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'H and “C NMR spectra for pyridine, B- and Y-picoline, pyrazine, and 4,4'-bipyridyl complexed with paramagnetic
undecatungstocobalto{IDsilicate and undecatungstonickelo{I)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 g-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

dumbbeil-shaped 1:2 complexes.

Introduction

The 'H and “C NMR spectra of some pyridine-type li-
gands complexed with paramagnetic bis{24-pentanedionato)-
cobalt{Il) and -nickel(Il) (hereafter denoted as Cofacac), and
Ni(acac),, respectively) were reported.!”* 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 shifts were interpreted
qualitatively in terms of contact and pseudocontact interac-
tions.!”> Later Horrocks and Hall determined the absolute
isotropic shifts for pyridine coordinated to Ni(acac), and Co-
(acac), by measuring isotropic shifts as a function of the con-
centration of the coordinated pyridine* They also noted that
there was large discrepancy between the relative °C isotro-
pic shifts reported by two different groups.

We have found that pyridine-type ligands coordinated to
the heteropolyanion [SiW;;MOx»1¢~ (M=Co" or Ni"; denoted
as SiW;;M 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 SiW;;M 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 SiW,;M. In this paper we report absolute isotropic NMR
shifts of some pyridine derivatives coordinated to SiW,;Co
and SiW;;Ni, and estimate contact and pseudocontact contri-
butions to the isotropic shifts.

Experimental

K[ SiW,,Co(H:0105 ] - nHO and K[ SiW,;Ni(H;0)0%] - nH:0
were prepared according to the methods of Simmons® and
Weakley ef al.f

'H NMR (300.08 MHz) and “C NMR (7546 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 (22-25C ). The line-broadening factor used
in exponential apodization was 20 Hz. For 'H NMR spectros-
copy, 90° pulses {10 ps) were used, and the acquisition time
was 0.2 s. No exitra delay time between pulses was in-
troduced. DSS was used as an internal reference, For BC
NMR spectroscopy, 90° pulses (13 ps) 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

S$iW;,Co Complexes. The 'H NMR spectrum of a D,O
solution containing pyridine and SiW};Co is shown in Figure
1. The three peaks at 8.7, 8.1, and 7.6 ppm are attributed
to a-, Y-, and B-proton of free pyridine, respectively. The
three peaks at 113.1, 25,9, and —5.0 ppm, which appear only
when SiW,,Co is added, are assigned to a-, -, and Y-proton
of the coordinated pyridine by comparing with the previous
assignments' for pyridine coordinated to Co(acac),. Thus the
isotropic shifts for a-, 8-, and Y-proton are 1044, 183, 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 values’
of 329, 50, and —9.4 ppm for pyridine coordinated to Co
(acac),.

The ®C NMR spectrum of a D;O solution containing pyri-
dine and SiW,Co is shown in Figure 2. The three peaks
at 151.9, 1412 and 127.6 ppm are attributed to a-, Y, and
B-carbon of free pyridine, respectively. The three peaks at
556.8, 59.5, and —90.9 ppm, which appear only when SiW,,Co
is added, are assigned to B-, Y- and a-carbon of the coordi-
nated pyridine by comparing with the previous assignments?
for pyridine coordinated to Cofacac),, Thus the isotropic
shifts for a-, B-, 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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Figure 1. 'H NMR spectrum of a D,O solution containing 1:1
pyridine and SiW,;Co. Chemical shifts in ppm from TMS. The
four peaks at 04 ppm come from DSS, and the peak at 4.80
ppm from HDO. The peaks originating from the complex are
labeled.
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Figure 2. “C NMR spectrum of a D,O solution containing 1:1
pyridine and SiW),Co. Chemical shifts in ppm from TMS. The
peaks originating from the complex are labeled.

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

The 'H NMR spectrum of a D0 solution containing pyra-
zine and SiW,Co is shown in Figure 3. The peak at 86 ppm
belongs to free pyrazine, while two peaks at 888 and 17.9
ppm can be assigned to pyrazine coordinated to SiW,Co.
If SiW,,Co and pyrazine form a 1:1 complex, two peaks
with isotropic NMR shifts similar to those of a- and f-proton
in pyridine wilt appear. If a dumbbeli-shaped 2 :1 complex
is formed, one peak is expected. Therefore, the observed
spectrum must come from the 1:1 complex.

