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A computational study of 2Jy(gem) indirect
spin-spin coupling constants in simple
hydrides of the second and third periods

Ibon Alkorta,?* Patricio F. Provasi,® Gustavo A. Aucar® and José Elguero?

Several theoretical methods have been used to compute 2Jyy in neutral, anionic and cationic HXH hydrides, X being the 14
nuclei from Li to Cl (28 molecules). Since the calculations also provide ' Jxy spin-spin coupling constants (SSCC), these have also
been analyzed. The best results were obtained using Second-order polarization propagator approximation (SOPPA)/sadJ. The
geminal coupling constants appear to be dependent on the electronegativity of the X-atom. Copyright (©) 2008 John Wiley &
Sons, Ltd.
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Introduction

The systematic exploration of structural effects on coupling
constants suffers from the difficulty to measure some of them. For
instance, geminal 2Jyy couplings in XH, compounds (X being a
divalent atom or a hydrogen substituted atom) must be measured
first on the XHD derivative and then 2Jyp transformed into
2Jun using the 6.515 magnetogyric ratio.'! The two aims of the
present paper are (i) to compare different methods of calculating
indirect spin-spin coupling constants (ISSCC) with experimental
data (ii) to analyze the best calculated ISSCC as a function of
some properties of X. We have selected all the hydrides of the
second and third periods (Scheme 1), anions, neutral and cations,
excluding hypervalent atom derivatives like SH4 and PHs. The first
part of the paper will be devoted to 2Jy(gem) and the second one
to 'Jxy. There is an extensive literature of ab initio versus Density
Functional Theory (DFT) and basis set dependencies. It is expected
that the ab initio would do better than DFT and larger basis sets,
which decontract the s function, will substantially improve the
(generally dominant) FC contributions.?

We have ordered the hydrides first according to the number of
hydrogen atoms (2, 3, 4) and then following the atomic number
Zvalue.

Results and Discussion

Practically, since the pioneering work of Ramsey,! many have
been the attempts to explain some of the main trends of the
geminal proton-proton spin—spin coupling constants SSCC. A
good summary of the state of the art can be found in the review
work by Contreras and Peralta! and references cited therein.

We have reported in Table 1 the results concerning 2Juy.
From the contribution to the SSCC, main finding is that the
Fermi Contact (FC) contribution practically determines the
total couplings, their sign and magnitude. In some cases, the
Diamagnetic Spin Orbit (DSO) term is more important than the
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Scheme 1. The fourteen X atoms studied. The atomic number Zis indicated
in the upper-left corner.

FC one, but it is ‘almost’ cancelled by the Paramagnetic Spin Orbit
(PSO) one (See Supporting Information Material).

The values obtained for the geminal coupling constant are
within the known limits of ZJyy (from —25 to +42 Hz)*! with the ex-
ception of the value obtained for MgH, (+-54.94 Hz). Even though
this compound is known and some of their properties have been
measured, no available experimental SSCC have been reported.”!

In the literature, we found experimental values only for six
compounds. The values of the third column of Table 1 (Exptl
values) yield better correlation coefficients than those of the fourth
column (Other exptl values), thus we have used the first ones.

Jexp(H2) = (2.96 % 1.14) + (1.13 = 0.10)Js0ppA/aug-cc-pvz

(Hz),n = 6,r* = 0.969 (1M
./exp(HZ) = (1 37+ 0.71) + (0.85 + O-OS)JSOPPA/sadJ
(Hz),n = 6,r* = 0.984 )
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Table 1. 2Jyy coupling constants (compounds in bold are those for which experimental data are known)
Geometry (A, °)
Exptl Other exptl SOPPA SOPPA B3LYP

