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Comparison of the Temperature and Location Dependence of 'H and
BCNMR Shifts between Saturated 1,3- and 1,2-Diamines
Coordinated to Low-Spin Tetracyanoferrate(III)
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The temperature dependence of the 'H NMR for low-spin iron(III) complexes, [Fe'"(CN)4(1,3-diamine)]~, with
1,3-propanediamine, (2R,45)-2,4-pentanediamine, and (2R,4 R)-2,4-pentanediamine were measured at 323—183 K.
The coordinated amine segment, Fe-N(Hx)2-C(H,)2—C(Hp)z, resonated in the following magnetic field regions at
323—183 K: HY, 7.2—20.5; HE, 10.8—35.0; HE', 23.9—65.7; H5*™, 1.8—9.9 ppm.  All of the 'H signals moved in

the downfield direction with a decrease in the temperature, and exhibited a non-Curie behavior.

The Hy shifts at

300 K were 110—279 ppm. The temperature and location dependence of the isotropic shift (8™) for the 1H and 13C

nuclei were accounted for by the combination of Fermi contact and dipolar contributions.
and spin populations were estimated for the 'H and 13C nuclei.
a direct mechanism, were suggested for spin propagation from the Fe

Paramagnetic metal ions affect the NMR shifts of the
compounds coordinated to them.!) Such effects of
metal ions have heen extensively investigated for unsat-
urated compounds.2® On the other hand, studies of
saturated compounds have almost been limited to Ni"
amine complexes.#~” Transition metal ions, such as
the low-spin Fe'"' ion, are expected to have different
magnetic effects from those of Ni", according to their
electronic configurations.

The 'H and BCNMR spectra of saturated 1,2-di-
amines coordinated to a low-spin Fe'' ion, [Fe'"
(CN)4(1,2-diamine)]~, have been studied by using 1,2-
ethanediamine (en), (R)-1,2-propanediamine (R-pn),

(1R,2R)-1,2-cyclohexanediamine (R-chxn), N,N’-di-
methyl-1,2-ethanediamine (s-Mezen), etc.8-10)
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These Fe'"' complexes do not obey the Curie law and
show characteristic isotropic shifts (6°°) which are
strongly dependent on the nuclear locations relative to

. positions.%10)

The Fermi constants
Not only the spin polarization mechanism, but also
't the respective atoms.

the paramagnetic center, the Fe'" ion: downfield and

upfield shifts were observed for the axial and equatorial
protons bonded to the same carbon atom on the chelate
ring, respectively. To clarify these features, 8*° was
separated into the Fermi contact shift (6°") and the
dipolar shift (6%"), based on the electronic states
obtained from a g-value analysis of the Fe"' en com-
plex;?® these shifts have been related to the nuclear
This investigation has revealed that (1)
nuclei nearer to the average plane of the chelate ring
have larger 6" values, and (2) that the non-Curie behav-
ior of 8 can be accounted for by the temperature
dependence of 6*°.

The 1,3-diamine chelates, [Fe"™"(CN)«(1,3-di-
amine)]™2~, such as (2R,4S5)-2,4-pentanediamine (meso-
ptn), 1,3-propanediamine (tn), (2R,4R)-2,4-pentane-
diamine (R-ptn), and 1,3-butanediamine (1,3-bn)
assume a chair or skew-boat conformation, as shown in
Fig. 1.11 These 1,3-diamine chelates have a central
methylene part which is absent in the 1,2-diamine che-
lates, and the nuclei of the former are further apart from
the coordination plane than those of the latter with
gauche conformations.’2715 These structural dif-
ferences are expected to make the *® and 8°" values for
the 1,3-diamine chelates different from those for the 1,2-
diamine chelates.

The variations of the *HNMR shifts of the 1,3-
diamine chelates with temperature were previously uti-
lized for estimating the chair<chair interconversion
rate,18) though the temperature dependence was treated
empirically. We now report on the C'H and N'H shifts
of the meso-ptn, tn, R-ptn, and 1,3-bn chelates mea-
sured at 323—183 and 300 K, respectively. The &*°
values for the CH and NH shifts, as well as the pre-
viously reported 13C shifts,!V) are separated into 8% and
6°".  The " values, thus obtained, are compared with
those for the Fe'" 1,2-diamine chelates.%19



3504

HA
|
H Cl-HC b 1
NS Rl
Fe <cl Joss—— Hy 3 ~H
,N/ Hyt Fe\r{l Hy
Ha Nerlpya
Hy N |
HC
tn
HA
HE CII_C3HM Ii{ﬁ J
N~ N~ N a A
S S B S
>N on T RN G
O Nl
HR HY I
C3HY
meso-ptn 3
HA
l HA

|
HﬁA~N —C'—C3Hi ]

e 5, c";;énj’“J — \C2:3:I
HRs laB Hﬁg“\(l:t'_,,,c
1,3-bn He
Fig. 1.