The 'H NMR spectrum of a D;O solution containing 4.4’
bipyridy! and SiW;Co is shown in Figure 4. The two peaks
at 86 and 7.5 ppm are atiributed to the 2-H and 3-H of
free 4,4'-bipyridyl. The four peaks at 1058, 19.9, 32, and
—24 ppm are assigned to 2-H, 3-H, 2'-H, and 3'-H of the
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Table 1. Isotropic NMR Shifts A8, of Pyridine-Type Ligands
Coordinated to [SiWuCO"O‘m]s—

Ligand Nucleus” e By A8,
Pyridine a-H 87 1131 1044
p-H 76 259 183
Y-H 81 -50 =131
a-C 1519 —9%.9 —2428
B-C 1276 556.8 4292
Y€ 141.2 595 —81.7
B-Picoline o-H 86 1158 107.2
a-H 86 1180 109.4
g8-H 7.7 294 21.7
Y-H 8.0 —52 —-132
§'-CH, 26 —-23 ~49
a-C 1469 -937 —2406
a'-C 150.1 -77.1 —227.2
B-C 126.3 560.5 435.2
p-C 136.0 5709 4349
Y-C 1399 55.7 —-84.2
p'-CH, 174 589 41.5
Y-Picoline a-H 86 1163 107.7
B-H 7.6 269 193
Y-CH, 2.6 —119 —14.5
a-C 152.0 —45.7 -197.7
g-C 1270 568.2 4412
¥-C 1500 78.2 -71.8
Y-CH, 205 354 149
Pyrazine 2-H 86 888 802
3-H 86 179 93
4,4'-Bipyridyl 2-H 86 105.8 972
(95.8Y (91.2y
3-H 75 199 124
94y 19y
2'-H 86 32 —54
3-H 75 -24 -99

?For B-picoline, the f'~carbon is that bearing the methyl group.
*In ppm relative to the 'H or C resonances of TMS. 2:1
SiW,;Co-bipyridyl complex.

4,4'-bipyridyl in the 1:1 SiW,,Co-bipyridyl complex by com-
paring with the previous assignment' for 4-phenylpyridine
coordinated to Co(acac),. Then the isotropic shifts are 97.2,
124, —54, 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 94 ppm. The
relative intensity of these peaks increases with an increase
of the ratio [SiWy,Col/(bipyridyl], indicating that they orig-
inate from the 2:1 SiW;,Co-bipyridy] complex. If the isotro-
pic shifts by two Co** ions are assumed to be additive, the
estimated isotropic shifts are 91.8 (=97.2—54), and 25 (=
124-9.9) 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 SiW, Co-bipyridyl complex.

SiW, Ni Complexes. The NMR spectra of the SiW,Ni
complexes also exhibited separate lines for the complexed
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Figure 3. 'H NMR spectrum of a DO solution containing 1:1
pyrazine and SiW,Co. Chemical shifts in ppm from TMS. The
peaks originating from the complex are labeled.
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Figure 4. 'H NMR spectrum of a DO solution containing 1:2
4,4"-bipyridyl and SiW,;Co. Chemical shifts 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 SiW,Co-
bipyridyl complex.

and free ligands. However, their NMR lines were broader
than those for the SiW,;Co complexes, and the lines origi-
nating from the a-protons were too broad to be observed.
The 'H NMR spectrum of a DO solution containing B-pico-
line and SiW,Ni and the ¥C NMR spectrum of 2 D;0 solu-
tion containing Y-picoline and SiW, Ni are shown in Figures
5 and 6. The NMR data for the SiW;Ni complexes are listed
in Table 2.

