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A new approach was taken in the elucidation of the stereo-

chemistry of the symmetrically 1,4-disubstituted 1,4-dihydro-

naphthalene systems which show deceptively simple NMR spectra.

Thus, the stereochemistry of 1,4-di-tert-butyl-1,4-dihydronaph-

thalene was established unequivocally.

The epoxide derivative, the subject compound, 1,4-di-tert-

butyl-2, 3-epoxy-1, 4-dihydronaphthalene, was formed and its

trans stereochemistry was established by H NMR and 13C NMR.

A lanthanide shift study was also conducted on the epoxide

derivative, further proving the trans stereochemistry. One of

the lanthanide shifted spectra was analyzed using the LAACOON III

computer program and the true coupling constants obtained this

way were in excellent agreement with the experimental spectrum.

Establishing the trans stereochemistry of the epoxide

derivative proved the trans stereochemistry of 1,4-di-tert-butyl-

1,4-dihydronaphthalene.
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INTRODUCTION

The reduction of mono-, and polycyclic aromatic compounds

has been extensively studied for over thirty years. These

reduction products have usually been 1,4-cyclohexadiene ring

systems, namely, 1,4-dihydrobenzenes (DHB), 1,4-dihydro-

naphthalenes (DHN) and 9,10-dihydroanthracenes (DHA). The

stereochemical concerns in these systems were the confor-

mation of the reduced aromatic ring (planar, puckered, etc.);

the cis and trans stereochemistry, and the conformational pre-

ference (pseudo-axial, pseudo-equatorial) of substituents; and

the dynamic equilibrium of the inversion process from one con-

formation to the other (e.g. from one boat conformation to the

other). The present study deals with the cis and trans stereo-

chemistry of 1, 4-di-tert-butyl-1, 4-dihydronaphthalene.

The stereochemical assignments- of dihydroaromatic compounds

mentioned above were based upon spectral evidence (Raman,

infrared, far infrared, e-diffraction, x-ray diffraction, H

13
NMR, C NMR); mathematical calculations (Karplus relationships,

force-field, ab initio, INDO, etc.); and chemical evidence

(differences in the chemical reactions and the reactivities of

the isomers). A good deal of information has been provided

for the conformational studies of dihydroaromatic compounds

by employing different NMR experiments, such as nuclear

Overhauser enhancement (NOE) and other decoupling techniques.
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Despite the numerous studies, there has been extensive

disagreement regarding the stereochemistry of each 1,4-

cyclohexadiene system (DHB, DHN, DHA). For example, 1,4-

dihydrobenzenezwas considered to be boat-shaped (11) for a

number of years until 1949,when a planar structure was sug-

gested on the basis of vibrational spectral analysis (15).

In the 1960's the planar structure was supported by rotational

Raman spectral (26), e-diffraction (9), NMR (14), far infrared

analysis (19), force field (2) and ab initio (1) calculations.

However, during the same years, opposing reports proposing

puckered conformation based on e-diffraction (27), semi-empirical

calculations (17) and other 1H-NMR studies (3, 10) were also

published.

The conflicting NMR results of 1,4-DHB have been due partly

to the deceptively simple spectra of these systems, caused by

the accidental chemical shift equivalence in methylene

(H4 and H'4 in la and lb in Fig. 1) and allylic (H2 and H6 or

h3 and H5 in la and lb in Fig. 1) protons and also unusually

large five bonded couplings (5 J = homoallylic) across the ring.

Since it was not possible to predict conformational assignments

from vicinal (3 1 2 ) and allylic (4 J 1 3 ) coupling constants,

the investigators considered (10, 14) the ratio of cis and

5 5trans homoallylic coupling constants ( J cis / J trans).

There has been some disagreement (3, 14, 21) concerning the

"predicted value" of the 5J cis / 5J trans ratio expected for

the planar form (4, 22). Later, however, by NMR shift
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experiments with simultaneous decoupling techniques, and plan-

arity of lb was proved and empirical 5J cis/5J trans = 1.16

was established for lb unambiguously which was in good agree-

ment with the INDO calculated value (4) 1.12, for a planar ring.

(Most recent INDO calculations suggested a value of 5J cis/

5J trans = 1.29 consistent with ab initio (1) and photo electron

spectroscopic (16) results).

In order to determine if some conformationally free 1,4-

dihydrobenzenes can adopt a boat conformation upon suitable

substitution, a few rigid boat-shaped derivatives (e.g., cis-

and trans-2-methyl-2, 4a-dihydrotriptycene-2-carboxylate), le

and lf in Fig. 1, respectively, were prepared (35) and the 5J's

were obtained for cis and trans isomers. According to the

data collected from different derivatives, one may concludethat

mono- andtrans 1,4-di-substituted-1,4-DHB systems are planar

(la, lb, and lc in Fig 1); cis l,4-di-substituted-1,4 DHB

systems are puckered (or boat-shaped), with both substituents

at pseudoequatorial orientations (ld in Fig. 1). These

results seem reasonablesince in cis isomers 1-4 across the

ring interactions would be minimized by adopting a puckered

geometry (with both substituents at pseudoequatorial positions);

in trans isomers the unfavorable 1-4 across the ring inter-

action (between the 1-substituent and 4-proton) would be .

removed by adopting a planar conformation.

