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Abstract: Ab initio calculations of the spin-spin coupling constants have been carried out
for methan- and ethanimine, methanal- and ethanaloxime at theofetred second order
polarization propagator approximation with coupled cluster singles andedoaiiplitudes
(SOPPA(CCSD)) using the aug-cc-pVTZ-J basis sets. Previowslyawe shown that this
method can reproduce quantitatively the coupling constants for methaniouingjew
results for methanal- and ethanaloxime agree also verywitblthe measured couplings. A
study of both purely geometrical and substituent effects on alliogugbnstants in the title
compounds is presented. Analyzing the four contributions to the coupling msnstafind
that the stereoelectronic effect of the nitrogen lone paithenone-bond C-H and C-C
couplings as well as the corresponding effect for the gemirdl @d N-C couplings is
affected strongly by the -OH substituent. For the one-bond C-N coupliegsbserve that
the orbital paramagnetic (OP) contribution is comparable to theniF€obntact (FC)
contribution but opposite in sign and that the spin-dipolar (SD) term amtwrdetween
40% and 85% of the total coupling constants. Changes in the total one-bordpikgs
caused by the -OH substituent are also almost entirely due to SD contribution.

Keywords: Ab Initio, NMR, indirect nuclear spin-spin coupling constants, SOPPA(CCSD),
methanimine, ethanimine, methanaloxime, ethanaloxime.
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Introduction

In recent years the increasing importance of NMR spectrosfmpthe determination of three
dimensional structures of even biomolecules [1] leads to an eveasimgedemand for very accurate
calculations of the spectroscopic parameters defining an NMRrgpedor instance the chemical
shift and the indirect nuclear spin-spin coupling constants of biedelatolecules. Often these
molecules are too large for accurate calculations and maiprauf2-11] make therefore use of
model-systems which are supposed to include the relevant aamthe atoms involved in peptide
bonds. It is thus often assumed that replacing substituents bggeydwill not significantly change
the results. This might not be true in general. Therefore, we modpesently the use of locally dense
basis sets in the calculation of spin-spin coupling constants [1R€l34 use basis sets optimized for
coupling constant calculations [14-16] only on the atoms of interesteafersing smaller standard
basis sets on the other atoms. Secondly, we have developed sip@flezed basis sets for coupling
constant calculations [16] by contracting the s- and p-type furcin large optimized basis sets [15]
with molecular orbital coefficients from self-consistentdiehlculations on the corresponding hydride
molecules AH. These two options can be combined in order to increase the maximal size afl@solec
in coupling constant calculations without a significant loss of accuracy.

The purpose of the present work was therefore to investigate hatv i@ coupling constants in
methanimine (1), (E)/(Z)-ethanimine (3)/(4), methanaloximeaf®) (E)/(Z)-ethanaloxime (5)(6) are
influenced by replacing one of the hydrogens in the methylen groug imethyl group and by
replacing the imine hydrogen by a hydroxyl group. In particalarwere interested in the possible
interplay of the stereoelectronic effects of the nitrogen lone[p@i21], e.g.the so-called anomeric
[22,23] or negative hyperconjugation effect [24], the positive inductieeedff the methyl group and
the positive conjugation effect of the hydroxyl group. We have choig state of the agb initio
calculations on the above mentioned compounds using the second order pmiaprapagator
approximation with coupled cluster single and double amplitudes (S@RFSN)) [15,25] and our
aug-cc-pVTZ-J basis sets [15,16]. Previous applications of this methadrgaults in very good
agreement with experiment [15,16,26-33].

Calculations of coupling constants are sometimes affected bgoticalled triplet instabilities or
guasi-instabilities [34-36],e. the fact that the employed method predicts erroneously themocgsof
a triplet state which is lower or close in energy to the loveasglet state (ground state). This
phenomenon can lead to an over- or underestimation of the contributitims ¢oupling constants
which involve the electron sping. the Fermi contact and the spin-dipolar terms. This will render the
results of these coupling constant calculations meaningless. Althostibilities have been observed
mainly using semiempirical methods [37-44], there is also an aserg@ number of examples
[15,16,45] for instabilities irb initio calculations using the coupled Hartree-Fock method (CHF) [46]
or the equivalent random phase approximation (RPA) [47,48] and one examal&ifidet instability
at the correlated level [15,45] using the second order polarizationgatopapproximation (SOPPA)
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[49]. This phenomenon is connected with the existencelie electronic systems in both saturated
and unsaturated compounds. One factor which influence #ystem in the C=N bond is the lone pair
on nitrogen. Therefore, we have carried out also CHF/RPA calcudatiorthe title compounds in
order to search for triplet instabilities.