Experimental

Materials. Sodium tetracyano(l,3-diamine)ferrate(IIl) and
ferrate(Il) complexes containing 1,3-propanediamine (tn),
(2R,4S5)-2,4-pentanediamine (meso-ptn), (2R, 4R)-2,4-pen-
tanediamine (R-ptn), and 1,3-butanediamine (1,3-bn) as 1,3-
diamines were prepared as previously reported.1V

Measurement. The variable-temperature 'H NMR spectra
of the Fe' 1,3-diamine complexes were recorded on a JEOL
FX-100 spectrometer with ca. 0.05 M (1 M=1 moldm3)
solutions in CD3OD containing 0.25% DCI at 323—183 K.
Acidic solutions were necessary to protect the coordinated
diamines against dehydrogenation.!”1®) Dilute solutions were
required in order to avoid the deposition of complexes below
273 K. FID signals (pulse width: 7 ps; observation time 10 s)
were collected 40 times for each sample at each temperature to
obtain spectra with S/N ratios over 20/1. The probe temper-
ature was controlled with a JNM-VT-3C temperature-control
apparatus, and determined from the chemical shift difference
between the methyl and hydroxyl protons of methanol.l?
The N'H shifts of the Fe'™ 1,3-diamine complexes were
recorded on a JEOL FX-100 spectrometer at 300 K using 40—
50 mg of the complexes dissolved in pD 2.0 DCI-D-O (0.3
cm3). Sodium 3-trimethylsilylpropionate-2,2,3,3-ds (TSP;
0.00 ppm) was used as an internal reference. The positive
chemical shifts indicate downfield shifts from the standard.

Results and Discussion

Temperature Dependence of 'HNMR Spectra
of [Fell(CN),(1,3-diamine)]~. 'HNMR spectra of
[Fe"(CN)4(tn)]", [Fe™(CN)a(meso-ptn)]-, and
[Fe''(CN)«(R-ptn)]~ (tn=1,3-propanediamine, meso-
ptn=(2R,45)-2,4-pentanediamine, R-ptn=(2R,4R)-2,4-
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Schematic structures of the chelates and the numbering of protons and carbons. Fe=F¢(CN)a.

pentanediamine) were measured in CD3OD containing
0.25% DCIl. The temperature range was limited to
323—183 K by the boiling and freezing points of the
solvent.16200  Acidification of the solvent with DCI is
necessary to protect the coordinated diamine molecule
against dehydrogenation, which yields the correspond-
ing Fe'" diimine complex under neutral or basic condi-
tions.1?18) The observed chemical shifts (6r.™) are
listed in the fifth column of Table 1.

(a) meso-ptn. [Fe"(CN)y(meso-ptn)]~ showed four
CH peaks of H', H', H* and H“ downfield, with an
area ratio of 1:1:2:6.1) These peaks moved in the
downfield direction and dispersed with a decrease in
temperature. Their line-widths at half-height were
broadened from 29, 47, 63, and 17 Hz at 323 K to 210,
350, 530, and 105 Hz at 183 K, respectively.

The large difference in the 8re values of H' and H’,
ie. ca. 13—31 ppm at 323—183 K, indicates that the
meso-ptn chelate is fixed in a chair conformation with
two equatorial methyl groups (See Fig. 1). The H*
shift is less than the H' and H’ shifts, whereas the
corresponding axial protons of the 1,2-diamine chelates
show the largest downfield shift among the CH’s.%10:16.20)
The H* and H" shifts are less than half the correspond-
ing shifts for the 1,2-diamine chelates. The line-width
at half-height is of the order of H*>H">H">H", the
reversed order of their distance from the Fe"" jon.

(b) tn. [Fe'(CN)y(tn)]~ exhibited two peaks, one
downfield and the other upfield, with an area ratio of
1:2. The former was assigned to H' and H’, and the
latter to H* and H®. The H"' shift is almost the same
as the mean of the H' and H’ shifts for the meso-ptn
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Table 1. 1H and BCNMR Shifts” and Calculated Isotropic, Dipolar, and Fermi Contact Shifts”
for [Fe"(CN)4(1,3-diamine)]~

