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'H and 13C NMR spectra for pyridine, p- and Y-picoline, pyrazine, and 4,4'-bipyridyl complexed with paramagnetic 
undecatungstocobalto(II)silicate and undecatungstonickelo(II)silicate anions are reported. For these complexes the ligand 
exchange is slow on the NMR time scale and the pure resonance lines have been observed at room temperature. 
The isotropic shifts in nickel complexes can be interpreted in terms of contact shifts by o-electron delocalization. 
Both contact and pseudocontact shifts contribute to the isotropic shifts in cobalt complexes. The contact shifts, which 
are obtained by subtracting the pseudocontact shifts from the isotropic shifts, require both o- and n-electron delocaliza
tion from the cobalt ion. Slow ligand exchange has also allowed us to identify the species formed when bidentate 
ligands react with the heteropolyanions. Pyrazine forms a 1: 1 complex, while 4,4'-bipyridyl forms both 1:1 and 
dumbbell-shaped 1: 2 complexes.

Introduction

The and 13C NMR spectra of some pyridine-type li
gands complexed with paramagnetic bis(2,4-pentanedionato)- 
cobalt(II) and -nickel(II) (hereafter denoted as Co(acac)2 and 
Ni(acac)2, respectively) were reported.1'3 However, the actual 
shift for a particular proton or carbon was dependent upon 
solution composition, indicating that the exchange of ligands 
between complexed and uncomplexed sites was rapid 
compared to the separation in resonance frequency for the 
proton or carbon in diamagnetic and paramagnetic environ
ments. The relative isotropic NMR shift오 were interpreted 
qualitatively in terms of contact and pseudocontact interac
tions.1-3 Later Horrocks and Hall determined the absolute 
isotropic shifts for pyridine coordinated to Ni(acac)2 and Co- 
(acac)2 by measuring isotropic shifts as a function of the con
centration of the coordinated pyridine.4 They also noted that 
there was large discrepancy between the relative 13C is아!'O- 
pic shifts reported by two different groups.

We have found that pyridine-type ligands coordinated to 
the heteropolyanion [SiWuMQgF一(M=Co“ or Ni11; denoted 
as SiWnM hereafter) undergo slow exchange on the NMR 
time scale, exhibiting NMR peaks separated from those of 
free ligands. The slow exchange of some ligands coordinated 
to SiWnM has allowed us to measure the absolute isotropic 
NMR shifts directly, and to identify the species formed when 
bidentate ligands such as pyrazine and 4,4'・bipyridyl react 
with SiWnM. In this paper we report absolute isotropic NMR 
shifts of some pyridine derivatives coordinated to SiWnCo 
and SiWnNi, and estimate contact and pseudocontact contri
butions to the isotropic shifts.

Experimental

K6ESiW11Co(H2OX)39] - nH2O and KeESiWuNi^O^? nH20 
were prepared according to the methods of Simmons5 and 
Weakley et al^

NMR (300.08 MHz) and 13C NMR (75.46 MHz) spectra 
were obtained in the Fourier-transform mode with a Varian 

Gemini-300 7.05 T spectrometer equipped with a broad band, 
narrow-bore probe. NMR measurements were made at am
bient temperature (22-25t). The line-broadening factor used 
in exponential apodization was 20 Hz. For NMR spectros
copy, 90° pulses (10 卩s) were used, and the acquisition time 
was 0.2 s. No extra delay time between pulses was in
troduced. DSS was used as an internal reference. For 13C 
NMR spectroscopy, 90° pulses (13 gs) were used, and the 
pulse repetition time was 0.3 s with the acquisition time 
of 0.2 s. Proton was decoupled by Waltz-16 decoupling me
thod. Dioxane was used as an external reference.

Results and Discussion

SiWnCo Complexes. The NMR spectrum of a D2O 
solution containing pyridine and SiWnCo is shown in Figure 
1. The three peaks at 8.7, 8.1, and 7.6 ppm are attributed 
to a-, Y-, and p-proton of free pyridine, respectively. The 
three peaks at 113.1, 25.9, and —5.0 ppm, which appear only 
when SiWnCo is added, are assigned to a-, P-, and Y-proton 
of the coordinated pyridine by comparing with the previous 
assignments1 for pyridine coordinated to Co(acac)2. Thus the 
isotropic shifts for a-, and Y-proton are 104.4, 18.3, and 
—13.1 ppm, respectively. The plus and minus signs denote 
the downfield and upfield shifts, respectively. It is noted that 
these values are much larger than the corresponding values4 
of 32.9, 5.0, and —9.4 ppm for pyridine coordinated to Co 
(acac)2.