Contact and Pseudocontact Contributions. The
isotropic NMR shifts A8, 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

Moonhee Ko et al,

B~CHg

Y-H
B-H
T I AT AT AT S Y

Figure 5. 'H NMR spectrum of a D;O solution containing 1: 1
B-picoline and SiW,Ni. 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.
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Figure 6. ¥C NMR spectrum of a D0 solution containing 1: 1
Y-picoline and SiW;Ni. Chemical shifts in ppm from TMS. The
peaks originating from the complex are labeled.

the electronic and naclear magnetic moments.
The pseudocontact shift for a given nucleus { in an axial
system can be expressed as'

Avi __ Ni Bcos®—-1)
v = 12n ’? (X_n x,l} (1)

Here N, is Avogadro’s constant, ©; is the angle between the
principal axis of the complex and the radius vector from
the metal ion to the nucleus, i; # is the distance between
the metal ion and the nucleus, #; and %, and %, 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) (ptl). (pti=pyridine-type ligand).!~® For an octa-
hedral Ni{Il) complex, which has an orbitally non-degenerate
%Az ground state with excited states far removed in energy,
the orbital contribution is small and so is the magnetic an-
isotropy. Although SiW,Ni(ptl) deviates considerably from
octahedral symmetry, the pseudocontact shifts are expected
to be small.

The contact shift A8., can be expresed as
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Table 2. Isotropic NMR Shifts Ad of Pyridine-Type Ligands
Coordinated to [SiWyNi"0x]®"
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Table 3. INDO/2 Hyperfine Coupling Constants, A; and Isotropic
Shifts* for Pyridine-Type Ligands Coordinated to [SiW,:NiOy]é~

Ligand Nucleus” - Boms AB;, Ligand Nucleus® Al ASH A¥A;
Pyridine a-H 8.7 - - Pyridine a-H 18.7 - -
B-H 76 436 36.0 B-H 6.1 360 59
Y-H 8.0 19.8 118 T-H 39 118 30
a-C 150.0 6.3 —143.7 o-C —4.7 —-1437 306
g-C 126.1 597 471 p-C 108 471 43.6
Y-C 139.8 579 -81¢9 ¥-C ~-26 —819 315
B-Picoline o-H 86 - - B-Picoline o-H 174 - -
a-H 86 - - o'-H 19.3 - -
B-H 76 46.1 385 B-H 5.7 385 6.8
Y-H 80 190 11.0 Y-H 43 11.0 26
p'-CHs 25 102 7.7 p'-CH; 16 7.7 48
a-C 1489 —74 —156.3 a-C —49 —-156.3 319
a’-C 152.0 10.0 —1420 a’-C —5.0 —1420 284
B-C 127.7 606 478 B-C 107 478 4.7
p-C 1386 606 467 p-C 104 467 449
¥-C 142.7 65.8 - 769 Y-C —2.8 —76.9 275
g'-CH, 196 530 334 p’-CH; 0.82 334 40.7
Y-Picoline a-H 86 - - Y-Picoline a-H 19.2 - -
g-H 76 4290 344 B-H 6.5 M4 53
Y-CH; 26 —95 -121 Y-CH, -12 =121 10.1
a-C 156.8 29.9 ~1269 a-C =51 —126.9 249
B-C 1298 614 484 B-C 104 484 - 465
¥-C 1504 653 —85.1 ¥-C -23 —-85.1 370
Y-CH, 23.1 67.6 445 ¥-CH, 14 445 318
Pyrazine g:g :g 50‘; 4 1.5‘ :-.I;fl gpm ¢Calculated hyperfine coupling constants in gauss from
44'-Bipyridyt 2-H 86 . -
3-H 7.8 39.8 320
412y (334¥ would be obtained for each set.)
2.H 86 8.1 —05 It is noted that AS/A, values for Y-protons in pyridine
3.H 78 9.5 17 and B-picoline are much smaller than the value for B-proton.

¢For p-picoline, the B'-carbon is that bearing the methyl group.
*In ppm relative to the 'H or C resonances of TMS. ‘2:1
SiW,Ni-bipyridyl complex.