No. Hydride? values values aug-cc-pVTZ sadJ aug-cc-pVTZ  B3LYP 6-311+4+G** X-H H-X-H H--H
1 LiH, ™ (L) No data 14.22 18.55 2292 22.79 1.752 180.0 3.504
2 BeH, (L) No data 30.64 39.33 36.94 36.21 1.329 180.0 2.659
3 NaH,~ (L) No data 22.24 30.49 40.95 4141 2.098 180.0 4.196
4 MgH, (L) No data 54.94 72.89 80.50 78.87 1.707 180.0 3.415
5 NH,~ No data —6.30 —8.11 —5.44 —5.85 1.028 102.2 1.600
6 OH, —7.3416] —8.76 —10.81 —7.11 —9.43 0.961 104.1 1.516
7 FH,* No data —1.66 —4.28 0.16 —4.22 0.966 111.9 1.601
8 PH,~ No data —8.99 —-10.75 —6.46 —6.08 1.427 92.1 2.055
9 SH, No data —13.21 —15.90 —10.25 —10.79 1.336 92.2 1.926
10 CIH,* No data —13.65 —16.59 —11.39 —12.54 1.305 94.2 1.912
11 BeHs;™ (P) No data 1.63 2.22 2.63 3.14 1.421 120.0 2462
12 BH; (P) No data 0.29 0.57 2.64 279 1.187 120.0 2.057
13 CHs* (P) No data —0.29 -1.23 391 251 1.087 120.0 1.882
14 MgH;~ (P) No data 13.77 18.14 18.87 1845 1.813 120.0 3.140
15 AlH3 (P) No data 22.60 29.72 28.29 28.35 1.580 120.0 2736
16 SiH3* (P) No data 30.44 39.70 37.10 36.76 1.462 120.0 2,532
17 CH3™ No data —6.44 -7.97 —3.90 —4.59 1.099 109.8 1.798
18 NH; —10.357 —11.57 —13.20 —9.34 —10.10 1.012 106.8 1,625
19 OH3™ No data —6.58 —8.07 —4.27 —6.51 0.980 111.5 1.619
20 SiH3~ No data —7.22 —822 —4.99 —4.24 1.535 95.6 2.274
21 PH3 —13.418 —13.20 —13.62 —16.36 —10.52 —10.52 1.412 93.6 2.060
22 SHy* No data —16.33 —20.02 —13.22 —14.12 1.351 94.3 1.980
23 BH,~ No data —10.83 —12.74 —8.94 —8.82 1.234 109.5 2.015
24 CH,4 —12.40 —12.56!10 —13.16 —16.08 —10.50 —11.74 1.086 109.5 1.774
25 NH,* —11.10112 —9.5813! —14.21 —16.13 —11.97 —12.52 1.022 109.5 1.669
26 AlHs~ No data 0.78 2.18 2.64 3.23 1.643 109.5 2.683
27 SiH, 2.8 2.7500! —0.41 1.76 1.75 233 1.478 109.5 2413
28 PH,* No data -3.12 —1.50 —0.25 —0.34 1.392 109.5 2.274
2L, linear; P, planar

Jexp (Hz) = (0.59 & 1.21) + (1.16 £ 0.13) Jp3Lyp/aug-cc-pvTz is the difficulty to ascertain the quality of the computational

(Hz),n = 6,72 = 0.951 3) method using experimental coupling constants, since for NH; ™
the coupling values differ by 1.5Hz. The first valuel'"'? was

J, Hz) = (0.36 £ 1.59 1.04 + 0.16) J, _ ok
exp (HZ) = ( R )+ ) Jgave/e-3114-46 obtained from ">NH,Cl between 0.4 and 1 min H>0/D,0 mixtures,
(Hz),n = 6,r" = 0.915 @ while the second onel'3 came from ">NH4NO3 1.3 M solution in

H,0/D,0/HCI. Since the predicted value, —13.80 Hz, corresponds
to the gas phase, we attribute the lower absolute values in the
solutions to the effect of hydrogen bonds with the solvent. A
general solvent effect will probably have an opposite effect.
Calculations of Jgem in compounds of Table 1 are rather
infrequent. Mikkelsen etal. reported calculations of the SH,
molecule (no. 9) taking into account general solvent effects (the

