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Abstract 

We present a complete ab initio nuclear magnetic resonance spectrum. All parameters in the spin Hamiltonian have been 
determined from a single restricted active space (RAS) multiconfigurational self-consistent field (MCSCF) wavefunction. All 
contributions to the indirect nuclear spin-spin coupling constants have been determined. The nuclear shieldings have been 
calculated using London atomic orbitals. We show that a modest sized RAS MCSCF wavefunction is capable of predicting the 
qualitative, and to some extent also the quantitative, features of the proton spectrum of vinyllithium. Simulated spectra are 
presented both for 60 and 200 MHz NMR instruments. 

1. Introduction 

High-resolution nuclear magnetic resonance 
(NMR) spectroscopy is one of the most important 
tools for determining molecular structure, qualita- 
tively as well as quantitatively. In recent years, there 
has been an increased interest in the ab initio calcu- 
lation of nuclear shieldings and indirect nuclear spin- 
spin coupling constants, which are the parameters of 
the nuclear magnetic resonance spin Hamiltonian. 
One reason for this interest is that the gauge origin 
dependence that hampers ordinary finite basis set 
calculations of shieldings has now been solved, which 
has led to the development of efficient programs for 
the calculation of nuclear shieldings at correlated and 
uncorrelated levels. At the same time various corre- 
lated approaches have been implemented for the cal- 
culation of spin-spin coupling constants. 

(localized orbitals/local origins) [ 31, and the Lon- 
don atomic orbital approaches [4]. Both the IGLO 
and London atomic orbital approaches have recently 
been extended to direct self-consistent field (SCF) 
versions [ 5,6] and all three methods have been im- 
plemented at various levels of correlation [7-l 11. 
The London approach has been shown to give better 
basis set convergence both for uncorrelated and cor- 
related wavefunctions [ 8,121. This makes the Lon- 
don atomic orbital approach especially attractive for 
large molecules, where it is difficult to use saturated 
basis sets. The London method is also easily extend- 
able to molecular properties such as magnetizabili- 
ties [ 13 1, vibrational circular dichroism (VCD) [ 141 
and electronic circular dichroism (ECD) [ 151. For 
all these properties the London approach has been 
shown to give gauge origin independent results and 
excellent basis set convergence. 

The most common ways of solving the gauge origin 
problem for nuclear shieldings are the IGLO (indi- 
vidual gauges for localized orbitals) [ 1,2], the LORG 

The accuracy of ab initio calculations of nuclear 
shieldings has improved significantly in recent years, 
and ab initio calculations are today capable of pro- 
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viding valuable information, which may supplement 
and sometimes correct experimentally observed val- 
ues [ 16,17 1. The situation for the other parameter of 
the NMR spin Hamiltonian - the indirect nuclear 
spin-spin coupling constant - is quite different. Al- 
though the theory for spin-spin coupling constants 
has been known since the work of Ramsey [ l&l9 1, 
little progress in the accurate ab initio calculation of 
spin-spin couplings has been made. For a review of 
the recent advances, see Ref. [ 201. 

Several problems are associated with the ab initio 
calculation of indirect spin-spin coupling constants: 

level of approximation. Mostly either the nuclear 
shieldings or the nuclear spin-spin coupling con- 
stants are calculated. The QCISD and CCSD calcu- 
lations have furthermore only considered the Fermi 
contact contribution to the nuclear spin-spin cou- 
pling constants. Although this term dominates in a 
large number of cases, the other contributions cannot 
a priori be neglected. Only for the SOPPA and MCLR 
implementations have numbers for all contributions 
to the total indirect spin-spin coupling constants been 
presented. 

( 1) There are several physically distinct contribu- 
tions to the total spin-spin coupling constants. The 
nuclear magnetic moments can couple both through 
the orbital motion of the surrounding electrons (dia- 
magnetic and paramagnetic spin-orbit couplings, 
DSO and PSO) and through the electron spin (Fermi 
contact and spin-dipole couplings, FC and SD). The 
DSO contribution is an expectation value, while the 
remaining terms - & in all thirteen for each nucleus 
- couple through the response of the wavefunction. 
Therefore, thirteen sets of response equations must 
be solved for each nucleus, making the calculation of 
nuclear spin-spin couplings a formidable task. 