Ay = ABLn + AdGn 2)

where A%, and AS%, are the contact shifts resuiting from
the transmission of n- and o-type electrons. The Ni#* ion
in octahedral symmetry has two unpaired electrons in ¢, or-
bitals which have o symmetry. It is most likely that the
unpaired electron density is transferred from the d2 orbital
to the o orbital system of the ligand. So isotropic shifts in
nickel complexes may be attributed mainly to A&%,. Hor-
rocks and Johnston have shown that o-electron delocalization
in pyridine derivatives coordinated to Ni(acac), can be inter-
preted qualitatively by INDO/2 calculations for phenyl, and
o0-, m-, and p-tolyl radicals.” The hyperfine coupling constants,
A;, calculated by them’ are compared with the isotropic shifts
in SiW;,Ni(ptl) in Table 3. The sign of the shift is predicted
correctly for all 20 nuclei. The ratios of the contact shifts
to the hyperfine coupling constants (A§/4,) within the sets
of protons, Ry, and the sets of carbon nuclei, B¢, show mod-
erate semiquantitative agreement. (Ideally a single value

It is probable that the INDO/2 calculations overestimate the
hyperfine coupling constants for Y-protons, The experimental
values determined by the EPR spectrum of phenyl radical
are 174, 6.3, and 20 G for a-, -, and ¥-proton, respectively.?
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
G, Ad/A; values for Y-protons (5.9 and 55) are now similar
to those for P-protons.

It was shown that A&/A, is inversely proporticnal to the
magnetogyric ratio Yy of the nucleus involved."'?

_ T é@(s +1)
Ad/A;= Yy %T 3)
Thus, it follows that
Re _ Yu _
Re ~ Y 4.0 @)

The average values of Rc and Ry for all carbon atoms and
protons in three complexes listed in Table 3 are 35.7 and
637 and thus the Rc/Ry ratie is 5.7. This moderate semi-
quantitative agreement shows that the observed isotropic
shifts for the nickel compiexes are due primarily to a contact
interaction by o-electron delocalization.

If the isotropic shifts are determined by a-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 SiWyNi(py) (py=pyridine),
and Niacac).(py). are 135, 148, 1.54, 1.37, and 2.37 for B-
H, Y-H, a-C, B-C, and V-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):(py). was calculated from a measured
shift of 1.3 ppm with an error of *03 ppm?' The un-
certainty in the experimental value partly accounts for the
deviation of the ratio for v-C.

The average ratio of 1.4 indicates that a-electron delocal-
ization is 40% more extensive in SiWy,Ni(py) than in Ni(acac),-
(py)- The unpaired electron from d.2 orbital in octahedral
Ni(acac)(py). is evenly delocalized into two pyridine mole-
cules. The geometry around the nickel ion in SiW,Ni(py)
deviates considerably from octahedron. The six oxygen atoms
surrounding a tungsten atom in [SiW,;;0,0]¢" can be classi-
fied into four types: one O, atom shared between three WO,
octahedra and the central SiQ, tetrahedron, two O, atoms
shared between adjacent W30,3 units, two O, atoms shared
between two WOQOs octahedra in the same W,0,; unit, and
one Oy atom linked to one tungsten atom. The bond lengths
are W-0, 235, W-0, 192, W-0, 1.93, and W-Q, 171 AV It
is noted that the axial Q, atom is located 0.4 & farther than
0O, and O. atoms which form a square plane. In SiW,Ni(ptl)
one of the 12 W-O,; groups has been replaced by Ni{ptl).
Since the Ni-O, 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 SiWy,
Ni{py) than in Ni(acack(py)..

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):(py)., Horrocks and Hall calculated the pseudo-
contact shifts using the single crystal magnetic susceptibility
data?! 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 {3cos’6;,— 1)/r} and the magnetic anisotropy (x. —x.);
see Eq. (1). In the absence of the magnetic data for SiW,;Co
(ptD), pseudacontact shifts cannot be determined directly. If
we assume that the geometrical factors are the same for
the given pyridine-type ligand coordinated to Cofacac), and
SiW,,Co, 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 A3, in Table 4. The values for '-CH; of
B-picoline, Y-CH; of Y-preoline, and 2'-H and 3"-H of 4.4"-bi-
pyridyl were calculated from the X-ray data of Co{acac)Apy),"
and the following bond lengths: methyl-ring C-C 1.53, methyl
C-H 1.09, ring-ring C-C 146 A.