Computational Aspects

The theory of the indirect nuclear spin-spin coupling constavds originally derived by Ramsey
[50] using perturbation theory:

(0] O +05° +0  |n)(n| O +OF° +05° [0)
Q)

— 9nGs oD a
e ooz )a"’|0>+2n10 E, - E,

where , and ; are the magnetogyric ratios of the two nuéleandB andh is the Planck constant

[51]. The coupling is transmitted by two basic mechanisms: (a) the interactiom miiclear spins with
the spins of the electrons surrounding them expressed in the Faracic(FC) and spin-dipolar (SD)
contributions and (b) the interaction of the nuclear spins with théabdmgular momentum of the
electrons which gives rise to the orbital paramagnetic (OR) arbital diamagnetic (OD)
contributions. Due to the interaction with the electron spin the FC Rridrés arise from admixtures

of excited triplet state) to the singlet ground sta}8), whereas the OP term involves excited states

|n> of the same spin symmetry as the ground s|t@;teand the OD term is a pure ground state

property, although the latter can also be expressadorm which involves excited states [52]. UWgin
polarization propagator or linear response functiethods all contributions to the coupling congtant
can be evaluated without explicit calculation o€ tbexcited states involved [53,54]. The detailed
scheme for calculations of indirect nuclear spimsupling constants using polarization propagator
methods has been described and explained previflsB5] and will not be given here. In the present
work we have used two levels of approximation te ftolarization propagator: SOPPA(CCSD)
[15,25] and RPA [47,48], which can also be consdeas a first order polarization propagator
approximation [53].

In all coupling constant calculations we have usetbcal version of the DALTON program
package [56], in which the calculation of indireaticlear spin-spin coupling constants at the
SOPPA(CCSD) level had been implemented in the ptppeodule [15,25]. We have used the aug-cc-
pVTZ-J basis sets [16,57] for all atoms in methand ethanimine, whereas in the calculations on
methanal- and ethanaloxime we used a locally deasis set [12,13] with the cc-pVDZ basis sets [58]
on the atoms in the hydroxyl-group and the aug¥t#J basis sets [16,57] on all other atoms. These
basis sets were optimized to describe the notoff@isi contact term properly. They were generated
from Dunning's aug-cc-pVTZ basis sets [58,59] bgliad four tight s-type functions to the completely
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uncontracted basis sets [15] and re-contractingrtbst inner s-type function for H and s- and p-type
functions for the second row atoms with correspogdmolecular orbital coefficients from self-
consistent field calculations on the second rowridgd [16]. Only the inner atomic orbitals were
contracted which made the contraction scheme imabpe of the molecule under study and gave an
easy and general way to reduce the size of thes Is&$s without diminishing the accuracy of the
results. In addition the set of the most diffusyde functions on the second row atoms was also
removed [15]. A similar idea had been used preWohyg Geertseret al. [60] and Guilleme and San
Fabian [61] in their calculations on methane.

In Figures 1-3 the optimized geometries for all esoles are shown. They were obtained at the
MP2//6-31G** level with the GAUSSIAN 98 program [B2Ve can note a small discrepancy between
the experimental geometries for (Z)/(E)-ethanin{® (3/4) and our optimized ones, which might be
a misprint caused by the non-standard definitionisfandtrans- in Ref. [63]. For (Z)-ethaniminet)
the experimentally derive® .., angle is 121° and the theoretical one is 128.@treas for (E)-

ethanimine §) the experimental angle is 126° and our optimizade is 120.79°.

128.38 pm
108.55 pm H 118.45° 128.12 pm 107.88 pm X 116.30° Y
116.19° 102.23 pm 121.01° 140 97 pm
109. 30 109.93° O/

96.58 pm
) 2

Figure 1. Optimized MP2/6-31G** geometries of methanimidg §nd methanaloxime2).

H 128.34 pm H 128.24 pm
SC X 0 X
149.50 pm —= 120.79 109.00 pm —= 116.28”
115.97° N _102.20pm 115.72° N __102.46 pm
109.46 pm ~, OU 150.12 pm — U
123.24 128.01°
HY 109.34% 17 H3CY 109. 09°Hz

©) (4)

Figure 2. Optimized MP2/6-31G** geometries of (E)-ethanimif® and (Z)-ethanimine4). One of
the C-H bonds in the 4€- group is eclipsed to the C=N bond.
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H,C 128. 128.86 pm

I 119.11° 8.56 pm HX 113.39° P

149.16 pm —= 108.28 pm —=

120.57° 141.57 pm 121.10° 141 57 pm
108.79 149.50 pm —> b
P 712032° b\ 101 56” P — 5 52° \ 101.33°
H 109.99° Q< \ H3CY 109.75° O/H
(5) 96.56 pm (6) 96.57 pm

Figure 3. Optimized MP2/6-31G** geometries of the (E)-ethamane (6) and (Z)-ethanaloximes).
One of the C-H bonds in thes@&- group is eclipsed to the C=N bond in (E)-ethaxiahe, whereas it
is eclipsed to the C-H bond in the (Z) isomer.

There are some special features about the optingeedhetries which we want to stress:
1. The Ry bond length is close to 128 pm in all molecules.

