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Figure 1. ORTEP plot of the molecular 
(V-C5H5)FeCO(PPh3)(V-(^)-C(CO2Et)=C(H)Me). 

structure of 

normal and quite similar to those for 2. Most notably, the Fe-
C(alkenyl) distance of 2.02 (1) A is that expected for a single bond 
and is similar to the 2.030 (2) A distance found in 2. 

Insight into how hydride adds cis is demonstrated by reactions 
2 and 3. A combination of 1H, 13C and 2H NMR spectroscopy 
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has been used to show that the added deuteride is in the Cp ring 
for each case. First, careful integration of the 1H spectra shows 
a 3:4 ratio for the Me group(s) resonance vs. the Cp ring reso­
nance. Also, the vinyl methyl group resonance in the product of 
reaction 2 is a normal doublet (J = 1 Hz) showing that H, not 
D, is geminal to it. Second, 2H NMR spectra show a single 
resonance at the location expected for the Cp resonance from the 
1H NMR spectra. Again, integration vs. the natural abundance 
solvent resonance shows approximately one deuterium per ring. 
Finally, 13C NMR spectra show that there is one deuterium in 
each Cp ring for all three cases. Although, we have been unable 
to observe the C-D carbon atom resonance in the proton decoupled 
spectra,8 the remaining C-H ring carbon atoms, appear as two 
equal-intensity resonances separated by ca. 0.1 ppm. This is what 
would be expected for a /3-deuterium isotope shift in a C5H4D 
ring.9 

Scheme I shows a reasonable course for these reactions. The 
first step, exo nucleophilic addition to an r;5-CsH5 ring, is a 
well-documented reaction.10 The second step, transfer of an endo 
j?4-C5H6 hydrogen atom to an auxiliary ligand appears to be 
unique. Metal orbitals could potentially be involved in the transfer 

(8) A C-D carbon atom resonance would be split into a triplet (2H has s 
= 1), line broadened due to the 2H quadrupole and significantly lose intensity 
because of the loss of NOE.9 They are generally not observed. 

(9) Levy, G. C; Lichter, R. L.; Nelson, G. L. "Carbon-13 Nuclear Mag­
netic Resonance Spectroscopy", 2nd ed.; Wiley: New York, 1980; p 95. 

(10) Davies, S. G.; Green, M. L. H.; Mingos, D. M. P. Tetrahedron 1978, 
34, 3047. 

.Fe- ,Fe 

/ . 

(or even a formyl type intermediate), but generation of a discrete 
(j)5-C5H5)Fe(L)(?;2-alkyne)H intermediate (a ligand, either CO 
or L, needs to dissociate in order to have an 18-electron species) 
seems unlikely. We note that cis addition of hydride to the 
16-electron complex [(V-Cs^MofPtOMe^K^-HC^C-f-Bu)]-1-
has been reported." In contrast to our results presented above, 
a deuterium label (from [BD4]') was shown to be incorporated 
exclusively at the /3-alkenyl carbon atom. 
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Activation volume has been used extensively for elucidating 
the mechanism of ligand substitution and isomerization reactions 
of metal complexes in solution.1-5 On the other hand, much less 
study has been carried out on the electron-transfer reactions.I,6~8 

(1) Stranks, D. R. Pure Appl. Chem. 1974, 38, 303-323. 
(2) Palmer, D. A.; KeIm, H. Coord. Chem. Rev. 1981, 36, 89-153. 
(3) Ueno, F. B.; Nagasawa, A.; Saito, K. Inorg. Chem. 1981, 20, 

3504-3506. 
(4) Merbach, A. E. Pure Appl. Chem. 1982, 54, 1479-1493. 
(5) Swaddle, T. W. ACS Symp. Ser. 1982, No. 198, 39. 
(6) Sasaki, Y.; Ueno, F. B.; Saito, K. / . Chem. Soc, Chem. Commun. 

