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PROTON MAGNETIC RESONANCE OF METAL AMMINE COMPLEXES. II. THEORETICAL
CONSIDERATION OF THE CHEMICAL SHIFTS IN PENTAMMINE COBALT(III) COMPLEXES
AND THE RELATION TO COBALT-59 NMR
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The theoretical relation has been established between proton and
cobalt-59 chemical shifts in [Co(NH3)5X] by assuming that proton
shifts come mainly from the paramagnetic anisotropy in Co(III) ion.
The relation, coupled with Co-59 shift data, can explain very well

proton shifts in these complexes.

In the previous paper,(l) we have reported the proton chemical shifts in

[Co (NH X] and have shown that these shifts can be interpreted primarily by the

3)5
paramagnetic anisotropy in the central cobalt(III) ion. Here we wish to present a
new theoretical relation between the proton and cobalt-59 chemical shifts, which

applies to a series of pentammine cobalt(III) complexes.

Theoretical

We start with Ramsey's expression for chemical shift

6 (H) = 3mar <o:z;{11(r°)—:r’fr }Ho>

~1 0 ° J (1)
~22,(En-E,) [Kol SZm} /3 [n><nl g (0> + c-c.
's
All notations have their usual significances and the origin of the co-ordinate
system is at the proton under consideration.(l) Equation (1) has been modified by

McConnell(z) in the point dipole approximation, to the form

1 XRIR.
O(H)= R3 - 3= rG (2)

Here the vector fR. is from the atom(s) exerting the dipolar field, in this case

the central Co(III) ion, toward the proton in question.
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X =~ 5 gz <0 Z{Lx*) - ki Ho>

..[ .
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n 2 < (3)
is the magnetic susceptibility tensor of the Co(III) ion. Note that quantities with
and without the superscript 0 refer to the proton and the metal centers, respective-
ly. We will assume that xd(ﬂco) ( the first term of the right side of eq.(3) )
(3)

is nearly isotropic
XP{”Co ) .

We first calculate ;KFV?QQ) using molecular orbitals of the type

and consider only the second term, which will be denoted by

g:?a_; = A dzz + a/zLa:

EE‘-&! = 'Gndxf-y"f'g/z[_bl (4)
522-32 = Otxg,
Lex = € dyz + €127Cy

In the above, the departure of the crystal field from the Oh symmetry is considered

(6) The low-lying excited states contributing significantly to )(Rgﬂz)

(3)

to be small.

can be taken as arising from d-d transitions. Under these conditions, we obtain

X (O ) = 16 F(Eaz—En)" (8 + 425w )? (5)

sz(”(o )= /32(55-5,4/ )—, [3(6116?.41 + €z gey + @2 An Sex )

+(€utui+ €8z Sol + C2buSex ) |* (6)
where overlap integrals are defined as
Ser = LLet /dx’—7‘>
Seg =< Larldz >
Sex =<7ty |dyz >

Next, we consider the chemical shift tensor for cobalt-59 nucleus, QI'("C} ) .

(7)

since @ %(57(, ) ( the so-called "diamagnetic term" ) has been shown both theoret-

(3)

ically and experimentally to be constant when varying the ligand X in [Co(NH3)5x],
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we attribute the chemical shift variation to the paramagnetic term, @’?(f’fa ).

Almost the same calculation as used to derive )f;g(37(b ) leads us to
P - -~/
Ozz (*7(o ) = — 32/32<)’?>§4( (Eaz=Ep1 ) bu (&n+ £i2 Ses ) (8)

Cax (5%, ) = _2/32<F?>34 (Ex-E41 )" (€400 + €160 )

"[3(3/152” +Enly2 Se; + @12y Sex )+ (@48 + €€ Sei + €26 Sex ) J (9)

3 over a metal 34 wavefunction.

Here {y’3> 3d means the average of r
To a first approximation, we will neglect all overlap integrals. The relation
between the principal values of the susceptibility and the chemical shift tensors

is given, in this approximation, by

P G
Xaz (o) = ‘“§'<)'?>34 O (¢ ) (10)

P (¥4 - ___._’__ =3 =1 P
Xax (7Co ) = =P, o= (¢ ) (1)
Substituting egs.(10) and (11) into eq.(2), we obtain for trans ( to ligand X )

ammine protons

o 2
o3 (H) = 2P, 03 (570 Nzeodo —1) /R ‘
=P (M) = P30 6P (570, Vzainbcoid-1) /R® : a2)
? | =
0y ('H) “‘2‘<)’3>3:L On (70 s ainipaiid 1) /R3 ’

Similarly, for cis ammine protons

O3F(1H) = = <54 L (16, asbisainiy - 1)/

- 2 7/ (13)
0L (H) = 5 <P 058 (76 ) (scede= 1 ) /R?
Oh (H) = (P3N 0k (510 ) (Gaieeatp’~ 1)/ R3

’
7, and @ , see Fig. 1.

