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Ah&&t-9,10-Dihydro-4,5-dimethylphenanthrene has two rotational isomers around the pivot bond. 
This compound shows a complex signal pattern of an AA’ 99’ type for the four methylene protons in 
the NMR spectrum. The inversion process is analysed using the density matrix method, and at various 
temperatures the calculated line shapes are fitted to the observed spectra to obtain the life-time T of 
the inversion. From the logarithmic plot of the life time versus l/T, the kinetic parameters of this 
intramolecular inversion process are obtained as follows: 

E, = 25-3 -C 1.0 Kcal/mole 
AG$ = 24*1? 1-O Kcallmole at 25.0 
AH+ = 24.7 * 1 a0 Kcal/mole 
AS$ = 2-1 &O-g e.u. 

JNTRODUCTION 

High resolution NMR spectroscopy has been used 
in order to obtain kinetic parameters of the intra- 
molecular inversion of many organic compounds 
during the past two decades.‘-* There are several 
techniques to estimate kinetic parameters of spin 
exchange processes, and in most cases the steady- 
state (or slow passage) method has been used. 
However, in applying this method to coupled spin 
systems, many approximate methods have been 
conveniently used which include the semi-classical 
GMS method? the coalescence temperature 
method,6 and the approximate Alexander line-shape 
method.7*8 Although these approaches are very use- 
ful and have been applied to a variety of compounds, 
they are applicable only to simple spin systems, for 
example, a system with an AB spectral pattern, and 
are unable to be used for the analysis of more 
complicated spectra. Moreover, there has been a 
tendency to apply simple two site line-shape equa- 
tions to a system with three or more spins where 
their use is not justified. 

Recently the density matrix method has been 
developed on a theoretical ground’“-” for the full 
analysis of temperature-dependent line shapes. 
This method can be used for the analysis of a spin 
system coupled in a complicated manner. The 
density matrix method has been used for the deter- 
mination of kinetic parameter of the inversion of 
compounds of ABJ6 ABCtB ABX,‘7*1s ABXY,‘* 
and AA’BB’“O spin systems. 

In this paper, an application of the density matrix 
method to a four spin system with strong spin-spin 
coupling is presented. As an example, we study the 
intramolecular inversion of 9,10-dihydro45 
dimethylphenanthrene (2), which has four AA’BB’ 
protons of two methylene groups. 
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The inversion of bridged biphenyl derivatives 
has been extensively studied mainly by Mislow’s21-94 
and &i’~~*~-*~ groups. The inversion around the 
pivot bond of 9,10-dihydrophenanthrene (1, Fig 1) 
was also studied by NMR and other methods. 
Compound 1, however, shows a singlet for methy- 
lene signal at room temperature in its NMR spec- 
trum, and retains the singlet even at the tempera- 
ture as low as -90°.26 4,5,9,10-Tetrahydropyrene 
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(3) also shows a singlet at _410”.8 From these results, 
inversion rates of these compounds were found to 
be too fast to be measured by the usual NMR 
spectroscopy. In 9,10-dihydro-4,5-dimethyl- 
phenanthrene (2), on the other hand, the barrier 
of the inversion process is expected to be higher 
than those of compounds 1 and 3, because of the 
large steric repulsion between the two Me groups 
at 4 and 5 positions of the phenanthrene ring. 

Indeed, the inversion barrier of this compound 
was studied by determining the rate of racemization 
of optically active compound 2 by Mislow,22 and 
the activation energy (E,) was estimated to be 
23 Kcal/mole. In addition, the energy for the steric 
strain due to the intramolecular overcrowding of 
the Me groups in 4Wimethylphenanthrene (4) 
was reported2* to be 12.6& 1.5 Kcal/mole by the 
thermal method. 

Another aim of this paper is the comparison of 
the results of the conformational analysis by the 
two independent methods, the NMR and the 
polarimetric method. 

Fig 1. The schematic drawing of the inversion around 
the pivot bondof 9,10-dihydro-45dimethylphenanthrene. 