1981, 1135-1136. 
(7) Ueno, F. B.; Sasaki, Y.; Ito, T.; Saito, K. J. Chem. Soc, Chem. Com­

mun. 1982, 328-329. 
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Table I. Activation Volumes for Some Electron-Transfer Reactions in Aqueous Solution 

reaction 

4 
5 
6 
7 
2e 

8 
9 
ld 

y 

oxidant 
[Coln(en)3]3+ 

[Fem(H20)J3 + 

Tl3+ 

[Ir1Y1Cl6]'-
[Com (edta)]" 
[Co"I (M-O <-),NHaKen)4] 
[Co I ( M - O 2 ( - > ) ( N H 3 ) 1 0 ] 5 + 

[ConI(NH3) spy]3 + 

/ [Co™2 (M-O <» 
{ [Co 1(M-O2

 2 

\ [Co111J(M-O2^ 

4 + 

reductant 

[Co u(en) 3] 2 + 

[Fe11CH2O)J2+ 

Tl+ 

[Mo v
20 4(OH)(hedta)] 2" f 

[FeII(CN) J 4 -
[Mo v

20 4(OH)(hedta)] 2" f 

[Mo v
2 0 4 (edta) ] 2 " 

[Fe1I(CN)J4" 
">)(en)4(NH3)J4+a 

°)(d i en ) , ( en ) J 4 + a 

">)(dien)2(#-pn)J4+a 

AKT*, 
cm3 mol"1 

-19.8 ± 1.5 
-12 .2+ 1.5 
-13 .2+ 1.0 
-12 .3 ± 1.4 
+ 13.4 ± 0.5 
+ 19.6 ±4.5 
+ 35.8 ±4.9 
+ 47.3 ±4.3 
+ 23.8 ± 0.3 
+ 18.8+ 0.3 
+ 21.3 ± 0.6 

A K o s , 
cm3 mol ' 

+ 7.8 ± 3.7 
+ 23.7 + 3.0 
+ 23.4 ±3.3 

AK6*, 
cm3 mol ' 

+ 11.8 ± 0.8 
+ 12.1 ± 1.9 
+ 23.9 ± 1.0 

temp, 
0C 

65 
2 

30 
25.0 
25.0 
25.0 
41.1 
25.0 
20.0 
45.0 
45.0 

/ ,M 

0.5 

1.1 
0.1 
1.0 
0.1 
0.1 
1.0 
0.1 
0.1 
0.1 

ref 

1 
1 
1 

14 
b 

14 
6 
b 
b 
b 
b 

a Unimolecular redox decompositon to Co11 and O2. b This work. c [Fe11] = (2.01-12.4) X 10"3 M; [ C o m ] = (7.01-15.1) X 10"4M; 
[ascorbic acid] = (4.5-9.0) X 10"3 M; pH 4.4 (acetate buffer); A0T* (compressibility of activation) = (-2.5 ± 1.4) X 10"2 cm3 mol"1 MPa" 
5 [Fe n ] = (2.43-8.52) X 10"3 M; [Co1"] = (1.09-2.26) X 10"4 M; [diethylenetriaminepentaacetic acid 
(acetate buffer); A/3os = (+8.8 ± 3.3) X 10"2 cm3 mol"1 MPa"1; A0e* = 
' H3hedta = A'-(2-hydroxyethyl)ethylenediamine-Af,A',,JV-triacetic acid. 

-0 cm3 mol"1 MPa" J[Co i l l 
2.48 X 10"4 M; pH 5.6-6.5 

= ca. 1.4 X 10"4 M; [HCl] = 0.01 M. 

In the case of outer-sphere electron-transfer reactions, activation 
volume has been believed to be governed mainly by rearrangement 
in the solvation sphere, since no bond formation or cleavage is 
involved. We recently reported the activation volume for the 
electron transfer within an ion pair (AKe*) (reaction 9 in Table 
I.6 The AKe* value (+12 cm3 mol-1) may manifest the volume 
change of the reacting species on going to the transition state 
accompanied by the change in bond lengths and/or angles, but 
did not allow further discussion because of complicated structure 
of the reactants. 

