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Abstract: We have taken the nmr and esr spectra of a series of phenoxy radicals with aliphatic substituents. 
The liquid radical di-r-butyl nitroxide was used as a solvent for the nmr experiments. Rapid spin exchange be­
tween solvent and solute radicals averaged the electron spin states and allowed us to observe relatively sharp nmr 
lines. Couplings to the aliphatic protons were observed in each case. The couplings to tiiese protons are dis­
cussed in terms of three types of interaction. 

In an earlier paper we described magnetic resonance 
measurements which were conducted on a series of 

phenoxy radicals with cyclic aliphatic substituents.1 

These experiments were carried out to obtain infor­
mation about the coupling of the odd electron to 
protons in the cyclic aliphatic substituent. We have 
extended this work to a series of phenoxy radicals 
substituted with aliphatic chains. The nmr spectra of 
these radicals were used to determine proton coupling 
constants. Nitrogen couplings were determined from 
esr spectra. The compounds which have been 
investigated are 

C=NOCH8 

1,R = CH3 
2,R = CH2CH3 
O1 R. — C_-ri2(--H2^ri3 
4,R = CH2CH(CH3)2 
5,R = CH(CH3)2 
6,R = C(CHa)3 

The liquid radical di-?-butyl nitroxide (DBNO) was 
used as a solvent for the nmr experiments. Rapid 
spin exchange between solute and solvent radicals 
averaged the electron spin states and allowed us to 
observe relatively sharp nmr lines.2 The shifts of the 
nmr lines (AH) are related to the electron-nuclei coup­
ling constants (at) by 

AH 

Lines from protons with smaller coupling constants 
could be observed in chloroform-c?in some instances. 

The phenoxy radicals can exist as two different 
geometric isomers. Representations of the syn and 
anti structures are given in Figure 1. A single set of 
lines were observed from compounds 1-4. These 
compounds are thought to be in the anti conformation. 
Compound 5 exhibited lines from both isomers while 
compound 6 appeared to be entirely in the syn con­
formation. 

(1) R. W. Kreilick, /. Amer. Chem. Soc, 90, 5991 (1968). 
(2) R. W. Kreilick, ibid., 90, 2711 (1968); R. W. Kreilick, MoI. 

Phys., 14, 495 (1968); W. Espersen and R. W. Kreilick, ibid., in press. 

The coupling of the odd electron to protons on the 
aliphatic chains was of particular interest. In our 
earlier paper, these splittings were discussed in terms of 
two types of interactions. Coupling to protons on 
/3-carbon atoms have been explained by a hypercon-
jugative mechanism.3 The angular dependence of 
these splittings has been interpreted by the empirical 
relation given in eq 2,4'6 where B2 is a constant with a 

CB = Q(S)Pa Q(S) = B0 + B2 cos2 B2 (2) 

value between 40 and 50 G, pa is the spin density at the 
a-carbon atom, and B0 relates the coupling constant to 
the spin density at the a-carbon atom when B2 is 90°. 
For freely rotating methyl groups (Q(S)) is taken to 
have a value between 20 and 25 G. 

When B2 is 90° the coupling of the /3 protons may be 
accounted for by a spin polarization mechanism. 
Longer range couplings in the series of radicals which 
were previously studied could also be explained by spin 
polarization.1 When this type of interaction is 
responsible for the splitting, the coupling constants are 
related to the spin density at the a carbon by5 

at = QiPa (3) 

A different polarization constant should be found for 
each group of nuclei on the aliphatic chain. A third 
mechanism which can contribute to the splittings of 
protons on aliphatic chains involves a direct overlap 
of the alkyl hydrogens Is orbital with a p7r orbital 
containing unpaired spin.6 In favorable conformations 
certain groups on the aliphatic chains might be 
positioned near enough to the T system for this type of 
interaction to be important. 