RESULTS AND DISCUSSION 

The NMR spectra of 9,10-dihydro-4,5-dimethyl- 
phenanthrene 

Compound 2 shows a doublet-like signal of the 
methylene protons at room temperature (Fig 2), 
which is fairly broad due to the weak coupling with 
the aromatic protons. Thus it is necessary to de- 
couple these aromatic protons to obtain a genuine 
line shape of the methylene signals. The decoupled 
spectra clearly show twelve peaks of an AA’BB’ 
spin system, as shown in Fig 5. The NMR line 
shape at room temperature is the same as that at 
0”. This fact suggests that the inversion does not 
occur at these temperature range. The chemical 
shifts and the spin-spin coupling constants of the 
four protons of the two methylene groups were 
determined by the spectral analysis using the 
LAOCOON MBYH* computer program. The 
rms error obtained is about 0.1 Hz, and the plotted 
lines of the calculated spectrum agree well with the 
observed ones. 

The NMR parameters for the methylene protons 
obtained from the computer analysis are given in 

*LAOCOON II by Castellano and Bothner-Byes was 
modiied by the author. 
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Fig 2. The undecoupled NMR spectrum of the methyl- 
ene protons of compound 2. 

B 

Fig 3. The schematic conformational drawing of com- 
pound 2. 
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Fig 4. The Newman projection of the four methylene 
protons of compound 2 and their angular relationship. 

Table 1. The assignments of HA and HB were made 
by assuming that the diamagnetic anisotropy effect 
of the T-electrons of the benzene rings causes the 
HB proton to shift to a higher field (Fig 3). The 
geminal coupling constant (JAB = JAte,) is obtained 
to be -14.19 Hz, which is very close to that of 
toluene (-14.5 Hz).~O The angle between the two 
benzene planes of compound 2 was estimated to be 
29” from the UV spectroscopy56,31*32 [the angle 
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Fig 5. The observed (left) and the calculated (right) NMR spectra of the four methylene protons 
of compound 2 at various temperatures. 

between the two benzene planes equals the dihedral 
angle between C-HA and C-Ha, bonds (< ACB’) 
and that between the C-HA, and C-Ha bonds 
(< A’CB). Fig 41. Thus, the vicinal coupling con- 
stant must be larger than 6 Hz for 4 = 30” accord- 
ing to Kaplus’ and others’ equations.33-36 But the 
values (JAB, = 3%’ and Jlun_= 4.42 Hz) obtained 
in our analysis for this compound are clearly smaller 
than that expected. These two J values may con- 
sistently indicate that the angle between the two 
benzene planes is not about 30” as was reported 
previously, but is near 60“. This evaluation is 
ascertained by the fact that the JBBe value is 16.76 
Hz, which means that angle cp is about lt30”, and 
therefore, #J is near 60”. Thus all J values obtained 
in this work will explain the angular relationship 

among the four methylene protons. This result is 
reasonable because the dihedral angle between the 
two benzene planes in analogous bridged-biphenyl 
compounds has been reported to be in a range from 
50” to 60°.23*25 

Table 1. Chemical shifts and coupling constants of 9,10- 
dihydro-4,Sdimethylphenanthrene in n-decane 

Chemical shifts from TMS Coupling constants 
Hz (100 MHz) Hz 

HA 251.26 JAB = JAtBr -14.19 
2. 259.71 251.26 JAB< J&W = JafB 4.42 397 

HW 259.71 J BB, 16.76 
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Evaluation of the intramolecular inversion rate 
According to Kaplang*ro and Alexander,11*12 an 

intramolecular exchange in a spin system can be 
represented by an exchange operator R. 

$-,RJI. (1) 

Here JI and R$ are the wave functions for the spin 
system before and after exchange. The density 
matrix operator before and after exchange is rep- 
resented by 

p=RpR. (2) 

In order to take into account the exchange effect, 
Kaplan modified the usual equation of motion of 
the density operator by adding a “damping term” 

RpR, i.e., 
7 

where r is the mean life-time of the nucleus in each 
site. The relaxation term l/T2 is added to Eq. (3) 
to provide the proper line width, where T2 is the 
spin-spin relaxation time. The Hamiltonian of a 
spin system iP 

x=x z;(oj-w)+ z JfJz’-IJ+~ y’l,H1. (4) 
I i<J i 

Using the notationofJohnson? the timedependence 
of the density matrix element for the transition 
between state k and 1 in the simple product spin- 
function representation can be written as follows: 

dPkl= 
dt 2 &An& -Pkl /7 -‘$! 