The worse point corresponds to the ammonium cation (no. 25).
Removing the mentioned point, the following correlations are
obtained:

Jexp(H2) = (3.30 % 0.25) + (1.20 = 0.02)Js0ppA/aug-cc-pvz

(Hz),n = 5,r* = 0.999 (5 pasis set used was the aug-cc-pVQZ-s0).' The gas phase Jgem
Jexp(Hz) = (1.43 £ 0.46) + (0.88 £ 0.04)Jsoppa/sads obtained was —13.30 Hz and in water (dielectric constant 78.54)
(Hz),n = 5,r* = 0.995 (6) the absolute value raises to —14.16 Hz. Our calculations afford
_ —13.21 (SOPPA/aug-cc-pVTZ), —15.90 (SOPPA/sadJ), —10.25
Jexpltiz) = (0'§6 +0.67) +(1.26 £ 0.08)gsuvp/aug-cpvrz (B3LYP/aug-cc-pVTZ) and —10.79 Hz (B3LYP/6-311++G*).
(Hz),n = 5,r" = 0.988 ) Enevoldsen etal. using SOPPA and SOPPA Coupled-Cluster
Jexp(Hz) = (0.48 & 1.63) + (1.09 £ 0.17)Jg3LvP/6-3114++G** theory with Single and Double excitations (CCSD) have calculated
(Hz),n = 5,r* = 0.930 (8)  Jgem for OH, (no. 6).1 With SOPPA and SOPPA(CCSD), they

obtained —9.14 and —8.81 Hz, respectively. Our values are —8.76

Predicted 2Juy for NH,T are —13.80 (from Eqn(5) and
—12.68 (from Eqn (6)), and the experimental are ~ —11.11112
(used) or —9.581"3] (not used, Table 1). The first observation

(SOPPA/aug-cc-pVTZ), —10.81 (SOPPA/sadJ), —7.11 (aug-cc-pVTZ)
and —9.43Hz (6-3114++G**), the experimental value being
—7.34 Hz (Table 1).
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Fromthe above equations, itis clearthat SOPPA methods should
be preferred to tB3LYP ones. It is more difficult to choose between
SOPPA/aug-cc-pVTZ and SOPPA/sadJ. Since the calculated and
experimental SSCC should be 0 for some cases (nuclei far away),
we have imposed intercept = 0:

Jexp(HZ) =(0.89+ 0~06)JSOPPA/aug-cc-pVTZ
(Hz),n = 6,r* = 0.976 )
./exp(HZ) =(0.76 = 0~03)JSOPPA/sadJ

(Hz),n = 6,r* = 0.992 (10)

Statistically, Eqn (10) is better than Eqn (9), but the slope is
closer to 1 in the first case. Obviously both the methods are highly
correlated:

Jsoppa/sads(HZ) = (0.80 £ 0.19) + (1.29 =& 0.01) Jsoppa /aug-cc-pvTz
(Hz),n = 28,r* = 0.998 (11)

A more detailed analysis of the differences between the SOPPA
and B3LYP methods shows that the lone pair effect, in both
the cases for the H-X-H systems (CH;/CH3~, NH4"/NH3, and
PHs/PH,7), is very similar to that when the atom placed in the
middle of the coupling pathway has an electronic system with
7 —symmetry. In this last case, 2Jyy has an important positive
contribution.

In contrast, important discrepancies are found in the linear XH,
molecules (LiH,~,NaH, ", BeH, and MgH,), the B3LYP values being
larger than the SOPPA ones. On the other hand, it is interesting to
note that 2Jyy do not change linearly with the H-H distance.