In contrast to the controversy about the conformation of

1,4-DHB systems, there is a general agreement that 9,10-DHA

systems are non-planar, as shown by x-ray diffraction studies (12)
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and are inverting rapidly between two equivalent conformers,

even at low temperatures (40) (in NMR time scale). But the

position of the equilibrium in the case of mono-and disub-

stitution (9- and 10- positions) has become a matter of some

dispute- There are two main interactions that may govern the

position of the equilibrium: one between pseudoequatorial

groups and peri protons (H1 , H4 , H5, and H8 in 3 in Fig. 2)

on aromatic rings, the other being, 1,4 interactions across

the ring between two pseudoaxial groups. Earlier studies

suggested pseudoaxial preference for 9-substituted DHN's,

but a subsequent study led to the opposite conclusion (8),

by a tenuous analogy between the chemical shift trends in cyclo-

hexane (chair form) (18) with those "expected" for the central

boat in 9,10-DHA systems. Later, however, substantial stereo-

chemical assignments were made by employing NOE techniques

(7, 13, 33). The orientation of benzylic protons (H9 , H1 0,

and H' in 3in Fig. 2) was established by measuring the

amount of increase in the integrated NMR intensities, when

either peri aryl protons or the alkyl groups on C9 of C10 were

irradiated. The data from the NOE studies on 9,10-DHA's sug-

gest these generalizations: in mono (3a in Fig. 2) or

unsymmethically disbustituted cis 9, 10-DHA's (3b in Fig. 2),

the preferred orientation of the groups is pseudoaxial; for

unsymmetrically disbustituted trans isomers (3c in Fig. 2),

the larger group assumes the pseudoaxial position preferentially.

Although symmetrically disubstitued 9, 10-DHA's (cis or trans)

would not be so amenable to NOE analysis (due to deceptively
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simple spectra because of chemically equivalent methine protons

in both isomers), they were still investigated, with the assumption

that the cis isomer would have a larger NOE effect than the

trans isomer. The reason is the cis compound would populate

mostly one conformer (both methine protons at pseudoequatorial

orientation) while the trans would have equal populations of

each conformer, having its methine protons in half pseudoaxial

and half pseudoequatorial orientations.

Since the mid-1960's, the mechanism of the stereochemistry

of reductive alkylation of 9, 10-DHA systems has also been

studied. Generally, alkylation of 9-aklyl-10-metallo-9,l0-DHA

compounds were employed in these studies (13, 41), because the

stereochemistry of the end product would be determined by the

alkylation of the final monoanion. Ronald Harvey and co-workers

(13) showed that the stereoselectivity of alkylation in 9-iso-

propyl and 9-tert-butyl-10-lithio-9, 10-DHA compounds by alkyl

halides depends primarily upon the steric requirements of the

existing alkyl groups, with large groups in either reactant

favoring trans stereoselectivity (as shown in Table I); the cis/

trans ratio decreases in both series as the alkyl halides get

larger methyl ethyl iso-propyl tert-butyl, and also as 9-alkyl

groups get larger iso-propyl tert-butyl) . Harvey also verified

the significance of order of introduction of different alkyl

groups (to 9- and 10- positions). Iso propylations of 9-

ethyl-10-lithio-9, 10-DHA gave a cis/trans product ratio of

1:4, while ethylation of 9-iso-propyl-10-lithio-9 , 10-DHA

gave a value of 3:1; consequently the steric demands of the
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TABLE I

ALKYLATION OF 9-ALKYL-9,10-DHA BY ALKYL HALIDESa

9-i so-propyl-DHA

R'Xc

CH 3Br

C2 H5 Br

iso"-C 3H7 Br

yield %

cis/transb

92 (100/0)

84(66/34)

50 (28/72)

9-t ert-butyl-DHA

R'Xc

CH 3 Br

C2 H5 Br

- 3C 3 7

trC4H9gBr

yield ,%

cis/transb

72 (48/52)

80 (18/82)

91(3/97)

18 (0/100)

a
THF and HMPA in 1:3 ratio were employed as a solvent and

reactions were run at 0*C (ref. 11).

b Yields are based on glpc and nmr data and represent product

percentage composition rather than isolated yields of pure

products.

C R' represents R2 or R in 3 in Fig. 2.

I- .- -j. --- - I



9

entering group are greater than that already on the ring

(9-position). The same research group examined the stereo-

chemistry of 1,4-di-tert-butyl-1,4-DHA (which is quite similar

to the subject compound of the present study, 1,4-di-tert-

butyl-1,4-DHN); but,due to the deceptively simple spectra of

these symmetrically disbustituted systems,they were unable to

determine the stereochemistry.

