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We present a theoretical study of the *H NMR chemical shifts in low-valent transition
metal hydrides based on density functional theory and gauge-including atomic orbitals (DFT-
GIAO). Calculations have been carried out on the representative hydrides HM(CO)s (M =
Mn, Tc, Re), H,Fe(CO)4, HCo(CO)4, [HCr(CO)s] -, and [HCr(CO)10]~. In general, the calcu-
lated chemical shifts are in good agreement with the available experimental data. The
paramagnetic and diamagnetic contributions to the *H chemical shielding have been analyzed
in detail. Our calculations show that the paramagnetic current localized in the adjacent
metal fragment, ML,, is responsible for the negative “hydridic” shift observed in transition

metal hydrides H—ML,.

1. Introduction

Hydrogen atoms attached to metal centers are char-
acterized!? by a negative 'H NMR chemical shift. The
origin of this “hydridic” shift is not known with cer-
tainty. It is tempting to explain it in terms of an
increase in the diamagnetic shielding as electron density
is drawn from the metal center to the “hydridic”
hydrogen. Alternatively, paramagnetic contributions
from the adjacent metal fragment might be responsible
for the shift, as has been suggested by Buckingham and
Stephens? as early as 1964 in a qualitative discussion
based on crystal field theory.

It has in the past decade become possible to carry out
guantitative calculations on NMR chemical shifts.* We
have recently presented a method in which the NMR
shielding tensor is calculated by combining the “gauge-
including atomic orbitals” (GIAO) approach with density
functional theory (DFT).52 Recent investigations have
shown that DFT is capable of reproducing ligand chemi-
cal shifts®®7 of transition-metal complexes. DFT can
also reproduce metal chemical shifts of these compounds
in a quantitative manner.> The DFT-GIAO scheme has
further been extended to include the frozen core
approximation®® and the scalar relativistic two-compo-
nent Pauli type Hamiltonian®¢ for relativistic calcula-
tions. Our implementation makes full use of the
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modern features of DFT in terms of accurate exchange-
correlation (XC) energy functionals and large basis sets.

We present here DFT-GIAO calculations on the 'H
NMR chemical shift for the representative metal hy-
drides HM(CO)s (M = Mn, Tc, Re), H,Fe(CO)4, HCo-
(CO)4, [HCr(CO)s]~, and [HCr2(CO)10]~. The paramag-
netic and diamagnetic contributions to the *H chemical
shielding have been analyzed in detail with the objective
of understanding the factors responsible for the ob-
served hydridic TH NMR shift.

2. Computational Details

All calculations were based on the Amsterdam density
functional package ADF.2 This program has been developed
by Baerends et al. and vectorized by Ravenek.®¢ The adopted
numerical integration scheme was that developed by te Velde
et al.8"89

The metal centers were described by an uncontracted
triple-¢ STO basis set®!° for the outer ns, np, nd, (n + 1)s,
and (n + 1)p orbitals, whereas the shells of lower energy were
treated by the frozen core approximation.®2 The valence on
carbon and oxygen included the 1s shell and was described by
an uncontracted triple-¢ STO basis augmented by a single 3d
and 4f function, corresponding to the basis set V of the ADF
package.® A triple-g basis set augmented by two 2p polariza-
tion functions was employed for hydrogen. A number of
auxiliary* s, p, d, f, and g STO functions, centered on all
nuclei, were used in order to fit the molecular density and
present Coulomb and exchange potentials accurately in each
SCF cycle.
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Table 1. Comparison of Experimental and
Calculated *H Chemical shift for Transition Metal

Hydrides
4 (ppm)

system M—H dist (A) calcda exptl®
[HCr(CO)s]~ 1.6609 —6.5¢ —6.9°
[HCr2(CO) 0] 1.722i —20.3¢ —19.5¢
HMn(CO)s 1.589k —6.8¢ —7.59
HTc(CO)s 1.620" —5.7d
HRe(CO)s rel® 1.620' —5.20 —5.79
H2Fe(CO)4 1.5325 —7.5d —12|..ZI._h
HCo(CO)s 1.486M —5.3d ~10.7i

a0 = otms — Ocomplex. All data are reported with respect to the
calculated isotropic shielding constant o(*H) of 30.99 ppm for TMS.
The calculation was carried out assuming staggered T4 Symmetry.
The structural data were taken from ref 26. ? Relative to TMS.
¢ Relativistic NL-SCF-QR calculation. 4 Nonrelativistic NL-SCF
calculation. ¢ Reference 28. f References 28b and 29. 9 Reference
30. " Reference 19. i Reference 20. I Reference 31. k Reference 32.
I Reference 16. ™ Reference 17. " Optimized structure.