We have recently measured the activation volume (obtained 
in the range 1-294 MPa) of two outer-sphere electron-transfer 
reactions (I10 and 2") and of three internal redox reactions 312,13 

[Co ,n(NH3)2py]3+ + [Fe"(CN)6]4- -
[Co"(NH3)5py]2+ + [Fe"'(CN)6]3- (1) 

complex,10 since A0S[Fe11] is comparable with unity in the rate 
law 4. Hence the volume change due to encounter complex 

[Co ln(edta)]- + [Fe"(CN)6]4 

[Co"(edta)]2- + [Fem(CN)6]3- (2) 

Oi-hCY.incN^]4+ [(N)5Conl(02(2-»)Conl(N) 
2 [ O A N ) 5 ( H 2 O ) F + O2'

2") (3) 
(N)5 = (en)2NH3, (en) (dien), (fl-pn) (dien)9 

(Table I)9 and wish to show that the contribution of the volume 
change of the reactants themselves to the AV* is indeed significant. 
All these reactions involve the change of oxidation state of cobalt 
from III to II and are expected to involve relatively large changes 
in the metal-ligand bond distances. Reactions were monitored 
at appropriate wavelengths by the usual method with a Hitachi 
330 spectrophotometer equipped with a high-pressure cell com­
partment. First-order plots with respect to the Co111 complex 
(reactions 1 and 2) and the binuclear species gave straight lines 
at least up to 2 half-lives and mostly beyond 3 half-lives, at each 
pressure employed. 

Outer-sphere redox reactions proceed through rapid preequi-
librium to form encounter complexes and the electron-transfer 
takes place within them. Reaction 1 enables individual evaluation 
of the encounter complex formation constant (AT05) and of the 
net electron-transfer rate constant (&,,) within the encounter 

(8) van Eldik, R. Inorg. Chem. 1983, 22, 353-354. 
(9) Abbreviations: H4edta = ethylenediaminetetraacetic acid; en = 

ethylenediamine; dien = diethylenetriamine; /?-pn = (.R)-propylenediamine; 
Py = pyridine. 

(10) Miralles, A. J.; Armstrong, R. E.; Haim, A. J. Am. Chem. Soc. 1977, 
99, 1416-1420. 

(11) Rosenhein, L.; Speiser, D.; Haim, A. Inorg. Chem. 1974, 13, 
1571-1575. 

(12) Sasaki, Y.; Suzuki, K. Z.; Matsumoto, A.; Saito, K. Inorg. Chem. 
1982, 21, 1825-1828. 

(13) Sasaki, Y.; Tachibana, M.; Saito, K. Bull. Chem. Soc. Jpn. 1982, 55, 
3651-3652. 

(14) Kanesato, M.; Sasaki, Y.; Saito, K., unpublished results. 

*ow = *os*.[Fe n ] / ( l +A05[Fe11]) (4) 

formation (AK05) and the activation volume accompanied by the 
electron-transfer (AK6*) are individually obtained. In reaction 
2, A:obsd equals A05^6[Fe11] since A08[Fe11] is negligible to unity, 
and the observed AKT* is the sum of AK05 and AKC*. 

Negative AKT* values for reactions 4-7 in the table are best 
explained by invoking a major contribution from the negative 
AK05, which is due to the increase in the electrostriction by charge 
concentration on encounter complex formation. The positive AK1-* 
value for reaction 2 is understood only by considering that the 
AKj* is highly positive and overwhelms the negative AK05.