We have tried to analyze 2Jy4 (gem) as a function of some
property of the central atom X. After some tests, we found that its
electronegativity!'® x and the H-X-H angle ¢ (Table 1) are the
most important:

JSOPPA/SadJ (Hz) = —(7.7 £1.3) X—(SO + 6) cos ¢,n = 28,

r? =0.713 (12)

Some conclusions can be drawn from Eqn (12), for instance,
when the electronegativity increases, Jyem becomes more neg-
ative, and when the H-X-H angle opens (cos 90° = 0,
cos 180° = —1), Jgem becomes more positive. However, the
square correlation coefficient is rather low [an attempt using a* as
defined by Barfield for geminal couplings in substituted methanes,
a* = cos? /(1 — cos ¢)?, does not improve significantly the cor-
relation, r> = 0.7201.1"”! This could signify that the 28 hydrides
cannot be treated together and that they must be separated
into different classes. A first attempt (Fig. 1) was to separate an-
ions, neutral and cationic hydrides using electronegativity as the
property. Although there is a shift from anions to cations, many
hydrides are intermingled.

If the results are divided for each row of the periodic table
and based on their charge (Fig. 2) and plotted against the atomic
number of X, it seems clear that there is a similar behavior for
derivatives of the first row on one hand and those of the second
row on the other hand. The charge seems to modulate the shift of
the value in each series.

Considering only the SOPPA/aug-cc-pVTZ results, itis possible to
extract some characteristics of the couplings; i.e. when comparing
the nonlinear XH,, nonplanar XH3 and XHs, one can see the
following trend: the addition of a hydrogen (proton) to the atom X

decreases 2Juy, as described in Ref. [4] as effect (c) of the geminal
2 Jyy SSCC and observed earlier by Pople and Bothner-By!'® in some
small hydrocarbons. This pattern is also valid when considering
the linear XH; (L) and the planar XH3 (P).

The above-mentioned behavior is not without exceptions.
Here, the abnormalities occur for Si and P when going from
SiH3 ™ (—=7.22 Hz) to SiH4 (—0.41 Hz) and from PH3 (—13.62 Hz) to
PH4™ (—3.12 Hz). However, such an abnormality can be justified
by the increase of the H-X-H angle which results in a decrease
of the corresponding geminal SSCC. This above dependence of
the geminal 2Jyy was studied earlier by Gutowsky et al.l'”! and
also included in the (d) effect of Ref. [4] as shown explicitly for
ammonia.

An important characteristic, worth mentioning, is that the
linear compounds XH; as well as the planar XH3; ones have
positive couplings whereas all others have negative values.
Also, here we find two exceptions, viz. CH3™ (—0.29 Hz) and
AlH;~ (4+0.78 Hz). And, in the same way, they can be explained
according to effect (c) of Ref. [4], i.e. CH3™ possesses the shortest
H-X distance which results in an inductive electron donation to
the system and thereby a decrease in the geminal SSCC. However,
AlHs~ also presents the largest H-X distance which produces
a net inductive electron withdrawal causing an increase in the
geminal SSCC.
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Figure 1.Plot of 2Jyy coupling constants (SOPPA/sadJ) versus the
electronegativity of X.
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Figure 2. Plots of calculated (SOPPA/sadJ) 2Juy versus the atomic number
of X separated into three families and two periods.

www.interscience.wiley.com/journal/mrc

Copyright (© 2008 John Wiley & Sons, Ltd.

Magn. Reson. Chem. 2008; 46: 356—-361



Computational study of 2Ju(gem) indirect spin—spin coupling constants

0xg

For all but XH4, when X changes from an element of the second
row to one of the third row the geminal SSCCincreases in absolute
value. The opposite behavior, observed for XHs may be directly
related to the separation of the hydrogens and the inductive
electron donation of the third row elements which is more efficient
within the tetrahedral geometry. This is also consistent with what
has just been mentioned for AlH, ™.

