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Physical Image vs. Structure Relation, Part 13:
Calculational Evidences for the 2"eJ,,; Spin-Spin Coupling
in Internally H-Bonded Isomers of Some
1-Oxoalkanephosphonate Hydrazones

Ryszard B. Nazarski
Department of Organic Chemistry, Faculty of Chemistry, University of
1.6dz, 1.6dz, Poland

The P(IV)<>H spin-spin transfer across the N—H...-O~—P7* intramolecular H-
bond previously observed NMR spectroscopically for Z stereoisomers of hydrazones
of 0,0'-diisopropyl 1-oxoalkanephosphonates, ?"Jpg = 2.95 + 0.35 Hz, was ratio-
nalized using Fermi-contact (FC) contributions to such Jpy couplings. Moreover,
the FC terms were found to be dominant terms of these 2"Jpy couplings. The ap-
plied FPT-DFT(B3LYP) FC calculational approach was successfully tested on Jpg
couplings in model phosphorus esters. As a result, linear relation J‘}’fﬁd (CDCl3) vs.
Jﬁ,‘gc“kd was established for different long-range Jpg couplings occurring via an
oxygen atom of the phosphoryl group.

Keywords Conformations; Fermi-contact term; FPT-DFT method; indirect Z’Jpy cou-
pling across intramolecular H-bond; NMR spectroscopy; phosphorus esters

INTRODUCTION

High-resolution NMR spectroscopy is an extremely powerful tool for
studies of diamagnetic species, including a wide variety of chemical
compounds. It enables probing the structure, dynamics, and confor-
mational preference of such species, especially in solution. Currently,
these possibilities became considerably enhanced for common spin-1/2
nuclei X by the application of two supporting methods of computa-
tional chemistry, i.e., the GIAO prediction of chemical shifts, dxs, and
DFT evaluation of indirect nuclear spin—spin coupling constants, "J/ag
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SCHEME 1 Dynamic equilibrium involving the investigated hydrazones 1
(except the tert-butyl system 1a for which only the H-bonded Z stereoisomer
was observed, due to sterical hindrance).

couplings.? The 8x values are strongly sensitive to their molecular en-
vironment, thereby providing insight into local functionality and stere-
ochemistry. In turn, information about the electronic structure of the
whole molecule and spatial arrangements of interacting nuclei is ac-
cessible via the second main NMR parameter (J coupling).

Eight years ago, we reported® on appeared P(IV)<«-H couplings *Jpy
of 2.95 + 0.35 Hz, involving the N—H protons in Z forms of some
0O, O’'-diisopropyl 1-oxoalkane phosphonate phenylhydrazones la—d
(Scheme 1, Table I), which were studied in detail using 'H, 3C,
and 2P multinuclear magnetic resonance spectroscopy in solution.3—
(We strongly prefer a representation of the phosphoryl group by the
O~—P* and not the O=P mesomeric form, according to theoretical
considerations.®) The possibility of a spin-polarization transfer across
the stabilizing N—H. - -O~—P™" intramolecular hydrogen bond (H-bond),
observed for the first time in the case of such NMR active nuclei, was
considered during our research.?

TABLE I FC Terms and Jpg Couplings Evaluated for the BSLYP/
6-31G** Structures of E- and Z-Stereoisomers of Hydrazones 1, in Hz

ngl)-fd Jgﬁ caled JII;'I(_:‘I caled Jtotalcalcd th)otal pred
R (in CDCl3)* (in vacuo)® (in vacuo) (in vacuo)®® (in CDClg)
(Z)-1a  tert-Bu 3.3 +3.77 +3.77 +4.15 +3.62
(Z)-1b  Me 3.2 +3.62 +3.65 +3.94 +3.47
(Z)-1¢ CHyPh 2.9 +3.41 +3.44 +3.73 +3.26
(Z)-1d  Ph 2.6 +3.42 +3.45 +3.71 +3.27
(E)-1b  Me g +0.80 h +1.39 h
@Absolute values experimentally measured3# for both isomers in the E/Z mixture
(excluding 1a); bspin perturbation placed on the H-bonded proton?e; ¢spin perturbation
4c. d

