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We calculated 55Mn and 13C magnetic shielding constants for Mn(CO)5X (X = H, F, Cl, Br, I, and CH3) and
M(CO)(NH3)3 (M = Cr2+, Fe2+, Cu+, and Zn2+), respectively. For the first molecular group, we compared the calculated
55Mn chemical shifts with the experimental values, and clarified effects of the basis sets. The calculated magnetic
shielding constants using the second-order Douglas­Kroll­Hess (DKH2) method showed good agreement with the
experimental results. According to the atomic orbital (AO) contribution analysis, the origin of the chemical shifts was
attributed to the d­d transitions of Mn. In particular, the 3d³ orbital mainly contributed to the paramagnetic term of the
Mn chemical shift. For the second molecular group, the 13C chemical shifts were dependent on the metal atoms. When the
metal centers were Cr2+ or Fe2+, lower field shifts were seen. When the metal centers were Cu+ or Zn2+, upper field shifts
were observed. These results were in good agreement with the experimental trends. The change of the paramagnetic term
mainly depended on the d orbital configurations of the metal of centers, and the donation from the metal d orbital to the
CO anti-bonding ³* orbitals is expected to affect the chemical shift.

Nuclear magnetic resonance (NMR) is a powerful tool to
study electronic structures of molecules and has been actively
applied to various systems, especially for transition-metal
complexes.1 Theoretical elucidation of the mechanism of NMR
chemical shift is an interesting and important theme in
chemistry. For metal complexes, several electronic mechanisms
of chemical shifts on the metal nuclei have been proposed by
analyzing shielding constants of various nuclei on the periodic
table by Nakatsuji et al.2 They clarified the following things.
The metal chemical shifts are due to mainly to the para-
magnetic term. For Cu, Zn, Ag, and Cd complexes, the main
electronic configurations of the metal atoms are d10s1­2p0, and
the chemical shift is due to electrons and holes in the valence
np and (n ¹ 1)d orbitals of the metals, respectively. These
systems are understood by the atomic energy levels of the free
metal atoms and are called the p mechanism and/or the d
mechanism. On the other hand, the d­d transition mechanism
has been proposed for complexes including typical transition
metals such as Mn by Kanda et al.3 They studied 55Mn nuclear
magnetic shielding constants of Mn(CO)5L (L = H, CN, CH3,
and Cl). For these molecules, the chemical shifts are deter-
mined by the electronic configurations of the metal d orbitals
and perturbation effects of the ligand on these orbitals.
However the agreement between calculated and experimental
values was not very good.

In a living body, many kinds of enzymes are found. Their
functions are different from each other even if the same
metallic ions are included in the enzymes.4 To clarify the
mechanism that controls functions of enzymes, multi-nuclear

NMR is a useful tool when small molecules can act as a model
of the enzyme.5 Recently, theoretical studies of the NMR
properties of metals are actively reported for various kinds
of metalloenzymes, however problems in accuracy remain in
the calculations, and those studies have not always provided
satisfying results.

In the former part of this article, we reexamined the
55MnNMR shielding constants of Mn(CO)5X (X = H, F,
Cl, Br, I, and CH3) in order to improve our previous data3

quantitatively. In general, relativistic effects become indispen-
sable when the target molecules include heavy atoms. Some of
these molecules include heavy elements, and relativistic
treatments are expected to be needed for the calculations. In
the latter part, we will show the calculations of 13CNMR
shielding constants of M(13CO)(NH3)3 (M = Cr2+, Fe2+, Cu+,
and Zn2+). These molecules can be simple models of enzymes
in living bodies.6 We analyzed the tendency of the chemical
shifts by the Gordon decomposition, and we suggest that the
origin of the chemical shifts is the electron configuration of d
orbitals and the energy gap between d orbitals. In the final
section, we summarized the conclusions.