The self-consistent DFT calculations were carried out by
augmenting the local exchange-correlation potential of Vosko
et al.’? with Becke’'s’® nonlocal exchange corrections and
Perdew’s'* nonlocal correlation correction (NL-SCF). The 3d
and 4d complexes were treated without considering relativistic
effects whereas quasi-relativistic'® (NL-SCF+QR) calculations
were carried out for the 5d complex Re(CO)sH. Optimized
M—H bond lengths were adopted for all systems except for
the case of [HCr,(CO)10]~, for which the experimental struc-
tural data was used. The inclusion of the frozen core
approximation® and quasi-relativistic> effects into the shield-
ing calculations is described elsewhere.

3. Results and Discussion

Table 1 compares the calculated 'TH NMR chemical
shifts for the metal hydrides with experimental esti-
mates. The calculated shifts for the two isoelectronic
hydrido pentacarbonyls of the first transition series are
—6.8 ppm in the case of HMn(CO)s and —6.5 ppm for
[HCr(CO)s], in good agreement with the experimental
estimates of, respectively, —7.5 and —6.9 ppm. The
homologous 5d system HRe(CO)s'® has a theoretical
shift of —5.2 ppm, also in good agreement with the
observed shift at —5.7 ppm.

Formally adding a [Cr(CO)s] fragment to [HCr(CO)s]~
results in the dinuclear species [HCr,(CO)0]~, in which
the hydride is bridged between the two metal centers.
The calculated hydridic shift amounts to —20.3 ppm. It
is more than twice as big as the shift of the monomer
and agrees well with the measured shift of —19.5 ppm.

Our calculated shifts for H,Fe(CO)4 and HCo(CO)4”
of —7.5 and —5.3 ppm, respectively, are in line with the
values predicted for the other mononuclear systems but
differ from the experimental estimates of —11.1 and
—10.7 ppm, respectively. Part of the discrepancy might
be due to the instability of both hydrides!®=20 as well
as to the fluxional behavior observed?! for H,Fe(CO)s,.

Origin of the Hydridic Shift. We shall now discuss
the factors responsible for the strong negative “hydridic”
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Figure 1. Schematic representations of the effect of the

induced magnetic field at the position of the hydrogen
atom.

IH NMR chemical shift in low-valent transition-metal
hydrides.

The isotropic 'H chemical shielding, o, can be written
as a sum of one diamagnetic contribution, ¢9, and two
paramagnetic contributions, o and o according to%

o=0"+Y0° + %0 @h)

This separation is well-defined within the GIAO
scheme.?2 The diamagnetic shielding, o9, stems from a
circulation of the ground-state density around the H
probe induced by the applied magnetic field B,, as
illustrated in standard textbooks. The circulation re-
sults in an induced magnetic field, Bi, which is
opposite in direction to B, irrespective of the orientation
of the M—H bond relative to B,. The corresponding
shielding, o9, is as a consequence positive. The diamag-
netic shielding is usually the dominating factor in
determining 'H chemical shifts for main-group com-
pounds.

The paramagnetic contributions are the result of a
current density Jp induced by B,. The_situation is
shown in Figure 1a with the applied field B, parallel to
the M—H bond. The induced current density J, stems
from the coupling by B, of orbitals which in the field-
free case with B, = 0 either are occupied or are virtual.
The orbitals involved reside primarily on the metal
fragment adjacent to the H probe, as discussed in detail
later. The induced current density J, moves in a plane
perpendicular to B, containing the metal center. The
resulting magnetic field, B, is parallel to B, “inside”
the loop of the current density J, and opposite in
direction to B, outside the loop (Figure 1a). With the
M~—H bond inside the current loop, the induced mag-
netic field B, is parallel to B, and the corresponding
shielding, oP, is negative (Figure la). Similar para-
magnetic currents have also been noted and discussed
for organic molecules.*2 ~

The situation where the applied field B, is perpen-
dicular to the M—H bond is shown in Figure 1b. Again,
B, will induce a current density J, in a plane perpen-
dicular to B, containing the metal center. However, now
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Table 2. Calculated Paramagnetic and Diamagnetic Contributions to the 'H Chemical Shielding and H
Chemical Shift for Metal Hydrides (All Values in ppm)

calcd o total diamag contribn  total paramag contribn total calcd
system o9 orP oP oP (absolute shielding)?  to the chem shiftf o9 to the chem shiftf 6P chem shifta §