Finally, another important finding is that the linear XH, and
the planar XH; compounds do not accomplish the Dirac vector
model, in agreement with other reports that have pointed out the
limitation of the model.?%2" They have positive couplings while
they should be negative. In Ref. [4] the angular dependence of
the geminal Jyy in ammonia and phosphine is explicitly shown,
and suggested that the sign of this coupling could be used to
find out the pyramidality at the N or P atoms of an amino or
phosphine group in a larger compound. Thus, the more planar
the configuration of the amino or phosphine group, the more
positive is the geminal 2Juy coupling. This can be explained by the
presence of lone pairs on the N or P atom, which reaccommodate
themselves within a w-symmetry for the planar configuration [the
(a) effect of Ref. [4]], and therefore offer a positive contribution to
the geminal coupling.

The natural extension to the suggestion made in Ref. [4] can
be extended naturally to the geminal 2Juy in XHz (XH,); this, in
turn, would afford the pyramidality (linearity) at the X-atom in
a larger compound. However, this should be with caution for
the already planar XH; (and linear XH,) compounds, since they
present an increasing geminal 2Juy for decreasing angles HXH.
Such a behavior may be due to the back part of the X—H o-bonds,
which also participate in the electronic density of each other,
producing a net increase in the electronic density for the planar
(linear) configuration and hence, a diminution in the angle HXH of
the XHs (XH>). The above results in a diminution in the electronic
density of the inner part of the X-H o-bonds and an increase in
the geminal 2Jyy. Therefore, with certainty we can predict that
all the studied XHs (XH,) will have a positive 2Jyy for the angle
HXH equal to 120° or 180° for a H-H distance of 2 A or a bit
larger.

Discussion of 'Jxy coupling constants

The calculated "Jxy and the corresponding reduced coupling
constants, K, have been reported in Tables 2 and 3, respectively.
The one-bond reduced coupling constants, K, are positive
accordingly to the Dirac vector model prediction. The main
trend for these one-bond couplings is that the linear and planar
compounds increase their reduced coupling constants when X
goes from the second row to the third row of the periodic table,
whereas all others experience a decrease. This last fact may be
due to linear and planar compounds having a smaller electronic
density in their X—H o-bonds.

Comparison of the experimental and SOPPA calculated "Jxy
lead to the following equations:

Jexp(HZ) =(1.233 & 0-025)JSOPPA/aug-cc-pVTZ(Hz)r

n=9,r’=0.997 (13)
Jexp(Hz) = (0.959 £ 0.007)Jsoppa/sads(H2)
n=9r*=1.000 (14)

Clearly, SOPPA/sadJ provides better values than SOPPA/aug-cc-
pVTZ both in terms of r? and slopes.

Table 2. 'Jyy coupling constants (compounds in bold are those for
which experimental data are known)

SOPPA SOPPA
No. Hydride® Nucleus  aug-cc-pVTZ sadJ Exptl
1 LiH,™ (L) 7Li 44.4 463
2 BeH, (L) °Be —53.6 —54.4
3 NaH, ™ (L) 2Na 118.4 151.0
4 MgH, (L) X Mg —60.9 —846
5 NH,~ 5N —449 —48.7
6 OH, 70 —77.1 —826 —78.71%
7 FH, ™ 19F 603.0 655.2
8 PH,~ 31p 99.3 1385  139.0123
9 SH, 3g 28.1 35.0
10 CIH,* 3¢ 50.6 56.2
1 BeHs; ™ (P) °Be —22.1 —22.0
12 BHs (P) B 127.5 130.0
13 CHs™ (P) BC 1715 183.6
14 MgH;~ (P) Mg -253 —36.4
15 AlHs (P) 27 Al 204.7 2827
16 SiHs* (P) 295 —233.9 —312.2
17 CHs3™ B¢ 119.5 128.8
18 NH; 5N —57.2 —640 —61.24
19 OH;* 70 —116.0 —122.8
20 SiH3~ 295 —56.0 —80.9
21 PH; 31p 149.6 201.2 1856
22 SH3 ™" 3 415 49.9
23 BHs~ B 77.0 79.2 82,0020
24 CH, BC 1123 1276 12532
25 NH,* 5N -71.3 —80.8 —73.3M™4
26 AlHs~ 27 Al 122.9 170.9
27 SiH,4 295 —151.9 —206.7 —203.023
28 PH,* 31p 4416 571.8  547.023
a1, linear; P, planar

The representation of K versus the atomic number for the
compounds of each row and a given charge (Fig. 3) shows a similar
tendency for the data of the second row of the periodic table,
modulated by the charge as previously in the 2Juy. The data of
the third row presents more complex behavior. Attempts using
the electronegativity as classifying criteria, and even separating
anions/neutrals/cations and first period/second period, does not
produce any useful information.

