>

Due to the importance of the fluorine atom in medicinal
chemistry,24 interest in '°F NMR is gaining attention”>*¢ due
to its application as a tool to investigate new active molecules”’
to evaluate the quality of pharmaceutical formulations™ to
mark nucleosides and nucleotides to study their folding and
binding sites and so forth. Although 'F NMR applications are
increasing, several aspects involving the transmission mecha-
nism of the through-bond* and TS***' coupling constant (*])
are not always clear, and some effort to rationalizing such cases
is a worthy aim.

Recently, it was shown® that in 2-fluorophenols, ™Jgy
couplings are not transmitted through a hydrogen bond, as
previously accepted.”* Instead, such Jg; couplings were
shown to be mainly transmitted by exchange interactions
taking place in the region where F and OH electronic clouds
overlap. A critical evaluation study®' supports the hypothesis
that the TS transmission of "*Jz; SSCCs are built up from
different types of contributions, namely, (a) those originating in
exchange interactions taking place in the region where
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electronic clouds surrounding the F and H atoms overlap,
(b) direct charge-transfer interactions between either LP, , 3(F)
or o¢_g occupied and 6% _y vacant orbitals, and (c) long-range
charge-transfer interactions mediated by concatenated sequen-
ces of hyperconjugative interactions. Type (a) contributions are
positive for oc_p/0c_y overlapping orbitals, while they are
negative when they correspond to LP, , ;(F)/6¢_y overlapping
orbitals.>’ However, the latter are operating only if for LP,(F)
and/or LP;(F), the respective s % character is different from
zero. On the other hand, contributions of types (b) and (c)
correspond to positive contributions to the FC term of "Jgyy. It
was also observed®® that steric interactions on a fluorine atom
bonded to an aromatic system can affect the s % character of
the LP,(F) nonbonding electron pair.

To broaden the understanding of "J; TS coupling constant
transmission mechanisms, experimental and theoretical studies
for 2-fluorobenzaldehyde (Figure 1) were performed, and
unusual transmission pathways for " are discussed in detail.

Figure 1. 2-Fluorobenzaldehyde and its two possible orientations for
the formyl group. Representations for the LP, and LP, for oxygen and
fluorine atoms are shown.

Received: March 15, 2013
Revised:  July 29, 2013
Published: July 29, 2013

dx.doi.org/10.1021/jp402618c | J. Phys. Chem. A 2013, 117, 7939-7945


pubs.acs.org/JPCA
http://pubs.acs.org/action/showImage?doi=10.1021/jp402618c&iName=master.img-000.jpg&w=137&h=134
http://pubs.acs.org/action/showImage?doi=10.1021/jp402618c&iName=master.img-001.jpg&w=102&h=53

The Journal of Physical Chemistry A

a) 8 3 b) 8
© w )
N~ ~ M~
[=2 (=4 (=]
T I
T T T T
10.130 10.125 10.120 ppm 10.132 10. 130 10. 128 10. 126
°T O o (-3 <
NN N @
c) de = d) > 8
T Ty
T T T T
10.240 10.235 10.230 10. 252 10. 250 10. 248 10. 246 ppm

Figure 2. Formyl proton signals from 'H NMR spectra for 2-fluorobenzaldehyde (a) in benzene-d,;, (b) aromatic protons homodecoupled (in
benzene-dg), (c) in DMSO-d, and (d) aromatic protons homodecoupled (in DMSO-dj).

B EXPERIMENTAL AND COMPUTATIONAL DETAILS

(a). NMR Measurements. The ™y coupling constant for
2-fluorobenzaldehyde was measured from "H NMR spectrum,
and unequivocal assignment was obtained from 'H—'H COSY
and "H—""F long-range correlation experiments using a Bruker
standard hfcoqfqn pulse sequence; long-range coupling
(cnstll) was adjusted for 2 Hz. These experiments were
performed on a Bruker Avance III 500 spectrometer equipped
with a BBFO 5 mm smart probe with the z-gradient operating
at 499.87 and 47029 MHz for 'H and '"F, respectively.
Samples were prepared as solutions of 10 mg of solute in 0.7
mL for solvents benzene-d, and DMSO-d,.