The 13C NMR spectrum of a D2O s이ution containing pyri
dine and SiWnCo is shown in Figure 2. The three peaks 
at 151.9, 141.2 and 127.6 ppm are attributed to a-> Y, and 
p-carbon of free pyridine, respectively. The three peaks at 
556.8, 59.5, and —90.9 ppm, which appear only when SiWnCo 
is added, are assigned to p-, Y- and a-carbon of the coordi
nated pyridine by comparing with the previous assignments2 
for pyridine coordinated to Co(acac)2. Thus the is야!opic 
shifts for a-, P-, and Y-carbon are — 242.8, 429.2, and —81.7 
ppm, respectively.

a-Picoline exhibits no additional peak in the presence of
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pyridine and SiWnCo. Chemical shifts in ppm from TMS. The 
four peaks at 0-4 ppm come from DSS, and the peak at 4.80 
ppm from HDO. The peaks originating from the complex are 
labeled.

Hgure 2. 13C NMR spectrum of a D2O solution containing 1: 1 
pyridine and SiWnCo. Chemical shifts in ppm from TMS. The 
peaks originating from the complex are labeled.

SiWnCo, indicating that severe steric hindrance prevents it 
from coordinating to SiWnCo. P- and Y-picoline behave simi
larly as pyridine, showing separate peaks for the complexed 
and free ligands. Peaks have been assigned to particular li
gand hydrogen and carbon atoms by comparing with the pre
vious assignments for the Co(acac)2 complexes? The NMR 
peaks and their assignments are listed in Table 1.

The lH NMR spectrum of a D2O solution containing pyra
zine and SiWnCo is shown in Figure 3. The peak at 8.6 ppm 
belongs to free pyrazine, while two peaks at 88.8 and 17.9 
ppm can be assigned to pyrazine coordinated to SiWuCo. 
If SiWnCo and pyrazine form a 1: 1 complex, two peaks 
with isotropic NMR shifts similar to those of a- and p-proton 
in pyridine will appear. If a dumbbell-shaped 2 :1 complex 
is formed, one peak is expected. Therefore, the observed 
spectrum must come from the 1:1 complex.

The NMR spectrum of a D2O solution containing 4,4'- 
bipyridyl and SiWuCo is shown in Figure 4. The two peaks 
at 8.6 and 7.5 ppm are attributed to the 2-H and 3-H of 
free 4,4'-bipyridyL The four peaks at 105.8, 199, 3.2, and 
— 2.4 ppm are assigned to 2-H, 3-H, 2'・H, and 3'-H of the

Table 1. Isotropic NMR Shifts △&阳 of Pyridine-Type Ligands 
Coordinated to [SiWnCo1^]6-

Ligand Nucleus® 8扁

Pyridine a-H 8.7 113.1 104.4
P-H 7.6 25.9 18.3
Y-H 8.1 -13.1
a-C 151.9 -242.8
3-C 127.6 429.2
Y-C 141.2 -81.7

P-Picoline a-H 8.6 107.2
az-H 8.6 109.4
P-H 7.7 21.7
Y-H 8.0 -13.2
阡CH, 2.6 一 4.9
a-C 146.9 一 240.6
a'-C 150.1 -227.2
P-C 125.3 435.2
阡c 136.0 434.9
Y-C 139.9 一 84.2
Pf-CH3 17.4 58.9 41.5

Y-Picoline a-H 8.6 116.3 107.7
P-H 7.6 26.9 19.3
Y-CH3 2.6 -11.9 -14.5
a-C 152.0 -45.7 一 197.7
P-C 127.0 568.2 441.2
Y-C 150.0 78.2 -71.8
Y-CH3 20.5 35.4 14.9

Pyrazine 2-H 8.6 88.8 80.2
3-H 8.6 17.9 9.3

4,4 七 Bipyridyl 2-H 8.6 105.8 97.2
(99.8)， (91.2/

3-H 7.5 19.9 12.4
(9.4)， (1.9X

2f-H 8.6 3.2 — 5.4
3'・H 7.5 -2.4 -9.9

“For p-picoline, the p^carbon is that bearing the methyl group. 
AIn ppm relative to theor 13C resonances of TMS. ‘2:1 
SiWnCo-bipyridyl complex.