Experimental Section 

I. Compounds. A. Radicals. The radicals were made by oxida­
tion of the corresponding phenols with aqueous alkaline K3Fe(CN)6 
by the technique previously described.1 Short oxidation times (ca. 
5 min) were found to give the best yields. The samples contained 
diamagnetic impurities which were used as internal references. 
Samples for esr experiments were made by oxidation with PbO2. 
Carbon tetrachloride was used as a solvent for the esr experiments. 

B. Phenols. The phenolic oximes were made from the cor­
responding ketones by methods previously described.7'8 The 

(3) J. R. Bolton, A. Carrington, and A. D. McLachlan, ibid., S, 
31 (1962). 

(4) C. Heller and H. M. McConnell, J. Chem. Phys., 32, 1535 (1960). 
(5) E. W. Stone and A. H. Maki, ibid., 37, 1326 (1962). 
(6) D. R. Eaton, A. D. Josey, and R. E. Benson, J. Amer. Chem. 

Soc, 89, 4040 (1967); Z. Luz, /. Chem. Phys., 48, 4186 (1968). 
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Table I. Analytical Data, Melting Points, and Yields of the Ketones and Oximes0 

CH2CH3 
Cri2Cri2Cri3 
CH2CH(CH3)J 
CH(CHs)2 

Cri2Cri3 
CH2CH2CH 3 
CH2CH(CHs)2 
CH(CHs)2 

%c 

78.0 
78.2 
78.7 
78.2 

74.3 
74.7 
75.2 
74.7 

% H 

9.94 
10.1 
10.3 
10.1 

10.0 
10.2 
10.3 
10.2 

(D 

(2) 

T- j 

%c 
Ketones 

77.7 
78.1 
78.9 
78.1 

Oximes 
74.2 
74.7 
75.4 
74.5 

% H 

9.96 
10.3 
10.5 
10.3 

10.1 
10.3 
10.2 
10.0 

Mp, 0C 

138 
85 

111 
140 

47 
55 
66 
95 

% yield" 

32 
25 
12 
25 

53 
56 
49 
62 

" The preparation of compounds 1 and 6 are described in ref 7. 
of oximes are after two recrystallizations from aqueous methanol. 

6 Yields of ketones are after four recrystallizations from CCl4; yields 

ketones were made by the method of Matsuura.9 Analytical 
data, melting points, and yields for the new compounds are given 
in Table I. The chemical shifts of the diamagnetic oximes are 
given in Table II. 

The values of the shifts and coupling constants are 
given in Table III. The lines from the aromatic and t-
butyl protons were shifted to low field. The coupling 
to these protons was almost constant for this series of 

/3 "A=N 
1.^CH2 \ 

R' 
XH, 

/ 
CH, 

ANTI 

SYN 

Figure 1. Geometry of syn and anti isomers and labeling of the 
positions. 

II. Instruments. The nmr spectra were taken on a JEOLCO 
4H-100 nmr spectrometer with a 35-Hz broad-line attachment. 
Calibrations were made with an audiooscillator. The esr spectra 
were taken on a JEOLCO 3BSX esr spectrometer with 100-kHz 
field modulation. Spectral simulations were carried out with a 
JEOLCO RA-I digital computer. 

Results and Discussion 
The nmr spectra of the radicals exhibited peaks from 

the aromatic, r-butyl, methoxy, and aliphatic protons. 
Representative spectra are shown in Figures 2 and 3. 

(7) R. W. Kreilick, /. Amer. Chem. Soc, 88, 5284 (1966). 
(8) E. Muller, R. Mayer, B. Narr, A. Rieker, and K. Scheffler, 

Ann., 645, 19 (1961). 
(9) T. Matsuura, A. Nishinaga, and H. Cahnmann, /. Org. Chem., 

27, 3620 (1962). 

, » *HZ , JL, 

AROMATIC OCH3 

Figure 2. Nmr spectrum of radical 4 in DBNO. Various regions 
of the spectrum are recorded at different gains. Lines 1, 2, and 3 
refer to the radical's /-butyl line, the diamagnetic /-butyl line, and 
the DBNO line, respectively. 