2 
n.m 

+b(Pkk-PII) T (I:)kl (5) 

Under the condition of the “slow-passage” and 
non-saturation, it is valid to set dpldt = 0, and Eq. 
(5) can be expressed in a vector form 

A=iW 

In the four spin system, we have 56 linear equations 
of the density matrix. By taking into account the 
selection rule AM = 1, the coefficient matrix A of 
total 56 X 56 dimensions decomposes into diagonal 
blocks, two of 24 X 24 dimensions and two of 4 X 4 
dimensions. These simultaneous linear equations 
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Fig 6. The logarithmic plot of log7 against reciprocal 
temperature. 

must be solved for every point in the spectrum. 
This may be done by means of a computer, but 
the time required for the computation will be too 
long for the practical purpose. The absorption 
intensity of the NMR spectrum Z (0) is given by the 
expectation value of I, in the rotating flame.3 

Z(o) = (I,) = ImTr(p 7 I$) (6) 

Here the symbols again refer to the reference 3. 
Since Eq. (6) contains the trace (p Z I!), Z(o) will 
be independent of the representatidn used for the 
basis functions in Eqs. (l)-(6). Then as the basis 
functions for an AA’BB’ spin system, a sym- 
metrized spin function3sas was used to reduce the 
computation time. The spin functions used are 
shown in Table 2 with the functions after operation 
of R. With these symmetrized spin functions, Eq. 
(5) described above has a different form. We must 
derive a similar equation in the symmetrized spin 
function representation directly from Eqs. (3) and 
(4). In the symmetrized representation, the spin 
function are divided into two parts, symmetric and 
antisymmetric. The transitions occur only between 
symmetric states and only between antisymmetric 
states, and not between the states having different 
symmetries. Thus, the density matrices can be 
divided into six diagonal blocks (two of 2 X 2 
dimension and 8 X 8 dimension (symmetric parts), 
and two of 4 X 4 dimension (antisymmetric part)), 
and the calculation time will be expected to be 
greatly reduced. 

A computer program named INVERSEX was 
written along this line. For a given set of chemical 
shifts, coupling constants, T2, and life time, 
theoretical spectra were calculated and plotted in 
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Table 2. Basis wave functions in AA’BB’ spin system in symmetrized product 
representation 

Symmetric +2 
+1 

0 

-1 

-2 
Antisymmetric +I 

0 

-1 

aaaa 
l/V?(a/3+/3a)aa 
l/tiaa(a/i+j3a) 
aaSP 
kWaa 
lLVaP+Ba)(aS+Paa) 
W(rs-/3a)(aP-I3a) 
ll*bP+BahW 
l/VWW3+Ba) 
LWS 
llti(a/3-/3a)aa 
lltiaa(afl-pa) 
l/2(43-Pa)(aS+Ba) 
1/2(aB+Ba)(ols-Pa) 
llfi(aP -Ba)PB 
t/@3P(aP-P~) 

aaaa 
l/Vh(af3+/3a) 
l/ti(aj3+/3a)aa 
BPaa 
aaPP 
1/2(a/?+Sa)((LiB+Ba) 
1/2(4-/3aBa)(aP8a) 
WBP(aS+Ba) 
ll*(aS+kWV 
twiw 
l/fiaa(a/?-/3a) 
I/ti(a~-/3a)aa 
lLW3+&4(aB-/3d 
1/2(aj?-Pa8a)(aB+Ba) 
l/V? B(al3-Pa) 

2 11 2(aP-PahW 

the frequency range involved at the interval of 
O-1 Hz, and were plotted by a plotter. The rate of 
the inversion around the pivot bond at each tem- 
perature was determined by visual fitting of the 
experimental and theoretical spectra. By means of 
the reduction of the matrix dimensions, which was 
accomplished by changing the simple product spin- 
function representation to a symmetrized one, the 
computation time was reduced by a factor of about 
25. 