placed on the P nucleus®*®; “predicted using Gaussian 03 (all four Ramsey’s terms
considered); the FC term was found as identical with that FPT computed according to
footnote?; f estimated with the scaling relationship given in ref.[20; not detected; “not
computed.
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Our communication on *Jpy couplings in hydrazone systems (Z)-
1 was subsequently followed by two independent findings of H-
bond-mediated #Jpy couplings concerning phosphorus nuclei in a
protein-nucleotide complex’ and in D. vulgaris flavodoxin (as a
flavoprotein).® Such experimentally measured NMR data as reported
by Mishima et al.” were supported later by deMon-NMR code-based
DFT prediction® of these 2’Jpy couplings carried out for two simple
models of two large biomolecular fragments of the complex mentioned
above.

In this article, we report theoretical evidence for the 2"Jpy coupling
in the hydrazone esters (Z)-1. The computational approach based on
a current variant of the finite perturbation theory (FPT)-DFT method
was applied for this purpose, owing to the relatively large molecular
size of the investigated compounds. Thus, the total Jpy couplings have
been estimated solely from the Fermi-contact (FC) terms. However,
FC terms were found to be the most important contributions to Z2Jpy
couplings in these systems. Moreover, the reliability of such a simplified
FC approach was successfully tested on literature data concerning some
model phosphorus esters.

RESULTS AND DISCUSSION

In principle, three possibilities exist for molecules (Z)-1 to explain
the *Jpy couplings in question, namely (i) heteronuclear P(IV)<«-H in-
teractions, i.e., 2"J couplings occurring via internal H-bridges of the
N—H. . .-O~—P* type in practically planar six-membered ring systems;
(ii) long-range four-bond coupling (/) along a molecular backbone;
and (iii) simultaneous participation of these both mechanisms. One
should expect that spin polarization is more effectively transmitted via
a “through-backbone” way (ii) in compounds (E)-1, owing to the favor-
able trans arrangement around the N=C bond in these systems. As
a consequence, absolute values of the pure traditional 4Jpy coupling
should also be greater for these species. So, we came to the conclusion
that the best way to choose between the possible mechanisms is to
use an adequate theoretical approach involving both configurations of
hydrazones 1.

FC terms are usually the most dominant contributors to the to-
tal "Jayg couplings, including spin—spin interactions with phospho-
rus nuclei.l® Indeed, the other three Ramsey’s contributions to J-
couplings, i.e., non-FC mechanisms, have been shown to be generally
much smaller and less dependent on structural variation.!! Therefore,
a single-FC-perturbation DFT variant!? of the FPT method originally
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introduced by Pople et al.!®> was used here to economically recover FC
contributions to *Jpy couplings of interest.

Accordingly, adequate initial molecular modeling and subsequent
quantum chemical calculations of Jpy couplings were performed; cf.
the Experimental section. Final results obtained within the programs
Gaussian 98'* and Gaussian 035 (for comparison reasons, vide infra)
are given in Table I, together with the measured J values.>* In order
to control the mutual consistency of the J data computed in this way,
3Jpoca unambiguously evaluated from the 3P NMR spectrum of the
sole observed Z isomer of tert-butyl hydrazone 1a was also predicted
(see Figure 1). For two different orientations of its methine protons in
space (and so different P-O—C—H dihedral angles of 30.8° and —35.6°),
related 3Jpocy couplings were found*?4 in solution as time-averaged to
7.8 Hz, in good agreement with Jgﬁc"’kd = 8.21 Hz. A standard 6-31G**
basis set was used in final Jpy calculations owing to the relatively large
molecular size of the studied objects. However a valence basis set of
double-¢ quality was recommended!® as an optimum trade for accuracy
versus cost for such purposes. Moreover, as far we are aware, the FPT-
DFT approach of this kind (especially, concerning the 6-31G** basis set

-~T51.24
— 753,90
-~ 741.76

—~T738.34

9.4 9.3 9. 9.1 8.0 8.9 PPM

FIGURE 1 The 80.95 MHz proton coupled 3'P NMR spectrum (in CDCl; at
~21°C) of Z form of hydrazone 1la (R = tert-butyl); ép = 9.24 ppm, 3Jpocy =
7.8 Hz, ?'Jp_o- .z = 3.3 Hz.*d The PLUTON drawing of its BSLYP/6-31G**-
optimized structure with the stabilizing N—H- - -O~—P™ intramolecular hydro-
gen bond is given above.
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and magnitude of the perturbation parameter A of 0.01) was previously
not applied for phosphorus compounds. Indeed, in the foregoing small
molecule FC calculations® a rather large Iglo-III basis set and » = 0.001
at the position of the 3'P nucleus were used.