We present here a complete ab initio proton NMR 
spectrum, in which all contributions to the spectrum 
have been calculated using a single correlated wave- 
function. This guarantees results of reasonable, uni- 
form accuracy for all contributions to the spin Ham- 
iltonian. As our goal has been to report the NMR 
spectrum of the compound, we only report isotropic 
values for the shieldings and spin-spin coupling con- 
stants, as these are the only parameters entering the 
spin-Hamiltonian. However, all individual compo- 
nents of the tensors are available from the program. 

(2) The Fermi contact term depends on the spin 
density at the nucleus. Tight basis functions are 
therefore needed for accurate results. This imposes 
severe requirements on the quality of the basis set. 

(3) The FC and SD contributions involve triplet 
perturbation operators. HF calculations are therefore 
hampered by the triplet instability problem, and re- 
stricted HF and MP2 fail to predict the FC contact 
term correctly [ 2 l-23 1. Attempts have been made to 
calculate the FC term using unrestricted HF and MP2 
wavefunctions. Although significant improvements 
are observed, the accuracy of such calculations is still 
not satisfactory [ 24,25 1. The only methods so far 
presented that adequately describe triplet perturba- 
tions are QCISD (quadratic convergent configura- 
tion interaction with single and double excitations) 
[24,25], CCSD (coupled cluster with single and 
double excitations) [ 26,271, SOPPA (second order 
polarization propagator approach) [ 28-3 11, and the 
MCLR (multi-configuration linear response) ap- 
proach [ 32 1. 

We do not describe the theoretical background for 
the calculation of nuclear shieldings and spin-spin 
coupling constants, but refer to the original articles 
for details [ 8,321. In Section 2 we describe compu- 
tational aspects. Our results for the nuclear shield- 
ings and spin-spin coupling constants are presented 
in Section 3. In Section 4, we describe the calculation 
of NMR spectra and compare our calculated spec- 
trum with an experimental spectrum. Section 5 con- 
tains some concluding remarks. 

2. Computational considerations 

We have chosen vinyllithium as a test molecule for 
the generation of a complete proton NMR spectrum. 
There are several reasons for this choice. Despite the 
simple structure of the molecule, it remains a chal- 
lenge in nuclear magnetic resonance experiments due 
to the heavily coupled proton spectrum [ 33 1. In many 
solvents the molecule tends to dimerize and tetra- 
merize. Recently, a comprehensive study of the spin- 
spin coupling constants and chemical shifts of the di- 
mer and tetramer of vinyllithium was published [ 341. 

Ab initio calculations of NMR spin Hamiltonian The nuclear magnetic resonance spectrum with 
parameters are usually not carried out at a uniform which we compare our calculations, was recorded in 
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196 1 on a 60 MHz instrument using diethylether as 
solvent [ 331. Although not discussed in the original 
reference, there is reason to believe that the molecule 
mainly exists as dimer in the solution [ 351. The di- 
rect comparison with experiment is furthermore 
complicated by the fact that the loosely bonded lith- 
ium atom may be significantly displaced when going 
from the gas phase (as treated by our ab initio calcu- 
lations) to solution (as recorded in the NMR exper- 
iment). However, we do not expect these effects to 
modify the spectrum significantly, and the calculated 
and experimental spectra should therefore be 
comparable. 

We have calculated the proton spectrum at the 
Hartree-Fock and RAS-MCSCF level. For the RAS 
calculations modest active spaces were used. The 
molecular geometry was optimized using a second- 
order method described in Ref. [ 361 at the Hartree- 
Fock level and for one of the RAS-MCSCF wave- 
functions. All calculations have been performed us- 
ing the HERMIT-SIRIUS-ABACUS program pack- 
age [ 37-391. 

For carbon and hydrogen we have used the H III 
basis set developed by Kutzelnigg and co-workers for 
calculating nuclear shieldings [ 1,2 1. This Huzinaga 
based basis set [ 40 ] has been successfully employed 
in studies of nuclear shieldings and spin-spin cou- 
pling tensors using London atomic orbitals at the 
MCSCF level [ 4 1,42 1. For lithium we used Huzina- 
ga’s ( 11s) basis contracted to [ 7~1. To this set we 
added two polarization functions with exponents 0.56 
and 0.14 as recommended by Ahlrichs and Taylor 

1431. 
The active space (3,0/0,0/S, 1 / 17,6) ’ chosen, was 

based on an MP2 natural orbital occupation analysis. 
The 1 s orbitals of carbon and lithium have been kept 
inactive, while the valence orbitals have been placed 
in the RAS 2 space. All single and double excitations 
out of the RAS 2 space into the RAS 3 space were 
included. This wavefunction has approximately 
15000 determinants. 