Figure 3. Nmr spectrum of radical 6 in DBNO. The aromatic 
line is not shown. See caption to Figure 2 for explanation of 
lines 1-3. 

compounds. The line from the methoxy protons was 
shifted to low field and retained a relatively constant 
value for compounds 1-5. These radicals are thought 
to exist in the anti conformation. A second methoxy 
peak from the syn isomer was observed in the spectra of 
radical 5. 
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Table II. Chemical Shifts of the Oximes" 
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R ?-Butyl OCHs OH Aromatic 

CH3 
CH2CH3 
CH2CH2CH3 
CH2CH(CHs)2 
CH(CHs)2 
C(CHs)3 

1.45 
1.45 
1.46 
1.46 
1.42 
1.44 

3.90 
3.93 
3.95 
3.89 

3.90,3.79' 
3.64 

5.13 
5.27 
5.20 
5.12 
5.21 
5.05 

7.37 
7.45 
7.42 
7.39 

7.20,7.11' 
6.68 

2.12 
2.70 
2.68 
2.57 
3.47 

1.13 
~1.46 
~1.46 

1.17 
1.11 

1.0 
0.92 

0 Units are parts per million in CDCl3. h Center of group of lines. c syn isorr10 

Table III. Shifts0 and Coupling Constants of the Radicals 

R 
N* 

at, G 
Shift, 
kHz 

-/-Butyl 

Oj, G 

. A r o m a t i c -
Shift, 
kHz au G 

Shift, 
kHz 

-OCH3 

at, G 
Shift, 
kHz a,, G 

Shift, 
kHz au G 

CH3 

CH2CH3 

CH2CH2CH 3 
CH2CH(CHs)2 

CH(CHs)2 

C(CHs)3 

0.54 
0.49 
0.49 
0.49 
0.52 

+0.072 
+0 .065 
+0.065 
+0.065 
+0.069 

13.7 
13.8 
13.6 
14.0 
13.5 

+ 1.82 
+ 1.84 
+ 1.81 
+ 1.86 
+ 1.80 

0.84 0.55 +0 .073 14.0 + 1 . 8 6 

26 
10 
08 
40 
96 
15" 
18 

+ 0 . 8 3 
+ 0 . 8 1 
+ 0 . 8 1 
+ 0 . 8 5 
+ 0 . 6 6 
+ 0 . 2 9 
+ 0 . 1 6 

12.77 
7.13 
7.07 
7.45 
2.23 

-1.70 
-0.95 
-0.94 
-1.02 
-0.30 

0.97 +0 .128 
1.64 +0 .218 

1.0 +0 .134 
a The shifts are from the corresponding peak in the diamagnetic phenols. 

±0 .1 G. c Peak from syn isomer. 

1 The estimated error in the nitrogen coupling constant is 

Radical 6 and its phenolic precursor appear to be in 
the syn conformation. The aromatic and methoxy 
lines of the phenol are shifted upheld with respect to the 
corresponding lines from the other compounds. These 
shifts indicate that this molecule is in a twisted con­
formation with the methoxy group positioned above 
the aromatic ring.10 The methoxy splitting from the 
radical is smaller than that observed from the other 
compounds because of the lower spin density at the 
nitrogen in the twisted conformation. 

The electron spin resonance spectra of the radicals 
exhibited splittings from most of the nuclei. Couplings 
from the o-;-butyl protons were resolved in each case, 
and the spectra were very complicated. Spectral 
simulations were carried out to obtain the value of the 
nitrogen coupling constant. The proton coupling 
constants obtained from the nmr experiments were 
used. Good fits were obtained for all of the spectra 
except the spectrum from compound 5. In this case we 
had to decrease the methoxy coupling by 0.08 G 
and increase the /3-proton splitting by 0.07 G to obtain 
a good simulation. The nitrogen coupling constant 
was almost constant for compounds 1-5. The nitrogen 
splitting from radical 6 was much smaller, indicating a 
large change in the value of 9X. 