As to the definitions of @, &, @
After taking the NH3-rotation about Co-N bond axes into consideration, the

proton chemical shift in solution can be obtained as

s F('H )="g{‘<l’3,1 [@5(”6)-@&(”&)](30%26 -1 )/R? (14)

O F (H Y= (roy (022676, ) - 0L.070) (3 codo = 1)/R3 as)
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In the above, the subscripts t and c refer to trans and cis ammine protons, respec-

tively. The following equation applies to complexes of C4, Symmetry

O ) =4[ 207 () + G (7¢5) | - ae)
Thus, eqgs. (14) and (15) are reduced to
/ -
OL(H) = 7P [0 (70) = 07 ) J(esst — 1 )/R? an
0 (1) = £ [0 (76) = 07TC7) | (3cos0 ™= 1)/R3 (18)

Equations (17) and (18) establish the relation

between the proton and the cobalt-59 chemical

shifts of [Co(NH4) X] in solution. Since
cré& (5QQ,) can be considered to be constant
(3)

over a series of complexes, the above result
indicates that the proton chemical shifts in
these complexes should be directly proportional

to the cobalt-59 chemical shifts.

Comparison with Experiments Fig. 1. The co-ordinate system.

The geometrical factors necessary for the
calculation of egs.(17) and (18) can be estimated by the following procedure. By
taking the Co-N and N-H distances as 2.0%( 3.78a.u. ) and 1.0& (1.8%9a.u. ), respec-
. (4) . o o 7 o

tively, we obtain R = 4.77a.u.( 2.522 ) and @B = 22.0 , 6 = 22.0 . The value

of < r—3>3d_ is estimated from eq. (8) using the data for [Co(NH3)6]3+; Exo = Epp
! -1 (5) P /s _ -2 (3) _

1g ) = 2.10x10% em™T, Oz (*7Co) = - 1.91x107%, b, =

= - 0.61, and Sbl 0.2.(6) Substitution of these values into eq. (8)

( in this case ETlg - EA

0.924, b12

yields the value of 5.77a.u. for <{r 3)3d . As stated earlier, CT;;(”ZB) can be

taken as -1.91x1072

for all compléxes we are dealing with. Fujiwara and coworkers
have measured the cobalt-59 chemical shifts in pentammine complexes. Their values
are; X( O ) in 1072 2—( -

OH"( -2.01 ), C17( -1.98 ), and Br ( -1.93 ). (7)

) =CN ( -1.77 ), NO 1.85 ), NH3( -1.91 ), H20( -2.00)
Substituting the values obtained just above into egs.(17) and (18), we can cal-

culate Cﬁ:(“#) and (J'ZYqF/) . The calculated proton chemical shifts are illus-

trated in Fig. 2, together with the observed shift values. The agreement between

the calculated and the observed values is remarkably good for complexes with X =H20,
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OH , Cl1°, and Br . For X = CN and 450 500 550 (nm)
Ppm T T T T T T T T T L— T
- . r b
NO, , the agreement is also good. - g ® 2 ,
a
In view of the roughness of the i 9 8 J
approximations used, these agree- 35L o T
. s s -
. - L ® .
ment may be fortuitous but it is L ]
. . . i ] H o
quite satisfying that we could - @ ] (m} |
4.0 ) .
obtain correct orders of magnitude B » O trans g
i O cis b
for chemical shifts. Therefore, i ‘open=calcd. b
o o close‘d=obsd. T
it can be concluded that the proton N R | BEsinget
. . X= N NOz N 3 - -
chemical shift behavior in pentammine 2 s 0 or o
cobalt (III) complexes can be Fig. 2. Comparison of the calculated shift
ascribed to the anisotropy in the values with the observed values. Shifts(l)
second-order paramagnetism of the are from DSS internal standard and the
central cobalt(III) ion. The dis- abscissa is the reciprocal of the excita-
crepancies, though small, left behind tion energy EE - EAl

after these calculations may be found

in the disregard of the possible variation of the Co-N distances, the neglect of all

overlap integrals, or the point dipole approximation itself. Solvent effects may

have some contribution.(e)
Finally, it is worth pointing out that the similar procedure to that used above

will probably expiain the main features of the proton chemical shifts in some hydride

complexes of platinum, e.g., [PtHL(PEt3)2], since a linear relationship has been

observed between the hydride proton and the platinum-195‘chemical shifts.(g)
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