Of the three systems (DHB, DHN, DHA)I, l,4-DHN systems

are the least studied. In the first conformational study, 1,4-

dihydronaphthoic acid (2a in Fig. 2) has been used as a model

compound (25) in an attempt to settle the conflicts with 1,4-

DHB and 9, 10-DHA systems (because 1,4-DHN possesses both an

aromatic ring and an olefinic bond). In contrast to 1,4-

dihydrobenzoic acid (la), 2a revealed non-equivalent chemical

shifts for methylene protons (H4 and H'4 ), indicating different

chemical environments. From these chemical shifts and the

couplings (3J and4J), a non-planar geometry was suggested for

1,4-dihydronaphthoic acid. Unambiguous,. 5J' s were determined

only after the deuterated analog of 2a was prepared (20). A

55"flattened boat" was proposed in this study because J cis!

J trans (=0.88) ratio is found close to unity,which is the

predicted value for a flat ring.

Advanced studies on long-range carbon-carbon (22) and

carbon-proton (23) spin-spin coupling techniques on the series

la - 3a proved 2a has a conformation intermediate between la

and 3a (not planar as la but not as puckered as 3a). Marshall



10

and his co-workers (23) correlated 5JCH values with those of

5 HH and suggested that both can be dependably used in the

conformational analysis of 1,4-cyclohexadiene systems if

enough data are available to generate a homoallylic 5J cis/

5J trans ratio. The only difference observed in the two systems

(C-C and H-H) is a monotonic decrease in 5HH cis/_5J trans

while there is a monotonic increase in 5JCH cis/ 5CH trans

in the series going from la to 3a (shown in Table II). Further-

more, by comparing the 5 J's in this series it was determined

that the homoallylic spin-spin interaction is transmitted

through the olefin bonds but cannot be transmitted significantly

through aromatic bonds (decrease in coupling from la and 3a

demonstrates this fact, as shown in Table III).

The question concerning the extent of ring puckering in

1,4-DHN systems, when a Jarge substituent (larger than CO2 H

or CD2OH) is involved at 1-position was also investigated

(24, 32). For this reason, rigid boat-shaped model compounds

(2'a, 2'b in Fig. 2) were prepared and subjected to NMR analysis

using shift reagents and triple irradiation to obtain the

coupling constant data (see Table V) for comparison with those

of non-rigid systems (with large substituents at 1-position).

In one study, (32) it was stated that the large groups (such

as (CH3 ) 2 COH in 2b in Fig. 2) adopt a pseudoaxial position,

forcing the ring into a more puckered (true boat) conformation;

but another study (24) suggested that large groups (such as

(CH3)3 C in 2c in Fig. 2) impart appreciable asymmetric



TABLE II

EMPIRICAL 5HHJcis/5 HHtrans AND 51CHcis/ 5 JCHtrans RATIOS

FOR COMPOUNDS la - 3a (Ref. 23)

a
Compound

5 ./ 5 t
~HH2Is/ JHH trans JCU~is/ 

5JCHtrans

la

2a

3a

1.22

0.88

1.24

1.90

4.60(0.55( 0 .3-0.7)b

a These compounds are illustrated in Fig. 1 and Fig. 2v

b This range is for a series of 9-alkyl-9,10-DHA compounds

(Ref. 7)
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TABLE III

HOMOALLYLIC COUPLING CONSTANTSa FOR DIHYDROAROMATIC

CARBOXYLIC ACIDS la - 3a (Ref. 23)

Proton-Proton Carbon-Proton

cmonbcis J trans J cies J trans JC

la 9.19 7.56 5.75 4.65

2a 3.84 4.36 5.44 2.86

3a 0.5 0.9 3.2 0.7

a In Hz and considered accurate to 0.1 Hz.

b These compounds are illustrated in Fig. 1 and Fig. 2.
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distortion to the cyclohexadiene ring, twisting the ring while

itself moving laterally away from the methylene and peri proton

at 8-position.

There have been few reports on the mechanism of reduction

and alkylation of 1,4-DHN compounds under a variety of con-

ditions (reducing metal, organic solvent, quenching procedure,

temperature, etc.); but these were dealing with the type (mono

or dialkylated) and yield of 1,4-DHN compounds rather than the

stereochemistry (30, 36). Recently, Rabideau investigated (31)

the stereochemical aspects of reductive dialklation of naph-

thalene and the alkylation of the anion formed from nonsubsti-

tuted 1,4-DHN and base (similar approach was taken by a previous

group on 9, 10-DHA systems, as acknowledged before). The data

produced in this study (see Table VI) indicate that with the

increasing steric demands of the substituents, the trans

stereoselectivity is favored (the cis/trans ratio decreases

in the series methyl ethyl iso-propyl in Table IV); also indi-

cated is that the size of the entering group is more influential

than that of the group already on the ring (at 1-position) in

determining the stereochemistry of the final product (the

methylation of 1-iso-propyl-1,4-DHN gave 22 percent trans

isomer while the isopropylation of 1-methyl-1,4-DHN gave

76 percent trans isomer, as shown in Table IV).

Although the results of this last work seem reasonable,

the approach taken is not convincing. The cis and trans

assignments were made by means of NMR arguments which were
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TABLE IV

ALKYLATION OF 1-ALKYL-1, 4-DIHYODRPNAPHTHALENE ANIONS

WITH ALKYL HALIDES (Ref. 31)

-- I I.