(b). Computational Details. Geometry optimizations and
energy calculations for cis and trans conformers of 2-
fluorobenzaldehyde were carried out at the MP2 level by
applying two different basis sets, namely, aug-cc- VTZ34 and
EPR- III 3% using the Gaussian09 suite of programs™® to perform
them. ™[y SSCCs (as mentioned above, TS stands for
through-space) were calculated at the SOPPA(CCSD)*’~*
level usmg optimized geometrles through the Dalton 2.0
program®® employing the EPR-III*® basis set. To study the
solvent effect defining the preferential conformation for 2-
fluorobenzaldehyde, geometry optimizations were performed,
applying the SMD model*' at the MP2/aug-cc-pVTZ level. The
Cartesian coordinates are supplied in the Supporting
Information. Hyperconjugative interactions were evaluated
using the natural bond orbital (NBO S. 9)* analysis, as
implemented in Gaussian 09, using the B3LYP"™* hybrid
functional employing the cc-pVTZ basis set.

B RESULTS AND DISCUSSION

From the 'H NMR spectrum for 2-fluorobenzaldehyde in
nonpolar solvent (benzene-dy), a doublet for the formyl proton

7940

Table 1. Energies for 2-Fluorobenzaldehyde cis and trans
Conformers and Molar Fraction for the Former Calculated
at the MP2/aug-cc-pVTZ Theoretical Level

solvent E.° Eins” AE? M
isolated molecule —444.031731 —444.028321 2.1 0.97
benzene —444.041117 —444.038621 1.6 0.94
DMSO —444.040899 —444.039893 0.6 0.73

“Atomic unit. *Units: kcal mol™".

Table 2. Jzys SSCCs Calculated at the SOPPA(CCSD)/EPR-
111//MP2/EPR-III Level for cis and trans Conformers of 2-
Fluorobenzaldehyde

conformation cis trans

ene 0.05 —1.84
S e —0.17 —0.31
PSOf e -0.75 0.99
SO et 141 142
tonly 0.55 —-2.58

(Hy) (Figure 2a) is observed, while in polar solvent (DMSO-
dg), this signal is observed as a triplet (Figure 2c). At first sight,
this suggests that the formyl proton is coupled to only one
aromatic proton in nonpolar solvents and two of them in polar
solvents. However, when COSY contour plots for 2-
fluorobenzaldehyde were obtained (Figures 1S and 28,
Supporting Information) in benzene-ds as well as in DMSO-
dg solvents, only one correlation between the formyl proton
(Hy) and aromatic protons was observed in both solvents,
suggesting that in DMSO-d,, the formyl proton is coupled to
the fluorine atom instead of two aromatic protons.

To verify this assertion, homodecoupled '"H NMR experi-
ments were performed for both samples (benzene-dg and
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Figure 3. Variation of overlap between LP,(F)—6¢_y¢ and 6¢_p—06¢_y¢
versus the bond angle for 2-fluorobenzaldehyde for the cis conformer.

DMSO-dg), where aromatic protons were decoupled and the
formyl proton was observed as a singlet for the benzene-dg
sample (Figure 2b) and as a doublet for the DMSO-d4 sample
(Figure 2d).

To further confirm that the fluorine atom is coupled to the
formyl proton, 2D F—'H NMR correlation experiments
(HETCOR) were performed for 2-fluorobenzaldehyde using
benzene-d; and DMSO-dy as solvents (Figures 3S and 48,
Supporting Information). As can be seen from contour plots in
the Supporting Information for both samples, it is possible to
observe a correlation between fluorine and formyl hydrogen.

Experimentally, it is unequivocal that there is a coupling
constant between the H¢ formyl proton and the fluorine nucleus
(Jeu = 0.48 Hz, sign not determined) for 2-fluorobenzaldehyde
when DMSO-d is used as the solvent, while in benzene-dy, this
coupling is too small to be measured but is not zero as was
observed from HETCOR contour plot (Supporting Informa-
tion). At this point, the main question that remains unanswered
yet is, Why is this coupling constant observed when polar
solvent is used?

As mentioned above, 2-fluorobenzaldehyde possesses two
conformational arrangements for the formyl group (Figure 1);
to determine which one is the most stable form in an isolated

molecule as well in solution, theoretical calculations at the
MP2/aug-cc-pVTZ level are performed (Table 1).