T e & “b) Speitt 8isoc) b\dipd) 8cone) T 6 ) 6 - aisoc) 6dipd) Scone)
Diamine Nucleus mp OFe Fe Diamine Nucleus cp OFe Fe
ppm ppm ppm ppm ppm K ppm ppm ppm ppm ppm
tn HAC 323 —~  —6.00 —880 7.17—15.97 203 — 2777 2689 19.60 7.29
313 — —6.06 —8.86 7.65—16.51 193 — 3071 29.83 2148  8.35
303 2.80 —6.15 —8.95 8.17 —17.12 183 — 3495 34.07 23.60 10.47
203 —  —619 —839 875 ~17.74 H 323 — 2385 2223 1685 5.38
283 —  —6.27 —9.07 9.38 —18.45
_ 313 — 2507 2345 1797 548
273 —  —6.34 —9.14 10.08 —19.22
_ B 303 1.62 2630 24.68 19.20 5.48
263 — 6.44 —9.24 10.85 —20.10
_ 293 —  27.82 2620 20.56 5.64
253 —  —6.53 —9.33 11.71 —21.04
283 — 2941 27.79 22.04 5.75
243 —  —6.65 -9.45 12.66 —22.11
273 — 3128 29.66 23.69 597
233 —  —6.80 —9.60 13.72 —23.32
263 — 3331 31.69 2550 6.19
223 — =697 =9.77 1491 —24.68
253 — 3571 34.09 27.51 6.8
213 —  —7.09 —9.89 16.24 —26.13
243 — 3807 3645 2975 6.70
203 —  —7.21 —10.01 17.74 —27.75
233 —  41.15 39.53 3224 7.29
193 — =736 —10.16 19.43 —29.59 23 4495 4333 3503 830
183 —  —7.62 —10.42 21.35 —31.77 o ’ ’ ) )
213 —  49.07 4745 38.16 9.29
HY 323 — 18.17 16.74 12.14 4.60 203 — 5334 51.72 41.69 10.03
313 — 19.05 17.62 1295 4.67 193 —  58.60 56.98 45.66 11.32
303 143 2008 18.65 13.84 4381 183 —  65.66 64.04 50.17 13.87
283 — 2259 21.16 1588 5.28 B
313 — 272 151 3.89 —2.38
273 — 2408 2265 17.07 5.58
303 121 294 173 416 —2.43
263 — 2555 24.12 1837 5.75 B
293 321 200 445 —2.45
253 —  27.65 2622 19.82  6.40 B
283 — 348 227 477 —2.50
243 — 2957 28.14 2144 6.70
273 — 379 258 5.13 —2.55
233 — 3224 30.81 2323 7.58
263 — 4.14 293 552 —2.59
223 - 3480 33.37 2524 8.13
; 253 — 456 335 596 —2.61
213 — 3772 3629 2750 8.79
243 — 496 375 644 —2.69
203 — 4137 3994 30.04 9.90
233 — 556 435 698 —2.63
193 — 4549 44.06 32.90 11.16
183 — 5093 4950 36.15 13.35 23 — 615 494 758 —264
: . : : 213 — 6.86 565 826 —2.61
Hx 300 f) 1930 1930 79 185.1 203 — 7.62 641 9.02 —2.61
Ct 300 4239 22249 180.1 23.0 157.1 193 — 8.60 7.39 9.89 —2.50
C2 300 28.69 29.4® 08 229 -22.1 183 — 993 872 10.86 —2.14
meso-ptn  H” 323 — 723 443 263 1.80 H 300 f) 1102 1102 21.8 884
313 — 755 475 281 194 HS 300 f) 2788 2788 0.7 278.1
303 280 7.89 509 3.00 2.09 c 300 49.89 214.99 165.1 209 144.2
293 831 551 321 230 Cz 300 4329 5089 7.6 23.0 —15.4
283 — 880  6.00 345 2.55 Cs 300 26.79 —359® —62.6 6.3 —68.9
273 — 924 644 370 274TL 0 TTHCD 33— —0.29 —3.29 10.29 —13.58
263 — 983  7.03 399 3.04 B B
313 — 0.15 —3.15 10.97 —14.12
253 — 1052 7.72 430 3.42 B B _
303 3.00 —0.12 —3.12 11.72 —14.84
243 - 1120 840 4.65 3.75 B
293 0.32 —2.68 12.55 —15.23
233 — 12.11 931 504 427 B
283 — 0.53 —2.47 13.46 —15.93
23 1321 1041 547 4.94 _
273 — 0.88 —2.12 14.46 —16.58
213 — 1451 11.71 596 5.75
263 — 1.12 —1.88 15.57 —17.45
203 — 1581 1301 651  6.50 553 141 —156 16.80 —18.36
193 — 17.77 1497 7.14 17.83 : . . :
183 — 2049 17.69 7.84 9.85 HY 323 — 14.18 1274 10.13 2.61
- 393 1083 995 792 203 313 — 14.83 13.39 10.81 2.58
303 1.44 1542 1398 11.55 2.43
313 — 1152 10.64 845 2.19
293 — 16.57 15.13 1236 2.77
303 0.88 1220 11.32 9.03 229
283 — 17.53  16.09 1325 2.84
293 13.04 12.16 9.67 2.49
273 — 18.63 17.19 1424 295
283 — 13.92  13.04 1037 2.67
263 — 19.92 18.48 1533 3.15
2713 — 1498 14.10 11.14 2.96
253 — 2127 19.83 16.54 3.29
263 — 16.10 15.22 1199 3.23
243 2289 2145 17.89  3.56
253 — 1745 1657 1294 3.63
233 — 2492 2348 1938 4.10
243 — 18.80 17.92 1399 3.93
223 — 2692 2548 21.06 4.42
233 — 2054 19.66 15.17  4.49
poed 375 2187 1648 539 213 — 2948 28.04 2294 510
B : : : 203 — 3237 3093 25.06 587