4,4，-bipyridyl in the 1:1 SiWnCo-bipyridyl complex by com
paring with the previous assignment1 for 4-phenylpyridine 
coordinated to Co(acac)2. Then the isotropic shifts are 97.2, 
12.4, —5.4, and —9.9 ppm for 2-H, 3-H, 2'-H, and 3'-H, re
spectively.

There are two additional peaks at 99.8 and 9.4 ppm. The 
relative intensity of these peaks increases with an increase 
of the ratio LSiWuCoJ/Cbipyridyll indicating that they orig
inate from the 2 :1 SiWnCo-bipyridyl complex. If the isotro
pic shifts by two Co" ions are assumed to be additive, the 
estimated isotropic shifts are 91.8 (=97.2 — 5.4), and 2.5 (= 
12.4—9.9) ppm for 2-H and 3-H. These values agree satisfac
torily with the observed values of 91.2 and 1.9 ppm. So the 
NMR spectrum shows clear evidence for the formation of 
a dumbbell-shaped 2 : 1 SiWnCo-bipyridyl complex.

SiWnNi Complexes. The NMR spectra of the SiWnNi 
complexes also exhibited separate lines for the complexed
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Figure 3.NMR spectrum of a DQ solution containing 1: 1 
pyrazine and SiWnCo. Chemical shifts in ppm from TMS. The 
peaks originating from the complex are labeled.

뎌gu坨 5. NMR spectrum of a D2O solution containing 1: 1 
p-picoline and SiWnNi. The peaks ascribable to the a-protons 
are too broad to be observed. Chemical shifts in ppm from TMS. 
The peaks originating from the complex are labeled.

Figure 4.】H NMR spectrum of a D2O solution containing 1: 2 
4t4/-bipyridyl and SiWnCo. Chemical 아｝ifts in ppm from TMS. 
The peaks originating from the complex are labeled. The two 
peaks labeled as (2-H) and (3-H) come from the 2 :1 SiWuCo- 
bipyridyl complex.

Figure 6. 13C NMR spectrum of a D2O solution containing 1:1 
Y-picoline and SiWnNi. Chemical 아］ifts in ppm from TMS. The 
peaks originating from 나圮 complex are labeled.

the electronic and nuclear magnetic moments.
The pseudocontact shift for a given nucleus i in an axial 

system can be expressed as1

스느 = _ AZ 
v 12n

（3海2爲一1）
(Xi< ~Xi) (1)

and free ligands. However, their NMR lines were broader 
than those for the SiWnCo complexes, and the lines origi
nating from the a-protons were too broad to be observed. 
The NMR spectrum of a D2O solution containing p-pico- 
line and SiWuNi and the 13C NMR spectrum of a D2O solu
tion containing Y-picoline and SiW^Ni are shown in Figures 
5 and 6. The NMR data for the SiWnNi complexes are listed 
in Table 2.

Contact and Pseudocontact Contributions. The 
isotropic NMR shifts in paramagnetic systems contain 
contact and pseudocontact contributions. Contact shifts occur 
when unpaired electron density is transferred from the metal 
to the ligand nucleus in question, whereas pseudocontact 
shifts arise from a through-space dipolar interaction between 

Here NA is Avogadro*s constant, Q is the angle between the 
principal axis of the complex and the radius vector from 
the metal ion to the nucleus, i;九 is the distance between 
the metal ion and the nucleus, z; and and x丄 are magnetic 
susceptibility components parallel and perpendicular to the 
principal axis.