Ra

CH 
3

C 2 H 5

iso-C3H7

CH
3

iso-C3H7

R'xa

CH3 c

iso-C3H~c

37

iso-C3H d

d
CH3

-- 4 4

cis/transb

100/0

43/57

0/1.00

24/76

78/22

R represents R and R' represents R2 or R3 in 2a in Fig. 2.

Product ratio is from integrated NMR intensities.

Reductive alkylations in ammonia solution.

Alkylation of anion formed from mono substituted hydrocarbon

and base in ammonia.

a

b

c

d
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based on mixed (cis and trans) dialkylated isomers (cis/trans

ratios were obtained from integrated NMR intensities), whereas,

as stated before, symmetrically disbustituted 1,4-cyclohexadiene

systems produce deceptively simple spectra which would not per-

mit the interpretation of the data.

The present study took an approach different from those

outlined above, and determined the cis-trans stereochemistry of

1,4-di-tert-butyl-1,4-dihydronaphthalene unequivocally. For

the elucidation of the stereochemistry, 1H NMR and 13C NMR

were employed and an epoxide derivative was prepared. By the

use of the NMR shift reagent, Eu(fod)3 , and the LAOCOON III

computer program, the chemical shift and coupling assignments

were made.



16

EXPERIMENTAL

Proton NMR spectra were taken on a Perkin Elmer R-24B

spectrometer. Carbon-13 NMR spectra were recorded on a JEOL

PFT-100 or a Bruker WH-90 spectrometer. NMR spectra were run

as dilute solutions (10%) in CCI4 or CDC13 with tetramethyl

silane (TMS) as an internal standard. Mass spectra were

obtained from a Hitachi-Perkin Elmer RMU-6E double-focusing

mass spectrometer at a pressure of 1 x 10-6 torr and an ionizing

voltage of 70 eV. Infrared spectra were recorded on a Beckman

IR-33 as thin films of the neat liquids.

1, 4-Di-Tert-Butyl-1, 4-Dihydronaphthalene (4)

Under a nitrogen atmosphere, 18.0 g (%0.80 mole) of sodium

pieces (washed free of oil with hexane and then with dry tetra-

hydrofuran) were added to a solution of 52.0 g (%0.41 mole)

of naphthalene in 500 ml dry tetrahydrofuran (THF dried and

purified by distillation from soldium-potassium alloy prior

to use). After stirring 14 hours, the solution was cooled in

an ice bath and 76.0 g (0.82 mole) of tert-butyl chloride

(prepared via Lucas Reagent or purchased from Aldrich Chemical

Company) were added dropwise. In one-half hour after the addition

was complete the green color of the radical anion slowly disap-

peared and the reaction mixture turned reddish brown. Then

an additional 42. 0 g (0. 45 mole) tert-butyl chloride were added
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and the reaction mixture was stirred overnight. The reaction

was quenched with 2 moles (%35 ml) of water and then neutralized

with 20.0 g (0.37 mole) of ammonium chloride (in 50 ml water).

With the addition of 200 ml diethyl ether followed by 200 ml

water, two layers formed: the separated water layer was washed

with small portions of diethyl ether (5 x 50 ml) and combined

organic extracts were washed with water, and dried over an-

hydrous magnesium sulfate and the solvent was removed on a rotary

evaporator to yield 62.0 g of crude product (a mixture of

naphthalene, 1, 4-dihydronaphthalene, 1-tert-butyl-1, 4-dihydro-

naphthalene and 1, 4-di-tert-butyl-1, 4-dihydronaphthalene).

The naphthalene and dihydronaphthalene were largely removed

by distilling the crude product at 10 mm pressure (T* raised un-

til 94* C at this pressure) using a vacuum-jacketbd- Vigreux

column, and a steam-heated condenser to prevent crystallization

of the naphthalenes. The pot residue was freed of 1-tert-butyl-

1,4-DHN by distilling at 1 mm pressure (B.P. 125 - 1330 C) by

the same technique used for unsubstituted naphthalenes. 1,4-

di-tert-Butyl-l, 4-dihydronaphthalene obtained from the second

distillation was further purified by distilling at 0.6 mm

pressure (B.P. 150 - 1600 C) through a vacuum-jacketed Vigreux

column to yield 2.9 g (3% yield) of yellow viscous

oil of about 90% purity (by NMR analysis). 1H NMR (CCd) and

13
C NMR (CDCI3 ) data are listed in Tables V and VI, respec-

tively. IR spectrum (consistent with structure 4) shows an

intense band at 2880 cm~1 and a tert-butyl C-H bending doublet



18

at 1376 cm-1 (37). Mass spectrum, parent peak m/e 242,

found M.242 (0.7%), 185 (2.3%), 130 (15.9%)j, 129 (21.5%),

128 (3.4%), 58 (6.5%) and B 57 (100%).