At the Hartree-Fock geometry we also calculated 
the proton spin-spin coupling constants using a larger 

’ We apply the same notation as in Ref. [ 42 1, that is (inactive/ 
RASl/RAsZ/RAS3), and where the two numbers for each part 
of the space is the number of orbitals symmetric or antisymme- 
tric with respect to the molecular plane. 

active space, in which one electron is moved from the 
RAS3 to the RAS2 space. This results in a (3,0/0,0/ 
6,1/16,6) active space, giving the wavefunction a 
slight multireference character. This gives 170000 
determinants. We also tried to reduce the number of 
orbitals in the RAS3 space so that our wavefunction 
consisted of (3,0/0,0/5,1/8,3), allowing all single 
and double excitations from the RAS2 space to this 
reduced RAS3 space. 

3. Results and discussion 

In Table 1 we have collected the geometries opti- 
mized at the Hat-tree-Fock and RAS-MCSCF levels 
as well as the corresponding electronic energies. There 
are relatively small differences between the geome- 
tries obtained from the Hat-tree-Fock and MCSCF 
wavefunctions. This is somewhat surprising, as we 
would expect the bond length of the loosely bonded 
lithium atom ( C-Li = 1.96 A) to change significantly 
upon inclusion of electron correlation. An indication 
of the weakness of the C-Li bond comes from the 
three associated vibrational modes, which are all be- 
tween 170 and 300 cm-’ at the Hartree-Fock level. 
It may be that the active space is too small to describe 
this bond accurately, although we consider this 
unlikely. 

We also notice that large changes occur in the C-Li 
bond when the molecule is placed in a crystal. A re- 
cent study of the vinyllithium-tetrahydrofuran sol- 
vate crystal by Bauer and Hampel [ 44 ] indicates an 

Table 1 
Optimized geometries and electronic energies for the Hartree- 
Fock and (3,0/0,0/S, l/ 17,6) MCSCF wavefunctions. Bond 
lengths in A and energies in hartree 

r(CC) 
r(CHpm) 
r(CH’““*) 
r( CH”“) 
r(CLi) 
L HP”CLi 
L CCLi 
L H”‘CH”=“” 
L H&CC 

electronic energy 

HF RAS-MCSCF 

1.3347 1.3460 
1.0874 1.0940 
1.0817 1.0875 
1.0815 1.0866 
1.9633 1.9654 

126.90 126.64 
121.48 122.24 
113.67 113.81 
122.45 122.31 

- 84.897780 -85.169857 
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Table 2 
H-Li bond distances for the (3,0/0,0/S, I / 17,6) MCSCF wave- 
function as determined by NMR experiments [48]. The italic 
experimental bond lengths are the calibration length used from 
X-ray investigations. All distances in A 

Bond RAS-MCSCF Exp. 

Li-Hw 2.76 2.49 2.73 2.68 
Li-H’““” 3.95 3.52 3.86 3.80 
Li-H”” 3.07 2.91 3.19 3.14 

average C-Li bond distance of approximately 2.25 A. 
Using different X-ray determined intramolecular Li- 
H distances from crystal structures as a calibration, 
these authors also determined the different Li-H in- 
tramolecular distances in solution from NMR exper- 
iments. Their results are summarized and compared 
with ours for the RAS-MCSCF wavefunction in Ta- 
ble 2. Our results compare favourably for all dis- 
tances, although the experimental findings are for the 
tetramer in tetrahydrofuran solution and subject to 
uncertainties of.approximately 0.2 A. 

In Table 3 we have listed the Fermi contact contri- 
butions to the proton-proton coupling constants for 
the wavefunctions of this study. Even the smaller ac- 

tive spaces give fairly accurate results, indicating that 
the triplet instability associated with the Hartree- 
Fock wavefunction can be remedied by small active 
spaces. The same observation has been made by 
Laaksonen and Saunders [ 45 1. However, we believe 
that the (3,0/0,0/S, l/8,3) active space is too small 
for accurate results, and that at least (3,0/0,0/S, l/ 
17,6) is needed. From Table 3 we see that little ac- 
curacy is gained by giving the wavefunction a multi- 
reference character. The additional computational 
effort for such small changes cannot be justified. 

In Tables 4-6 we have summarized our results for 
the shielding constants and the spin-spin coupling 
constants, as well as available experimental results. 
The proton shifts are reported with the geminal pro- 
ton as a reference at 0 ppm, that is, the shifts are given 

by 
6A = oA _ f,reference . 