Our approach was fully justified by successful reproduction of vari-
ous long-range Jpy couplings for an epimeric pair of cyclic phosphate
triesters 2 previously studied in CDCl; solution by Gorenstein et al.”
In fact, a very strong (not shown) linear relationship Jf;}&alpred [Hz] =
0.9900 JESealed - 0.1383 (r = 0.9977, SD = 0.32 Hz, N = 8) was found
between Jgﬁca“d couplings and experimentally measured Jpy couplings
for the conformationally rigid compound 2a—C and flexible compound
2b, which were used as test phosphorus systems (Scheme 2). For the
latter, about 24% contribution of a twist-boat form 2b-TB was esti-
mated for rapid dynamic equilibration between two associated con-
formers by applying the in vacuo—computed FC terms. This result is in
line with 49% and 78% presence of 2b-TB originally estimated!”® for
CDCl3 and CH3OH solution, respectively. Interestingly, all five J-value
points {JEealed J35d} established earlier for the hydrazones (2)-1 fulfil

He 1 Cl)Ph H3 1 c|>e H? 1
H ® H ® H
-A—P -~—P o)
07¢ > 07¢ ™ A 0o
4 S oeh 0350
H2 H2 H2 |
H4 H H* OPh
2a-C 2b-C 2b-TB
3JPH1ObSd =0 Hz 3JPH1ObSd =55Hz
3Jpp2°Psd = 24.4 Hz 3Up2°P8d = 18.5 Hz
3Upp3°¢ = 1.0 Hz 3Upp3%Pd = 2.0 Hz
4Jppa®9 = 0.0 Hz 4Jppa°°9 = 0.0 Hz
JFCPH‘lcaICd =0.75 Hz JFCPH1ca|Cd =1.09 Hz JFCPH1caICd =19.45 Hz
JFCppealed =23 72 Hz  JFCp . p0al0d = 25 17 Hz JFCppalcd = 0.91 Hz
JFCPHSCaICd =1.19 Hz JFCPH3ca|cd =161 Hz JFCPH3caICd =0.42 Hz
JFCPH4ca|Cd =.0.62 Hz JFCPH4ca|Cd =-0.51 Hz JFCPH4calcd =.0.22 Hz

JFCPH1ca|Cd =5.40 Hz
for ~24%  JFCpp®d = 19.47 Hz
of 2b-TB  JFC, ;calcd = 1,33 Hz

JFCpH4caICd =-0.44 Hz

SCHEME 2 FC contributions to selected couplings 3Jpy and “<Jpy in test phos-
phorus systems 2.17 The ~24 % contents of 2b-TB were presently found under
conditions of the best correlation.
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27
JtotaIPHpred =0.9964 JFCPHcach -0.1358 A
21 | r?=09938
r =0.9969
SD =0.27 Hz
% 15 b N =13
g&
S 9f
o hydrazones 1
3k a testsystems 2
—regresion line
3 N N N N N
-3 2 7 12 17 22 27

J FCPHcalcd’ Hz

FIGURE 2 Scatter plot of the relation Jg5¢ (CDCl3) vs. J55¢3d from linear re-
gression analysis of the FPT-DFT(UB3LYP/6-31G**//RB3LYP/6-31G**) results
for various long-range Jpgcouplings across the oxygen atom in compounds 1a-d
and 2a-b; calculated J/ values are taken from Table I (spin perturbation placed
on the H-bonded proton) and Scheme 2 (numbers in boldface type).

very well the aforementioned relationship found for the phosphates 2
alone. A new relationship covering 13 of the J-data points for all of
discussed compounds (Z)-1 and 2 is given with pertinent statistics in
Figure 2. The resulting slope of 0.996 and intercept of —0.136 are worth
being mentioned, as they are very close to their ideal values of 1 and 0,
respectively.