213 — 2512 2424 1795 629
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Table 1. (Continued)

) - iso ¢) dip d) con ¢) ub) - iso c¢) dip d) con e)

Diamine Nucleus Temp dre Ore o 8 8 Diamine Nucleus Temp Ore Ore 8 8 o
K ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm
193 — 3557 34.13 2745 6.68 By 300 f) 2311 2311 0.1 231.0
183 — 40.19 38.75 30.16 5.59 ct 300 44.951 216.3“: 1714 263 145.1

2 2 —_
EY 33— 177 062 379 —3.17 e S sy P Tt
313 — 1.88  0.73 4.04 —3.31 : : - : :
303 1.15 197 082 432 —3.50 1,3-bn Hixa 300 f) 1069 1069 21.8 85.1
293 — 212 097 4.62 —3.65 His 300 f) 1188 1188 21.8 97.0
283 — 227  1.12 495 —3.83 Hia 300 f) 2749 2749 0.7 2742
273 — 238 123 532 —4.09 Hs 300 f) 2688 2688 0.7 268.1
263 — 254 139 573 —4.34 H* 300 2.92¢  6.309 338 3.07 0.3l
253 — 268 153 6.18 —4.65 H® 300 2.918¥—11.358 —14.26 7.10 —21.36
243 — 282 167 6.68 —5.01 HE 300 2.65¢ 5.73% 308 3.07 0.01
233 — 3.03 188 7.25 —5.37 H' 300 1.039 14.64Y 13.61 9.23 438
23 — 344 229 7.87 —5.58 H’ 300 1.62¢ 32709 31.08 19.62 11.46
213 — 3.55 240 8.58 —6.18 H" 300 1249 397¢ 273 425 —1.52
203 — 3.68 253 937 —6.84 c 300 42.49 20299 160.5 20.9 139.6
193 — 379 2.64 10.26 —7.62 cv 300 49.4¥ 239.89 190.4 209 169.5
183 — 3.96  2.81 11.28 —8.47 Ce 300 35.7'4: 39.5g: 3.8 230 —19.2

8 . . —_
300 f) 1340 1340 146 1194 ¢ 300 2677 —39.4% —66.1 6.3 —72.4

a) Positive values indicate downficld shifts.  b) Chemical shifts for [Fe"(CN)4(diamine)]2— were measured in DzO

at 300 K. c) Isotropic shifts calculated from Egs. 1-—3. d) Dipolar shifts calculated from Eq. 2.

¢) Fermi contact shifts calculated from Eq. 3. f) The NH signal for [Fe'(CN)4(meso-ptn)]2— was observed at 2.16
ppm in pD 2.0 DCI-D20O solution. Since this shift is small enough compared with 8g.u, we assumed that

6" is equal to dgem.  g) From Ref. 11.

chelate in the 323—183 K temperature range.!t This
signal-averaging indicates a rapid interconversion of the
tn chelate between the two chair forms (See Fig. 1), the
rate constant of which has been already estimated to be
6X108 s71 at 298 K.16)

The magnitude of the H shifts is larger than that of
the H*® shifts, despite the longer distances between the
former nuclei and the Fe'" ion. This order of 8ge is
different from that for the 1,2-diamine chelates, where
the nuclei nearer the Fe'™ ion have shown larger 8ge™
values.8~10)

As the temperature decreased, the magnitude of the
H*C and HY shifts increased. The H*C peak was
wider than the H* peak: The line-widths at half-height
were 36 and 27 Hz at 323 K, and 590 and 470 Hz at 183
K, respectively. This broadening with a decrease in the
temperature is due to a rapid exchange of the resonance
sites, in addition to a reduction of the relaxation time.
The expected four peaks corresponding to H*, H, H,
and H’, however, could not be observed, even at 183 K.