The variation in the couplings of the (3 hydrogens can 
be explained by eq 2. If rotation around the bond 
between the a- and /3-carbon atoms is hindered and the 
compounds have different equilibrium conformations, 
one predicts the observed variation in the coupling 
constants.6 The nitrogen splittings of radicals 1-5 are 
almost identical, indicating that the spin densities at the 
a carbons are similar. The spin density at the a carbon 
has been determined for the radical in which a hydrogen 
was bonded to the a-carbon atom1 (pa = —0.103 with 
GC-H = -22 .5 G; Pa = -0.082 with QC-H = - 2 7 
G). The nitrogen splitting of this radical is close to that 
observed from compounds 1-5. If the methyl carbon 
of radical 1 is freely rotating, one can estimate {Q(6)) 
from the values of the methyl protons coupling constant 

(10) C. E. Johnson and F. A. Bovey, / . Chem. Phys., 29, 1012 (1958). 

and pa. Our values for (Q(B)) are +16.8 and +21 G 
for respective spin densities at the a carbon. 

The values of the coupling constants from the three 
compounds with two /3 protons are nearly identical. 
The similarity in these splittings indicates that the 
barrier to rotation is not very dependent on the nature 
of the alkyl group bonded to the carbon. The splitting 
from the single /3 proton in compound 5 was the smallest 
observed, and it was almost identical with the coupling 
observed from a number of the compounds with cyclic 
substituents. If these compounds exist in a confor­
mation in which 82 is 90°, one can calculate a value of 
about +3.0 G for B0. 

The value of the y coupling constants varied over a 
large range. We were unable to observe a line from 
these protons in the spectra of compounds 2 and 5 and 
have assumed that this peak is overlapped with the line 
from the o-?-butyl protons. The line from the y 
protons of the radical with a cyclopropyl substituent 
was not observed in our previous study. The nine y 
protons of compound 6 have a relatively large coupling 
although the spin density at the a carbon should be 
considerably lower in this radical. 

If spin polarization is solely responsible for the y 
couplings, they should be proportional to the spin 
density at the a-carbon atom (eq 3). The variation in 
these splittings suggest that another mechanism is 
contributing to the couplings. A direct polarization 
of the 7 hydrogens Is electron by spin at the para 
position of the phenoxy ring can account for these 
observations. The spin density at this position is 
predicted to be large and positive. A direct interaction 
with the hydrogens would result in a positive contri­
bution to the coupling constant. 

Spin polarization should also produce a positive 
coupling at this position, and one may observe the sum 
of these two interactions. In the case of compounds 2 
and 5 the conformation for a direct interaction would be 
unfavorable, and the splittings would result solely 
from spin polarization. We estimate that the minimum 
observable value for the y coupling constant would be 
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0.09 G. Values for the spin polarization parameter 
with this coupling constant are Qy = —0.87 G with 
pa = -0 .103 ; Qy = - 1 . 1 G with p« = -0.082. 
The coupling of the y hydrogens in radicals 3 and 4 is 
larger because of a contribution from a direct inter­
action with spin on the phenoxy ring. Compound 6 
appears to be in a twisted conformation in which the y 
protons are in close proximity to the aromatic ring. 
The nitrogen splitting from this radical is about a 
factor of 4.5 smaller than that observed from the other 
radicals, indicating a decrease in the spin density at the 
a carbon. The splitting from the y protons of this 
compound is probably dominated by a direct inter­
action with spin at the para position of the phenoxy 
ring. 

Lines from the e protons of compounds 3 and 4 were 
not observed. Small negative couplings were observed 
from this position in the cyclic compounds. Contri­
butions from spin polarization and from a direct 

I n the first paper of this series3 the experimental results 
pertaining to the nmr contact shifts of the paramag­

netic metallocenes were presented. It was suggested 
that the unpaired spin delocalization mainly involves 
cyclopentadiene a orbitals in the vanadium and chro­
mium metallocenes (by a orbitals we mean the in-plane 
orbitals of the cyclopentadiene rings, it being recognized 
that there is no strict a separation in this case). It was 
further argued that 7r delocalization probably is most 
important for cobalt and nickel metallocenes. In 
order to further clarify the experimental facts, we have 
carried out extended Hiickel molecular orbital cal­
culations for these metallocenes. The extended Hiickel 
method was chosen because of the possibility of 
including all the valence orbitals of both the metal and 
the ligands. 

