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We report the first successful density functional calculation of>¥@® chemical shift span as well as the
chemical shift skew of [Co(NEJs]Cls = (243 ppm, 0.57), [Co(NE)4sCO5]Br = (1562 ppm, 0.30), and Co-
(acac) = (1115 ppm,—0.42) which agree satisfactorily with the experimental values; viz. [Ca[§El; =

(308 ppm, 0.56), [Co(NEJ)4sCO5]Br = (1500 ppm, 0.33), and Co(acacy (1230 ppm,—0.51). We have
conclusively demonstrated that hybrid HF-DFT XC functionals B3PW91 and B3LYP are more suitable for
59Co shielding calculation compared to the pure density functional BLYP. Furthermore, the results of this
study show that the performance of the B3PW91 functional is slightly superior to the B3LYP functional. It

is suggested that B3PW91/6-3%G* or B3LYP/6-31HG* is promising for®®Co shielding calculations.

Introduction

The accurate calculation of chemical shielding constants has

been actively pursued because it can facilitate the use of NMR
chemical shifts data in the study of electronic structures.
Although the large chemical shifts range of transition metals
provides a stringent test on the reliability of a computation
method, relatively few ab initio shielding constants calculations
are found for transition metals. In particular, Nakatsuiji €t al.
reported the first ab initio study of metal chemical shifts on
several Cu, Zn, Ag, and Cd {#%'2p% complexes using the
finite perturbations SCF method and a doublelus p-
polarization basis set. Together with the works on Ti, Nb, Mo,
and Mn (d) complexes, Nakatsuji has clarified the electronic
origins and mechanisms of these transition-metal chemical shifts.
In other laboratories, computational studies orf Znd M¢c

are also reported without considering electron correlation effects.
Although it is widely accepted that the correlation effect should
not be neglected in the shielding calculations of transition
metals? post-Hartree-Fock shielding calculation is not found
for any transition metal.
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The shielding constants of hexacoordinated Co(lll) com-
plexes, where the low-spirffd&omplexes have a closed gt
subshell with energetically low-lying dg) — d(e,) transitions,
is known to give rise to a large chemical shift range of ca. 12 000
ppm? Significant electron-correlation effects are anticipated
to dominate the paramagnetic terms of t#€o chemical
shielding. Although the ab initio shielding calculations of other
transition metals have been successful, relatively few calcula-
tions on®°Co shielding constants are found in the literature.
Therefore, shielding calculation dPCo presents a serious
challenge to the theoretical study of shielding constants and any
progress inP°Co shielding calculation may warrant a general
progress for the shielding calculation of, at least, the first-row
transition metals.

Recently, it has been demonstrated that molecular calculations
may be performed by DFT methods with a quality comparable
to that obtained from the post-HartreEock method$. Among
the proposed DFT-NMR methdtifor the calculation of
shielding tensor, the uncoupled DFT-IGEy Malkin et al.
and the DFT-GIAG" by Schreckenbach et al. and Rauhut et
al. are equivalent in principle. These three methods employ
current-independent exchange correlation (XC) functionals and
result in a substantial reduction of computational cost because
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it is no longer necessary to solve a set of coupled equations. Ifangle of 106.7. For the Co(acag) the methyl groups of the

hybrid XC functionals (B3PW91 and B3LYP, empirical com-
bination of HF exchange and density correlation functionals)
are employed instead of pure density XC functionals (BLYP),

ligands (CH—C) were replaced by H (HC) with a bond length
of 0.9 A2l The structures of {Co(CN)] were taken from
the work of Reynhard®? All the calculations were performed

the computational cost increases again because of the “reapon the bare complexes.

pearance” of the coupled equations. These hybrid XC func-

tionals have been applied with success to the study®fand

15N shielding constants of molecules containing the first two
row elements by Cheesman et#al Although the exact form

of the current-dependent XC functional is not known, the work
of Lee et al. represents the first implementation of the DFT
shielding calculation which takes into account of the current
dependent XC energy, viz. the CDFT-GIAO appro&chun-

fortunately, the calculated results are disappointing and the

deficiency is ascribed to the inferior quality of the XC functional
employed. On the other hand, Malkin et al. modify the energy

terms in the sum over states approach by including an empirical computational method.
term corresponding to the change in the exchange-correlation

interaction of the excited staté®. The SOS-DFPT-IGLO
method of Malkin et al. tends to provide good agreement with

experiments for a number of organic and inorganic molecules

containing atoms from both the first and second réwshe

51 chemical shift tensors for a series of vanadate compounds

(d° with a range of ca. 2000 ppm in isotropic shielding values
are also satisfactorily reproduced.