(¢c) R-ptn. [Fe™(CN)y(R-ptn)]- showed three signals
of HY, H™, and H®® downfield with an area ratio of
1:3:1. This signal-averaging is attributable to an
alteration of the R-ptn chelate between the chair and A-
skew-boat forms shown in Fig. 1.11 The population of
the two forms has been estimated to be ca. 50: 50, based
on the H®P shift at 300 K.1v

All of the signals moved in the downfield direction as
the temperature decreased. The overlap with the sol-
vent signals prevented any observation of the H®P signal
below 243 K. The widths of the H", HY, and H®"

peaks were 21, 18, and 62 Hz at 323 K, respectively.
The decrease in the temperature to 183 K broadened
these peaks, but was not sufficient to separate them into
the peaks corresponding to the individual protons.
The R-ptn chelate is, thus, expected to alter between the
chair and A-skew-boat forms as fast as the tn chelate, i.e.
>108 s~1 at 298 K.10)

The H shifts of these Fe'" 1,3-diamine complexes are
plotted against 7! in Fig. 2. The nonlinearity indi-

Chemical Shift / ppm

T 11073

Fig. 2. Temperature dependence of TH NMR shifts of
[Fe"™(CN)4(1,3-diamine)]~ in CDsOD containing
0.25% DCIl. The circles indicate the observed values:
meso-ptn (@), tn (O), and R-ptn (O). The solid
curves indicate the estimated values. The chemical
shifts at 7-1=0 are the shifts of the corresponding Fe™
complexes.
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cates that the 1,3-diamine chelates, as well as the 1,2-
diamine chelates,*»10.20) do not obey the Curie law.

Amino Protons. The 'H NMR spectra of the amino
protons (NH) of [Fe'(CN)q(1,3-bn)]~ (1,3-bn=1,3-
butanediamine), besides the Fe™ 1,3-diamine complexes
described above, were measured in pD 2.0 DCI-D-0 at
300 K. The following chemical shifts and line-widths
at half-height were obtained: meso-ptn, 110.2 (390) and
278.8 (840); tn, 193.0 (510); R-ptn, 134.0 (160) and 231.1
(320); 1,3-bn, 106.9 (580), 118.8 (580), 268.8 (820), and
2749 ppm (950 Hz). The higher field peaks were
assigned to the axial amino protons and the lower field
peaks to the equatorial protons, as those for the 1,2-
diamine complexes.10

The two NH peaks observed for the meso-ptn chelate
correspond to H% and HRX (See Fig. 1). The g
difference of the NH peaks amounts to 168.6 ppm,
which is ca. 5 times as large as 34 ppm for the R-chxn
chelate.l® This large difference indicates that the
meso-ptn chelate assumes a chair form.

The single NH peak for the tn chelate has almost the
same values of chemical shift and line-width as the mean
values, 194.5 ppm and 560 Hz, for the Hy and Hy peaks
of the meso-ptn chelate. The rapid interconversion of
the tn chelate between the two chair forms is, thus,
demonstrated by the NH as well as CH line shapes.

The difference between the two NH shifts of the R-ptn
chleate, 97.1 ppm, is 58% of that for the meso-ptn
chelate, and the average NH shift of the former differs
by ca. 10 ppm from those for the meso-ptn and tn
chelates. These features are ascribed to a rapid chairs
A-skew-boat alteration of the R-ptn chelate.ll) If the -
skew-boat form is assumed to have the same NH shift
difference, 34 ppm, as the 1,2-diamine chelates, the
estimated ratio of the chair : A-skew-boat is ca. 53:47.

Isotropic NMR Shifts of Low-Spin [Fe"(CN)4(diamine)]™
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This ratio is almost the same as that reported for
[Ni(H20)4(rac-ptn)]2+, 54:46.9

The 1,3-bn chelate exists as an equilibrium mixture of
a chair and a skew-boat form with an equatorial methyl
group.’) The population of the chair form has been
estimated to be 76—96% from the H®and Hcshifts,ll)
whereas 989% is obtained from the H” shift (see Table 1).
This difference indicates that the conformation at the
methyl group-side resembles that of the meso-ptn che-
late, while the unsubstituted methylene has a different
conformation from that of the latter. The four NH
peaks were assigned, from downfield to upfield, to Hxa,
His, Hus, and Hxa, by comparing the NH shifts of the
1,3-bn and meso-ptn chelates.

The typical values of dgc and the line-width for HY

Fig. 3. Coordinate system for the analysis of isotropic
NMR shift.

