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Abstract—9,10-Dihydro-4,5-dimethylphenanthrene has two rotational isomers around the pivot bond.
This compound shows a complex signal pattern of an AA’BB' 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 7 of
the inversion. From the logarithmic plot of the life time versus 1/T, the kinetic parameters of this
intramolecular inversion process are obtained as follows:

E, = 25-3%1-0 Kcal/mole
AGt = 24-1+ 1-0 Kcal/mole at 25-0°
AH% = 24-7+1-0 Kcal/mole
ASf=12-1+0-8e.u.

INTRODUCTION

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,® and the approximate Alexander line-shape
method.”® 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 1s not justified.

Recently the density matrix method has been
developed on a theoretical ground”®-*4 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 AB,'* ABC,¢ ABX,"® ABXY,*
and AA'BB’2 spin systems.
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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-dihydro-4,5-
dimethylphenanthrene (2), which has four AA'BB’
protons of two methylene groups.

Me Me

The inversion of bridged biphenyl derivatives
has beenextensively studied mainly by Mislow’s?!—24
and Oki’s®2*~%" 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°.2° 4,5,9,10-Tetrahydropyrene
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mversnon 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,?2 and
the activation energy (E,) was estimated to be

23 Kealimaola. In addition. the energy for the steric
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strain due to the intramolecular overcrowdmg of
the Me groups in 4,5-dimethylphenanthrene (4)
was reported®® 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.
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Fig 1. The schematic drawing of the inversion around
the pivot bond of 9,10-dihydro-4,5-dimethylphenanthrene.

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 (Flg 2),
WlllL«ll lb ldll ly UlUd.U UUC lU lllC WCdI\ quPllllS wuu
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 methyiene 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-By?* was
modified by the author.
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Fig 2. The undecoupled NMR spectrum of the methyi-
ene protons of compound 2.

Fig 3. The schematic conformational drawing of com-

pound 2.
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Fig 4. The Newman projection of the four methylene
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Table 1. The assignments of H, and H,y were made
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of the w-electrons of the benzene rings causes the
H; proton to shift to a higher field (Fig 3). The
geminal coupling constant (J,5 = Jg) is obtained
to be —14:19 Hz, which is very close to that of
toluene (—14-5 Hz).3® The angle between the two
benzene planes of compound 2 was estimated to be
29° from the UV spectroscopy?®:3::3¢ [the angie
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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—H, and C—Hj bonds (< ACB’)
and that between the C—H,, and C—Hj bonds
(< A’CB). Fig 4]. Thus, the vicinal coupling con-
stant must be larger than 6 Hz for ¢ = 30° accord-
ing to Kaplus’ and others’ equations.333¢ But the
values (Jap = 3-97 and Jau_= 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 Jgg. value is 16-76
Hz, which means that angle ¢ is about 180°, and
therefore, ¢ 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-4,5-dimethylphenanthrene in n-decane

Chemical shifts from TMS Coupling constants
Hz (100 MHz) Hz
H, 251-26 Jag = Jarp -14-19
HB 259-71 "AB’ = JA'B 3-97
H, 251-26 Janr 4-42
Hp 25971 -~ 1676
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Evaluation of the intramolecular inversion rate
According to Kaplan®!'® and Alexander,!!"'? an

intramolecular exchange in a spin system can be

represented by an exchange operator R.

¥~ Ry. (1)

Here ¢ and Ry 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. @)
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”

RoR=p ..
T

o _ReRZp L1p, 1 3)

dt

where 7 is the mean life-time of the nucleus in each
site. The relaxation term 1/T, is added to Eq. (3)
to provide the proper line width, where T, is the
spin-spin relaxation time. The Hamiltonian of a
spin system is%”

H =23 I(o—w)+ I Jyl' P+ 3 vy'I,H,. (4)
i i<j i

Using the notation of Johnson,? the time dependence
of the density matrix element for the transition
between state k and / in the simple product spin-
function representation can be written as follows:

d,
“%‘l = ( 2 Rknpnmle—Pkl)/T—%

—ipw (; (@1 — e — )]

+ 5 Tl (Izmla)

i
+3 2 Jolo LI Dy

i<j

+iwy(prr— pu) ; (I (5)
Under the condition of the ‘“‘slow-passage” and
non-saturation, it is valid to set dp/dt = 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 logr against reciprocal
temperature.
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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 /(w) is given by the
expectation value of I, in the rotating flame.?