2. The substituent -OH leads to an increase offtyg, angle by ~ 5° and to a decrease of the
b,y andb,., angles by 2° to 3°.
3. The C=N-Z group is roughly rigid with respect talods internal distances and angles.

Results

In Tables 1, 3, and 4 the results for the one-bgedjinal and vicinal coupling constants in all six
molecules are shown. Apart from the total couplbogstant) in Hz we report also the total reduced
coupling constank (in 10 T2J% and its four contributions in order to allow amparison of analog
couplings between different pairs of nuclei. Theused coupling constaitis commonly defined as

K (A, B) —12—2—J(A B) (2
h A B
where , and ; are the magnetogyric ratios of the two nuclei A &andh is the Planck constant
[64].

In our previous study [16] of the coupling conssaint CH.CH, CH,NH, CH,O and CHS we found
that our SOPPA(CCSD) coupling constants for methare (1) are in very good agreement with the
experimental values [65,66], not only the absokdkies but also with respect to the differences in
couplingssyn- or antiperiplanar to the double bond or to the lone pair on nitrogespection of
Tables 1 and 3—4 shows that an equally good agmadmeéveen our SOPPA(CCSD) calculations and
experiment is also obtained for methanal- [67,68) @thanaloxime [67,68,69]. Therefore we are
confident to discuss the substituent effects onctheplings by analyzing our results in the follogin
sections. In order to separate effects by the Ob$tguent from changes in the geometries we have
also performed calculations on methanimine and amgtloxime with the angles in the methylengroup
taken from the other molecule, see Table 2.
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Table 1.0ne-bond spin-spin couplings calculated at SOPEAR) level. Coupling constanty,in
Hz and reduced coupling constar€sjn 10*° T2 J*.

Coupling Molecule K®® K% K K¢ K J Jret

C-*N methanimine 0.04-28.07 4.59 30.75 7.30 -2.23
(2)-ethanimine 0.11-26.70 4.49 2851 6.41 -1.96
(E)-ethanimine 0.11-27.02 4.40 33.16 10.65 -3.26
methanaloxime 0.14-26.71 8.20 30.62 12.25 -3.75 |2.96|[68}
(2)-ethanaloxime 0.21-26.68 7.69 27.88 9.10 -2.79  |2.3|[68}
(E)-ethanaloxime 0.21-26.34 7.99 32.59 14.46 -4.43 |4.0| [68f

>N-H; methanimine 0.11 0.43 -0.14 40.15 40.55 -49.39
(2)-ethanimine 0.15 0.72 -0.13 39.45 40.19 -48.95
(E)-ethanimine 0.14 0.71 -0.11 40.92 41.65 -50.73

C-Hy methanimine 0.16 -0.12 0.04 56.80 56.89 171.86 172.9 [65]
(2)-ethanimine 0.25 -0.19 0.03 55.08 55.17 166.68
methanaloxime 0.20 -0.01 -0.01 58.72 58.90 177.95
(2)-ethanaloxime 0.28 -0.09 -0.02 57.77 57.94 175.05 177 + 1 [69]

C-Hy methanimine 0.16 -0.09 0.05 52.86 52.99 160.07 163.7 [66]
(E)-ethanimine 0.25 -0.18 0.04 51.66 51.77 156.41
methanaloxime 0.22 -0.04 0.03 55.60 55.81 168.60
(E)-ethanaloxime 0.30 -0.12 0.02 54.47 54.66 165.14 163 + 1 [69]

C-Cx (E)-ethanimine 0.22 -1.64 0.97 63.51 63.06 47.92
(E)-ethanaloxime 0.24 -1.35 0.93 67.94 67.76 51.49 48.42[69]

C-CG (2)-ethanimine 0.22 -1.56 0.98 51.72 51.36 39.02
(2)-ethanaloxime 0.26 -1.43 0.92 57.18 56.92 43.25 40.51[69]

in H,O; sign not determined.

Triplet instabilities and quasi-instabilities

When restricted Hartree-Fock wave functions ared ubkartree-Fock instabilities (or quasi-
instabilities) arise each time the Hessian matnexthe principal propagator matrix at RPA level [53],
has at least one negative (or positive but veryllyremenvalue, which implies that the molecule is
predicted erroneously to have at least one negdtiveositive but very small) excitation energy
E,- E, [37-44]. This problem is quite common for the ttkiplet contributions to the indirect nuclear
spin-spin coupling constantse. the Fermi contact and spin-dipolar term. It is daethe applied
computational method and can lead to the overeBomaof the corresponding contributions

(0] OF  |n)n| O |0) /(EO- E.) or (0] O® |n)n| OF |0) /(EO- E) to the coupling
constants in equation (1) if the product of thexsraons moments for the Fermi contact contribution

(0| (S,fc [n)(n| 6ch |0) or for the spin-dipolar contributio(O)| (S,fD [n)(n| (SBSD |0) is large for
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Table 2. Angle dependence of the reduced spin-spin cougliigiin 10° T2 J%) in H,C=NH and
H,C=NOH calculated at SOPPA(CCSD) level.