Table 2. Geometric Factors

L. Ga Gs L. Ga Gs
Diamine Nucleus Diamine Nucleus
108 m3 1028 m3 1028 m-3 108 m-3
tn Hx —4.898 -2.011 meso-ptn  Hg —3.733 1.284
HAC —0.842 0.908 HY —6.391 —4.611
HY —1.421 1.540 gt 0.485 0.890
o} —2.864 2.117 H' —0.821 1.080
C2 —2.374 2.446 HLI —2.054 2.080
13bn  Hia  —3733 1284 H —08L20.193

N C 2.560 1.950
His —3.733 1.284 _

e C2 2.267 2.532
Hya —6.391 ~4.611 G 1088 0.370
Hys —6.391 ~4.611 : :
H* 0.485 0.890 R-ptn HY —3.513 0.148
e —0.172 1.153 B —5.917 —4.130
HC 0.485 0.890 HP —0.301 1.939
H —0.821 1.080 HY —1.214 1.265
5y —2.054 2.080 S0 —0.808 0.225
HM —0.812 0.193 Ct —3.133 2.530
C —2.560 1.950 C? —2.367 2.367
cv —2.560 1.950 3 ~1.117 0.456
C2 —2.267 2.532

(& —1.088 0.370
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and Hy of the 1,2-diamine chelates are 127 (300) and 164
ppm (310 Hz) at 300 K.1®  Almost the same values were
observed for Hi’s of the 1,3-diamine chelates, but Hx of
the meso-ptn chelate exhibited a wide line-width of 840
Hz and resonated at a lower magnetic field by ca. 100
ppm than Hx’s of the 1,2-diamine chelates.

Geometric Factor. The coordinate system for the
analysis of nuclear magnetic resonance is illustrated in
Fig. 3, where the z-axis goes through the bonds NC-Fe-
CN, and the x-axis bisects the angle N-Fe-N of the six-
membered chelate ring. The location of a nucleus rela-
tive to the Fe' ion can be represented by the geometric
factors (Ga and Gg) defined by the equations Ga=
(3cos20—1)/r® and Gg=sinBcos2 ¢/r3, where the dis-
tance r and angles 0 and ¢ are defined as shown in
Fig. 3.

The geometric factors for the Fe™™ tn, meso-ptn, and
R-ptn chelates were calculated by assuming that (1)
these chelates have the chair, chair, and A-skew-boat
conformations shown in Fig. 1, respectively, and (2) that
these conformers have the same geometries as do the
complexes, (—)sgo-{ Co(tn)zCls - H20,12 (+)s10-[ Co(meso-
ptn)2(0x)]ClO4 - H2O,13) (—)546-[ Co(R-ptn)s]Cls - 2H20.14

The geometric factors for the 1,3-bn chelate were
assumed to be equal to those for the meso-ptn chelate.
The coordinates of the hydrogen atoms were calculated
by assuming that these nuclei locate at the vertices. of
tetrahedrons with bond lengths of C-H=1.09 and N-H
=1.02 A. These bond lengths were obtained from the
neutron diffraction of trans{CoCla(en)2]Cl - (H502)*Cl .15

The calculated values of Ga and G are listed in Table
2. The values for H* and H" of the tn chelate were
taken to be equal to the mean values for the axial and
equatorial protons because the alteration of the tn che-
late between two chair conformations rapidly exchanges
magnetic atmospheres of these protons. The values for
the methyl protons of the meso- and R-ptn chelates were
estimated by assuming a free rotation of the methyl
groups.

Analysis of Chemical Shift. The effects of an
unpaired electron on the 'H and 3C NMR shifts can be
represented by an isotropic shift (8*°) defined by the
difference in chemical shift between the paramagnetic
Fe' complex (8ge™) and the diamagnetic Fe"' complex
(8re") with the same ligands as the Fe'" complex:8-10

6is° = 6Fem — 6Fe" (1)

I11

The 8*° values for the meso-ptn, tn, R-ptn, and 1,3-bn
complexes, listed in the sixth column of Table 1, were
calculated by assuming that the dp." values!? are inde-
pendent of the temperature.

The NH peak of [Fe'(CN)4 (meso-ptn)J2— appeared at
2.16 ppm in pD 2.0 DCI-D20O.1) This g value is,
however, negligibly small compared to the correspond-
ing 6re values, and the dre values were regarded as the
&% values for the NH’s.

The 8" values can be separated into a dipolar shift
(6") and a Fermi contact shift (8°") by using Egs. 2 and
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8= (108/ 24m)[(2x 22— Xyy = Xxx) * Ga+3(xx— Xp») - GBl,  (2)

acon — IOGQNB[6kBT'yh il CXp( - Ex/ kB I‘)]—l . 2 [é

=xyz =1

2 3
exp(—Ei/ ks T) '(Mq>ii“2kBTZ'; 'ZL Qi Swikspi) ()
=1 j=i
Here, 6°® and 6°" are in units of ppm, and their positive
values indicate downfield shifts. The other symbols are
defined as reported in a previous paper.?