H (atom) 16.8 0.0 0.0 00 16.84 (17.73¢) 13.2 14.2
H- 253 0.0 0.0 00 25.39 (24.38°) 4.7 5.7
T™MS 30.00 0.99 30.99 0.0

[HCr(CO)s]~ 251 205 —38 124 37.5d 4.9 -11.4 —-6.5
[HCry(CO)io]~ 26.7 416> —9.6 24.6 51.3d 3.3 —23.6 —20.3
HMn(CO)s 232 249 —-6.1 146 37.8d 6.8 —13.6 —6.8
HTc(CO)s 249 188 —-22 118 36.7d 5.1 —10.8 —5.7
HRe(CO)srel 27.6 129 -0.1 86 36.2¢ 24 —7.6 -5.2
H,Fe(CO)4 256 231h 74 129 38.5d 4.4 -11.9 -7.5
HCo(CO)4 269 224 -165 94 36.3d 3.1 -84 -53

30 = orms — Ocomplex OF 0 = 69 + 6P, All data are reported with respect to calculated TMS; o(*H) = 30.99 ppm. The calculation was
carried out assuming a staggered T4 symmetry. The structural data were taken from ref 26. P Although there is no axial symmetry
present, o® was calculated from o = Ya(oxx + 0y). 0P = 42.3 ppm and oy, = 40.9 ppm. ¢ Relativistic NL-SCF-QR calculation.

d Nonrelativistic NL-SCF calculation. ¢ Reference 27. f 6% = 65 — 0%mpiex aNd 0P = oBys — of,

9 ¢ = g9 + oP. " Although there is no

complex-

axial symmetry present, o® was calculated from oP = Ya(oxx + 0yy). 0xP = 26.2 ppm and oy,P = 20.0 ppm.

the M—H bond is outside the current loop and the
induced magnetic field B, is opposite to B,, resulting
in a positive shielding o. Any applied magnetic field
is readily decomposed into components parallel or
perpendicular to the M—H bond. The paramagnetic
isotropic shielding is as a result determined by oP and
opP (Figure 1).

The 'H chemical shift § can in the present case be
written as

0= OtMs ~ Ocomplex (2
Note that the shielding, o, and the chemical shift, 9,
have opposite signs. It is further possible to write d in

terms of its diamagnetic, 69, and paramagnetic, 6P,
contributions as

d=0"+ 0" ©)
where

d_ d d
0" = O1tms — Ocomplex (4)

p— P — 4P
0 = Otms Ocomplex

=~ —co"

= Ocomplex

~ —2 pP_1 5P

= —°l,of — Y30, (5)

The positive contributions from o? and o9 to the
isotropic shielding can both potentially give rise to the
negative “hydridic” shift, whereas the negative g, term
would have a positive contribution to the chemical shift.
Table 2 displays our calculated diamagnetic and para-
magnetic contributions to the chemical shielding and
the chemical shift.

The calculated diamagnetic shieldings, ¢9, for the
metal hydrides fall in the range 23.2—27.6 ppm (Table
2). These values are close to ¢9 estimated?’ for the free
hydride ion H™ of 24.38 ppm. They are even larger than
the diamagnetic shielding?” for the hydrogen atom at
17.73 ppm, as one would expect for a hydrogen which
draws electron density from the less electronegative
metal center. However, the diamagnetic shielding for
the reference TMS is calculated to be as large as ¢4 =
30.00 ppm. Hence, the diamagnetic shifts for the metal
hydrides are all positive and they cannot be responsible
for the “hydridic” shift.

The paramagnetic term o (Figure 1b) is seen to have
a large positive contribution (Table 2), which according
to eq 5 gives rise to a negative shift (see also Table 2).
Thus, the “hydridic” isotropic shift in transition-metal
hydrides is largely due to the paramagnetic current
density induced in the ML, fragment from the compo-
nent of the external magnetic field perpendicular to the
M—H bond (Figure 1b). The paramagnetic current
density induced by the component parallel to the M—H
bond affords a negative shielding o° (Figure 1a), which
will reduce the “hydridic” shift (eq 5 and Table 2).

The dimeric [HCr,(CO)10]~ system is especially inter-
esting, since it gives rise to a paramagnetic chemical
shift of —23.6 ppm, which in absolute terms is nearly
twice as large as the calculated shift for [HCr(CO)s]~
with 6 —11.4 ppm. This is understandable from our
analysis, since the hydride in the dimer experiences
additive induced magnetic fields from two metal frag-
ments. This can easily be shown by drawing diagrams
similar to those for the monomers in Figure 1. We shall
now turn to a more detailed discussion of the separate
systems and the orbitals responsible for the induced
current densities.