1, 4-Di-Ter~t-Butyl-2 ,3-Epoxy-I, 4 -Dihydronaphthalene (5)

A solution of 1.0 g (%0.004 mole) of 4 and 1.56 g (0.008

mole) of m-chloroperbenzoic acid (purchased from Aldrich Chemical

Company in 150 ml of methylene chloride was refluxed for 12 hours,

washed twice with brine, treated with charcoal and dried over anhy-

drous magnesium sulfate to give a yield of 0.9 g (84% yield) of

viscous oil after removal of the solvent. The H NMR data are

given in the Results and Discussion and in Table VII; the 13C

NMR data dregiven in Table VI.

The IR spectrum of 5 shows the same tert-butyl bands as

IR spectrum of 4; in addition it shows absorbtions attributable

to symmetrical epoxy ring stretching (at 1250 cm ~1) and

assymetrical epoxy ring stretching (at 875 cm-) and "12 P band"

-l
appears at 740 cm (37). Mass spectrum, parent peak m/e 258,

found M 258 (0.0001%), 242 (0.03%), 185 (0.6%), 128 (11.56%) and

B 57 (100%).

NMR Shift Experiments

NMR shift experiments were also conducted for further

proof of stereochemistry of compound 4 and 5. In these experi-

ments europium (III) tris-1,1,1,2,2,3,3-heptafluoro-7,7-

dimethyl-4,6-octanedione (Eu(fod)3 purchased from Norell Chemical

Co., Inc., DC 1510) was employed as an NMR shift reagent. The
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experiments were performed by adding weighted amounts of

Eu(fod) 3 to a (0.764 M) solution of the epoxide, 5, in a

CC14 - CD Cl3 mixture. After each addition of Eu(fod)3 '

the NMR spectra were recorded and the chemical shifts of

the protons were measured (6) in order to produce a plot

of versus mole ratio of Eu(fod) 3 for sample (5). A more

detailed explanation of these experiments will be given in

the Results and Discussion.
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RESULTS AND DISCUSSION

1, 4-Di-Tert-Butyl-1, 4-Dihydronaphthalene (4)

Symmetry Discussion of 4

The first step to elucidate the cis-trans stereochemistry

of 1,4-di-tert-butyl-1,4-dihydronaphthalene was to examine the

symmetry elements (axis, center or plane) of trans, 4a, and

cis, 4b isomers; assuming both puckered and planar conformations

(also considered were rapidly converting boat conformations to

average out to a planar geometry).

P butyl 1-butyl
/H/H

S 'S /
7 2 12

5

4a t-butyl 4bt-butyt

(trans) (cis)

The cis isomers (4b' and 4b'' in Fig. 3,including in-

verting boat) are all symmetrical with a plane of symmetry,uf,

(Cs point group); therefore, the chemically equivalent tert-

butyl groups would give only one NMR signal. The planar trans

isomer, 4a', (or inverting boat) is symmetrical with a C2 axis

of symmetry (C2 point group) and it also would show only one



(planar trans)

C 2 AXIS

Ila

(puckered trans)

4a'

(planar ,is)

PLANE

1b'

(puckered cis)

PLANE

Ab''

Fig. 3--Cis and Trans isomers of 4 in planar and puckered conformations

21



22

NMR signal due to chemically equivalent tert-butyl groups.

On the other hand, the puckered trans isomers, 4a'', is

unsymwetrical,with only a C1 axis of symmetry (C1 point

group). Consequently, it would show two signals of equal

intensity in the NMR spectrum, owing to the chemically non-

equivalent tert-butyl groups. As a result of these symmetry

considerations it was realized that the presence of two tert-

butyl NMR signals of equal intensity would establish the

stereochemistry,while one signal would leave it ambiguous.

1H NMR Spectrum of 4

The 60 MHz of 1H NMR spectrum of 4 (Fig. 4) revealed four

regions of signals centered at 67.0, 5.9, 3.0, and 0.9, and

integrated in the respective ratio of 4, 2, 2 and 18. In the

previous studiesin these laboratories, the H NMR parameters

of 4 were analyzed using the LAOCOON III NMR program and sim-

ulated spectra (results are listed in Table V). The single

tert-butyl peak at 8 0.9 (18 H's intensity) does not decided the

cis-trans stereochemistry of 4; but the vicinal and allylic

coupling constants can be useful in determining the geometry

of the dihydro ring in 4. Homoallylic coupling constants,

which are a potential measure of the conformation of the dihydro

ring (4, 23, 29), cannot be determined in this study because of

chemically equivalent H1 and H4 (deceptively simple spectrum).

Comparison of the vicinal (3 1,2 = 3.7 Hz) and allylic (J=1,3
1.8 Hz) coupling constants of 4 with those in other systems
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(see Table V) suggests a planar or nearly planar dihydro ring.