First we consider the nickel complexes. It has been shown 
that the pseudocontact contribution to isotropic shifts is small 
for Ni(acac)2(ptl)2 (ptl = pyridine-type ligand).1-3 For an octa
hedral Ni(II) complex, which has an orbitally non-degenerate 
公既 ground state with excited states far removed in energy, 
the orbital contribution is small and so is the magnetic an
isotropy. Although SiWnNi(ptl) deviates considerably from 
octahedral symmetry, the pseudocontact shifts are expected 
to be small.

The contact shift can be expresed as
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Table 2. Isotropic NMR Shifts of Pyridine-Type Ligands
Coordinated to [SiWnNiuO39]6-

Table 3. INDO/2 Hyperfine Coupling Constants, Ait and Isotropic 
Shifts® for Pyridine-Type Ligands Coordinated to [SiWuNiOag]6-

Ligand Nucleus® 6，* 編〉 Ligand Nucleus3 At A8£i A&角

Pyridine a-H 8.7 - - Pyridine a-H - -
P-H 7.6 43.6 36.0 P-H 36.0 5.9
Y-H 8.0 19.8 11.8 Y-H 11.8 3.0
a-C 150.0 6.3 -143.7 a-C -143.7 30.6
P-C 126.1 597 471 p-c 471 43.6
Y-C 139.8 57.9 -81.9 Y-C -81.9 31.5

p-Picoline a-H 8.6 - - P-Picoline a-H - -
8.6 - - a'・H - -

p-H 7.6 46.1 38.5 p-H 38.5 6.8
Y-H 8.0 19.0 11.0 Y-H 11.0 2.6
阡 CH3 2.5 10.2 7.7 阡CH3 7.7 4.8
a-C 148.9 -7.4 -156.3 a-C -156.3 31.9
a'-C 152.0 10.0 一 142.0 az-C 一142.0 28.4
P-C 127.7 606 478 P-C 478 44.7
伊-C 138.6 606 467 阡c 467 44.9
Y-C 142.7 65.8 一 76.9 Y-C -76.9 27.5
阡 CH3 19.6 53.0 33.4 P*-ch3 33.4 40.7

Y-Picoline a-H 8.6 - - Y-Picoline a-H - -
P-H 7.6 42.0 34.4 p-H 34.4 5.3
Y-CHg 2.6 — 9.5 一 12.1 Y-CH3 -12.1 10.1
a-C 156.8 29.9 -126.9 a-C 一 126.9 24.9
P-C 129.8 614 484 p-c 484 46.5
Y-C 150.4 65.3 一 85.1 Y-C -85.1 37.0
Y-CH3 23.1 67.6 44.5 Y-CH3 44.5 31.8

Pyrazine 2- H 8.6
3- H 8.6 50.1 41.5

a In ppm. b Calculated hyperfine coupling constants in gauss from 
―并7

4,4，-Bipyridyl 2-H 8.6 - -
3-H 7.8 39.8 32.0

(41." (33.4)。 would be obtained for each set)
2'-H 8.6 8.1 -0.5 It is noted that △&4 values for Y-protons in pyridine
3'・H 7.8 9.5 1.7 and P-picoline are much smaller than the value for P-proton.
— It is probable that the INDO/2 calculations overestimate the

a For p-picoline, the P*-carbon is that bearing the methyl group. hyperfine coupling constants for Y-protons. The experimental
6 In ppm relative to the or 13C resonances of TMS, (2 :1 values determined by the EPR spectrum of phenyl radical
SiWnNi-bipyridyl complex. are 17.4, 6.3, and 2.0 G for a-, P-, and Y-proton, respectively.8

It is noted that the experimental value for Y-proton is much
smaller than the calculated one. If 3.9 G is replaced by 2.0

—厶don 十山 (2) G, A&& values for Y-protons (5.9 and 5.5) are now similar
where △秘 and △跚 are the contact shifts resulting from to those for P-protons.
the transmission of n- and a-type electrons. The Ni2+ ion It was shown that △&角 is inversely proportional to the
in octahedral symmetry has two unpaired electrons in eg or- magnetogyric ratio * of the nucleus involved.112
bitals which have 0 symmetry. It is most lik이y that the Y 如n
unpaired electron density is transferred from the d? orbital △8/4•二 늑~ 기，丁 (3)
to the o orbital system of the ligand. So isotropic shifts in
nickel complexes may be attributecI mainly to △跖. Hor- Thus, it follows that
rocks and Johnston have shown that a-electron delocalization