Iw) = (I,) =1mTr(p 3 I1) (6)
Here the symbols again refer to the reference 3.
Since Eq. (6) contains the trace (p 3 I3), I(w) will
be independent of the representatién used for the
basis functions in Eqs. (1)-(6). Then as the basis
functions for an AA’BB’ spin system, a sym-
metrized spin function®®-*® 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 Egs. (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 X2
dimension and 8 X 8 dimension (symmetric parts),
and two of 4 X4 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, T,, 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
Mz ] Ry
Symmetric +2 aaoo aaoa
+1 1/V2(aB+Ba)aa 1/V2aa(af+ Ba)
1/V2Zaa(aB+ Ba) 1/VZ{aB+Ba)aa
0 aafif BRaa
BBaa aoff
1/2(aB + Ba) (aB + Ba) 1/2(ap + Ba) (af + Ba)
1/2(aB — Ba) (aB— Ba) 1/2(af— Ba) (af — Ba)
-1 1/VZ(aB+ Ba)BB 1/V2BB(aB+ pa)
1/V28B8(aB+ Ba) 1/VZ(aB+Ba)BB
-2

Antisymmetric +1

BBBB

1/V2(af— Ba)aa
1/V2aa(aB —Ba)
1/2(af — Be) (o + Bax)
1/2(aB + Ba) (aff — Bex)
1/V2(ap—Ba)BB
1/V288(af — Ba)

BBBB

1/V2ea(af— Ba)
1/V2(af—Ba)aa
1/2(aB+ o) (aff — Ba)
1/2(af— Ba) (o + Ba)
1 \\/fgﬂﬁ(aﬁ—sa)
1/V2(ap—Ba)BB
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the frequency range involved at the interval of
0-1 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 9,10-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 31° and 160° is 0-8 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 100°. This fact may show that
the change in the chemical shift difference between
H, and Hp 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 7 ob-
tained by visual fitting of the observed and cal-
culated spectra is plotted as In(1/7) vs 1/T in

Tetra—Vol. 29, No. 5—H

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+1-0 Kcal/mole
AG%t = 24-1+1-0 Kcal/mole
AH% = 24-7+1-0 Kcal/mole

ASi=2-1%x08e.u. at25-0°.

As described before briefly, Mislow reported this
activation energy to be 23 Kcal/mole from the
measurement of racemization rates of the optical
active compound 2 in benzene. Considering the
experimental error,*® 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
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sion of 9,10-dihydrophenanthrene derivatives

Compound Ea(Kcal/mole) Method  Reference
1 <9 (NMR) 25
1’ (radical) 4-5 ESR 41
63 ESR 42
3 <8 (NMR) 8

3; (radical) 4-5 ESR 4?

2 25-3 NMR this work
231 polarimetry 22

s 30-8 polarimetry 22, 44-46
6 10-8* NMR 47

* Activated free energy AG1 at —47°,

somewhat higher than the corresponding radicals,
because the radicals are probably more planar than
the neutral ones. The inversion barrier of cis-9,10-
dimethyl-9,10-dihydrophenanthrene (6) was re-
ported“7 to be 10-8 Kcal/mole. This somewhat

b wahin mmney o Adiia o tha ctawin AfFand A0 4
lusu yaiuv lliay uvUv uue w i€ SiericC €nuecdt o1 lllc

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°4® and 15°,2
respectively This is in good agreement with the
UlbbubBlUll quLl 1ucu UCIUIC Wllll chpcbl lU Lllc Spii‘l—
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 stenc 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

quatarm havine a camnlay NNMD cnactral nattarn
SYSiCiil ridVvilig a COMPiICX INIVIR Spliiiar pauclil,

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

O. YamMaMoTo and H. NAKANISHI
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dens1ty matrices, one of 100X 100 dimension, two
of 50 X 50 dimensions, and two of 5 X § 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.

EXPERIMENTAL
Materials. Compound 2 was prepared in six steps from

m-tohiic acid 49 The crude comnound 2 wac distillad undar
-0:URC aCiGL™ 1 O CruGe Compoundc « was Gisunuda unaer

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

chift of tha O cional of athulana olucahalSl fanme 210 ¢4
Siiuy U1 uiv i Sighidl U1 Culyieiic giyConoy 17roin 51~ W

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.
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