(1) 

The carbon shifts are reported with respect to each 
other. The lowest resonating nucleus - the one next 
to the lithium atom - is used as a reference. For lith- 
ium we report the absolute shielding. All shieldings 
are given in ppm and spin-spin couplings in Hz. 

As seen from Tables 4-6, the Hartree-Fock wave- 

Table 3 
Calculated Fermi contact contribution to the proton spin-spin coupling constants using different choices of active space. Units in Hz 

HF RAS-MCSCF RAS-MCSCF RAS-MCSCF 

(3,0/0,0/5,1/8,3) (3,0/0,0/5,1/17,6) (3,0/0,0/6,1/16,6) 

J( Hs=‘=H’-‘) 45.43 19.45 18.43 18.16 
J( Hs=“‘HC”) 49.37 24.13 22.53 22.75 
J(H”*H”““) -29.27 0.67 2.42 2.84 

Table 4 
Hartree-Fock determined chemical shifts (diagonal elements, in ppm) and spin-spin couplings (off-diagonal elements, in Hz) at the 
optimized geometry 

6Li C(Li) C H”m H’,a”” HC” 

6Li 91.06 ’ 56.3 -9.7 -2.8 7.8 5.2 
C(Li) 0.0 159.2 161.2 -55.0 -29.5 
C 46.51 -59.4 216.2 214.6 
HS” 0.0 45.1 51.3 
H’“’ 0.79 -27.6 
H&S 1.56 

’ Absolute chemical shielding in ppm. 
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Table 5 
MCSCF (3,0/0,0,/S, 1/ 17,6) determined chemical shifts (diagonal elements, in ppm) and spin-spin couplings (offdiagonal elements, 
in Hz) at the optimized geometry 

6Li C(Li) C H’” H’““” Hti 

6Li 91.27 ’ 39.8 -1.3 1.4 3.1 1.1 
0.0 51.4 106.1 -10.1 9.4 

36.90 -13.0 141.0 142.0 
0.0 18.0 22.4 

0.39 3.1 
1.21 

’ Absolute chemical shielding in ppm. 

Table 6 
Experimentally determined chemical shifts (diagonal elements, in ppm) and spin-spin coupling constants (off-diagonal elements, in 

Hz) 

6Li C(Li) C H”m H’““’ Heis 

6Li 8.3 a < IO.51 a < IO.21 a 0.4 a < IO.11 a 
C(Li) 0.0 b 35.9 b 93.5 s 6.3 b 13.6 b 
C 47.8 b 11.8 b 145.1 b 146.7 b 
H8”” 0.0 c 19.3 = 23.9 = 
H’W” 0.511 c 7.1 c 
HciS 1.190” 

a Dimer. See Ref. [34]. b Refs. [35,47]. ‘Ref. [33]. 

function is completely incapable of describing cor- 
rectly the indirect spin-spin coupling constants, al- 
though the relative ordering of the coupling constants 
is fairly well reproduced. 

The situation is greatly improved when going to the 
RAS-MCSCF wavefunction. The agreement with ex- 
periment is fairly good, considering the modest ac- 
tive space employed. The differences between theo- 
retical and experimental results are seldom worse than 
50% and decrease as the magnitude of the spin-spin 
couplings increases. One exception is the Li-C (Li) 
coupling, which even at the RAS level differs by a fac- 
tor of 5. We note that the C-Li bond is the one mostly 
affected when the molecule dimerizes and tetramer- 
izes. We carried out a (3,0/0,0/S, 1 / 17,6) RAS cal- 
culation of the Fermi contact contribution with the 
C-Li bond stretched to 2.26 A in accordance with 
crystallographic data for the tetramer [ 441. The rest 
of the molecule was fixed at the RAS structure. The 
result - 4 1.2 1 Hz - is not in better agreement with 
experiment, indicating that the main reason for the 
discrepancy between theory and experiment is an in- 
adequate treatment of electron correlation. Further 
extensions of the active space and larger basis sets ap- 

pear necessary in order to obtain accurate values for 
the Li-C (Li) coupling constant. 

It is instructive to look at the relative magnitudes 
of the different contributions to the coupling con- 
stants. These are given in Table 7 for the Hartree- 
Fock and (3,0/0,0/5,1/ 17,6) MCSCF wavefunc- 
tions. The Fermi contact term dominates all 6Li cou- 
plings. With the exception of the CC coupling con- 
stant, the DSO and PSO contributions are in general 
of the same magnitude but opposite sign, and there- 
fore cancel out. In the CC, CH and HH couplings 
there are non-vanishing PSO, DSO and SD contri- 
butions that cannot be neglected if results of high ac- 
curacy are demanded. The signs of the DSO and PSO 
contributions are the same for most of the CH cou- 
pling constants. For the HH couplings, the signs of 
the DSO and PSO contribution are opposite and these 
contributions therefore almost cancel. 