Coupling Molecule Angles in =N K® K% kP KFC K
IK(C,N) H,C=NH Optimized 0.04 -2807 459 30.75 7.30
from H,C=NOH 0.03 -28.63 447 30.26 6.17
H,C=NOH Optimized 0.14 -26.71 8.20 30.62 12.25
from H,C=NH -0.13 -26.28 8.32 3150 13.68
1K(C,Hy) H,C=NH Optimized 016 -0.12 0.04 56.80 56.89
from H,C=NOH 0.16 -0.13 0.04 58.08 58.16
H,C=NOH Optimized 0.20 -0.01 -0.01 58.72 58.90
from H,C=NH 0.20 -0.00 -0.01 57.66 57.84
1K(C,Hy) H,C=NH Optimized 016 -009 0.05 52.86 52.99
from H,C=NOH 0.17 -0.09 0.05 53.73 53.86
H,C=NOH Optimized 0.22 -0.04 0.03 55.60 55.81
from H,C=NH 0.21 -0.03 0.03 54.81 55.02
2K(N, Hy) H,C=NH Optimized 024 -114 012 878 752
from H,C=NOH -0.23 -1.18 0.13 7.77 6.49
H,C=NOH Optimized -0.17 -1.13 0.05 11.10 9.85
From HC=NH -0.18 -1.09 0.04 12.09 10.85
2K (N, Hy) H,C=NH Optimized 029 -0.85 019 -280 -3.75
From HC=NOH -0.28 -0.93 0.19 -2.36 -3.37
H,C=NOH Optimized -0.23 -0.99 0.06 -1.74 -2.90
From HC=NH -0.25 -0.89 0.07 -1.94 -3.00
K(Hx,Hy)  HoC=NH Optimized 031 031 003 127 131
From HC=NOH -0.34 0.34 0.02 1.74 1.77
H,C=NOH Optimized -0.32 0.34 0.02 0.66 0.69
From HC=NH -0.05 0.31 0.03 0.23 0.28

this excitation. Depending on the sign of theseditton moments the total spin-spin coupling comista
can become too large or too small. Using poladragpiropagator methods for the calculation of spin-
spin coupling constants as implemented in the DANT@ogram package [56], triplet instabilities (or
guasi instabilities) can routinely be detected Isynaultaneous calculation of the lowest eigenvahfes
the principal propagator or Hessian matrix whictome of the strengths of propagator methods. In
general it is possible to overcome this problem32541,43,45,70] either by elimination of one of th
two-electron integrals in the matrix element whichuses the problem or removing or adding
electronic correlation in the calculation. Howevirpne is aiming for a quantitative prediction of
coupling constants comparable with experimentaues| the mandatory option is to add more
correlation to reach a better description of theiter states as well as the ground state [15].
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Table 3. Two-bond (geminal) spin-spin couplings calculaitOPPA(CCSD) level. Coupling
constants), in Hz and reduced coupling constasjn 10°° T2 J*.

Coupling Molecule K KO Kb KF© K J Jret

>N-H methanimine -0.24-1.14 012 8.78 752 -9.16
(2)-ethanimine -0.20-1.01 0.10 10.04 8.93 -10.88
methanaloxime -0.17-1.13 0.05 11.10 9.85 -12.00 -13.88 [67]
(2)-ethanaloxime -0.12-1.09 0.07 12.38 11.23 -13.68 -15.93[67f

>N-H methanimine -0.29-0.85 0.19 -2.80 -3.75 4.56
(E)-ethanimine -0.25-0.84 0.14 -2.84 -3.80 4.63
methanaloxime -0.23-0.99 0.06 -1.74 -290 3,53 2.68[67f
(E)-ethanaloxime -0.19-1.05 0.02 -2.08 -3.30 4.02 2.93[67f

15N-Cx (E)-ethanimine -0.10-1.33 0.10 31.39 30.06 -9.21
(E)-ethanaloxime -0.05-0.44 0.13 31.91 31.55 -9.67 [9.0] [68f

N-Cy (2)-ethanimine -0.14-2.27 0.11 -11.72 -14.01 4.29
(2)-ethanaloxime -0.10-1.54 -0.05 -4.98 -6.68 2.05 [1.8]|[68f

C-Hz methanimine -0.26-0.86 -0.02 -3.58 -4.72 -14.26 -13.1[65]
(2)-ethanimine -0.21-0.90 -0.03 -3.40 -4.55 -13.74
(E)-ethanimine -0.22-0.87 -0.03 -3.01 -4.12 -12.46

Cv-Hx (2)-ethanimine -0.12 0.06 0.01 5.00 494 14.94
(2)-ethanaloxime -0.13 0.08 0.01 258 254 7.68

Cx-Hy (E)-ethanimine -0.12 0.05 0.01 447 442 13.34
(E)-ethanaloxime -0.130.09 0.01 272 269 8.14

Hx-Hy Methanimine -0.31 0.31 0.03 127 1.31 15.76 17.6 [65]
methanaloxime -0.320.34 0.02 0.66 069 8.33

2in H,O.

bin D,O.