^c_- 
Rh -

y„
in pyridine derivatives coordinated to Ni(acac)2:can be inter- 벼•드 4.0 (4)
preted qualitatively by INDO/2 calculations for phenyl, and 'c

O-, m-, and -tolyl radicals.7 The hyperfine coupling constants, The average values of & and RH for all carbon atoms and
4, calculated by them7 are compared with the isotropic shifts protons in three complexes listed in Table 3 are 35.7 and
in SiWnNi(ptl) in Table 3. The sign of the shift is predicted 6.3,9 and thus the Rc/Rh ratio is 5.7. This moderate semi-
correctly for all 20 nuclei. The ratios of the contact shifts quantitative agreement shows that the observed isotropic
to the hyperfine coupling constants (△&&) within the sets shifts for the nickel complexes are due primarily to a contact
of protons, Rh, and the sets of carbon nuclei, Rc, show mod- interaction by o-electron delocalization.
erate semiquantitative agreement. (Ideally a single value If the isotropic shifts are determined by o-electron de-
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localization alone, the ratios of the isotropic shifts for cor
responding nuclei in two different nickel complexes should 
be the same. These ratios for SiWuNi(py) (py=pyridine), 
and Ni(acac)2(py)2 are 1.35, 1.48, 1.54, 1.37, and 2.37 for P- 
H, Y-H, a-C, p-C, and Y-C, respectively. The first four values 
are quite close, and their average value is 1.44. The isotropic 
shift for Y-C in Ni(acac)2(py)2 was calculated from a measured 
shift of 1.3 ppm with an error of ± 0.3 ppm.2,4 The un
certainty in the experimental value partly accounts for the 
deviation of the ratio for Y-C.

The average ratio of 1.4 indicates that o-electron delocal
ization is 40% more extensive in SiWnNi(py) than in Ni(acac)2- 
(py)2. The unpaired electron from d? orbital in octahedral 
Ni(acac)2(py)2 is evenly delocalized into two pyridine mole
cules. The geometry around the nickel ion in SiWnNi(py) 
deviates considerably from octahedron. The six oxygen atoms 
surrounding a tungsten atom in [SiWHZW can be classi
fied into four types: one Oa atom shared between three WOe 
octahedra and the central SiO4 tetrahedron, two Q atoms 
shared between adjacent W30i3 units, two Q atoms shared 
between two WOe octahedra in the same W30i3 unit, and 
one Od atom linked to one tungsten atom. The bond lengths 
are W-Oa 2.35, W-Q 1.92, W-O( L93, and W-Od 1.71 A.10 It 
is noted that the axial Qa atom is located 0.4 k farther than 
Ob and Of atoms which form a square plane. In SiWnNi(ptl) 
one of the 12 W-Q/ groups has been replaced by Ni(ptl). 
Since the Ni-Oa bond must be very weak, the geometry 
around the nickel ion may be considered to be square pyra
midal. Therefore the nickel-pyridine bond will be stronger 
and o-electron delocalization will be more extensive in SiWn 
Ni(py) than in Ni(acac)2(py)2.

The isotropic shifts for the cobalt complexes, which also 
contain pseudocontact contributions, are more difficult to in
terpret. In order to separate contact and pseudocontact shifts 
for Co(acac)2(py)2, Horrocks and Hall calculated the pseudo
contact shifts using the single crystal magnetic susceptibility 
data.4 The contact shifts were then determined by subtract
ing the pseudocontact shifts from the experimental isotropic 
shifts.

The pseudocontact shift is proportional to the geometrical 
factor (3cos26, — l)/r? and the magnetic anisotropy (心一為)； 
see Eq. (1). In the absence of the magnetic data for SiWnCo 
(ptl), pseudocontact shifts cannot be determined directly. If 
we assume that the geometrical factors are the same for 
the given pyridine-type ligand coordinated to Co(acac)2 and 
SiWnCo, the pseudocontact shifts of the latter should be pro
portional to those of the former. We want to estimate the 
proportionality constant f. The pseudocontact shifts for f—1 
are listed under A8a- in Table 4. The values for pf-CH3 of 
p-picoline, Y-CH3 of Y-prcoline, and 2'-H and 3f-H of 4,4，-bi- 
pyridyl were calculated from the X-ray data of Co(acac)2(py)2n 
and the following bond lengths: methyl-ring C-C 1.53, methyl 
C-H 1.09, ring-ring C-C 1.46 A.