According to results displayed in Table 1, the cis
conformation is by far the more stable conformer when
considering an isolated molecule. When the solvent effect is
included in that calculation, the energy difference between cis
and trans conformers reduces to 1.6 kcal mol™ in benzene and
0.6 kcal mol™" in DMSO. This difference in energy is expected
because the calculated dipole moments for cis and trans
conformers considering an isolated molecule are ¢ = 3.8 and
5.2 D, respectively, explaining the larger stability for the trans
conformer in polar solvent. This is good so far; however, the
following question arises. In low polar media, the cis conformer
is the most stable one, and although the fluorine atom and the
formyl proton are closed in space, no gy SSCC is
experimentally detected. In fact, the ™*Jpy; SSCC is
experimentally measured only when the sample is prepared in
a polar solvent. According to results described above, in
DMSO, the trans conformer population is around 26%. These
results indicate that a "J; coupling is only observed for the
trans conformer, (Figure 1). In order to rationalize such a
surprising experimental result, the Jpye SSCCs were calculated
for both conformers at the SOPPA(CCSD)/EPR-1II//MP2/
EPR-III level considering an isolated molecule. Results for the
four Ramsey terms for Jpy SSCCs thus obtained are displayed
in Table 2.

The experimental "]y value measured in DMSO solution is
0.48 Hz, suggesting at first sight a good correlation with the cis
conformation, but we need to keep in mind that the
experimental value is an average between cis and trans
conformations. When theoretical values listed at Table 2 were
weighted using the population presented in Table 1 for DMSO
solvent, the theoretical "]y coupling value in DMSO was
—0.3 Hz, which is now in agreement with experimental (0.48
Hz) data.

It is interesting to rationalize, whenever possible, differences
in the Ramsey contributions to both "]y couplings displayed
in Table 2.

(a). About the FC Terms. Taking into account results
reported recently®® for ortho-fluorophenol, cis-FC = 0 Hz seems

CMO 20

CMO 24

Figure 4. Plots of CMO 20 and CMO 24 for the 2-fluorobenzaldehyde trans conformer.
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Figure S. (a,b) Model systems are chosen to investigate different TS transmission mechanisms for the FC term for Jpy SSCCs like those described
above for both conformers of 2-fluorobenzaldehyde. It is highlighted that in neither of the both model systems are there chemical bonds connecting

the corresponding monomers.
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Figure 6. Variation of F Jgyy, coupling for the methane---F—H model
system for different arrangements for such a dimer.

to indicate that for the cis conformer, the LP,,;(F)/ocy and
0c_p/0c_ys overlaps cancel each other. This conclusion is
supported by calculating theoretically the overlaps between the
corresponding pre-NBO overlaps, which show the same
absolute values, and it is known*® that such overlaps show
opposite signs. See Figure 3.

For the trans conformer, the F---O distance is notably shorter
than the sum of their van der Waals radii, 2.80 versus (1.47 +
1.52) A =299 A, and therefore, there is a steric compression
between the F and O atoms. In fact, NBO calculations show
that the LP,(F) s % character is 0.32. Also, that steric
interaction “contaminates” LP,(O) with the fluorine Fermi
contact information. Therefore, an efficient coupling pathway is
activated for transmitting the FC contribution to Jpy
According to theoretical calculations displayed in Table 2,
this FC term is negative. It is recalled that the sign of this
coupling could not be determined experimentally.

(b). About the SD Terms. Their cis and trans conformers
show the smallest difference for the four terms; therefore, it is
not worth performing a qualitative analysis of such a small
difference.

(c). About the PSO Terms. The rationalization for the
PSO difference for cis and trans conformers is straightforwardly
obtained by emglozlng the qualitative analysis discussed in
previous papers. Within this qualitative approach, each
PSO term tensor component can be written in terms of NBO
contributions as in eq 1, where « is a Cartesian coordinate. The
i and j stand for occupied NBOs, and a and b stand for vacant
NBOs.

PSO(xa

PO PSO,
ta ib (F H) - mF * Wia,jb jb,H(x (1)
where
—
XV
[];?f’a = (ili( E 3 )a la) and
63
PSO, (7 X V)
URge = (1S ey
"H (2)

are the “perturbators”, which show vector character (actually,
pseudo vector); they constitute the “emission/receptor” system
corresponding to those NBOs. The transmission system is
given by the IWiu,;b matrix. The PSO tensor character originates
in the tensor product between both perturbators, eq 2. The
physical meaning for each perturbator is quite easy to visualize.
For instance, that centered at the F atom corresponds to the
overlap between the 90° rotated i occupied NBO and the a
vacant NBO, divided by the cubic distance to the F nucleus.
With this brief description, it is easy to rationalize the PSO
difference for the cis and trans conformers displayed in Table 2.