The kinetic parameters of the inversion of com- 
pound 2 

Some typical examples of the experimental and 
calculated spectra of 9,lO-dihydro-4,5-dimethyl- 
phenanthrene (2) at various temperature are shown 
in Fig 5. The agreement between the observed and 
calculated spectra is excellent at all temperatures. 
Compound 2 shows a symmetric spectral pattern 
of an AA’BB’ spin system in its NMR spectrum 
(Fig 5). The frequency shift of the center of the 
symmetric pair of the peaks in a temperature range 
between 3 1” and 160” is O-8 Hz to a lower field. But 
the frequency differences between any pair of the 
twelve peaks are almost unchanged in a tempera- 
ture range from 31” to loo”. This fact may show that 
the change in the chemical shift difference between 
HA and Ha of the methylene groups is negligibly 
small, even though these two chemical shifts move 
somewhat to a lower field as a whole. For a theoreti- 
cal analysis of the temperature-dependent line 
shape, this result may remove the difficulty in 
determining chemical shifts at each temperature 
which is often encountered, because the line shape 
in the AA’BB’ spin system only depends on the 
chemical shift difference and not on the absolute 
values of each chemical shift. The life time r ob- 
tained by visual fitting of the observed and cal- 
culated spectra is plotted as In (l/r) us l/T in 

Tara-Vd.2),JUo.S-El 

Fig 6, which shows a good linear relationship. 
The activation parameters of the inversion of this 
compound were calculated from the slope and the 
intercept of the plotted line by using Arrhenius’ 
formula and Eyring’s absolute reaction-rate equa- 
tion. The results are as follows: 

E, = 25-3 & 1 a0 Kcal/mole 
AG$. = 24-l + 1-O Kcal/mole 
AHS = 24.7 f l-0 Kcai/mole 
ASS = 2-l +0*8 e.u. at 25.0”. 

As described before briefly, Mislow reported this 
activation energy to be 23 Kcaljmole from the 
measurement of racemization rates of the optical 
active compound 2 in benzene. Considering the 
experimental error, 4o these two values, which were 
independently obtained from the two definitely 
different methods (NMR and polarimetric), seem 
to be in good agreement. 

The activation energies of analogous compounds 
are given in Table 3. As mentioned before, the 
rates of the inversion around the pivot bond of 
neutral 9,10-dihydrophenanthrene (1) and 4,5,9,10- 
tetrahydropyrene (3) are too fast to apply the usual 
NMR method to their analysis. On the other hand, 

5 6 

the barrier of the inversion in their radicals (1’ and 
3’) were found by means of ESR spectroscopy. It 
may be supposed that in general the barrier of the 
inversion of the neutral compounds 1 and 3 is 



786 0. YAMAMOTO and H. NAKANISHI 

Table 3. Activation parameters of intramolecular inver- 
sion of 9,10-dihydrophenanthrene derivatives 

Compound Ea (Kcal/mole) Method Reference 

1 (9 (NMR) 25 

1' (radical) 4.5 ESR 41 
6.3 ESR 42 

3 <8 (NMR) 8 

3’ (radical) 4-5 ESR 43 

2 25.3 NMR this work 
23.1 polarimetry 22 

5 30.8 polarimetry 22,44-46 

6 10-w NMR 47 

*Activated free energy AG$ at - 47”. 

somewhat higher than the corresponding radicals, 
because the radicals are probably more planar than 
the neutral ones. The inversion barrier of c&9,10- 
dimethyl-9,10-dihydrophenanthrene (6) was re- 
ported4r to be 10-8 Kcal/mole. This somewhat 
high value may be due to the steric effect of the 
two Me groups. The relatively high inversion bar- 
rier of compound 2 in comparison with those of 
compounds 1 and 3 shows that the substitution effect 
of the two Me groups at the ortho positions in 
benzene rings is very large because of the severe 
steric repulsion between the two Me groups. For 
the relief of this repulsion the dihedral angle be- 
tween the two benzene rings should become larger. 
Therefore, the dihedral angle of this compound 
must be much larger than those of compounds 1 
and 3, which were estimated to be 20°4s and 15°,23 
respectively. This is in good agreement with the 
discussion described before with respect tothespin- 
spin coupling constants in compound 2. This 
ortho effect of the steric strain due to the intra- 
molecular overcrowding is remarkably increased 
in compound 5 (Table 3), because the steric repul- 
sion between the two Ph groups is much greater 
than that between the two Me groups in compound 
2. 