In several dihydro systems (23, 25, 29) a pseudoequatorial

hydrogen in a puckered ring has a.3J1,2 of 4.6 - 5.8 Hz and

4
a J13 of < 1.0 - 1.2 Hz (e.g. see compounds 2a, 2b and 2'b

in Table V). A pseudoaxial hydrogen in a puckered ring (29,

3 432, 35) has a 'J of 1.6 - 2.5 Hz and a J of 2.4 - 3.0 Hz
1,2 -1,3

(e.g. see compound 2'a in Table V). The vicinal and allylic

coupling constants of 4 are not in the ranges of those for

pseudoequatorial or pseudoaxial hydrogens, but in flat systems

3- 4(23, 28, 34) 3 1,2 is 3.0 - 3.4 Hz and J1, is 1.5 - 1.7 Hz

(e.g. see compound lb in Table V) which are in agreement with

vicinal and allylic coupling constants of 4.

As discussed in the Introduction, the 1-4 across-the-ring

interactions in cis-1,4-DHB systems with bulky substituents at

the 1- and 4- positions (e.g. cis-l-phenyl-4-trityl-1,4-DHB,

ld in Fig. 1) were minimized by adopting puckered conformations

with both substituents at pseudoequatorial orientations (10, 28).

On the other hand, the peri interactions between peri aryl pro-

tons and the substituents in 9,10-disubstituted-9,10-DHA systems

were reduced by accomodating pseudoaxial orientations for the

9- and 10- substituents (some ring flattening was suggested in

Ref. 13, due to the 1-4 across-the-ring interactions when 9-

and 10- substituents are bulky in these systems) . Because the

cis isomer, 4b, possesses both an olefinic bond similar to ld

(in Fig. 1) and an aromatic ring with 2 peri interactions simi-

lar to 3b (in Fig. 2) (the steric hindrance of peri interactions
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would be less in 4b than in 3b owing to 4 peri interactions

in 3b), 4b might be intermediate between ld and 3b in the

orientation of its substituents (neither pseudoaxial nor

pseudoequatorial but intermediate). In order for the tert-

butyl groups to possess these orientations in the cis isomer,

4b, the molecular model suggests a planar geometry (the mol-

ecular model also indicates an unfavorable 1-4 across-the-ring

interaction).

Also reviewed in the Introduction was the trans isomer of

1-phenyl-4-trityl-1,4-DHB which was flat with no 1-4 interaction

(10, 35). Furthermore, some ring flattening was also suggested

(13) for the trans isomer of 9,10-DHA's with bulky substituents

of the 9- and 10- positions. Following these observations,

1,4-di-tert-butyl-1,4-DHN might also be flat with a trans

stereochemistry . Therefore, at this point, it was not possible

to determine if compound 4 was cis or trans, but in view of

the above arguments it seemed that it is flat (or nearly so).

C NMR Results of 4

C NMR assignments of 1,4-di-tert-butyl-l,4-DHN (see

Table VI) were made on the basis of previous assignments for

2a and 2d and single-frequency off-resonance decoupling (SFORD)

spectral experiments. In this SFORD experiment, the methyl C's

of the tert-butyl groups coupled to the attached 3 H's to give

a quartet which collapsed to a singlet at 28.7 ppm (integrated

to 6 C's) when totally decoupled. The doublet of methine C's
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(in SFORD) collapsed to a singlet at 49.2 ppm in total de-

coupling, and both types of quaternary carbons (tert-butyl

and aromatic, appearing at 37.0 and 137.7 ppm, respectively)

appeared as singlets under SFORD. The doublets of olefinic

and aromatic carbons (in SFORD) collapsed to singlets at 124.2,

128.7 and 129.1 ppm, respectively. The assignments are all

unambiguous except C-5 and C-6, which may be reversed.

Like the 1H NMR spectrum, the 13C NMR spectrum also did

not distinguish between cis and trans geometry.

1, 4-Di-Tert--Butyl-2 ,3-Epoxy-1, 4-Dihydronaphthalene (5)

Symmetry Discussion of 5

In order to remove the ambiguity of the stereochemistry

of 4 (either flat-cis or flat-trans) a derivative was sought

which would create a symmetry difference in the cis and trans

isomers of 4. Accordingly, the epoxide derivative (5)of 4

was prepared. In the trans isomer, 5a in Fig. 5, the epoxide

group would produce a dissymmetry (C1 point group with a C1

axis of symmetry), reversing the tert-butyl groups to chemically

nonequivalent groups which would appear as two equal-intensity

peaks in both NMR spectra (1H and 13C). On the other hand, Cs

symmetry ( plane of symmetry) of cis 4 would be preserved on

epoxidation (5b or 5b' in Fig. 5); the tert-butyl on each cis

isomer of 5 would still be chemically equivalent; hence each

will show one signal for the tert-butyl groups in the NMR

spectra.
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5a (trans)

5b (cis)
5b' (cis)

PLANE
PLANE

Fig. 5--Cis and Trans isomers of 5

0
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The possibility of 50:50 mixture of 5b and 5b' was

not anticipated because the molecular model of 5b' indicated

a considerable degree of steric hindrance between the tert-

butyl groups and the epoxide ring.

1H NMR of 5

60 MHz 1H NMR spectrum of 5 (Fig. 6) showed five regions

of signals centered at 6 0.94, 1.18, 2.93, 3.4 and 7.0 which

integrated in the respective ratio of 9, 9, 2, 2 and 4. The

two equal intensity t-butyl signals at 6 0.94 and 1.18 were

an indication of trans 1, 4-di-tert-butyl-1, 4-dihydronaphthalene.