15 The 
AKe* value of reaction 1 is considerably more positive than those 
of reactions 8 and 9. The solvent rearrangement on going to the 
transition state within the encounter complex would not give a 
large volume change because the charge redistribution should be 
much smaller than that on the encounter complex formation. Thus 
the high positive AKC* values for reactions 1 and 2 should be due 
to the volume change of the reactants, particularly of the cobalt 
complexes. The reductant, [Fe"(CN)6]4~, requires only a small 
change in volume on oxidation to [Fe ln(CN)6]3 ' .16 

The rate-determining step for reaction 3 is claimed to be the 
electron-transfer from the bridging O2

2- to Co111. Outer-sphere 
association need not be considered. Since the rate and activation 
volume are insensitive to pH (2-10), ionic strength / (0.01-1.0 
M) (M = mol dm-3), and the kind of electrolyte added for ad­
justing the ionic strength, the state of second sphere does not seem 
important.17 The AK*'s should be governed by the volume change 
of the complex ion itself, mainly by the increase in volume of one 
of the cobalt ions on intramolecular electron transfer.18 

The change in volume of the cobalt species was evaluated by 
use of the Co-N distances, 1.96 and 2.16 A, for [Com(NH3)6]3+ 19 

and [Con(NH3)6]2+,20 respectively. These values are reckoned, 

(15) The activation volume, AV1*, of reaction 2 at / = 0.1 M is almost 
identical with that at / = 1.0 M, indicating that the AVT* is intrinsic and does 
not reflect the change of "salt effect" with pressure. 

(16) Mullica, D. F.; Milligan, W. O.; Oliver, J. D. Inorg. Nuci. Chem. Lett. 
1979,15, 1-5; Fletcher, S. R.; Gibb, T. C. J. Chem. Soc, Dalton Trans. 1977, 
309-316. 

(17) Ebihara, M.; Sasaki, Y.; Aoki, H.; Saito, K., unpublished results. 
(18) If the rate-determining step for reaction 3 were the bond cleavage, 

k2, rather than fc, of eq 5, the activation volume should be the sum of volume 

(5) 

change on rapid preequilibrium (K1 = kJk.C) and the activation volume on 
the bond cleavage. Available AK* values for some ligand substitution reactions 
of cobalt(II) complexes are in the range +5-+8 cm3 mol"1.1 Thus the volume 
change accompanied by the electron transfer should be ca. +12 cm3 mol"1, 
which is still considerably positive. 

(19) Herlinger, A. W.; Brown, J. N.; Dwyer, M. A.; Pavkovic, S. F. Inorg. 
Chem. 1981, 20, 2366-2371. 
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as first approximation, to represent the difference in coordination 
bond lengths between Co111 and C o " complexes. The change in 
volume of the Co111 complexes within the van der Waals region 
on going to Co" species is estimated to be +19.7 and +29.8 cm3 

mol"1, for reactions 1 and 2, respectively. These values are re­
garded as maximum, since the bond distances at the transition 
state should be somewhere between those of Co111 and Co". The 
observed values are close to the above values, suggesting that the 
transition state would be closer to Co" than to Co1" with respect 
to the bond distances. 
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Carbon-13 chemical shifts have been widely used in the study 
of molecular structure, motion, and properties. The components 
of the chemical shift tensor are a more sensitive probe into mo­
lecular structure than the trace alone.1 The most straightforward 
way of determining the chemical shift tensor is to perform a 
line-shape analysis of the proton-decoupled carbon-13 N M R 
spectrum of a polycrystalline solid. When there are overlapping 
signals, they can be resolved by using magic angle spinning, and 
the anisotropic patterns of individual signals can be reconstructed 
from the spinning sidebands2"4 or by using pulses synchronized 
with the rotation of the spinner.5"7 Chemical shift tensors for 
individual carbons can also be obtained by analyzing the spectra 
obtained from single crystals oriented at various angles.8"10 

Another approach to measuring the chemical shift tensor is to 
study the N M R spectra of molecules in liquid crystal solutions.11'12 

In the past, this has been limited to the investigation of very simple 
molecules, and compounds with carbon-13 enrichment were often 
used for carbon-13 N M R study. This is mainly due to problems 

(1) Pines, A.; Gibby, M. G.; Waugh, J. S. Chem. Phys. Lett. 1972,15, 373. 
(2) Waugh, J. S.; Maricq, M. M.; Cantor, R. J. Magn. Reson. 1978, 29, 

183. 
(3) Maricq, M. M.; Waugh, J. S. J. Chem. Phys. 1979, 70, 3300. 
(4) Aue, W. P.; Ruben, D. J.; Griffin, R. G. J. Magn. Reson. 1981, 43, 

472. 
(5) Lipmaa, E.; Alia, M.; Tuherm, T. Magn. Reson. Relat. Phenom., Proc. 