The results of this work clearly show that the 
density matrix method is very useful and powerful 
to get information about kinetic parameters of spin 
exchange systems and that it is a convenient tech- 
nique for the complete analysis of an exchanging 
system having a complex NMR spectra1 pattern, 
which is difficult or impossible to treat by the usual 
coalescence-temperature method or others. In this 
work this method was used for the analysis of the 
AA’BB’ spin system, in which the reduction of the 
dimensions of the density matrices was possible. 
In the future the density matrix method will be used 
to a variety of multi-spin systems. However, in a 

five spin system, for example, we must invert five 
density matrices, one of 100 X 100 dimension, two 
of 50 X 50 dimensions, and two of 5 X 5 dimensions. 
Thus it is inevitable that the computer to be used 
must have larger memories, and moreover, the 
computation time is vastly long. Therefore, it is 
necessary for the practical use of this method for 
the analysis of multi-spin systems to devise to 
reduce the order of the dimensions of the density 
matrices or to make some approximation. 

EXPIZRIMENTAL. 

Materials. Compound 2 was prepared in six steps from 
m-toluic acid.4B The crude compound 2 was distilled under 
reduced pressure, and the purification was made three 
times by an activated alumina column chromatography. 
The purity was checked by the TLC and the NMR spec- 
trum. 

Measurement. The NMR spectra were recorded at a 
temp range between 31” and 170” using a Varian HA 100 D 
spectrometer equipped with a V4343 variable temp con- 
troller. The spin decoupling between the aromatic and the 
methylene protons were made at all temps. The sample 
temp were obtained from the temp dependent chemical 
shift of the OH signal of ethylene glycohoPO from 31” to 
140” and that of benzyl alcohol from 140” to 170”. The 
calibration of the temp dependence of the OH chemical 
shift of the latter compound was made by the comparison 
with that of the former in the temp below 140”. n-Decane 
was chosen as a solvent, because it has a high b.p., and 
because it is expected that the intermolecular interaction 
between the solute and solvent is negligibly small. 

The analysis of the NMR spectra at slow exchange 
limit and the calculation of the theoretical line shape 
were made using a FACOM 270/30 computer. 

REFERENCES 

?1. A. Pople, W. G. Schneider and H. J. Bernstein, High- 
resolution Nuclear Magnetic Resonance Chap 13. 
McGraw-Hill, New York (1959) 

2J. W. Emsley, J. Feeney and L. H. Sutcliffe, High 
Resolution Nuclear Magnetic Resonance Spectroscopy 
Chap 9. Pergamon Press, London (1965) 

3C. S. Johnson, Jr., Advances in Magnetic Resonance 
Vol. 1, p. 33, Academic Press, New York (1965) 

4G. Binsch, Topics in Stereochemistry Vol. 3, p. 97. 
Wiley-Interscience, New York (1968) 

5H. S. Gutowsky, D. W. McCall and C. P. Slichter, J. 
Chem. Phys. 21,1688 (1953) 

BR. J. Kurland, M. B. Rubin and W. B. Wise, Ibid. 40, 
2426(1964) 

‘S. Alexander, Ibid. 37,967 (1962) 
BM. oki and H. Iwamura, Tetrahedron 24,2377 (1967) 
8J. Kaplan,J. Chem. Phys. 28,278 (1958) 

“‘J. Kaplan, Ibid. 29,462 (1958). 
“S. Alexander, Ibid. 37,974 (1962) 
l*S. Alexander, Ibid. 38,1787 (1963) 
13S. Alexander, Ibid. 40,2741(1964) 
“C. S. Johnson, Ibid. 41,3277 (1964) 
W. S. Creswell and R. K. Harris, J. Mug. Res. 4, 99 

(1971) 
laL. W. Reeves. R. C. Shaddick and K. N. Shaw, Canad. 