(1) (a) Abstracted from the Ph.D. Thesis of M. F. Rettig, University 
of Illinois, 1967; (b) presented in part at the 155th National Meeting of 
the American Chemical Society, San Francisco, Calif., April 1968, 
Paper M-42. 

(2) National Science Foundation Predoctoral Fellow, 1963-1967. 
(3) M. F. Rettig and R. S. Drago, / . Am. Chem. Soc, 91, 1361 (1969). 

interaction would have opposite signs for these protons. 
If the interactions are of a comparable magnitude, they 
would tend to cancel one another. In the case of the 
cyclic compounds, the geometry of the rings prohibits a 
direct interaction and these splittings are observable. 

Conclusions 

The nmr and esr spectra of a series of alkyl-sub-
stituted phenoxy radicals have been taken. Different 
interactions appear to be important in determining the 
coupling constants of the various aliphatic protons. 
The splitting constants of /3 protons seem to be 
dominated by a hyperconjugative mechanism. Both 
spin polarization and direct interaction appear to 
contribute to the longer range couplings. 

Acknowledgment. This work was supported in part 
by National Science Foundation Grant GP-9339. 

Self-consistent field type molecular orbital cal­
culations have been reported for various metallocenes 
by Shustorovich and Dyatkina4-6 and Dahl and 
Ballhausen.7 Unfortunately, all these calculations 
included only the cyclopentadienyl p2 orbitals and are 
therefore unsuitable for discussions of electron-
proton hyperfine interaction constants. 

The extended Hiickel method has enjoyed con­
siderable success in the treatment of various transition 
metal complexes. Cotton and coworkers have carried 
out extended Hiickel calculations for PtCl4

2-,8 ReCl6
2-, 

OsCl6
2-, IrCl6

2", and PtCl6
2"9 Re2Cl8

2-,10 and bis(/3-
ketoenolate) complexes of Cu(II) and Ni(II).11 It is 

(4) E. M. Shustorovich and M. E. Dyatkina, Zh. Strukt. Khim., 1, 
109 (1960). 

(5) E. M. Shustorovich and M. E. Dyatkina, Dokl. Akad. Nauk 
SSSR, 131, 113 (1960). 

(6) E. M. Shustorovich and M. E. Dyatkina, ibid., 133, 141 (1960). 
(7) J. P. Dahl and C. J. Ballhausen, KgI. Danske Videnskab. Selskab., 

Mat-Fys. Medd., 33 (5) (1961). 
(8) F. A. Cotton and C. B. Harris, Inorg. Chem., 6, 369 (1967). 
(9) F. A. Cotton and C. B. Harris, ibid., 6, 376 (1967). 
(10) F. A. Cotton and C. B. Harris, ibid., 6, 924 (1967). 
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Abstract: Self-consistent charge extended Huckel molecular orbital calculations were carried out for vanadocene, 
methylvanadocene, cobaltocene, methylcobaltocene, nickelocene, and methylnickelocene. For these calculations, 
Basch, Gray, Viste VOIP's were used for the Hti'& and the Wolfsberg-Helmholz approximation was used for the 
Hi/s. The overlap matrices were computed using dementi's SCF atomic functions. The molecular orbital cal­
culation gives a generally good account of the experimental facts for the metallocenes, in particular the nmr contact 
shifts. It was found that the primary unpaired electron delocalization mechanism for vanadocene and chromo-
cene involves a- MO's. This is in agreement with our earlier experimental conclusions. In cobaltocene and 
nickelocene, unpaired electron delocalization is dominated by the T contribution, but the <r effects are quite large. 
In all cases the magnitudes and signs of the coupling constants are well reproduced. 
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