Computational Details

The nuclear magnetic shielding tensor ·Ntu (t, u = x, y, and
z) of the nucleus N is expressed as a second-order derivative of
the total energy7­11 given by

·Ntu ¼
@2E

@®Nt@B0u

����
B0¼®N

ðt; u ¼ x; y; zÞ ð1Þ
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where ®Nt is the nuclear magnetic moment of the nucleus N in
the t direction, and B0 is the strength of an external magnetic
field. The magnetic shielding tensor can be decomposed into
the following two contributions as

·Ntu ¼ ·ðdiaÞNtu þ ·ðparaÞNtu ð2Þ
where the first and second terms are called the diamagnetic and
paramagnetic shielding tensors, respectively. The ·(dia)Ntu can
be expressed by

·ðdiaÞNtu ¼
e2®0

4me
h0j r � rN¤tu � rtrNu

r3N
j0i

¼ e2®0

4me

Z
µðrÞ r � rN¤tu � rtrNu

r3N
dr ð3Þ

where ®0 is the permeability of vacuum. Equation 3 is
composed by integration of the position operator r and the
electron density µ(r). Therefore, ·(dia)Ntu depends on the
electron density around the resonance nucleus. On the other
hand, the ·(para)Ntu in the perturbative form can be expressed
by

·ðparaÞNtu ¼
e2®0

2m2
e

X
m 6¼0

h0jL̂tjmihmj
L̂Nu

r3N
j0i

E0 � Em

ð4Þ

where «mª runs over excited-state wave functions. The
·(para)Ntu includes the angular momentum operator L and
has an anti-shielding effect through the magnetic response of
the angular momentum. We mainly discuss isotropic averages
of these two terms, ·(dia)N and ·(para)N, defined by

·ðdiaÞN � ·ðdiaÞN,isotropic
¼ 1

3
ð·ðdiaÞNxx þ ·ðdiaÞNyy þ ·ðdiaÞNzzÞ ð5Þ

·ðparaÞN � ·ðparaÞN,isotropic
¼ 1

3
ð·ðparaÞNxx þ ·ðparaÞNyy þ ·ðparaÞNzzÞ ð6Þ

Furthermore, we hereafter omit the subscript N of the shielding
constant for simplicity when the resonance nucleus is obvious.
In usual cases, changes in magnetic shielding constants or
chemical shifts are attributed to those in ·(para). The chemical
shift ¤ of the target molecule is defined using isotropic term
·N ≡ ·N,isotropic = ·(dia)N + ·(para)N as

¤ ¼ ·N½ref� � ·N ð7Þ
where ·N[ref] is the ·N value of the reference molecule.
The reference molecules in this study are 55Mn(CO)5H for
Mn(CO)5X and free 13CO for M(CO)(NH3)3, respectively.

In the former part of this work, the target molecules are
Mn(CO)5X (X = H, F, Cl, Br, I, and CH3). The molecular
geometries were optimized by second-order Møller­Plesset
(MP2)12/6-311G(d,p)13,14 method. For the calculations of 55Mn
nuclear magnetic shielding constants, we employed the re-
stricted Hartree­Fock (RHF) and the spin-free second-order
Douglas­Kroll­Hess (DKH2) methods.15­18 The basis set we
used were 6-311G(d,p). In the latter part of this work, the target
molecules are M(CO)(NH3)3 (M = Cr2+, Fe2+, Cu+, and Zn2+).
Optimization of the molecular geometries and calculations of
13C nuclear magnetic shielding constants were performed at the
B3LYP level. The basis sets were (14s11p5d4f)/[6s5p3d1f] for

the metal atoms, (11s6p1d)/[4s3p1d] for the C, N, and O atoms,
and (4s)/[1s] for the H atoms, respectively.19

We used gauge-including atomic orbital (GIAO) method in
order to avoid the gauge-origin dependence problem for the
NMR calculations. Since the decomposition of ·(dia) and
·(para) depends slightly on the gauge origin even in the GIAO
method, we set the gauge origin on the resonance atoms,
i.e., the Mn and C atoms for Mn(CO)5X and M(CO)(NH3)3,
respectively. All the calculations were performed by the
Gaussian 03 program package.20

Results and Discussion
55Mn Magnetic Shielding Constants for Mn(CO)5X.

Figure 1 shows the molecular structure of Mn(CO)5X (X = F,
Cl, Br, I, and CH3) optimized at the MP2/6-311G(d,p) level.
All the molecules are octahedral with the Mn centers. The
CO(ax) and CO(eq) mean CO ligands at the axial and
equatorial positions, respectively. The molecular geometry
parameters of these molecules are shown in Table 1. In the case
that X is a halogen atom, the bond length tended to be longer as
X is heavier. The Mn­CO(ax) bond length is shorter than the
Mn­CO(eq). In the case of X = H and Cl, the experimental
values for the bond lengths are reported.21,22 The calculated
Mn­X and Mn­CO bond lengths were ca. 0.1¡ shorter than
the corresponding experimental values. However, considering
the test calculations of NMR chemical shift, we adopted these
calculated values.