The 8% values in the seventh column of Table 1 were
estimated from Eq. 2. Here, we used the eigenvalues and
eigenfunctions of the Kramers doublets obtained for
[Fe'(CN)a(en)]~ because the electronic and CD spectra
of the 1,3-diamine complexes resemble those of the 1,2-
diamine complex.!) The 6" values in Table 1 were

Table 3. Fermi Contact Coupling Constants ax
and Spin Population

a)

Diamine Nucleus . 104XSRm
MHz population

tn Hy +6.20 +44

HAC —0.6010.03 —4.240.2

HY +0.194-0.03 +1.340.2

Ct +1.32 +4.3

C2 -0.19 —0.6
meso-ptn HR +2.96 +21

Hy +9.36 +66

H* +0.11+0.04 +0.840.3

H' +0.12+0.04 +0.840.3

H +0.2010.03 +1.440.2

HM —0.0710.01 —0.5%0.1

C1 +1.22 +3.9

C2 —0.13 —0.4

C3 —0.58 -1.9
1,3-bn Hia +2.85 +22

Hie +3.25 +23

Hia +9.23 +65

Hye +9.03 +64

H* +0.01 +0.1

H® —0.72 —5.0

H¢ +0.00 +0.0

H +0.15 +1.0

H +0.38 +2.7

HM —0.05 —0.4

C1 +1.18 +3.8

cv +1.43 +4.6

C? —0.16 —0.5

C3 —0.61 -2.0
R-ptn B +4.00 +28

Hy +7.74 +54

HEP —0.50--0.01 —3.510.1

HY +0.1140.03 +0.84+0.2

H™ —0.1440.02 —1.040.1

C +1.22 +3.9

C2 —0.13 —0.4

Cs —0.45 ~1.4

a) Positive an indicates that 6°" is downfield shift. The
an values were obtained for CD3OD solutions contain-
ing 0.25% DCIl.
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obtained by substracting each 6°° value from the corre-
sponding experimental value of 8" The Fermi con-
stants in MHz (an) calculated from the 8°" values by Eq.
3 are summarized in Table 3.

The Sre™ values were also estimated from Egs. 1—3
by employing ax as a variable so as to obtain the best
agreement with the 'H shifts observed at 323—183 K,
and are indicated by the solid lines in Fig. 2. The
insufficient agreement for H* and H' of the meso-ptn
chelate is attributable to the use of a single an for each
nucleus in order to simplify the calculation, although the
ax values vary with the individual terms in Eq. 3.1.20

Fermi Contact Shift and Dipolar Shift. The sym-
bols Co and Cg are used, for convenience, to refer to the
carbon atoms in the sequence Fe-N-Co—-Cp. The axial
and equatorial protons bonded to the nitrogen and
carbon atoms are designated by the symbols HY, Hx,
Hs, Hj etc.

(a) Carbon Atoms. The C, 6 values for the 1,3-
diamine chelates are in the range 165—180 ppm. These
8"%s are all positive and are ca. 90% of those for the 1,2-
diamine chelates.8-10 Since the 6 values for Co are
21-—26 ppm, the 8°° values mostly consist of °". The
estimated 6°" values are in the range 144—157 ppm,
which have the same sign and are ca. 5% less than those
for the 1,2-diamine chelates.8—10)

The 8%,6%°, and 8" values for the methyl carbons
(Cpm) are in the ranges —40——63, 6—7, and —53— —69
ppm, respectively, and are ca. 90% of those for the 1,2-
diamine chelates with the same sign.8~19 The central
methylene carbons (Cgc) of the 1,3-diamine chelates
have 8*° values of 0.8—8 ppm, which differ in both sign
and magnitude from those for Cgm as well as from those
for Cg atoms of the 1,2-diamine chelates. This differ-
ence is attributed to the small Cgc 6°" values of ~15—
—22 ppm, which are ca. one fourth of the §°” values for
CpMm and Cs.

(b) CH. The & value for H* of the meso-ptn che-
late is about half those for Ha of the 1,2-diamine che-
lates.#10  This decrease in 8 is due to the small 6°°
and 6°" values for the former.