The Hartree-Fock wavefunction seems to give a 
clear indication of whether or not the PSO, DSO and 
SD parts give significant contributions to the cou- 
pling constants. Further investigations are necessary 
to see if this applies to other molecules. 
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Table I 
The individual contributions to the total spin-spin coupling constants. The numbers in italic are the Hartree-Fock number, while the 
others are the MCSCF (3,0/0,0/5,1/ 17,6) numbers. All numbers calculated at the respective optimized molecular geometry 

Coupling 

‘J(6LiC) 

zJ( 6LiC ) 

2J(6LiHpm) 

3.J( sLiH’Ms) 

3J( 6LiHci’) 

‘J(W) 

‘J(CHWm) 

*J( CH’-‘) 

*J( CH”‘) 

*J(CH-) 

‘J( CHm”“) 

‘J( CH"' ) 

3J( H-H’““‘) 

3J( H-HC” ) 

3J( Hf”r.lHtiI) 

DSO PSO SD FC Total 

0.04 -0.06 0.03 56.30 56.31 
0.04 -0.05 0.02 39.82 39.83 

-0.03 0.01 0.01 -9.73 -9.74 
-0.03 0.01 0.00 -1.31 -1.32 
-0.22 0.23 0.00 -2.77 -2.76 
-0.22 0.22 0.01 1.43 1.43 
-0.25 0.25 0.07 7.75 7.82 
-0.24 0.24 0.06 3.12 3.12 
-0.03 0.02 -0.01 5.25 5.23 
-0.03 0.03 0.00 1.13 1.12 

0.06 -10.3 22.82 146.62 159.18 
0.06 -9.59 3.07 51.83 51.36 
0.41 -0.51 -1.70 163.20 161.40 
0.42 -0.07 -0.45 106.21 106.11 

-0.69 -1.37 0.74 -28.23 -29.55 
-0.73 - 1.21 0.07 - 8.24 - 10.10 
-0.75 -1.32 0.65 -53.57 -54.98 
-0.67 -1.26 0.16 11.12 9.36 
-0.53 - 1.87 1.26 -58.25 -59.39 
-0.50 -1.74 0.15 - 10.89 - 12.98 

0.46 0.26 - 1.02 216.52 216.22 
0.46 0.39 -0.13 140.24 140.96 
0.47 0.50 -1.11 214.75 214.61 

0.47 0.59 -0.18 141.11 141.99 
-0.73 0.18 0.22 45.43 45.10 
-0.67 0.13 0.10 18.43 18.00 
-3.53 3.04 2.46 49.37 51.34 
-3.46 2.98 0.30 22.53 22.35 
-3.52 3.82 1.41 -29.27 -27.56 
- 3.46 3.71 0.45 2.42 3.11 

4. Calculation of an ab initio NMR spectrum 

The energy of interaction in a nuclear magnetic 
resonance spectrum is determined from the effective 
spin-Hamiltonian (see for example Smith et al. 

[h61), 

where the summations are over all the nuclei, the yi 
are the gyromagnetic constants, oi the chemical shifts, 
Jij the coupling constants and the Zi the nuclear spins. 
The nuclear spin eigenfunctions and energies are ob- 
tained by diagonalizing the spin Hamiltonian, and the 
observed spectrum can be generated by allowing ex- 

citations according to the selection rules of angular 
momentum, that is Am,= f 1. 

The experimentally recorded NMR spectrum of 
vinyllithium is reproduced in Ref. [ 33 1. In Fig. 1, we 
have plotted a simulated spectrum based on the ex- 
perimentally determined chemical shifts and cou- 
pling constants listed in Table 6. Due to limitations 
of the NMR instrument on which the simulations 
were performed, the chemical shift of the geminal 
proton was set to 50 instead of 0 Hz as in the experi- 
mental spectrum in Ref. [ 331. Also, the simulated 
spectrum in Fig. 1 corresponds to the mirror image 
of the spectrum in Ref. [ 33 1. 

Since we have calculated all the parameters enter- 
ing the spin-Hamiltonian for vinyllithium, we are able 
to generate the complete ab initio proton NMR spec- 
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IL___ ! 1 
Fig. 1. Simulated 60 MHz NMR spectrum of vinyllithium based on the experimentally determined shielding constants and nuclear spin- 
spin couplings of Ref. [ 331. 