These studies provide the stimulus for us to attempt DFT
calculations intended to establish an economical and reliable

method for the calculation ##Co shielding tensors. Coupled

Results and Discussion

Calculations of [Co(NH3)4CO3]Br. Hartree—Fock As
shown in Table 1, the agreement between the HarfFeek
and the experimental results are poor although the diamagnetic
shielding of®°Co converges closely to the free atom value of
2166 ppm calculated by Mal# This is not unexpected because
the electron correlation effect is well-known to be of paramount
importance in systems containing transition metalBhe poor
trend of theQ clearly demonstrates the incompatibility of the
It is interesting to note that the
calculated varied insignificantly from 2486 to 2489 ppm when
the basis set was changed from 6-30* to 6-311++G*. That
is, the additional s-diffuse functions for hydrogen atoms does
not play an important role in the®Co shielding calculation
which is not surprising becaus€Co shielding constant is
usually considered a local property. This observation is also
found when correlation effect is taken into account (vide infra).

BLYP. The choice of BLYP, a pure DFT XC functional,
results in an uncoupled DFT-GIAO shielding calculation. The
calculated values of th&%Co diamagnetic shielding terna<)
agree favorably with the HF values such théis shown to be

Hartree-Fock and DFT calculations are attempted in the present InSensitive to the correlation effect (same for other XC func-
study. The performance of the SOS-DFPT-IGLO has been tionals). Although the BLYP functional has been shown to

discussed elsewhet®. The calculated shielding tensors are
compared with the experimental solid-state NMR data. The
NATO convention for reporting the chemical shift tensor is used
in this work1?

05 = OiriEf — 0j (1)

Oig0 = 1/3(511 + 0,5+ 033 (2

0112 0pp = Ogg 3

span= Q = 0y, — Og3 4
20,,— (04, + 90

skew= x = 222 (011t 039 ®)

Q

Computational Details

59Co chemical shielding constants were calculated by HF-
SCF and DFT methods using the Gaussian 94 paékagening
on a Unix workstation. The formalism of GIA®is employed

produce reliable results for the calculations of bond enerdies,
the performance of BLYP if°Co shielding calculation is far
from satisfactory. The inferior quality of the BLYP functional
in the calculations of vibrational circular dichroism and mid-
IR absorption spectra has also been demonstrated reéently.
B3LYPR Calculations using the B3LYP functional confirm
the importance of d-diffuse and f-polarization functions when
the Q andx data obtained using the 6-3tG* and the 6-311G
basis sets are compared. The satisfactorily reprod@add
Kk data (calculated 1385 ppm and 0.28; experimental 1500 ppm
and 0.33) clearly demonstrate the significance of the electron
correlation effect irf°Co shielding calculation. When a set of
g-polarization function is added for the cobalt atom in
6-311++G(df), the calculated2 and« values (1367 ppm and
0.15) deviate further away from the experimental values. For
the moment, we do not have an explanation but basis set
imbalance may be a possible cad%eln a recent review, it
has been pointed out that the polarization functions of different
angular momenta must be kept in balance for a proper
description of the valence spate.

to treat the problem of gauge dependence. Among the many B3PW91 The general trends obtained for eandx follow

choices of the XC functionals available in Gaussian 94,
B3LYP,M BLYP,1#0.15and B3PW94a16were chosen for the
DFT calculation of the®®Co chemical shielding constants.
While BLYP is considered as a pure density functional, B3LYP
and B3PW91 are hybrid HF-DFT functional. A detail descrip-
tion of these XC functionals is referred to the Gaussian mdual.
Standard Gaussian basis sets including 6-311G, 6-&F1
6-311++G*, 6-311+G(df), and 6-31%+G(df) were used for
the shielding calculation.

The coordinates of the atoms @&-[Co(eny(NO,),]Cl were
taken from the literatufé where the G-H bond length was

closely but slightly superior to that calculated by the B3LYP
functional. Changing the basis set from 6-3#G* to
6-311+G(df) produces a better agreement between the experi-
mental (1500 ppm) and calculatés (1549 ppm) but resulting
in a poor agreement with (0.33 experimental; 0.18 calculated).
Thus, it is shown that the g-polarization function is not necessary
for 5Co shielding calculation. Although the BSPW91 functional
has not been studied extensively, this work demonstrates that
the hybrid functional B3PW9L1 is a good option for shielding
calculation.