The contact shifts, A8§k(f= 1), are obtained by subtract
ing the pseudocontact shifts for f= 1 from the experimental 
is아ropic shifts. It is noted that some contact shifts of SiWn 
Co(ptl) based on f= 1 are quite similar to the corresponding 
A飕 values. We have tried to determine the best f value 
by comparing the contact shifts of SiWnCo(ptl) with A®. 
The Co2+ ion in octahedral symmetry has two unpaired elec
trons in eg orbitals which have o symmetry and one unpaired

Table 4. Isotropic, Pseudocontact, and Contact Shifts of Pyri
dine-Type Ligands Coordinated to [SiWnCo1^]6-

Ligand Nu 이 eus ASg △號
(f=l)(

△8爲 

f=0.94)

Pyridine a-H 104.4 -39.5 143.9 141.5 -
p-H 18.3 -18.1 36.4 35.3 36.0
Y-H -13.1 -15.6 2.5 1.6 11.8
a-C -242.7 -92.5 -150.0 -155.8 -143.7
P-C 429.1 -35.7 464.8 462.7 471
Y-C —81.8 -28.3 一53.5 -55.2 -81.9

p-Picoline a-H 107.2 -39.5 146.7 144.3 -
a'-H 109.4 -39.5 148.9 146.5 -
p-H 21.7 -18.1 39.8 38.7 38.5
Y-H -13.2 -15.6 2.4 1.5 11.0
P*-CH3 — 4.9 -9.9 5.0 4.4 7.7
a-C -240.6 一 92.5 -148.1 -153.7 -156.3
a'-C 一 227.2 -92.5 -134.7 -140.3 -142.0
P-c 435.2 -35.7 470.9 468.8 478
阡C 434.9 — 35.7 470.6 468.5 467
Y-C -84.2 -28.3 -55.9 -57.6 -76.9
阡CH3 41.5 -13.6 55.1 54.3 33.4

Y-Picoline a-H 107.7 -39.5 147.2 144.8 -
P-H 19.3 -18.1 37.4 36.3 34.4
y-ch3 -14.5 -10.0 -4.5 -5.1 -12.1
a-C 一 197.7 -92.5 -105.2 -110.8 -126.9
P-C 441.2 -18.1 459.3 458.2 484
Y-C -71.8 -28.3 — 43.5 -45.2 一 85.1
Y-CH3 14.9 -12.6 27.5 26.7 44.5

4,4-'Bipyridyl 2-H 97.2 一 39.5 136.7 134.3 -
3-H 12.4 -18.1 30.5 29.4 32.0
2七H -5.4 一 4.0 -1.4 —1.6 -0.5
3'-H —9.9 -9.0 -0.9 -1.4 1.7

The pseudocontact shifts of pyridine-type ligands coordinated 
to Co(acac)2 from ref 4. Some values have been estimated from 
the geometry of each complex; see the text.

electron in t谴 orbitals which have n symmetry. Let us first 
assume that the contact shifts of SiWnCo(ptl) arise due to 
the o-electron delocalization alone. Then △疇 should be 
proportional to This relation may be expressed as

A61S0 -/X 스岛『 =g X (5)

where f and g are proportionality constants. We have calcu
lated 나le absolute values of (A8；s(, ~fX A8^ —g X A8^) for 
various f and g values. The minimum average value of 9.4 
was obtained for /=0.94 and g=0.98. A smaller minimum 
average value of 6.1 was obtained for /=0.94 and g=Q98 
when Y-H, Y-C, and Y-CH3 were not included; see below.