¢in H,O; sign not determined.

Table 4. Three-bond (vicinal) spin-spin couplings calcutaté SOPPA(CCSD) level. Coupling
constants), in Hz and reduced coupling constaisijn 10° T2 J*.

Coupling Molecule K®® K% K K¢ K J JFret
cis-Cy-Hz (2)-ethanimine -0.01-0.07 -0.02 3.84 3.74 11.30
trans-Cx-Hz (E)-ethanimine -0.23 0.19 0.02 5.55 5.52 16.69
cis-Hy-Hz Methanimine -0.07 0.02 0.01 1.53 1.48 17.80 17.0[65]

(E)-ethanimine -0.04-0.01 0.01 1.33 1.30 15.66
trans-Hx-H;z Methanimine -0.37 0.31 0.03 2.03 2.00 24.06 25.2[65]
(2)-ethanimine -0.36 0.30 0.03 1.95 1.92 23.08
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We found triplet quasi-instabilities at the RPAdéin all the molecules studied here, yielding, in
this way, meaningless results at this level of apipnation.

One-bond coupling

In Table 1, our SOPPA(CCSD) results for the onedboouplings are shown. The only important
contribution to all one-bond coupling constantsrafram the'J(C,N) coupling is the FC term. It is
also the largest contribution to th#C,N) coupling followed by the OP term which is alsh as large
but opposite in sign. This implies that the SD temmich is much larger than in all other couplings
amounts to between 55 % and 85 % of the talg,N) couplings. Similar large OP and SD terms
were found previously for Nand CO [15,71-76] and inJ8=CH,, H,C=NH, H,C=0 and HC=S [16]
but the near cancellation of the FC and OP termasisdo be a special feature of the C=N moiety [16].

The CH and OH substituent effects on thiC,Hyy)" andJ(C,Cy) couplings change solely the
FC contributions whereas in the case of t{€,Cx) and*J(N,Hz) couplings also the OP terms are
affected. The behavior of tH&(C,N) coupling constants, on the other hand, diffegain strongly from
the other couplings. Here the largest changeswedalthe OH substituent effect on the SD term5~3.
x 10" T2 J% followed by changes in the FC term (2.0 — 2.70¥ T2 J%) due to the Chisubstituent.
The large OH substituent effect on the SD contiityuto *J(C,N) stems from the fact that the SD term
tends to be large for couplings across multipledsofi5,16,71-76], as discussed above, and that the
OH group exhibits a mesomeric +M effect [77] whiolodifies the -system according to the
resonance structures in Figure 4.

/
H, C}Q/H H, \\o+’H

Figure 4. Resonance structures of methanaloxine

From Table 2 we can see that OH substituent effie¢che SD, FC and even the OP term becomes
larger when we keep the angles in th&€Hgroup in2 at the same values asini.e. there is also a
geometry effect which opposes the mesomeric eftdcthe OH group. Furthermore, the OH
substituent effect on the SD and OP terms is $jightger in the (E) isomes than in the (Z) isomes,
but the opposite holds for the OH effect on thet&@. This shows that the inductive +I effect [67]
the CH; group affects the three main contributions quitiegkntly and depends on the position of the
methyl-group relative to the nitrogen lone pairisTrientational effect for the GHsubstituent is most
pronounced for the FC contribution to tt#C,N) coupling constants, where the Fermi contchtis

T The subscripts X, Y and Z are explained in Figure- 3.
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increased in the (E)-isomer3,and5, and reduced in the (Z) isomers,and6, of ethanimine and
ethanaloxime. The difference in the FC terms betwée (E) and (Z) isomers amounts therefore to
~4.7 x 16° T2 J%. In analogy to carbon-carbon or carbon-hydroges loond couplings [18,20] one
should expect that the FC term is increased byQHe substituent, as indeed found for the (E)
isomers. On the other hand we can see that the £hGhtsantiperiplanar(app) to the nitrogen lone
pair, in4 and6, are slightly longer than the correspondsygperiplanar(spp C-CH; bonds in3 and

5, which should reduce the effect of the {3tibstituent in the (Z) isomers. A deeper undedstanof
this orientational effect could be obtained fromaamalysis of the contributions of individual lozad
molecular orbitals as it was recently carried astthe one bond carbon-hydrogen and carbon-carbon
coupling constants in methanimine [78] and acetexji#®], respectively. It is also interesting to enot
that the OH and Chsubstituent effects on the OP contribution to{€,N) coupling constants are
not additive,i.e. the OP contributions are not significantly modifidy the second substituent
independent of its nature. The differences betwberOP terms i2, 3, 4, 5, 6 and the OP term it

are therefore all ~1.4 x ¥bT? J. Over all, the largest difference in the tota(C,N) coupling
constants, 4.95 x T2 J?, is observed between methanimine and methanalowineee 3.61 x 1
T2J* comes from the SD term.