Calculations of [Co(NH;3)g]Cls. On the basis of the case

reproted to be ca. 1.00 A. The coordinates of the hydrogen study on [Co(NH),COs]*, we suggest that the cost/efficiency

atoms which are missing in the reported structi¥é&sof
[Co(NHs)6]Cls and [Co(NH)4COs]Br were calculated by as-
suming a N-H bond legnth of 1.01 A and a HN—H bond

ratio is optimal at B3PW91/6-3#1G* or B3LYP/6-31HG*
level for the calculation of°Co chemical shielding constants.
A preliminary testing of this suggestion is carried out by
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TABLE 1: Summary of the 5°Co Shielding Tensors Calculated for [Co(NH),CO3]Br2

methods o4 (ppm) o (ppm) Jiso (PPM) Q (ppm),« Qcald Lexpt Kcald Kexpt

HF

6-311G 2140 —52425 —50284 1989:-0.23 1.32,-0.69

6-311+G* 2153 —47173 —45020 2486, 0.88 1.65, 2.66

6-311++G* 2160 —47298 —45038 2489, 0.90 1.66, 2.73

6-311++G(df) 2160 —47138 —44978 2845, 0.95 1.89, 2.88
BLYP

6-311G 2146 —13170 —11024 755, 0.70 0.50, 2.12

6-311+G* 2153 —12271 —10118 999, 0.09 0.67,0.27

6-311++G* 2156 —12277 —10121 996, 0.09 0.66, 0.27

6-311++G(df) 2156 —12278 —10123 988,-0.03 0.66,-0.09
B3LYP

6-311G 2145 —16491 —14346 1061, 0.87 0.71,2.64

6-311+G* 2153 —15528 —13375 1385, 0.28 0.92,0.85

6-311++G* 2156 —15533 —13377 1379, 0.27 0.92,0.82

6-311++G(df) 2156 —15535 —13379 1367, 0.15 0.91,0.45
B3PW91

6-311G 2144 —17122 —14977 1169, 0.86 0.78, 2.61

6-311+G* 2155 —16041 —13886 1562, 0.30 1.04,0.91

6-311++G* 2159 —16046 —13887 1555, 0.29 1.04,0.88

6-311+G(df) 2155 —16044 —13890 1549, 0.18 1.03,0.55
experimental 1500, 0.33

2 The single-crystal NMR data are taken from ref 30.

TABLE 2: Summary of the °Co Shielding Tensors Calculated for [Co(NH)]Cl; at Two Crystallographically Nonequivalent
Siteg

method o4 (ppm) o (ppm) o (ppm) Q (ppm),« Qcaid Rexpt KcaldKexpt
Site 2
B3LYP
6-3114+-G* 2151 —13904 —11753 63, 0.40 0.38,0.61
6-311+G(df) 2150 —13899 —11748 65, 0.41 0.40, 0.62
6-311++G(df) 2154 —13893 —-11739 64, 0.36 0.39,0.55
B3PW91
6-311+G* 2155 —14268 —12113 64, 0.34 0.39, 0.52
6-311+G(df) 2154 —14263 —12110 66, 0.36 0.40, 0.55
6-311++G(df) 2158 —14257 —12099 64, 0.30 0.39, 0.45
experimental 163, 0.66
Site 3
B3LYP
6-311+G* 2150 —13516 —11366 233,0.59 0.76, 1.05
6-311+G(df) 2149 —13509 —11360 237,0.60 0.77,1.07
6-311++G(df) 2152 —13502 —11350 235, 0.60 0.76, 1.07
B3PW91
6-311+G* 2153 —13849 —11696 243, 0.57 0.79,1.02
6-311+G(df) 2152 —13844 —11692 248, 0.58 0.81,1.04
6-311++G(df) 2156 —13836 —11680 245, 0.57 0.79, 1.02
experimental 308, 0.56