H NMR Shift Study

The 1H NMR pattern was too compact to allow a straight-

forward analysis for shifts and coupling constants of the

aliphatic protons. For this reason and for further proof of

the geometry of 5, a lanthanide shift study was conducted (38,

39), which assumed the epoxide oxygen of 5 would be a good

Lewis base to interact with a lanthanide shift reagent. In

this study Eu(fod) 3 was employed, known to be a potent shift

reagent with relatively high solubility in NMR solvents.

The downfield tert-butyl signal was assumed to belong to

t -butyl (see Fig. 6) because the epoxide oxygen would de-
-l

shield the closer t-butyl (the molecular model indicated the

tert-butyl H's penetrating into the deshielding zone of oxygen).

Also, t1 -butyl would be more affected (move faster) by a shift

reagent than t 2-butyl would, since the Eu(fod) 3 would be
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interacting with the epoxide oxygen (generally, the closer

the substituent to the functional group the greater is the

shift per increment of shift reagent). Using the same argument,

H4 might move faster than H (see Fig. 6). Although one might

expect H2 and H3 to shift equal amounts because of their equal

proximity to the epoxide oxygen, this would not consider the

steric effects of the tert-butyl groups on the coordination

site of the Eu(fod)3 'which might cause considerable difference

in the shifts of H2 and H3'

The spectra of 5 was simplified to a first order one with

the increasing concentration of Eu(fod)3 . First, the downfield

tert-butyl signal ( 6 1.18) sifted faster than the upfield one,

( 6 0.94) verifying the previous assumptions. (Compare tert-

butyl signals in Fig. 6 and Fig. 7; also compare the slopes

of the lines for t -butyl and t2-butyl in Table VII and on

plot in Fig. 9). The overlapped peaks of methine protons,

H and H4) resolved partially into two signals, 6 3.33 and

3.40, respectively. The complex multiplets of epoxide pro-

tons, H2 and H3 , totally resolved to give quartets centered

at 6 4.43 and 4.78, respectively. The downfield signal was

assigned as H3 by the assumption that the steric bulk of the

t -butyl would push away the Eu(fod) in contact with the
-l 3

epoxide oxygen over the ring system. The contact was suggested

to be over-the-ring system rather than sideways because of the

partial shifting of the aromatic region.
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TABLE VII

'H-NMR LANTHANIDE STUDY OF THE EPOXIDE 5

Chem Shift a for

Proton mole ratios bdPrto d d e
No. 0 0.039 0.092 0.157 0.243 Int - Slope - R factor -

1 1 2.90 2.98 3.09 3.32 3.69 2.78 3.61 0.994

2 3.32 3.50 3.89 4.40 5.27 3.11 8.67 0.997

3 3.51 3.72 4.21 4.76 5.82 3.27 10.21 0.996

4 2.91 2.98 3.13 3.38 3.79 2.79 4.01 0.995

L2-butyl 0.94 0.95 1.00 1.15 1.23 0.89 1.45 0.983

tl-butyl 1.27 1.33 1.41 1.60 1.88 1.19 2.76 0.991

a ppm downfield from internal TMS.

b
- number of moles of Eu(fod) 3

per mole of epoxide 5.

0 
0 ratio means the initial shifts of protons without any Eu(fod) 3'

d calculated values.

e calculated correlation coefficient.
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The 1H NMR spectra of 5 for each addition of Eu(fod) 3 '

(a) through (e), are collected in Fig. 8 for the 100 - 500 Hz

spectral region. Also, the variation of chemical shifts of

aliphatic protons per increment of Eu(fod) 3 are organized in

Table VII. These experimental data were treated with a stan-

dard least-square technique to obtain R factors which show

good correlation to a straight line (the chemical shift is a

linear function of the mole ratio, number of moles of Eu(fod) 3

per mole of 5). Also, the calculated values for zero concen-

tration of Eu(fod) 3 do not differ much from the experimental

values (see Table VII, the range is 0.06 - 0.24 ppm). The rate

of shift of each aliphatic proton can easily be observed from

the slopes of the lines in Table VII or from the plot itself

in Fig. 9.

LAOCOON III Program

The 1H NMR spectrum (d) in Fig. 8 of the lanthanide shift

experiment seemed able to predict the aliphatic proton shifts

and couplings. For this reason, the 100 - 300 Hz spectral

region of spectrum (d) in Fig. 8 is expanded (see Fig. 10) in

order to measure the splittings more accurately.

The observed splitting for the methine protons, H1 ( 63.33)

and H4 ( 63.40), are 1.9 Hz and 0.51 Hz, respectively. The

nonequivalence between 3 1,2 and J in 5 appeared reasonable
1, 3f4 -aperdraobl

since it designated a geometry in which the dihedral angle of

H and H2 is different than that of H3 and H4 (the molecular

model of 5 indicated a dihedral angle of somewhere in the range
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e)

d)

c)

b)

a)

Figj. -- HLIS NMR Spectra of 5
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of 00*- 45* for H1 and H2 and 450 - 901 for H2 and H3).