Figure 2 shows comparison between the RHF-calculated and
experimental23 chemical shifts of the Mn complexes, although
no experimental data were found for Mn(CO)5F. The reference
molecule is Mn(CO)5H. The basis set of Mn in the previous
study3 was MIDI + diffuse and those of the ligands were

Mn
OC

OC CO

CO

X

CO

eq

eq

ax

Figure 1. Molecular structure ofMn(CO)5X (X = F, Cl, Br,
I, and CH3).

Table 1. Calculated Molecular Geometry Parameters for
Mn(CO)5X (X = H, F, Cl, Br, I, and CH3)a)

X Mn­X Mn­CO(ax) Mn­CO(eq)

H 1.46 (1.57)b) 1.74 (1.85)b) 1.76 (1.86)b)

F 1.89 1.69 1.80
Cl 2.28 (2.37)c) 1.68 (1.81)c) 1.78 (1.89)c)

Br 2.42 1.68 1.78
I 2.60 1.67 1.77
CH3 2.08 1.70 1.76

a) The numbers in parentheses are the corresponding experi-
mental values. All the values are given in ¡. b) Ref. 21.
c) Ref. 22.
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MINI, while we used 6-311G(d,p) in this study. As shown in
Figure 2, the Mn magnetic shielding constants are much
improved in comparison with the previous values by employ-
ing the extended basis sets. It is noted that this change is due to
just improvement of the basis set, not the theoretical method.
On the other hand, low magnetic field shift is observed from
Mn(CO)5I to Mn(CO)5F. This shift is due to electronegativity
of the ligand atoms (F, Cl, Br, and I). When the ligand has high
electronegativity such as fluoride, the electron density of the
Mn center was robbed by the ligand and the shielding effect of
electrons is expected to become smaller, and it gives the lower
field shift. However, the main origin of the chemical shift is not
diamagnetic but paramagnetic effects on the Mn, and it is
discussed later. For Mn(CO)5I, the result of the Mn chemical
shift is somewhat deviated from the 45° line. This would be
due to the lack of relativistic and/or electron correlation effects.

To analyze the calculation results in detail, we decomposed
the nuclear magnetic shielding constants to the diamagnetic and
paramagnetic terms in the non-relativistic calculations. The
results are shown in Table 2. The diamagnetic terms are almost
constant for every molecule. Since the ·(dia) depends on the

electron density around the resonance nucleus, the electron
density surrounding the Mn center is expected to be almost
unchanged. On the other hand, the paramagnetic term largely
changed depending on the ligands because of changes in the
angular momenta of the p and d orbitals of Mn. Therefore, the
chemical shifts for these molecules are attributed to changes in
the ·(para), and we discuss this term hereafter.

The atomic orbital (AO) contributions to the paramagnetic
term are listed in Table 3. Interestingly, it shows that even
the AO contributions of X (X = H, F, Cl, Br, I, and CH3)
themselves are relatively small and do not depend on X largely.
This indicates that the tendency of the chemical shift is
independent of the contributions of the ligands themselves.
Focusing on the p and d orbitals of the Mn nucleus, one can
see that the d orbitals overwhelmingly contribute to the
paramagnetic terms compared to the p orbitals. Thus, the
contributions of the Mn d orbitals are essential to the chemical
shifts in these systems.

We further decompose the AO contributions of the Mn 3d
orbitals into several components in order to investigate the
paramagnetic effects of these orbitals in detail, and the results
are listed in Table 4. It indicates that the 3d³ orbitals mainly
contribute to the paramagnetic terms of the Mn chemical
shifts. Although the 3d· and 3d¤2 orbitals also contribute to
the ·(para) values, they cancel each other consequently. The
contributions of the 3d¤2 orbitals are small. The molecular
orbitals (MO) derived from the Mn 3d orbitals in Mn(CO)5X
are shown in Figure 3. The 3d·ð3dz2 Þ and 3d¤1(3dxy) are
unoccupied orbitals, and the 3d³(3dxz,yz) and 3d¤2ð3dx2�y2 Þ
orbitals are occupied. These results indicate that the chemical
shifts for these molecules are attributed to the d­d transition
from the 3d³(3dxz,yz) to the 3d·ð3dz2 Þ and 3d¤1(3dxy) orbitals of
the Mn atom.
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Figure 2. Comparison between the calculated and exper-
imental values of 55MnNMR chemical shifts of the Mn
complexes in this and a previous study. The experimental
values are taken from Ref. 23, while no experimental data
are available for Mn(CO)5F.