J\ li I\ I, A 
I I 0 1 0 1 1 ,LI 

j:: 

,I>., II 1, ,,,I 

1EO 120 10: 
I, ,I,, III,II,I I I,,~.I/I,I. .,,I,,I,,~/III 

” 80 Ed 49 2d t2 0 

Fig. 2. Simulated 60 MHz NMR spectrum of vinyllithium based on the nuclear shieldings and spin-spin couplings obtained with a 
Hartree-Fock wavefunction. 

trum of this molecule. In Figs. 2 and 3, we have plot- The spectrum is dramatically improved with the 
ted our simulated NMR spectrum for a 60 MHz in- MCSCF wavefunction. Indeed, most of the features 
strument from the shieldings and coupling constants of the experimental spectrum are reproduced. How- 
of the Hartree-Fock and MCSCF wavefunctions. ever, we see that the ‘J( HCisHtrans) coupling - which 
Clearly, the Hat-tree-Fock wavefunction is incapable in our calculation is only about half of the experi- 
of reproducing any of the observed features of the ex- mental - makes the separation of the two pairs of 
perimental spectrum in Fig. 1. high-frequency transitions too small. Interestingly, the 
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Fig. 3. Simulated 60 MHz NMR spectrum of vinyllithium based on the nuclear shieldings and spin-spin couplings obtained with a RAS- 
MCSCF (3,0/0,0/5,1/17,6) wavefunction. 

main difficulty in getting quantitative accuracy for 
the mid-part of the spectrum is due to the too low 
value for the chemical shift of the tram-hydrogen, 
displacing this part of the spectrum to the right. 

In order to get a clearer picture of the quality of the 
calculated coupling constants, we have simulated the 
MCSCF and experimental spectra for a 200 MHz in- 
strument, that is, we have used the experimental val- 
ues for the shieldings and the coupling constants to 
simulate a 200 MHz experiment, in the same fashion 
as we have done for our theoretically determined pa- 
rameters. This will separate the different shieldings 
more and thus reduce the effect of our small value for 
the trans-hydrogen shielding. The spectra are given 
in Figs. 4 and 5. The previously mentioned differ- 
ences between experimental and theoretical numbers 
are now more pronounced but do not destroy the 
overall appearance of the spectrum. The resonances 
of the trans-hydrogen appear at too low frequencies. 
In addition, the spacing between resonances split by 
2J( HCiSHtIzlllS) g’ Ives a too small separation in the 
spacing in our theoretical spectrum. We also notice 
that there is a change in the order of the intensity on 

two of the simulated transitions as compared to ex- 
periment. However, all qualitative, and to some ex- 
tent the quantitative features are reproduced. 

5. Concluding remarks 

We have shown that a modest active space is suffi- 
cient to predict an experimental nuclear magnetic 
resonance spectrum qualitatively, and to some extent 
quantitatively, even for molecules with difficult and 
indeterminate bonding structure under the experi- 
mental conditions. For most couplings the Fermi 
contact term dominates, but the other three contri- 
butions cannot always be neglected. In particular, the 
carbon-carbon coupling constant has large contribu- 
tions from both PSO and SD. Our calculations indi- 
cate that the Hartree-Fock wavefunction may be ca- 
pable of predicting the importance of other 
mechanisms besides Fermi contact, but further in- 
vestigations of this matter are necessary. 

At present the computational cost of calculating ab 
initio nuclear magnetic resonance spectra accurately 
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- - i 
, I I I, / I I I, I , I I I, I I , II 31, 11 

350 325 250 iPS 150 1co 50 k.I 0 

Fig. 4. Simulated 200 MHz NMR spectrum of vinyllithium based on the experimentally determined shielding constants and nuclear 
spin-spin couplings of Ref. [ 33 1. 

( 0 L I I , I I I, I, I, ,,,I I 80, 1 I I I, I v 
3% 3co zo x0 150 103 50 HI 0 

Fig. 5. Simulated 200 MHz NMR spectrum of vinyllithium based on the nuclear shieldings and spin-spin couplings obtained with a 
RAS-MCSCF (3,0/0,0/S, l/ 17,6) wavefunction. 
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precludes routine calculations of ab initio NMR 
spectra. However, the spectra presented in this Letter 
demonstrate that for small molecules with highly 
coupled spectra, ab initio calculations may provide 
useful information and insight into the origins of the 
observed transitions. 
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