Table 3. CMO Contributing to the FC Transmission for Jpy SSCC Expanded in Terms of NBOs for the Formaldehyde-

Fluoromethane Model System

MO 8 (occ): € = —0.633514 au
0.615*[5]:BD(1)C2—HS5
0.503%[4]:BD (1)C2—H4
—0.381%] 7].BD(1)C6 HS
—0341%[16]:LP(1)O
0.229*[13]:LP(1)F

MO 9 (occ): € = —0.534599 au
—0.577%[4]: BD(1)C2—H4
—0.450%[7]: BD(1)C6—HS8
0.292*[6]: BD(1)C6—H7
—0.264*[14]: LP(2)F
—0.236%[17]: LP(2)O
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MO 12 (occ): € = —0.444077 au
—0.584*[16]: LP(1)O
—0.496*[4]: BD(1)C2—H 4
—0.343*%[2]: BD (1)C2-03
—0.313*[17]: LP(2)O
0.234%[14): LP(2)F

dx.doi.org/10.1021/jp402618c | J. Phys. Chem. A 2013, 117, 7939—7945


http://pubs.acs.org/action/showImage?doi=10.1021/jp402618c&iName=master.img-005.png&w=300&h=152
http://pubs.acs.org/action/showImage?doi=10.1021/jp402618c&iName=master.img-006.jpg&w=196&h=148

The Journal of Physical Chemistry A

CMO 8

20Fh Hn

CMO 9

cMO 12 |

Figure 7. Plots of CMO 8, CMO 9, and CMO 12 for the formaldehyde---fluoromethane model.

For instance, for the cis conformation, when rotating LP,(F)
around an axis perpendicular to the molecular plane, it overlaps
with the formyl (C—H)* antibonding orbital, yielding a
negative contribution to PSO.” For the trans conformer,
such an overlap takes place between LP,(F) with the rear-lobe
of the formyl (C—H)* antibonding orbital. The overlap matrix
(S,}) element was theoretlcally calculated for both conforma-
tions using NBO analys1s, and for the trans conformer, this
overlap was more efficient (—0.0564) than that for the cis
(0.0159). When the sign of overlap between the occupied and
vacant orbitals changes, the PSO contribution changes also its
sign, as expected from our qualitative description.””>"

(d). About the DSO Terms. The trend of the isotropic part
of the DSO contribution to any SSCC follows a well-known
trend.*’ In fact, if the space spanned by the electrons of the
studied compound is divided into two different regions by a
sphere whose diameter is just the F---H distance, then electrons
within that sphere yield a positive contribution to the isotropic
DSO term of Jgy SSCC. Those in the region outside of that
sphere yield a negative contribution. Therefore, the DSO
change in sign for cis and trans conformers is easily rationalized.

The rationalization presented above for the FC contribution

0 TJuyr SSCC is quite appealing, and it seems worth finding
other results that could further support it. Such support can be
found by resorting to a method recently reported and known
by its acronym FCCP-CMO,* which stands for “Fermi contact
coupling pathways detected using canonical molecular orbitals”.
It is based on the known relationship between the Fermi hole
and the FC interaction transmissions.*” The main point is to
determine the spatial region spanned by each CMO. This task
is achieved by expanding each CMO in terms of NBOs, which
can be accomplished using the NBO 5.9 program.*

For the trans conformer, the FCCP-CMO analyses show that
the ™Jpye coupling transmission is mediated by virtual
transitions between occupied and vacant CMOs, unless the
FC interaction is mostly transmitted by exchange interactions,
in which case, only occupied CMOs contain in their expansions
in terms of NBOs both coupling nuclei. In the present case,
only occupied CMOs contain simultaneously F and H; nuclei,
that is, CMOs 20 and 24 (Table 1S, Supporting Information).
This indicates that the main transmission mechanism for the
FC term for ™Jpy SSCC is the exchange interaction in the
region where the F and H; electronic clouds overlap. CMOs 20
and 24 in their NBO expansions both contain LP,(F) and C—
H; bonding orbitals. Plots for such CMOs for the 2-
fluorobenzaldehyde trans conformer are displayed in Figure 4.
It is recalled that a steric compression on LP,(F) increases its s
% character. In this particular case, it increases from 0.00 to
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0.32%. It is known>® that only MOs with a significant s

character on both coupled nuclei contribute to its FC
contribution. For the cis conformation, the F---H; proximity
does not produce a strong steric interaction like that mentioned
above for the trans conformer, and consequently, its LP,(F) s %
character is about 1S times smaller (0.02%) than that for the
trans conformer. Besides, for this conformation, there is a
competition between the C—Hy/F—C, and C—Hy/LP,(F)
overlaps where exchange interactions take place and lead to
opposite sign contributions to the FC term (see Figure 3)%!
and only a very small contribution to ™Jgy remains, in
agreement with the experimental observations described above.
It is highlighted that plots displayed in Figure 4 nicely support
that FC rationalization. This description leads to an adequate
rationalization for the FC contribution to ™Juy in both cis and
trans conformers for 2-fluorobenzaldehyde.