Table 2. Diamagnetic and Paramagnetic Contributions to
the Mn Magnetic Shielding Constants Calculated by
RHF/6-311G(d,p) for Mn(CO)5X (X = H, F, Cl, Br, I,
and CH3)a)

Molecules ·(dia) ·(para) ·(total) ¤(calc) ¤(exp)b)

Mn(CO)5H 1906 ¹4707 ¹2801 0 0
Mn(CO)5F 1908 ¹7150 ¹5242 2441
Mn(CO)5Cl 1905 ¹6331 ¹4426 1625 1626
Mn(CO)5Br 1904 ¹6148 ¹4244 1443 1470
Mn(CO)5I 1905 ¹5528 ¹3623 822 1145
Mn(CO)5CH3 1903 ¹5089 ¹3186 385 365

a) All the values are given in ppm. b) Ref. 23.

Table 3. AO Contributions to the Paramagnetic Terms for Mn(CO)5X (X = H, F, Cl, Br, I, and CH3)a)

Molecules
Mn Ligands

Others
Total
·(para)p d CO(ax) CO(eq) © 4 X

Mn(CO)5H ¹122.5 ¹4644.3 19.9 48.6 9.2 ¹17.9 ¹4707
Mn(CO)5F ¹40.8 ¹7857.4 22.7 38.2 9.4 677.9 ¹7150
Mn(CO)5Cl ¹39.7 ¹6915.9 24.1 40.1 8.0 552.4 ¹6331
Mn(CO)5Br ¹34.0 ¹6616.6 25.0 42.8 8.9 425.9 ¹6148
Mn(CO)5I ¹21.2 ¹6038.5 25.3 43.7 8.5 454.2 ¹5528
Mn(CO)5CH3 ¹107.8 ¹5220.0 23.0 45.7 11.2 158.9 ¹5089

a) All the values are given in ppm.

NMR Calculations for Mn(CO)5X and M(CO)(NH3)3Bull. Chem. Soc. Jpn. Vol. 83, No. 5 (2010)516



Table 5 shows the results calculated by the DKH2 method
which includes the relativistic effects. The DKH2 calculations
improved the chemical shifts compared to RHF. Their results
are in agreement with the experimental values, and all the
errors between the calculated and experimental values are less
than 6.3%. It indicates that the effect of spin­orbit interaction is
not critical for these molecules, because only the spin free
relativistic (SFR) terms were considered as the relativistic
effects in this study. Also for the DKH2 calculations, ·(dia)
were almost constant for variation of the molecules (from 1931
to 1936 ppm), whereas ·(para) changed greatly (from ¹4628 to
¹7086 ppm), indicating that the chemical shifts for these
molecules are due to the ·(para) terms again.

To obtain more precise results, consideration of the higher-
order relativistic and electron correlation effects are important.
In the future, we want to calculate the shielding constants using
the infinite order DKH (IODKH) method24 combined with
electron correlation theories such as coupled cluster singles and
doubles (CCSD) and symmetry adapted cluster configuration
interaction (SAC-CI)25,26 methods, because it is known that the

coupling effect between the relativistic and the electron
correlation treatments is non-negligible.27

13C Magnetic Shielding Constants for M(CO)(NH3)3.
Table 6 shows molecular geometry parameters of M(CO)-
(NH3)3 (M = Cr2+, Fe2+, Cu+, and Zn2+). The molecular
structure of M(CO)(NH3)3 is illustrated in Figure 4. Since
no experimental values for these molecules are available,
we used these structures to calculate 13C magnetic shielding
constants.

Table 7 shows the calculation results of 13C nuclear
magnetic constants and the chemical shifts. The lower field
shifts were observed for M = Cr2+ and Fe2+, and the higher
field shifts for M = Cu+ and Zn2+ compared to free CO. These
results are in accordance with the experiment tendency.28 The
diamagnetic terms are almost constant for all complexes. On
the other hand, the paramagnetic terms change greatly and are
the origin of the chemical shifts, similarly to the molecules in
the previous section.