Similar but smaller Cklisubstituent effects are observed for 1@, H;) coupling constants. The
OP term is increased in both isomers by an equaluat whereas the FC contribution is increased
(reduced) by ~0.7 x 1®T2J* when the methyl group isynperiplanar(antiperiplanaj to the lone
pair on nitrogen.

The *J(C,Hxy) and*J(C,Cxv) coupling constants exhibit the well known [17-&), orientational
lone pair effect, which belongs to the A.3 categof\Gil and Philipsborn [19]. Lone pair effects on
1J(C,H) coupling constants, often called the Perffiea [81], have been reported for many different
types of moleculese.g. oximes [66,82] and in particular six-membered $if{§3,84]. The first
observation of the lone pair effect 8%C,C) coupling constants was report for a seriesximes
including the title compound ethanaloxime [69]. \Roeis semi-empirical [85,86] and DFT [79]
calculations on acetoxime as well as DFT [78] a@PBA(CCSD) [16] calculations on methanimine
showed that only the FC contribution is changedhylone pair effect. Furthermore an analysis ef th
contributions of individual localized DFT molecularbitals to the FC term in the same molecules
[78,79] indicated that this effect is primarily due a direct lone pair contribution from the
corresponding localized orbital, which is positfee the couplingsynperiplanarto the lone pair and
negative for the couplingntiperiplanarto it. On the other hand, the indirect lone paintcbution via
a charge transfer or hyperconjugation interactromfthe nitrogen non-bonding lone pair orbitaltie t
antibonding carbon-carbon orbital, the so-callednagric effect [22-24], appeared to be less importan
[18,78,79]. The effect of various substituents Bpegimental’J(C,C) coupling constants in imines and
oximes has also been studied [18] and an empirgation between the electronegativity of the
substituents and tHg(C,C) coupling constants in imines and oximes vas &een derived [87,18].
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In the present work we are primarily interestectranges in the lone pair effect &i{C,H) and
1J(C,C) due to the OH and GHsubstituents. For methanimine our theoretical edéffice,

DKy, =K(C,Hy)-"K(C,Hy) = 3.90 x 16° T J*, agrees very nicely with the experimental value
[65,66] of 3.00 x 18 T°J*. The corresponding values BfK ", in methanaloxime, ethanimine and

ethanaloxime are 3.09, 3.30 and 3.28 ¥ I8 J*. This means that the Perlin effect is reducedhey t
OH and CH substituent. The OH substituent leads to an iseresd the'K(C,H) coupling constants
but more so for the couplingsitiperiplanarto the nitrogen lone pair. The main electronic hagism
behind these changes should be the mesomeric +ddt eff the OH group (see Figure 4), because the
pure inductive | effect of an electronegative stihgent like OH [77] should reduce the G-H
couplings [19]. However, the OH substituent effexctsmaller, if one keeps the angles in th&CH
moiety fixed (see Table 2), which indicates thatrénis also a small geometrical contribution.
Furthermore, replacing the other hydrogen by a yhejtoup reduces th&(C,H) couplings and
the correspondind®,,., angles. This Ckleffect is larger for the imines than for the oxawrit there
is no general trend with respect to the positiothef methyl group. For the imines the effect igdar
when the CH group isantiperiplanarto the lone pair and for the oximes when isysperiplanar In
addition to the inductive +I effect of the @lgroup one should expect also a contribution from t
changes in th® ., angle. Contreras and Peralta [21] have showrthiead(C,H) couplingsanti- and

synperiplanarto the nitrogen lone pair in methylamine are reduby reducing the corresponding
D,.v angles but more for thgynperiplanararrangement which leads to a reduction of theifPerl
effect. In order to get an idea of the importantahis effect for imines we have performed four

additional SOPPA(CCSD) calculations dnwhere we have altered the, ., and B,, o, angles

independently by ~5°. The results are presentdgigare 5. We can see that bd#y(C,H) coupling
constants are reduced when the corresponling, angles are reduced. However, a closer analysis
shows that this can only account for about 50 %hefCH; substituent effect. The rest must be due to
the inductive effect.

In the ethanimines3 and4, and —oximes5 and6, the same trends are observed for'ti{€,Cyv)
andJ(C,Hyxyy) coupling constants. However the orientationaklpair effect,DlKgf‘CX/Y =11.70 x 1&°
T2 J* for ethanimine and 10.84 x 0r? J* for ethanaloxime, as well as the OH substituefecef
4.70/5.56 x 18 T2 J! for the (E)/(Z) isomers, are much larger. Overa## can state that the
orientational lone pair effects are significantlieeed in magnitude but not in sign by the OH ans C
substituents.
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Figure 5. Calculated dependence of th&C,Hyy) and?K(N,Hxy) couplings (in 1& T2J%) on
deviations of theb,, ., andD,, ., angles, , from their equilibrium value.