The contact shifts for/= 094 are listed in Table 4. It is 
noted that the fit between A8爲 and A8S improves slight
ly when f is varied. These results show that the o-electron 
delocalization alone is not sufficient to explain the contact 
shift data of SiWnCo(ptl). Now we include the n-electron 
delocalization from metal t如 orbitals. Cramer and Drago used 
EHMO method to calculate the hyperfine coupling constants 
for one unpaired electron in n orbitals of pyridine-type li-
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Figure 7. Illative energies of 3d orbitals of [SiWuCMptDQs]", 
when orbital mixes with (a) a filled n molecular orbital, and 
(b) a vacant n molecular orbital.

Table 5. Hyperfine Coupling Constants in Gauss for One Un
paired Electron in Various Orbitals of Pyridine-Type Ligands

Ligand Nucleus 0

Pyridine a-H -1.51 2.05 174
p-H -1.60 0.87 6.3。

Y-H -6.20 5.58 2.伊

Y-Picoline a-H 一 1.75 2.92 192
p-H 一 2.33 1.42 65
匕CH3 + 6.80 -4.31 -1.Z

SEHMO calculation data from ref 12. n* and represent HOMO 
and LUMO n orbitals. The signs are for a p spin in the orbital 
and an a spin in the 川 orbital. AEPR data from ref 8. f INDO/2 
calc너ation data from ref 7.

gands coordinated to nickel(II) complexes.12 Nickel complexes 
have no unpaired electron in t观 orbitals. When a ligand n 
molecular orbital mixes with a filled orbital, spin polar
ization on the metal delocalizes a spin in the n molecular 
orbital and 8 spin is placed on the hydrogen atom by spin 
polarization. They presented calculated hyperfine coupling 
constants for this case.13

The situation is more complicated for SiWnCo(ptl). The 
geometry around the cobalt ion in SiWnCo(ptl) is close to 
square pyramid, as was discussed before for the nickel ion 
in SiWnNi(ptl). Therefore the 匕妇 orbital has the lowest en
ergy among t蜜 orbitals14 (Figure 7). If there were no n in
teraction between the metal and pyridine-type ligand, dxz and 
dyz orbitals would be degenerate. If one of them (say, the 
dxz orbital) mixes with a filled n orbital, the molecular orbital 
containing the d# orbital will have higher energy than the 
dyz orbital, and thus have the unpaired electron. In this case 
P spin is delocalized into the n molecular orbital and a spin 
is placed on the hydrogen atoms. On the other hand, if the 
dg orbital mixes with a vacant n orbital, the molecular orbital 
containing the d* orbital will have lower energy than the 
dyz orbital, and thus have paired electrons. In this case a 
spin is delocalized into the n molecular orbital by spin polar
ization and 8 spin is placed on the hydrogen atoms. In each 
case the hydrogen atoms in CH3 group have the same spin 
as the n molecular orbital by hyperconjugation. Our NMR 
data are consistent with the former case, as will be shown 

later. So we have listed the hyperfine coupling constants 
calculated by Cramer and Drago12 with changed signs for 
the lowest unoccupied n molecular orbials (LUMO) in Table
5.

It is noted that direct n-electron delocalization in the li
gand highest occupied n molecular orbial (HOMO) causes 
opposite shifts from that of the o-electron delocalization, and 
that it has most pronounced effects on y-H and Y-CH& Let 
us compare calculated A8S> values with △融 for Y-H and 
Y-CH3 in Tbale 4. Compared with △&!既, A湍 i으 about 10 
ppm smaller for Y-H and 7 ppm larger for Y-CH3. This is 
exactly what is expected when a small amount of n-electron 
delocalization in HOMO is involved, whereas any n-electron 
delocalization in LUMO and would 아lift the 厶8黑 values 
in wrong directions.

To make it more quantitative, we assume that A8£ is 
the same as the contact shift by a-electron delocalization 
in the cobalt complexes. Then we get the following rela
tion

A8S -/X A8^(.-hXAn =聞

where f and h are proportionality constants, and is the 
hyperfine coupling constant for one unpaired electron in 
HOMO. When the values for Y-H in pyridine and Y-CH3 in 
Y-picoline are used, the following simultaneous equations are 
obtained.

一 13.1 + 15& + 6.2 아z = 11.8
-14.5 + lO.Of- 6.80力=-12.1

Solution of this set of equations yields f—1.10 and /i — 1.26. 
Using the hyperfine coupling constants for Y-H in Table 5, 
we calculate from h = 1.26 that the unpaired electron density 
in the n mlecular orbital is 21% for that in the o molecular 
orbital.