Congr. Ampere, 19th 1976, 113. 
(6) Yarim-Agaev, Y.; Tutunjian, P. N.; Waugh, J. S. J. Magn. Reson. 

1982, 47, 51. 
(7) Bax, A.; Szeverenyi, N. M.; Maciel, G. E. J. Magn. Reson. 1983, 57, 

400. 
(8) Pausak, S.; Pines, A.; Waugh, J. S. J. Chem. Phys. 1973, 59, 591. 
(9) Pausak, S.; Tegenfeldt, J.; Waugh, J. S. J. Chem. Phys. 1974, 61, 1338. 
(10) van Dongen Torman, J.; Veeman, W. S. / . Chem. Phys. 1978, 68, 

3233. 
(11) Emsley, J. M.; Lindon, J. C. "NMR Spectroscopy Using Liquid 

Crystal Solvents"; Pergamon Press: Oxford, 1975. 
(12) Appleman, B. R.; Dailey, B. P. In "Advances in Magnetic 

Resonance"; Waugh, J. S., Ed.; Academic Press: New York, 1974; Vol. 7, 
231. 

Figure 1. Carbon-13 NMR spectra at 75.43 MHz and 298 K of ben­
zonitrile (ca. 7%) and tetramethylsilane (ca. 1%) in (A) CDCl3, (B) 
EBBA, (C) NP 1565 TNC, and (D) ZLI 1167. The unmarked peaks 
in the spectra of the liquid crystal solutions are residual solvent peaks and 
were identified by comparing these spectra with those with other solutes. 
The spectra were obtained with a Varian XL-300 spectrometer. A 
90°-T-180°-2T-180t>-T-acquisition pulse sequence with T = 0.3 ms and 
a phase alternated broad-band decoupling scheme (MLEV-64, ref 15) 
were used in obtaining spectra B-D, with 1000 scans in 33 min for each 
spectrum. 

Table I. Ordering Factors of Benzonitrile (ca. 7% with ca. 1% 
Me4Si) in Three Liquid Crystal Solutions at 298 K° 

Szzl 
^XX ~ 

solvent 

EBBA 0.1696 + 0.0002 
NP 1565 0.2313 ±0.0001 

TNC 
ZLI 1167 -0.1494 + 0.0003 

0.0592 + 0.0005 2.865 
0.1614 ± 0.0004 1.433 

-0.1078 + 0.0007 1.386 
a The z axis is the CN-bond axis, and the>> axis is perpendicular 

to the ring. 

in solvent interference and insufficient decoupling power in 
spectrometers designed for studying liquid samples. We have 
recently shown13 that the first problem can be solved by using a 
simple spin-echo sequence of 9 0 ° - T - 1 8 0 ° - 2 T - 1 8 0 ° - T - acqui­
sition, and the second problem can be solved or at least reduced 
by using phase-alternated broad-band decoupling.14"21 Here we 
report the determination of carbon-13 chemical shift tensors of 
all carbon atoms in benzonitrile by this approach. 

The proton-decoupled 13C spectra of benzonitrile in deuterio-
chloroform and in three liquid crystal solutions are shown in Figure 
1. The assignment of the peaks in the isotropic spectrum is 
straightforward.22,23 The assignment of the peaks in the spectra 

(13) Fung, B. M 
(14) Levitt, M. H 
(15) Levitt, M. H 

328. 
(16) Waugh, J. S. 
(17) Waugh, J. S. 
(18) Levitt, M. H 

157. 
(19) Jacobs, J. W. 

1983, 57, 56. 
(20) Shaka, A. J.; 

159. 
(21) Shaka, A. J.; 

1983, 52, 335. 
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