Two-bond coupling

Analyzing the four contributions to the two-bondipbngs, Table 3, one can observe that the Fermi
contact term is always the largest contributionvédtheless, the orbital paramagnetic term is also
important for all geminal couplings involving nigen and for théK(C,Hz) coupling constants. It
amounts to between 4 % and 34 % of the total cotstar these couplings. The largest values are
found for the’K(N,Hx/Cx) couplingssynperiplanarto the lone pair of nitrogen. One can also see tha
the changes in the total reduced couplings are stlrmaotirely due to the FC contribution with the
exception of théK(N,Cx) coupling constants where the variation in thet&#h accounts for 60 % of
OH substituent effect.

We find a strong lone pair effect for the gemifi&IN,H) and®k(N,C) couplingssynperiplanarand
antiperiplanarto the nitrogen lone pair. This orientational Iqraer effect on geminal couplings was
probably first observed in propanaloxime [88] arakvater categorized as B.3 by Gil and Philipsborn
[19]. It is much stronger than the correspondingafon the one bond couplings in Table 1. The
reduced couplingsynperiplanarto the lone pair become all positive, whereas dahaperiplanar

couplings are negative. Treppapp differences DK, =*K(N,H,)- °’K(N,H, ¥ 11.27, 12.75,
12.73 and 14.53 x 1072 J! for 1, 2, 3/4 and 5/6) are also much larger than for the one-bond
couplings. Similarly to the one-bond couplings, geminal’kK(N,Cyxy) couplings are larger and more
sensitive to the lone pair effect than fi¢N,H) couplings, the differences beir[@fKﬂ_‘CW = 44.07
and 38.23 x 18 T2 J* for 3/4 and5/6, respectively. Comparison with the correspondixgeeimental
differencesD’K g%, =13.60 x 18 T2J%in 2, D’Kg®, =15.48 x 18’ T? T and D’K %, = 35.26 x

10" T2J% in 5/6 proofs again the quality of our calculations.
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The OH substituent effect makes the gemfigN,H) and?K(N,C) couplings more positive, as it
also was the case for the one-bdK@C,H) and'K(C,C) couplings. However, for thapp *K(N,Hy)
couplings this effect (0.50 or 0.85 x10r* J%) is significantly smaller than for thepp 2K(N,Hx)
couplings (~2.3 x 18 T2 J%) and the analogous one-bond couplings (2.0 - 219'% T2 J%). For the
two-bond ?K(N,C) couplings the OH effect is still positive big now larger for the coupling
antiperiplanarto the lone pair (7.33 x 10T2J% than for thespp coupling (1.49 x 18 T2 J%). This
implies that in the ethane derivatives, where tifierénces between the OH effects gpp andapp
couplings are largest, the effect of the OH grasfarger in the (Z) than in the (E) isomer and thus
larger when the methyl group @ss to the OH group. Furthermore, we can see fromd abihat the
OH effect on thespp ?K(N,Hx) coupling is larger in a calculation om&NOH with the HC=N
angles taken from ¥=NH than in a calculation with optimized geomedrfer both molecules. This
shows that there is an geometrical or angle etippbsing the pure electronic effect of the OH group
in contrast to the findings for the analogous ooreb’K(C,Hx) coupling constants. However, for the
app couplings we cannot detect a corresponding effect.

The CH substituent effect increases the numerical vahfethe geminal’K(N,Hxy) coupling
constants and treppapp differences, contrary to the case of the one-tmamngbling constants. In order

to separate the pure electronic inductive effemtfthe effect of the changes in thg, ., angles we

have also carried out four additional SOPPA(CCSiludations for the geminal couplingsirwhere

we have altered th®,, ., and b, o, angles independently by ~5°. We can see fromehalts, in

Figure 5, that the absolute values of the genfiéN,Hy,y) coupling constants and thus thegapp

difference decreases with a reduction of the cpoeding b,, ., angle. This implies that the

electronic and angle effects due the;@rbup are opposing each other which contrast€theeffect
on the one-bond couplings. One might thereforaregt that the pure inductive effect of the methyl
group is even larger than observed in the diffezsrizetwee’/4 andl.

For the C-H coupling we find a slightly larger GHsubstituent effect on the (E) isomee,. when
the methyl group ifransto the coupling pathway.

The geminal®K(Cx,Hy) and ?K(Cy,Hx) coupling constants i8 and 4 and the corresponding
K(Hy,Hy) coupling constant irl are approximately reduced to half of their valigsthe OH
substituent effect. In the case of the latter cogpve can see from Table 2 that the pure eleatroni
effect of the OH group is again larger than theeolsd difference betweed and 1, i.e. the
geometrical or angle contribution is again oppodimg electronic effect as observed for the other
geminal couplings.