In sharp contrast to the aforementioned, only a small value of the FC
contribution to the total *Jpy coupling was predicted for the only anal-
ogously studied E stereoisomer of hydrazones 1, i.e., for the smallest
molecule E-1b. Indeed a coupling J55d of only 0.80 Hz was calcu-
lated for it vs. 2J5Gealed = 3.62 Hz found for its counterpart (Z)-1b (Table
I). This is in full agreement with the experiment, because in no case
was a Jpy coupling for the species (E)-1b—d experimentally observed.*
In other words, this result indicates that *Jpy couplings of ~3.0 Hz
previously determined in CDCl3 for compounds (Z)-1 are in fact due
to H-bond—mediated 2"Jpy coupling occurring via an accepting oxygen
nucleus of the phosphoryl group.

Alternatively, the FC term of 0.80 Hz found for (¥)-1b comprises only
58% of the pertinent total *Jpy coupling computed with Gaussian 0315
at an adequate level of theory (Table I). This finding strongly indicates
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that the noncontact terms are important for such spin—spin interac-
tions in hydrazones (£)-1, in agreement with the data in the literature
for multiply bonded systems.!'? Therefore, care must be taken if Jpy
couplings occurring via this kind of bond(s) are investigated, because
all four contributions to such couplings should be evaluated. However
this is not the case for Jpy couplings in H-bonded Z-isomers of species
1, for which the FC terms amounts to about 91.5% of the total 2"Jpy
coupling. Indeed, this finding is in accord with previous results of Del
Bene et al.,!’® which found that that couplings "*Jag (n = 2 or 3) across
hydrogen bonds of the type A—H- - -B or A—H- - .O—B are largely domi-
nated by their FC components.

Avery strong correlation (r = 0.9969, SD = 0.27 Hz, N = 13; Figure 2)
established in this work for two different types of P(IV)<«-H interac-
tions across an intervening oxygen atom, i.e. concerning various long-
range couplings ’Jp_o—..1, 3Jp_o_c_u and *Jp_o_c_c_mu, is most likely
of a more general nature. Indeed, its application for O,0’-dimethyl
methylphosphonate [CH3P(O)(OCHjs)g, 3, not used in evaluation of the
above relation, afforded J5G¢2d = 11.27 Hz and hence JitalPred = 11.09
Hz, in excellent agreement with 3Jpy of 11.0 Hz recently found! in
CDCl;3 solution. Undoubtedly, additional investigations are needed in
this field.2°

Let us turn our attention to the performed J-coupling calculations.
When implementing a single FC perturbation variant of the FPT
method applied here, i.e., the FPT-1 version, care must be taken that
the computed J values do not depend either on the size of used FC
perturbation A or on which of both coupled nuclei this fine perturba-
tion is placed.'?* However, it was suggested that for such heteronu-
clear Ji¢ term calculations it is preferable to place the perturbation
at the lighter nucleus (usually proton) rather than at the heavier nu-
cleus site.!»122¢ In our hands, only slightly lower (by 0.03 Hz) J5S
values were computed for hydrazones 1b-d using the letter proposal,
whereas for tert-butyl compound la the two results were identical
(Table I). Thus, both requirements mentioned above are fulfilled in
practice.

EXPERIMENTAL
NMR Spectroscopy

The 3'P and 3'P{'H} NMR spectra of hydrazones 1, obtained follow-
ing the reported method,?! were recorded with a Varian Gemini 200
BB spectrometer operating at 80.95 MHz. All of the measurements
were carried out at room temperature (ca. 21°C) for dilute solutions
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in CDCl3 as a deuterated solvent. Coupling constants J are reported
in Hz. These values were directly evaluated from the proton-coupled
3P NMR spectra (see Figure 1), because very broad and usually poorly
resolved doublets due to P-coupled intramolecularly bonded N—H pro-
tons were observed in the related 'H NMR spectra.?? Chemical shifts
are expressed in the § units [ppm] positive downfield from 85% H3POg
applied as an external reference standard (§p = 0 ppm); no magnetic
susceptibility correction was used.