Paramagnetic Coupling. The d® HMLs systems
have a pseudo-octahedral geometry. The occupied levels
of highest energy are represented by the ty type d,
metal orbitals transforming as e; and b, in the Cy4, point
group symmetry of HMLs. The unoccupied levels of
lowest energy are represented by the ey type d, metal
orbitals transforming as a; and b; in C4 symmetry.

Our calculations reveal that the contribution to the
o components (Table 2) mainly comes from the cou-
pling between the occupied d,-type e; orbitals (1a) and
the virtual d, type a; orbital, (Ib) through
[d,,(HOMO)|M;|d,(s = X, y),22 where Ms is a component
of the angular momentum operator.?® The term
I\A/Iyal(d(,)z‘k25 (1c) will have the form of a zz-type orbital,
and thus it will overlap with the HOMO (1a) through

(22) For a more detailed description, see ref 6.
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action of the operator My on the ay(d,) orbital.
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the common lobes. The paramagnetic current induced
by the coupling generates a magnetic field that exerts
a net shielding effect on the hydrogen atom (Figure 1a).

The contributions to the ¢;P component of the shield-
ing tensor comes from a coupling between the occupied
d, type b, orbital (2a) and the d, type virtual b; orbital
(2b) through [@.,(HOMO)|M,|do] The component, M,d,

§ §

ch type orbital dg type orbital
1b, 1b,

2a 2b

2¢

(2c) will overlap with 2a, through the common lobes.
In this case the paramagnetic current induced by the
coupling generates a magnetic field that exerts a net
deshielding effect at the hydrogen atom (Figure 1b).

For the complex [u-HCr»(CO);10]~, the type of coupling
discussed above takes place in each of the two [Cr(CO)s]
metal fragments (la—c and 2a—c). The induced fields
from the two metal fragments add up, producing o and
o components of double the size in absolute terms.
Again, the positive o? component is dominating and the
total H shift is negative.

The coupling mechanisms in HCo(CO)4 and HyFeCO,4
are quite similar to those discussed for the HM(CO)s
systems. Again, & and o type orbitals are involved in
producing the induced paramagnetic current densities.
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It is important to mention that we preferred to use
fully optimized structures for the shielding calculations
because the experimental structures28233.:34 have not all
been determined with the same accuracy. The only
exception was the larger dimer [HCr2(CO)10]~. We find
that the shifts calculated for experimental and opti-
mized structures differ by less than 1 ppm. The only
exception is HRe(CO)s, where the difference was 3.2
ppm. Typically, an increase in R(M—H) by 0.05 A would
reduce the hydridic shift by 1 ppm.

4. Conclusions

We have applied the DFT-GIAO method to calculate
the 'H chemical shift in various metal hydrides of the
type HM(CO)s (M = Mn, Tc, Re), H2Fe(CO)4, HCo(CO),4,
[HCr(CO)s]~, and [HCry(CO)i0]~. We found that in
general the results are in satisfactory agreement with
the experimental data. The largest deviation was found
in the case of HCo(CO), and H,Fe(CO),.

Paramagnetic contributions from the adjacent metal
fragment are responsible for the observed “hydridic” 1H
chemical shift in metal hydrides, as already suggested
by Buckingham and Stephens® in 1964. The role of the
adjacent ML, fragment is clearly demonstrated in the
complex [u-HCry(CO)10]~, where the paramagnetic con-
tribution to the 'H chemical shift is almost double
compared to the monomer systems, due to the super-
imposing of contributions from two metallic fragments.

The paramagnetic shielding tensor has two parts, P
and og. The last part, ocP, stems from the component
of the applied external field B, which is perpendicular
to the M—H bond. This component, By, gives rise to an
induced magnetic field B}, which is opposite in direc-
tion to Bp (Figure 1a). Thus o is positive with a
negative contribution to the 'H chemical shift. The first
paramagnetic shielding term, g;°, comes from the com-
ponent By of the applied magnetic field B,, which is
parallel}o the M—H bond. The component B, induces
a field Bf,4 in the same direction as By (Figure 1b).
Thus, giP is negative with a positive contribution to the
IH shift. The component ogP is dominating and is
responsible for the “hydridic” 'H shift in low-valent
transition-metal complexes.
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