Table 4. The 3d AO Contributions of the Mn Atom to the
Paramagnetic Terms for Mn(CO)5X (X = H, F, Cl, Br, I,
and CH3)a)

Molecules 3d· 3d³ © 2 3d¤1 3d¤2 Total

Mn(CO)5H ¹1018 ¹2312 ¹263 1052 ¹2541
Mn(CO)5F ¹1779 ¹3911 ¹426 1741 ¹4375
Mn(CO)5Cl ¹1571 ¹3443 ¹379 1523 ¹3870
Mn(CO)5Br ¹1482 ¹3294 ¹377 1464 ¹3689
Mn(CO)5I ¹1345 ¹3006 ¹246 1342 ¹3355
Mn(CO)5CH3 ¹1111 ¹2598 ¹337 1174 ¹2872

a) All the values are given in ppm.

unoccupied unoccupiedoccupied occupied 

Figure 3. Shapes of Mn 3d orbitals for Mn(CO)5X.

Table 5. Diamagnetic and Paramagnetic Contributions to
the Mn Magnetic Shielding Constants Calculated by
DKH2/6-311G(d,p) for Mn(CO)5X (X = H, F, Cl, Br, I,
and CH3)a)

Molecules ·(dia) ·(para) ·(total) ¤(calc) ¤(exp)b)

Mn(CO)5H 1932 ¹4628 ¹2695 0 0
Mn(CO)5F 1936 ¹7086 ¹5150 2455
Mn(CO)5Cl 1932 ¹6253 ¹4321 1626 1626
Mn(CO)5Br 1933 ¹6088 ¹4155 1460 1470
Mn(CO)5I 1932 ¹5846 ¹3942 1134 1145
Mn(CO)5CH3 1931 ¹5015 ¹3084 388 365

a) All the values are given in ppm. b) Ref. 23.

Table 6. Molecular Geometry Parameters for M(CO)(NH3)3
(M = Cr2+, Fe2+, Cu+, and Zn2+)a)

Metal Metal­C C­O

Cr2+ 1.94 1.14
Fe2+ 2.28 1.03
Cu+ 1.85 1.14
Zn2+ 2.21 1.13

a) All the values are given in ¡.
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Figure 4. Molecular structure of M(CO)(NH3)3 (M = Cr2+,
Fe2+, Cu+, and Zn2+).

Table 7. 13C Magnetic Shielding Constants and Chemical
Shifts for M(CO)(NH3)3 (M = Cr2+, Fe2+, Cu+, and
Zn2+)a)

Metal ·(dia) ·(para) ·(total) ¤b)

Cr2+ 266.91 ¹443.13 ¹170.69 170.99
Fe2+ 266.91 ¹325.55 ¹58.64 58.94
Cu+ 265.58 ¹244.72 20.86 ¹20.56
Zn2+ 269.25 ¹243.72 25.53 ¹25.23
Free CO 271.00 ¹270.70 0.30 0.00

a) All the values are given in ppm. b) Reference substance is
free CO.
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MO contribution analysis of the paramagnetic shielding
constants is shown in Table 8. There is little substantial
difference in the carbonyl MO contributions between the
molecules. On the other hand, the contributions of the metal
atom changes are variant to change in the total shielding
constants and are expected to be the origin of the chemical
shifts in these systems. The contributions of the d³ and d·
orbitals are the largest for Cr2+. However, they decrease for
Fe2+, and are very small values for Cu+ and Zn2+. These
changes would be attributed to difference in the electron
configuration of each metal. From eq 4, ·(para) for these
systems is approximately represented as

·ðparaÞNtu ¼
e2®0

2m2
e

X
all d!d transitions

h0jL̂tjd ! dihd ! djL̂Nu

r3N
j0i

E0 � Ed!d

ð8Þ
The contributions through the excitations other than the d­d
transitions can be ignored because they have higher energies,
i.e., large denominators compared to the d­d transitions.
Equation 8 means that the magnitude of ·(para) is associated
with the excitation energy of the d­d transitions. Figure 5

shows electron configurations of the d orbitals for each metal
ion. For Cr2+, the d electrons are accommodated to only the d³
orbitals, and the d· orbital is the LUMO. The energy gap
between the d³ and d· orbitals was calculated to be 14.7 eV.
On the other hand, the d electrons occupy the d³ and d·
orbitals for Fe2+. The energy difference between the d· and d¤
(LUMO) orbitals was 16.0 eV. Taking eq 8 into account, the
magnitude of the ·(para) for the Cr complex is expected to be
larger than that for the Fe complex. Furthermore, this trend is
supported in terms of the difference of the angular momentum
quantum number ¦Λ along the principal axis. The ¦Λ between
the d· and d¤ orbitals is 2, while that between the d³ and d·
orbitals is 1. Therefore, the magnetic transition from the d· to
d¤ orbitals for the Fe complex will become small compared to
the d³­d· transition for the Cr complex. For Cu+ and Zn2+,
no d­d transitions can occur because all the d orbitals are
occupied, and therefore, the values of ·(para) are expected to
be very small.