Computational Details

The geometry of the molecules has been fully optimized at the
MP2 computational level®”! with the aug-cc-pVTZ basis set[?®
within the Gaussian-03 package.?” The structures obtained
have been confirmed to be energetic minima at the same
computational level. The SSCC at the B3LYPB® computational
level with 6-3114++G**[3" and aug-cc-pVTZ basis sets have been
carried out with the Gaussian-03 program and the corresponding
SOPPABZ level of approximation have been obtained using
sad-JB3! and aug-cc-pVTZ basis sets with the DALTON 2.0
program.B4

Sad-J basis set is based on Sadlej's medium size polarized
basis sets (Sadlej-pVTZ),3<-9! and according to the procedure
described in Ref. [32b] (and therein cited references) with the
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Table 3. Reduced coupling constant ' Kxy (Hz)
No. Hydride Exptl SOPPA/aug-cc-pVTZ SOPPA/sadJ
1 LiH,~ 3.66 3.82
2 BeH, 12.21 12.41
3 NaH,~ 14.34 18.28
4 MgH, 31.85 44.28
5 NH, ™ 14.19 15.40
6 OH, 18.60 18.22 19.53
7 FH,* 20.53 22.31
8 PH,~ 11.00 7.86 10.96
9 SH, 11.72 14.62
10 CIH,* 16.53 18.36
1 BeHs ™~ 5.03 5.02
12 BH3 12.74 12.98
13 CHs™ 21.86 23.40
14 MgH; ™ 13.26 19.03
15 AlH3 25.16 34.74
16 SiH3 ™ 37.70 50.32
17 CH3™ 15.23 16.41
18 NH3 19.34 18.09 20.25
19 OHs* 27.42 29.01
20 SiH3™ 9.03 13.05
21 PH; 14.68 11.83 15.92
22 SH3™ 17.32 20.81
23 BH,~ 8.19 7.69 791
24 CH,4 15.97 14.32 16.26
25 NH4* 23.23 22.53 25.53
26 AlH;~ 15.10 21.01
27 SiH, 24.49 33.31
28 PH4 " 43.27 34.93 45.23
60
—— anions
501 —= neutrals
= —— cations
E 40 A
<
& 30 A
8 //\
; 20
10 1
L
0 T T T T T T
3 5 7 9 11 13 15 17

Atomic number

Figure 3. Reduced coupling constant, K versus the atomic number of the
central atom in the systems studied.

standard basis set totally uncontracted and augmented with
four s-type functions with very large exponents in an even-
tempered manner. For hydrogen, it consists of (10s4p) functions;
(14s5p4d) functions for the elements of the second period and
(17s10p6d) functions for the third period. The last period also
includes two tight d-type functions. In order to reduce the size
of the basis set, it is re contracted using the molecular orbital
coefficients at self-consistent-field calculations performed with
the uncontracted basis sets for the smallest neutral hydrides.

Such procedure ensures a good description of the Fermi contact
and dia- and paramagnetic terms as well as provides a small
basis set size. Recently, the sad-J basis set was completed for
all the elements of the second and third periods.*> The use
of the mentioned procedure has already been shown by other
authors to provide good basis sets for the calculation of J-coupling
constants.3®

Supplementary material

Supplementary electronic material for this paper is available in
Wiley InterScience at http://www.interscience.wiley.com/
jpages/0749-1581/suppmat/
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