In summary, we have shown that o-electron delocalization 
is the dominant mechanism for the isotropic shifts of pyri
dine-type ligands coordinated to SiWuNi. For the SiWuCo 
complexes both contact and pseudocontact contributions are 
important. When appropriate pseudocontact shifts are subt
racted from the isotropic shifts, the resulting contact shifts 
require both g- and n-electron delocalization. We have also 
shown that 4,4'-bipyridyl forms both 1:1 and 2 : 1 SiWuM- 
bipyridyl complexes.
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Irradiation of 1,4-diphenylbutadiyne (DPB) with a mixture of electron-deficient and electron-rich olefins in deaerated 
tetrahydrofuran yields a 1: 1 primary photoadduct between DPB and electron-deficient olefins. Irradiation of the pri
mary photoadduct of DPB and dimethyl fumarate (DMFu) with various olefins such as DMFu, acrylonitrile (AN), 
and 2,3-dimethyl-2-butene (DMB) in deaerated tetrahydrofuran yields regiospecific 1:1 photoadducts. The electron
deficient olefins are more reactive than electron-rich olefins in the photoreaction which proceeds through excited 
triplet state.

Introduction

The [2 + 2] photocycloaddition reaction of olefins has been 
extensively studied and the reaction mechanisms have been 
well understood. On the contrary, the photoreaction of acety
lenes with olefins received relative little attention. There 
are a few reports of photocycloaddition reactions of acety
lenes with olefins.1-8 In most cases cyclobutene rings are 
formed, but cyclopropyl photoadducts as minor products 
were aiso observed.6^8 When two alkene units are incorpora
ted into a rigid molecule, such as cyclohexa- 1,4-diene, the 
major photoproduct was the bicyclopropyl adduct.7,8 From se
nsitizing and triplet quenching studies on the formation of 
cyclobutene photoproduct, the photoreaction is suggested to 
proceed through the lowest triplet excited state of acetylene. 
The formation of cyclopropyl photoproduct is proposed to 
be concerted.

We have previously reported interesting photoreactions of 
1: 1 1,4-diphenylbutadiyne (DPB) with several olefins to 
yi이d 1: 1 and 1: 2 photoadducts.9-11 The photoreaction of 
DPB with dimethyl fumarate (DMFu) in deaerated THF so
lution at 300 nm yields one primary 1: 1 photoadduct (1) 
and two secondary 1: 2 photoadducts (2 and 3).11

*To whom correspondence showld be addressed

Triplet quenching experiments showed that the photoreac
tion of DPB with DMFu to give 1 proceeds via triplet excited 
state of DPB and 2 and 3 are produced via singlet and triplet 
excited states of 1, respectively. The photoadduct 2 very in
terestingly possessed a cyclopropane and an oxirane ring 
and a triplet carbene intermediate is proposed for 3 in a 
plausible mechanism.

In this investigation, we report regiospecific photocycload
dition reactions of DPB or 1 with electron-deficient and elec
tron-rich olefins and the relative reactivity of some olefins.

Results and Discussion

Irradiation of 1 with olefins in deaerated tetrahydrofuran 
at 300 nm yields 1:1 photoadducts and trace amount of 
lf (VI%), a configurational isomer of 1. The structure of 
these adducts was determined by various physical methods 
such as UV, IR, NMR, and MS spectroscopy.

Some photoadducts are obtained when 1 is irradiated in 
deaerated tetrahydrofuran solutions of various olefins such 
as DMFu, AN, and DMB.

The UV spectra of 7 and 8 are quite different from those 
of 4, 5, and 6 which are very similar to each other indicating 
that these adducts have the same chromophore (Figure 1). 
The absorption maxima were slightly blue shifted in 4, 5, 
and 6 and considerably in 7 and 8. IR spectra of 4 and
5 show a C=N stretching band while 6-8 show no acetylenic 
stretching band. The significant difference of IR spectra of
6 and 7 (or 8) is 사le C=C stretching band at —1600 cm-1. 
Mass spectra of all the photoproducts show molecular ion 
peaks indicating that all the products are formed by the ad-