The & values for Hg, such as H' and H’ of the meso-
and R-ptn chelates, are ca. 1—3 times as large as those
for Hg of the 1,2-diamine chelates. The §°" values for
the former comprise 70—809% of the 6™ values, and are
2—3 times as large as the 6°" values for the latter. The
equatorial H’ has larger 8°" values than does the axial
H'. The H protons of the meso- and R-ptn chelates
show & values less than half those for the methyl
protons of the 1,2-diamine chelates. This is because
the former chelates have more negative 6°" values than
the latter, whereas both chelates have almost the same
8% values. The 87" values for H" are opposite in sign
to those for H' and H’, although these protons belong to
the Hp group. Opposite signs of 6" for H and H"
have been reported for paramagnetic Ni”" complexes,
[Ni"(Hz0)4(1,3-diamine)]2*, with meso-ptn, rac-ptn,
and 1,3-bn.%

Isotropic NMR Shifts of Low-Spin [Fe™(CN)4(diamine)]~
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The negative 8*° value for H*C of the tn chelate is less
than half those for the en chelate with the same sign.
This reduction of 8™ is attributed to the small ™ values
for H*®. The " value estimated for H¢ of the 1,3-bn
chelate is —21.36 ppm at 300 K, which is similar to the
value, —30.2 ppm, estimated from the 6°" values for
H™C of the tn chelate and H* of the meso-ptn chelate.
These 6°" values are 80—909% of those for Ha of the 1,2-
diamine chelates. 8710

(¢) NH. The 6 for amino protons mostly consist of
8" with large negative values. The differences in 6"
between the 1,3- and 1,2-diamine chelates amount to
more than 100 ppm for the lower field Hx peaks and ca.
20 ppm for the higher field HX peaks.’® The replace-
ment of the 1,2-diamine chelates by the 1,3-diamine
chelates only slightly affects the distances from Hg to
the xy plane (See Fig. 3), such as 0.89—0.95 A in the
former chelates and 0.94—0.97 A in the latter, whereas
the distances with respect to Hx are reduced from 0.62—
0.76 A to 0.19-0.34 A.12-152223) This correlation
between the 8™ values and distances supports the assign-
ment of the amino protons described above.

Spin Population. The nuclei nearer to the xy plane
showed larger 6°" values, as described above. This
tendency is ascribed to the unpaired electron predomi-
nantly occupying the 3dx2—?2 orbital of the Fe'"" ion, as
has been reported previously for the 1,2-diamine che-
lates.? Since the 1,3-diamine chelates assume chair
and/or skew-boat forms, their C« and Cpgm nuclei are at
a distance 0.5—0.6 A further apart from the xy plane
than those for the 1,2-diamine chelates with gauche
forms. The 1,3-diamine chelates thus have smaller 6"
values and, accordingly, smaller spin populations than
the latter.

The 6" values for Ca and Cg of the 1,3-diamine
chelates are opposite in sign, although these values
were estimated by neglecting the contribution of
ligand-centered dipolar shift (6{"). This suggests that
the unpaired spin propagates through o bonds by a spin-
polarization mechanism,?¢—26) just as the 1,2-diamine
chelates,819 and that the contribution of &{ is small.

The an values are related to the spin populationin a Is
orbital of hydrogen (Qis) and that in a 2s orbital of
carbon () by the relations Qis—=an/1420 and Q2=an/
3110, where 1420 and 3110 MHz are Fermi constants
calculated for 'H: and 13C- radicals, respectively.2?
The estimated values of Q1; and Qs are listed in Table 3.

The propagation of the positive spin on the Fe'" ion
by spin-polarization mechanism is expected to give com-
parable negative spin-populations to both Cgc and Cgwm.
However, the 6" value for the former carbon is ca. one
third of that for the latter. Since the Cpgc nucleus
locates near the xy plane and in the direction of the lobe
of the dx2—2 orbital,12-14 Cgc can directly interact with
the positive spin in the d orbital (direct mechanism).
This interaction yields a positive spin on Cgc, which
compensates the negative spin propagated by spin-
polarization mechanism, resulting in a decrease in the
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negative spin population on Cgc.

The reversal of the sign of 8°" between the carbon
atoms and protons at the e and B positions indicates
that the spin-polarization mechanism is predominant
not only in the C-C bonds but also in the C-H bonds.
At both the o and B positions, H® has larger 8°" values
than H®. The spin propagation is, thus, anisotropic
and occurs more easily in the equatorial direction.
This feature is the same as that observed in the 1,2-
diamine chelates.8-10

Since H' and H’ of the 1,3-diamine chelates locate in
the direction of the lobe of the Fe dx2—y2 orbital, a direct
mechanism is possible for these protons, in addition to
the spin-polarization mechanism. Both mechanisms
produce a positive spin on these protons, resulting in an
increase in their spin populations. The larger 6°"
values for the H' and H’ nuclei relative to the values for
Hp of the 1,2-diamine chelates are thus attributable to
the direct mechanism. The large 6°" values for Hy can
also be accounted for by the contribution of the direct
mechanism.
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