Three-bond coupling
The three-bond or vicinal couplings, in Table 4 arainly dominated by the Fermi contact term
and its variations. As for the other couplings vilsarve that the reduced couplings involving carbon
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are larger than the corresponding coupling constavith hydrogen. The largest reduced vicinal
coupling constants and changes are therefore aa$éov ethanimine. The reductdns couplings are

a factor of ~1.4 larger than the correspondaig couplings in very good agreement with the
experimental observed ratio of 1.48 for

Conclusions

We have theoretically investigated all four conitibns to the reduced indirect spin-spin coupling
constant of HC=NH, H,C=N-OH and the stereoisomers of ethanimine andnetbaime at the
SOPPA(CCSD) level using the aug-cc-pVTZ-J basis.s@ur calculated coupling constants and
differences between them agree very well with tkhailable experimental data. In preliminary
calculations at the RPA level we have observedetripstabilities for all the molecules studiedédner

The Fermi contact term is the largest contributorall the couplings studied here. Nevertheless,
the orbital paramagnetic term is also importanttfe geminal coupling constants involving nitrogen
and in particular for the one-bond carbon-nitrogenpling across the double bond, where it is equal
in magnitude to the FC term but of opposite sigmttiermore the spin-dipolar term is unusually large
for this coupling and accounts for 40 % to 85 %tlué total coupling. Changes in the coupling
constants due to the methyl or hydroxyl groups al as the differences between coupling constants
synperiplanarandantiperiplanarto the lone pair of nitrogen are also dominatedhgyFermi contact
term. Again the spin-dipolar and orbital paramagnietrms are also important for the OH substituent
effect on the one bond and two-bond nitrogen-cadmuplings.

Comparison oK(C,H) coupling constants with the correspondi(§,C) couplings in the ethane
analogs shows that the geminal and vicinal redgoeglings involving carbon are between twice and
four times as large as the hydrogen couplings. Tisls also for stereoelectronic effects of the
nitrogen lone pair such as the Perlin effectvits-bond analog and thes-transvicinal couplings.

The CH and OH substituents have some important implioation the coupling constants. In
general the changes due to the hydroxyl group anget as one might expect. The OH substituent
gives a positive contribution to all couplings witre exception of the gemin@(H,H) and’K(C,H)
couplings in the methylene and ethyliden moietiéene the couplings are reduced by more or less a
factor of two. This is a pure electronic effect gjivthat in methanimine the gemirfd(Hx,Hy)
coupling increases when thB, ., angle increases. In the one-boht{C,N) coupling the OH

substituent affects most strongly the spin-diptéam. On the other hand, we do not observe a strong
orientational effect of the OH groupg. its contributions to coupling pathwagynperiplanaror
antiperiplanarto the hydroxyl group do not differ in sign butlypm magnitude. The OH group leads
also to changes in the bond angles in such a waly the angle between the hydrogens in the
methylene moiety or the hydrogen and the methyligiia the ethyliden moiety is widened. We tried
therefore to separate this angle effect from tleetsdnic effects by additional calculations where t
bond angles where not changed. These calculatioms that the angle part of the OH changes is
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opposite to the pure electronic OH effect for the-dbond'K(C,N) and all geminal couplings, whereas
they have the same sign for the one-bU&€C,C/H) couplings. We propose that the OH substitue
effect on the one-bond coupling is mainly due teesonance or mesomeric +M effect according to
Figure 4, because we observe large changes ipthaiolar contribution to the one-bonK(C,N)
couplings, which are reduced by the additional tebpositive methyl group. Furthermore, according
to Gil and Philipsborn [19] the one-bonk(C,C/H) couplings and the gemin&{(N,C/H) coupling
constantssynperiplanarto the OH group should be reduced, if the OH ¢ffeould be mainly
inductive.

The methyl group leads to some distinct changéisarorientational lone pair effects. For example,
the one-bondK(N,C) and*K(N,H) coupling constants are increased when théyheroup issynto
the lone pair on nitrogen and reduced when it ignti position. This effect is, however, only half as
large for the'K(N,C) couplings. A similar orientational effect @bserved for the gemindK(N,H)
coupling constants but with the opposite siga,the couplings are reduced when the methyl group is
syn to the lone pair and increase amti position. No orientational effect is observed fbe
corresponding one-bontk(C,H) couplings; they are always reduced by thehgiegroup. Similar to
the OH substituent, the GHsubstituent leads to changes in the bond angléseirhC=N moiety
although in a different way. The whole®CH group is rotated to give space for the metmglp.
Analyzing therefore the calculated dependence ef dhe-bond'K(C,H) and geminalPK(N,H)
couplings on their respectii®,,,, angles shows that the angle contribution amoungbout half of

the total CH effect on the one-bontK(C,Hxy) couplings, whereas it has the opposite sign as th
observed Chieffect for the gemin&K(N,Hxy) couplings.

Finally the lone pair contribution is always mormsjive forsynperiplanarthan forantiperiplanar
couplings independent of the number of bonds whegarate the coupled nuclei. Nevertheless we find
that the stereoelectronic effects of the nitrogenel pair on one bond couplings are significantly
reduced by the OH and GHsubstituents whereas the corresponding differebetween geminal
coupling constants are increased showing that trerseintroduced by making model systems can
indeed be important.
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