Calculational Details
Molecular Modeling

The conformational search for minima on the potential energy sur-
faces (PES) of isolated species 1-3 was performed with MMX force field
calculations, using the GMMX routine within PCMODEL.?? A mixed
molecular-mechanics searching protocol was employed with random-
ization over all rotatable bonds. Typically, 700—1500 steps were em-
ployed within the 14.6 kJ mol~! energy window; a bulk value of the
relative permittivity (dielectric constant) was used for the gas phase,
e = 1.50.2* The ensuing variety of conformational structures, usually
of approximately five unique structures of every molecule, were sub-
sequently applied as trial input configurations in the geometry opti-
mization using the semi-empirical PM3 hamiltonian of HyperChem.?
The resulting low-energy forms were next subjected to further fully
relaxed geometry refinement at the ab initio restricted HF level of the-
ory using two standard Pople’s basis sets: initially 3-21G?% and then
6-31G*. Final in vacuo energy minimization was carried out by ap-
plying a double-¢ plus polarization basis set 6-31G** (with six, not
five d wave functions used for all non-H atoms) in conjunction with
the HF-DFT hybrid BSLYP,2? functional as implemented in the Gaus-
sian code. In addition, harmonic vibrational frequencies were com-
puted at the 6-31G* level of theory to confirm that each located en-
ergy minimum is an equilibrium structure on related DFT-based PESs
(no imaginary frequencies). Molecules were visualized by applying the
PLUTON option within PLATON?® for Windows using the PCMODEL
outputs.

J-Coupling Calculations

Low-energy structures located in the aforementioned way were sub-
sequently used in a single-point prediction of < couplings. More pre-
cisely, only their isotropic FC components were computed within Pople
et al’s!3 finite perturbation theory (FPT) approach!? using a single-
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perturbation DFT formalism at the UB3LYP/6-31G**// RB3LYP/6-
31G** level of theory. These Fermi-contact terms were recovered in-
directly from FC outputs of the FIELD option of Gaussian 98.1* The
spin perturbation of 10~2 au was applied on the N—H proton (or on
the P nucleus, see text) to obtain all couplings to this nucleus, as was
recommended by Bagno?? in the case of weak </ couplings. In addition,
a TIGHT criterion of the SCF convergence was always employed. Fi-
nally, the FC component of each Jpy coupling (generally Jxg coupling)
was calculated using Equation (1), which was adopted from Bagno?*:

JLS = constant %BE‘% (1)

where constant = 1.058297 x 1071°, y, and ya are the magnetogyric
ratios of the involved NMR nuclei, A—the applied FC perturbation in
atomic units (au), and B¥®—the calculated FC term, in au. Since we are
concerned with the 3'P—'H couplings only (yp = 1.08394 x 108 s~1T-1
and yg = 2.67522 x 108 s~1T-1)29-30 3]] of the quantities in Equation (1)
are defined and, consequently, Jgﬁ [Hz] = 30688.25 ng, if » = 10 2au.

The same FC term values (see, footnote e in Table I) are directly
available at the RB3LYP/6-31G**//RB3LYP/6-31G** level of theory us-
ing Gaussian 03,5 which allow calculation of all four Ramsey’s contri-
butions to J couplings. Statistical analysis was carried out by the MS
Excel 97 spreadsheet.

CONCLUSION

The present computations show that P<>H spin—spin interactions pre-
viously observed in the 'H and 3'P NMR spectra of the hydrazones
(Z)-1 are in fact due to 2"Jpy couplings across the N—H...O~—P* in-
tramolecular H-bonds. The Fermi-contact terms were found to be the
most important for 2"Jpy couplings in such molecules. A current sin-
gle FC perturbation variant of the FPT-DFT method used for these
systems afforded only negligibly smaller (<0.03 Hz) FC-derived #Jpy
couplings when a spin perturbation was (preferentially) placed on H-
bonded protons. Linear relationship J325¢ (CDCl) vs. J55¢4d (vacuum)
was determined for various types of long-range NMR oJpy couplings
transmitted via the oxygen atom of the phosphoryl group. However, it
is necessary to be careful using this simplified FC procedure for predic-
tion of Jpy couplings occurring via multiple bond(s), e.g., the C=N—N
unit in isomers (E)-1. In these cases all four Ramsey’s terms should be
evaluated.
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