In order to reinforce our rationalization about the TS and
through-bond transmission mechanisms for *Jg; SSCCs, two
very simple models (Figure S) are chosen where there are no
chemical bond sequences connecting both coupling nuclei. In
this way, it is obvious that intermolecular couplings are
transmitted through space.

For the first model system (Figure Sa), geometries for
methane and H—F molecules were optimized separately, and its
dimer was built up by taking the H—F bond parallel to the C—
H, methane bond, defining a methane bisector plane. To mimic
the Jgye TS coupling in trans-2-fluorobenzaldehyde, calculations
for Jpy, SSCC were performed for that configuration, running X
from 2.3 to 2.8 A and, for each point, running Y from =S5 to +2
A, in 0.1 A steps. In this way, the six plots shown in Figure 6
were obtained. All of these SSCC calculations were performed
at the BHandH/EPR-III level.

In Figure 6, the plot for X = 2.3 A, ¥ Jpyy, coupling increases
up to 70 Hz for Y = —1.9 A and then decreases to 0 Hz for Y =
—5.0 A. It is stressed that SSCC values shown in Figure 6 are
transmitted through space between F and H, atoms because
they are not connected by a sequence of chemical bonds. An
important contribution to this FC interaction is transmitted by
the LP,(F) — o%c,_ip hyperconjugative interaction, which
strongly depends on the overlap between the C—H, bond and
the LP,(F) lone pair. However, it is not the most adequate
model to mimic the FC term for "SJpye in trans-2-
fluorobenzaldehyde because the latter is negative while those
displayed in Figure 6 are positive. Therefore, to get a closer
model system for 2-fluorobenzaldehyde, the formaldehyde--
fluoromethane dimer (Figure Sb) is now chosen.

The model shown in Figure 5b is built up by keeping the
carbonyl group and the C—F bond in the same configuration as
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those in the trans conformer of 2-fluorobenzaldehyde, and the
remaining atoms are replaced to get the formaldehyde--
fluoromethane model system (atomic coordinates for this
system can be found in the Supporting Information). The Jpys
SSCC for this model was calculated at the SOPPA(CCSD)/
EPR-III level, obtaining *“Jpyy = —33.9 Hz, a result that
corroborates our conclusion that Jpy SSCC in 2-fluorobenzal-
dehyde is transmitted through space instead of through bond
because in this model (Figure Sb), there are no chemical bonds
connecting the coupled nuclei. Besides, it sign is opposite to
that calculated for a similar SSCC in the model displayed in
Figure Sa.

The FCCP-CMO analysis for the FC term of the Jpy SSCC
calculated for the model system shown in Figure Sb is now
discussed. The main contributions to that FC term originate in
the canonical molecular orbitals (Table 3) CMO 8, CMO 9,
and CMO 12, which are plotted in Figure 7. These are the main
contributions to the FC term for the Jpy SSCC, and they
resemble those displayed in Figure 4 for trans-2-fluorobenzal-
dehyde.

B CONCLUSION

Results discussed above call for some caution when intending
to use "*Jpys for determining the formyl preferential
conformation in aromatic compounds containing a F atom
adjacent to an aldehyde group. It is also highlighted that results
discussed in this work support observations reported previously
about transmission mechanisms for transmitting through space
the FC interaction for Jgy SSCCs.

It is highlighted that results discussed above for the cis
conformer show that the FC contribution to the ™[z SSCC is
close to zero when the calculated LP(F)/C—H; and C—F/C—
H; overlaps almost cancel each other. It is also important to
highlight the different signs for the PSO isotropic contribution
to "Jpy SSCCs for cis and trans conformers. This supports
nicely the qualitative description shown above, which predicts
opposite signs for such contributions.

B ASSOCIATED CONTENT
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Full citation for ref 36, 2D NMR contour plots for 2-
fluorobenzaldehyde, expansion of CMOs, and atomic coor-
dinates and energies for the different conformers. This material
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