2 The single-crystal NMR data are taken from ref 31.

calculating the%Co shielding data of [Co(Nkg]3" at two note that the calculate@ and« for Co(acacy (1115 ppm and
nonequivalent sites. The data are summarized in Table 2. The—0.42) agree favorably with the experimental data (1230 ppm
calculatedQ (243 and 233 ppm at B3PW91/6-3tG* and and—0.51). Forcis-[Co(enk(NO,),Cl, the calculated isotropic
B3LYP/6-31H-G* level, respectively) and (0.57 and 0.59 at  shift for cis[Co(enk(NO,),]JCl (6164 ppm) agrees well with
B3PW91/6-31%+G* and B3LYP/6-311#G* level, respectively) the experimental value (measured in the solid state)sfiCo-

at site 3 are in good agreement with the experimental data (308(enk(NO,),JNO3 (6532 ppm). It is rather surprising to note
ppm and 0.56 fo€ andk, respectively) whereas that for site  that the calculated2 and « of the first and the third site of

2 is unsatisfactory. Sinc€Co shielding constant is known to  K3[Co(CN)] are different significantly while only one set of
be very sensitive to the accuracy of the structural paraméters, Q andx is reported for the same compound. Furthermore, the
we suspect that the precision of the reported crystallographic sign of the reported for K3[Co(CN)] is ambiguous. Clearly,
data is not of sufficient quality for reproducing the shielding our calculated results prompt the necessity of reexamination of
tensor components with very sm&l. As shown in Table 2, K3[Co(CN)] experimentally.

additional calculations at 6-3%15(df) and 6-313%+G(df) level

do not improve the agreement. Conclusion
Shielding Calculations of Larger Co(lll) Complexes at
B3PW91/631H-G* Level. Compared with [Co(NK),COs]Br In this paper, we report the first successful density functional

and [Co(NHR)g]Cl3, the Co(lll) systems studied in this section calculation of%*Co Q and « values for diamagnetic Co(lll)
contain additional heavy atoms which demand a substantial complexes which agree satisfactorily with the experimental
increase in computational efforts. Therefore, all the calculations values. If medium effect ot°Co chemical shifts (as large as
are carried out at the B3PW91/6-3tG* level only. The 300 ppndd) is taken into consideration, the calculated isotropic
calculated results are tabulated in Table 3. Itis encouraging to chemical shifts compare favourably with the experimental values
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TABLE 3: Summary of the °Co Shielding Tensors Calculated at B3PW91/6-3HG* Level?

complexes o (ppm) Ocalc (PPM) Oexpt (PPM) Ocald Oexpt Q, « (ppm) Qexpy” Kexpt (PPM)

K5[Co(CN)] (1st site) —5129 359-0.19 178:10, +(0.74+£0.13)
K[Co(CN)J] (2nd site) —5211 344-0.28 178-10,+(0.74+£0.13)
K3[Co(CN)] (3rd site) —4997 627, 0.52 17810, +(0.74+0.13)
[CO(NHa)eICls (2nd site) ~ —12113 7001 64,0.34 163, 0.66
[Co(NH)e]Cl5 (3rd site) ~11696 6584 243, 0.57 308, 0.56

Co(acac) —16614 11502 126045 8° 0.91 1115-0.42 123@:10,—-0.514+0.02
[Co(NH3)sCOs]Br —13886 8774 970& 100 0.90 1562, 0.30 1506P100, 0.33:0.19
cis-[Co(eny(NO,)ICI —11276 6164 6532 1059 0.94 783, 0.87

aWhile all the solid-state measurement$%o NMR chemical shiftsd) are referenced to 0.1 M aqueoug®o(CN)], the calculated chemical
shifts are referenced to the averaged calculated shielding consjastt i{s[Co(CN)s]. ® The NMR data are taken from refs 3@83. ¢ The details
of the simulation work will be published shortl§yThe solid-stat€#°Co NMR data ofcis-[Co(enk(NO,),JNOs is taken for comparison.

(Ocaiddexpt ranges from 0.90 to 0.94). This achievement is
anticipated to provide an impetus to the shielding calculation
of other first-row transition metals.

We have also demonstrated that hybrid HF-DFT XC func-
tional (B3PW91 and B3LYP) are more suitable feiCo
shielding calculation compared to the pure density functional
(BLYP). Furthermore, the results of this study show that the
performance of the B3PW91 functional is slightly superior to
the B3LYP functional. We suggest that B3PW91/6-3G*
or B3LYP/6-31H-G* is promising for>Co shielding calcula-
tions.
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