J. Chem. 49,3&83 (1971) 
I’H. J. Gvulai. B. J. Juhr. H. M. Hutton and T. Schaefer, 

Ibid. 4813877 (1970) 



Inversion of dihydrophenanthrene derivative 787 

IaM. A. H. Stewart, T. Schaefer, H. M. Hutton and G. M. =M. Kaplus,J. Chem. Phys. 30,11(1959) 
Wona.Ibid. 49. 1085 (1971) “M. Kavlus, J. Am. Chem. Sot. 85.2870 (1963) 

l*K. I.&hlquist and S. Forsen, J. Phys. Chem. 73,4124 %A. A. Bothner-By, Advances in Magnetic Resonances 
(1969) Vol. 1, p. 195. Academic Press, New York ( 1965) 

*OK. H. Dahlouist and S. Forsen,J. Man. Res.2.61 (1970) =K. Kuriyama, E. Kondo and K. Tori, Tetrahedron 
*lK. Mislow,-M. A. W. Glass, R. E. O’Brien, P. Rutkin, Letters 1485 (1963) 

D. H. Steinbera. J. Weiss and C. Dierassi.J. Am. Chem. T. 1. Rabi, N. F. Ramsev and J. Schwinrcer. Rev. Mod. 
Sot. 84,1455 (i962) 

_ 
- 

I 
Phys. 26,167 (1954) 

“K. Mislow and H. B. Hopps, Ibid. 84,3018 (1962) 5*J. A. Pople, W. G. Schneider and H. J. Bernstein, Can. J. 
53K. Mislow, M. A. W. Glass, H. B. Hopps, E. Simonand Chem. 35.1060 (1957) 

G.H. Wahl,Jr.,Ibid.86, 1710(1964) “Ref. 2, pp. 399-4 16 
zrK. Mislow, R. Graeve, A. J. Gordon and G. H. Wahl, Jr., “A. Allerhand. H. S. Gutowskv. J. Jonas and R. A. 

25M. bki, H. Iwamura and N. Havakawa, Bull. Chem. 
Meinzer,J. Am. Chem. Sot. 88,3 i 85 (1966) 

4’F. C. Adam. Canad. J. Chem. 49.3524 (1971) 
Ibid. 86, 1733 (1964) 

Sot. Japan 361542 ( 1963) 
mM. bki, H. Iwamura and N. Hayakawa, Ibid. 37, 1865 

42M. Iwaizumi, T. Matsuzaki and T. Is&e, Bull. Chem. 
Soc.Japan45,1030(1972) 

(1964) 
*‘M. bki, H. Iwamura and G. Yamamoto, Ibd 44,262 

“M. Iwaizumiand I. Isobe,Ibid. 38,1547 (1965) 
aD. M. Hall and E. E. Tumer,J. Chem. Sot. 1242 (1955) 

(1971) &D. M. Hall, Ibid. 3674 (1965) 
esM. A. Frish, C. Barker, J. L. Margrave and M. S. New- 4BD. M. Hall and M. M. Harris, Ibid. 490 (1960) 

man,J. Am. Chem. Sot. 85,2356 (1963) 47P. W. Rabideav and R. G. Harvey, Chem. Comm. 
*% Castellano and A. A. Bothner-By, J. Chem. Phys. 41, 1005 (1969) 

3863 (1964) @R. N. Jones,J.Am. Chem. Sot. 63,1658 (1941) 
sOM. Batfleld and D. M. Grant, J. Am. Chem. Sot. 86, 49E. D. Bergmann and Z. Pelchowicz, Ibid. 75 2663 

1899(1963) (1953) 
3*H. Suzuki, Bull. Chem. Sot. Japan 32,1357 (1959) sOO. Yamamoto and M. Yanagisawa, Analyt. Chem. 42, 
“G. H. Beavan, D. M. Hall, M. S. Lesslie and E. E. 1463 (1970) 

Tumer,J. Chem. Sot. 854 (1952) 