The contact shifts, A8%(f=1), are obtained by subtract-
ing the pseudocontact shifts for f=1 from the experimental
isotropic shifts. It is noted that some contact shifts of SiWy,
Cofptl} based on f=1 are quite similar to the corresponding
AN values. We have tried to determirne the best f value
by comparing the contact shifts of SiW,,Colptl) with A&},
The Co®* ion in octahedral symmetry has twe unpaired elec-
trons in ¢, orbitals which have ¢ symmetry and one unpaired
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Table 4. Isotropic, Pseudocontact, and Contact Shifts of Pyri-
dine-Type Ligands Coordinated to [SiW,,Co"Qs]é"

‘ ASE AR .,
Ligand Nucleus ASL Agg, ¢=1) ¢=094) ABl
Pyridine a-H 1044 -395 1439 1415 -
8-H 183 —-181 364 33 360
¥-H -131 -—156 25 16 118
a-C ~2427 -—925 —1500 —155.8 —143.7
B-C 4291 —357 4648 4627 471
¥-C —818 —283 -—535 -552 -—819
B-Picoline a-H 1072 —395 1467 1443 -
o'-H 1094 -—-395 1489 1465 -
g-H 217 -181 398 387 385
¥-H —~132 —15.6 24 15 110
p'-CH; -49 -99 50 44 77
o-C -2406 925 —1481 —153.7 —1563
a'-C —2272 —925 —134.7 —1403 — 1420
g-C 4352 —357 4709 4688 478
g-C 4349 -357 4706 4685 467
Y-C —842 -—-283 -559 —576 —769
§'-CH; 415 -136 55.1 4.3 334
¥-Picoline a-H 1077 —-395 1472 1448 -
g-H 193 -—18.1 374 363 344
Y-CH; —145 —100 -45 -51 -—121
a-C ~-1977 —925 —1052 —1108 —1269
g-C 4412 -181 4593 4582 484
Y-C -718 -283 -—-435 -452 851
¥-CH; 149 -126 275 26.7 445
4.4-'Bipyridy]l 2-H 972 -395 1367 1343 -
3-H 124 -—181 305 284 320
2'.-H -54 ~-40 -14 —-16 —05
3-H -99 -90 -09 -—14 1.7

*The pseudocontact shifts of pyridine-type ligands coordinated
to Cofacac), from ref 4. Some values have been estimated from
the geometry of each complex; see the text.

electron in £, orbitals which have n symmetry. Let us first
assume that the contact shifts of SiW,,Co(ptl) arise due to
the o¢-electron delocalization alone. Then A8% should be
proportional to A8, This relation may be expressed as

Adiy—fX Ay =g X A8 )

where f and g are proportionality constants. We have calcu-
lated the absolute values of (A8;,~fX A8, —gXAZ) for
various f and g values. The minimum average value of 9.4
was obtained for /=094 and g=098. A smaller minimum
average value of 6.1 was obtained for f=094 and g=098
when Y-H, Y-C, and Y-CH; were not included; see below.

The contact shifts for /=0.94 are listed in Table 4. 1t is
noted that the fit between A8% and AS8Y 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 SiW;Co(ptl). Now we include the n-electron
delocalization from metal ¢, 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. Relative energies of 3d orbitals of [SiW;Co(ptl)Oz]1°~,
when d, 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 b nf c

Pyridine o-H -1.51 2.05 17.4%
B-H -1.60 0.87 6.3
Y-H -6.20 5.58 20

¥-Picoline a-H -1.75 292 19.2
B-H -233 142 6.5
¥-CH; +6.80 —4.31 —1.2

¢ EHMO calculation data from ref 12. my and m, represent HOMO
and LUMO n orbitals. The signs are for a B spin in the m, orbital
and an a spin in the m orbital. *EPR data from ref 8, ‘INDO/2
calculation data from ref 7.