Table 9 shows AO contribution analysis of the paramagnetic
shielding constants. Obviously, the shielding is mainly caused
by the 2p orbitals of the carbonyls. As we see Table 8 again,
the total ·(para) values ascribed to the CO ligands are larger
than those of the metal d orbitals. However, the degree of the
change in the ·(para) strongly depends on the d orbitals of
metal as discussed above. Considering these results together,
we suggest that the origin of the chemical shift for these
complexes is attributed to the MOs with the slightly donating
character from the metal d orbital to the CO ³* orbital, as
showed in Figure 6.

Conclusion

Calculations and electronic analyses of NMR chemical
shifts for Mn(CO)5X (X = H, F, Cl, Br, I, and CH3) and
M(CO)(NH3)3 (M = Cr2+, Fe2+, Cu+, and Zn2+) were per-
formed. Basis set enlargements for the first molecular group
dramatically improved the results compared with the previous
study, and the calculated chemical shifts were in good
agreement with the experimental values. It was shown that

Table 8. MO Contributions to the Paramagnetic Shielding
Constants for M(CO)(NH3)3 (M = Cr2+, Fe2+, Cu+, and
Zn2+)a)

Cr2+ Fe2+ Cu+ Zn2+ Free CO

CO · ¹269.37 ¹230.08 ¹237.50 ¹202.14 ¹253.43
³ ¹20.80 ¹14.06 ¹14.96 ¹13.41 ¹17.24
Total ¹290.17 ¹244.14 ¹252.46 ¹215.55 ¹270.67

M d³ ¹148.22 ¹44.80 ¹10.92 ¹1.37
d· 0.00 ¹35.83 20.47 ¹22.83
d¤ 0.00 0.00 ¹0.60 0.24
Total ¹148.22 ¹80.63 8.95 ¹23.96

(NH3)3 ¹5.15 ¹0.84 ¹1.14 ¹4.17
Grand total ¹443.13 ¹325.55 ¹244.72 ¹243.72 ­270.70

a) All the values are given in ppm.
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Figure 5. Electron configurations of the metal d orbitals for M(CO)(NH3)3 (M = Cr2+, Fe2+, Cu+, and Zn2+).
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the d­d transitions of the Mn atom contributed mainly to the
55Mn chemical shift. The present result supported the tradi-
tional analysis. The DKH2 calculations improved the values of
the shielding constants further in spite of the fact that only the
SFR terms were considered in this study. Also for the second
molecular group, we reproduced the experimental tendency of
the shielding constants. We propose that the origin of the
chemical shifts for M(CO)(NH3)3 is due to the difference in the
electron configuration of the metal ions. The larger ·(para) for
M = Cr2+ compared to M = Fe2+ is accounted for in terms of
the difference of the angular momentum quantum number and
the energy gap between the occupied and unoccupied d
orbitals. Especially for M = Cu+ and Zn2+, the d orbitals are
fully occupied, and the ·(para) values become very small for
these complexes.
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Table 9. AO Contributions to the Paramagnetic Shielding
Constants for M(CO)(NH3)3 (M = Cr2+, Fe2+, Cu+, and
Zn2+)a)

Free CO Co2+ Fe2+ Cu+ Zn2+

CO s 11.59 4.39 3.95 10.20 9.26
px + py ¹1.34 ¹97.87 177.36 ¹22.49 ¹3.59
pz ¹278.16 ¹376.50 ¹372.46 ¹237.50 ¹251.28
p total ¹279.50 ¹474.36 ¹195.10 ¹259.99 ¹254.87

M s 0.00 0.00 0.00 0.00
px + py ¹3.11 ¹3.34 ¹0.29 ¹0.40
pz 0.12 ¹0.44 ¹0.15 0.34
d 6.12 ¹43.96 2.55 ¹0.55

(NH3)3 4.51 2.05 2.86 0.14
Grand total ¹270.70 ¹443.13 ¹325.55 ¹244.72 ¹243.72

a) All the values are given in ppm.
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Figure 6. The d orbitals of M and ³ orbitals of CO in
M(CO)(NH3)3 (M = Cr2+, Fe2+, Cu+, and Zn2+).
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