The measured value, J2,3 = 4.83 Hz, for cis protons onepoxide

carbons agrees witbithe previously observed value of +4.00 Hz

to +5.00 Hz (6). The observed splittings for H2 (64.43)

and H3 ( 64.78) are 1.96 and 0.51 Hz, respectively, which

was in excellent agreement with those of H and H 4 ; thus

an indication of the accuracy of shift assignments.

The measured chemical shifts and coupling constants were

analyzed by the LAOCOON III computer program; the program (5)

iterates the calculated and observed assignments until the

two sets are well-matched to give final values for the chemical

shifts and the coupling constants. The J values obtained

from LAOCOON analysis, with an 0.03 Hz RMS error, were

J1,2 = 1.89,FJ2,3 = 4.82 and J3, = 0.51 Hz. The chemical

shifts for 5 without Eu(fod)3 (approximate because of second

order spectrum) were Hi, 2.90; H2 , 3.32; H3, 3.51; H4 , 2.91,

t -butyl, 1.27 and t2-butyl, 0.94 ppm.

1 3 NMR of 5

13C NMR assignments of the epoxide derivative 5 (given

in Table VII) are mainly based on SFORD spectral experiments

and partly on previous assignments (of 2a and 2c). Under

SFORD the methyl C's of the t1 - and t2-butyl groups appeared

as singlets at 47.1, 51.4 and 52.3 and 54.0 ppm, respectively.

Both t1- and t -butyl (35.9 and 34.9 ppm, respectively), and

aromatic quarternary C's (135.1 and 136.1 ppm) appeared as
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singlets in the SFORD experiment. The lower field value

was assigned to the t -butyl quaternary carbon by the as-1

sumption that it would be deshielded by the epoxide oxygen.

When totally decoupled, all the doublets for the aromatic

C's (in SFORD) collapsed to singlets at 125.0, 125.9, 128.4,

and 132.8 ppm. Assignment differentiation was not possible

between C and C4 C2 and C3 ; C5 and C8 ; C6 and C7 ; and C9

and C1 0.

The 13C NMR spectrum of 5 confirmed the H NMR results

that 1, 4-di-tert-butyl-1, 4-dihydronaphthalene has a trans

geometry.
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SUMMARY

In this study the trans stereochemistry of 1,4-di-tert-

butyl-1, 4-dihydronaphthalene is established unequivocally.

Previous work on 1,4-cyclohexadiene systems (DHB, DHN, DHA)

used several different procedures, but mostly employed NMR

experiments such as NOE and decoupling techniques in the

stereochemical analysis of these systems. The homoallylic

coupling constants, aside from vicinal and allylic, were

especially useful in determining the conformation of the di-

hydro ring and the orientation of the substituents. But, as

pointed out in some studies, symmetrically disubstituted

1,4-cyclohexadienes show deceptively simple spectra which do

not permit the interpretation of the data, as in the case of

the subject compound of this study. Although some researchers

had made attempts in these types of systems, the results were

either inconclusive or not convincing.

The present study followed a different approach from

those of previous efforts. It was thought, a symmetry dif-

ference would be generated between the cis-isomer and trans

isomer of 4, with the introduction of the oxygen to the olefinic

bond to form the epoxide 5. In this way the chemical equiv-

alence of the tert-butyl groups of the trans-isomer would be

removed and the chemical equivalence of tert-butyl groups in

1 13the cis-isomer would be retained. The H and C NMR spectra
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of the epoxide derivative, 5, would show the difference in

the trans and cis isomers since the tert-butyl groups in

the symmetric cis-isomer would appear as one signal while

the tert-butyl groups in the dissymetric trans-isomer would

appear as two signals of equal intensity. Establishing the

cis-trans stereochemistry in the epoxide 5 would determine

the cis-trans stereochemistry from which it was synthesized.

Since the epoxide derivative indicated a trans stereochemistry,

the subject compound 1, 4-dit-tert-butyl-1, 4-dihydronaphthalene

must also have trans stereochemistry.

For further proof of the stereochemistry of 4 and to ob-

tain 1H NMR parameters for compound 5, a lanthanide shift study

was conducted. As increasing amounts of Eu(fod)3 were added

to a solution of 5, the aliphatic protons shifted in a manner

that allowed unequivocal stereochemical assignments. Specif-

ically, the proton NMR signals for Hand H4V, H2 and H and

those for the tert-butyl groups all moved at different rates.

One of the lanthanide shifted spectra was analyzed using the

LAOCOON III computer program. The calculated spectrum generated

in this manner was in excellent agreement with the experimental

spectrumand the splittings obtained by a first-order analysis

of the experimental spectrum are the true couplings.

In summary, the employment of a dissymmetricl derivative

of 1, 4-di-tert-butyl-1, 4-dihydronaphthalene solved the problem.

This method would be applicable for future studies of 1,4-

cyclohexadiene ring systems as a main or auxiliary tool in the

elucidation of the stereochemistry of these systems.
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