gands coordinated to nickel(Il) complexes.”? Nickel complexes
have no unpaired electron in {,, orbitats. When a ligand n
molecular orbital mixes with a filled # orbital, spin polar-
ization on the metal delocalizes o spin in the n molecular
orbital and B spin is placed on the hydrogen atom by spin
polarization. They presented calculated hyperfine coupling
constants for this case!®

The situation is more complicated for SiW,Co(ptl). The
geometry around the cobait ion in SiWy,Co(ptl) is close to
square pyramid, as was discussed before for the nickel ion
in SiWy;Ni(ptl). Therefore the d,, orbital has the lowest en-
ergy among f,, orbitals"* (Figure 7). If there were no n in-
teraction between the metal and pyridine-type -ligand, 4., and
d. orbitals would be degenerate. If one of them (say, the
d., orbital) mixes with a filled n orbital, the molecular orbital
containing the d, orbital will have higher energy than the
d,; orbital, and thus have the unpaired electron. In this case
B spin is delocalized into the m molecular orbital and a spin
is placed on the hydrogen atoms. On the other hand, if the
d., orbital mixes with a vacant n orbital, the molecular orbital
containing the d. orbital will have lower energy than the
d, orbital, and thus have paired ¢lectrons. In this case «
spin is delocalized into the n molecular orbital by spin polar-
ization and P spin is placed on the hydrogen atoms. In each
case the hydrogen atoms in CH; group have the same spin
as the n molecular orbitat by hyperconjugation. Our NMR
data are consistent with the former case, as will be shown
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later. So we have listed the hyperfine coupling constants
calculated by Cramer and Drago'® 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-CHa. Let
us compare calculated ASS, values with A8 for Y-H and
Y-CH; in Thbale 4. Compared with ASE, ASL, is about 10
ppm smaller for Y-H and 7 ppm larger for Y-CH,. 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 shift the ASY, values
in wrong directions.

To make it more quantitative, we assume that A8N is
the same as the contact shift by o-electron delocalization
in the cobalt complexes. Then we get the following rela-
ton

ASE— X A8, — X A= ASY

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

—131 + 156/ + 620k = 11.8
~145 + 10.0f ~ 680k = ~12.1

Solution of this set of equations yields f=1.10 and #=1.26.
Using the hyperfine coupling constants for Y-H in Table 5,
we calculate from £#=1.26 that the unpaired electron density
in the n mlecular orbital is 21% for that in the ¢ 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 SiW,Ni For the SiW;,Co
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 ¢- and n-electron delocalization. We have also
shown that 4,4"-bipyridyl forms both 1:1 and 2:1 SiW;,M-
bipyridyl complexes.
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Irradiation of 14-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-dimethyi-2-butene (DMB) in deaerated tetrzhydrofuran 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,)~® In most cases cyclobutene rings are
formed, but cyclopropyl photoadducts as minor products
were also observed.®"® When two alkene units are incorpora-
ted into a rigid molecule, such as cyclohexa-1,4-diene, the
major photoproduct was the bicyclopropyl adduct.”® From se-
nsitizing and triplet quenching studies on the formation of
¢yclobutene 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 14-diphenylbutadiyne (DPB) with several olefins to
yield 1:1 and 1:2 photoadducts.? " The photoreaction of
DPB with dimethyl fumarate (DMFu) in deaerated THF so-
lution at 300 nm yields one primary 1:1 photoadduct (I)
and two secondary 1:2 photoadducts (2 and 3).M

R
Ph m Ph R
R AvO6h)  py Y 4 R R
N R
DPB + Ng THFIN, ji(*' CH, . ¢ N
R = CO,CH; TN 4 m R N o

R
DMFu

133 %) R202%) 3(14%)
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Triplet quenching experiments showed that the photoreac-
tion of DPB with DMFu to give 1 proceeds sia triplet excited
state of DPB and 2 and 3 are produced vig 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
1' {(<1%), 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
§ 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 the C=C stretching band at ~1600 ¢cm™,
Mass spectra of all the photoproducts show molecular ion
peaks indicating that all the products are formed by the ad-



