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Synthesized 9- 1 3C-flouorenone and 9- 1 3C-fluorene were studied

by carbon-13 nuclear magnetic resonance. Chemical shift assignments

were assigned unambiguously by three methods: 1) additivity parameters,

2) coupling constants and 3) deuterium labeling; the coupling constants

were determined. Simultaneous two- and three-bonded (2,3j-CC) coupling

constants were observed to be additive.

A model system to calculate single-path coupling constants was

devised to see if the couplings are additive in a system which has a

dual-pathway. The system chosen was o-methyl- 13C-benzoic acid. Because

of anomalies in the data, the series was extended. Hybridization of

the label appeared to have relatively little effect, and the conformation

of the substituents very important.
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CHAPTER I

INTRODUCTION

Nuclear magnetic resonance (nmr) spectroscopy is still

a relatively young field. In 1924 Pauli (14) first suggested

that an atomic nucleus possessed magnetic properties. It was

not until 1945 that the nmr phenomenon was first observed by

Purcell (16) and Bloch (1). In 1952, Purcell and Bloch were

awarded the Nobel prize for their findings. The first ap-

pearance of carbon-13 spectra was not until 1957 (4,6).

During the last thirty years, a vast amount of proton

nmr data has been compiled. Many electronic and steric ef-

fects have been observed in proton nmr and are now fairly

well understood. As a result, the use of proton nmr by the

chemist has become a routine laboratory tool. The use of

carbon-13 nmr spectroscopy has become a very useful aid in

many different fields of chemistry i.e., biochemistry,

organometallic chemistry, inorganic chemistry, and organic

chemistry. The advent of mini-computers and pulsed nmr

techniques makes the availability of carbon-13 nmr spectra a

a routine procedure. But the facility with which carbon-13

nmr is used is less than that of proton nmr, the most probable

reason being that new effects are still being discovered and

are trying to be explained. This study will deal with two

1
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previously unreported effects in carbon-13 nmr.

Carbon--13-carbon-13 coupling constants are still un-

common in the literature, partly because of the low natural

abundance of the carbon-13 nucleus (1.1 per cent). Coupling

constants from natural abundance material can only be obtained

from the satellite spectra (2) and thus are often lost

under the intense center band. From natural material methods

have been developed that allow data to be obtained (3,15),

but are tedious at best. The method most often chosen for

detecting carbon-carbon coupling is introducing a carbon-13

label in better than 90 per cent isotopic enrichment in the

desired compounds. In the proton decoupled carbon-13 spectra

of natural abundance material, each nonequivalent carbon nu-

cleus appears as a single peak. But with the introduction of

a carbon-13 enriched label, each carbon that is coupled to

the label will appear as a doublet. The splitting between

the doublet is the coupling constant or the J value.

Early studies of carbon-carbon coupling constants (7,8,9)

indicate that couplings which are three-bonded are larger than

those which are two-bonded in the same carbon structure or

framework. Since these early studies, this trend has been

borne out in general, but there have been a few exceptions

(principally in non-planar systems)(10,11).

Since coupling constants are directly proportional to

the product of the magnetogyric ratios of the two atoms in-

volved (5), carbon-carbon coupling constants should be 1/16
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that of proton-proton couplings (12) is strong evidence for

the correlation of carbon-carbon couplings to proton-proton

couplings, and also for a general correlation of carbon-13

nmr to that of proton nmr.

The current study deals with two main areas of research.

The first area deals with multi-path couplings in fluorene

compounds. This fluorene research was composed of three

parts. The first part was to make unambiguous chemical shift

assignments based on predicted and experimental results. Sec-

ond, all carbon-13-carbon-13 coupling constants had to be

determined. Lastly, the possibility was considered that

carbon-carbon coupling constants are arithmetically additive.

Hydrogen has the capacity to form a single bond which utilizes

the ls orbital for bonding. On the other hand, the carbon

atom has the ability to form up to four bonds with different

or other atoms. With carbon having the possibility of more

than one bond to each atom, there is now a distinct possibility

of simultaneous or dual pathways for the transmission of

coupling information. The study of what effect dual pathways

would have on carbon-carbon coupling constants is important

because it would test the idea that coupling mechanisms are

additive (13). The results of this study are discussed in

Chapter II.

The second area of research was to investigate the vici-

nal carbon-carbon coupling constant in o-methylbenzene deriva-

tives. The effect of hybridization on the labeled carbon and
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different possible mechanisms through-space vs. direct for

coupling were to be investigated. The results of this study

are discussed in Chapter III.

Finally, Chapter IV summarizes the data and its effects

on future carbon-carbon coupling constants studies.
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CHAPTER II

DUAL-PATH MECHANISM IN CARBON-CARBON COUPLING

Introduction

Since there have been a large number of carbon-carbon

coupling constants determined to date, interest in the

relative signs and absolute signs of the carbon-carbon coupling

constants have been studied by several research groups (6,7,

8,11,14,18,23,24,25). This information has been applied to

study which explores the possibility that coupling constants

are arithmetically additive. The theoretical method of

calculating coupling constants is to first calculate all of

the individual mechanistic coupling routes and then add all

of these together to obtain the total coupling constants (1,

22). Verification of this method will be the experimental

evidence of coupling constants being additive. To test for

an additive relationship the sign of the coupling constant

must be known, fortunately, a number of the signs have been

determined (6,7,8,14,24). The possibility of multiple

independent pathways cannot be determined through the use of

proton nuclear magnetic resonance (nmr) spectroscopy since

there exists only a single bond to each proton. Multiple

coupling pathways are possible, however, in the carbon nucleus

because it has more than one bond.

7
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Approach Taken

To test for additivity in coupling constants, a system

was designed whichcould transmit the coupling information

along two nonequivalent pathways. The nonequivalence is

necessary to prevent any symmetry complication (such as that

found in the homoallylic coupling in 2-butene and 1,4 cyclo-

hexadiene) (19). Therefore, a carbon-carbon system of two-

and three-bonded simultaneous couplings was chosen. The

least complex system is a five-membered ring with a label

incorporated into the ring, allowing simultaneous two- and

three-bonded coupling pathways. To make carbons in the five-

membered ring nonequivalent (to make chemical shifts different)

additional substituents were necessary. The system also had

to be synthetically available in good yield. Remembering

these requirements, the system chosen was 9-fluorenone ()

and 9-fluorene () (see Scheme 2.1). These compounds could

be synthesized with the label in the methylene (C-9) or the

carboxyl (C-9) positions or carbons. With the label in the

C-9 positions there exist simultaneous two- and three-bonded

coupling pathways.

6 3
70 13 10 

2

1 118 119 H H
0
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Experimental

Labeled carbon dioxide was purchased from the Monsanto

Research Corporation; Mound Laboratory, Miamisburg, Ohio.

Anhydrous ether was obtained from Mallinkrodt Chemical Company

and used without further purification for Grignard reactions.

The aromatic bromide, 2-bromobiphenyl (biphenyl-2-bromide)

was obtained from Columbia Chemical Company. The sodium boro-

deuteride was obtained from Stohler Isotope Company, Rahway,

New Jersey. Deuterated solvents and tetramethylsilane were

obtained from Aldrich Chemical Company.

NMR Spectra

The carbon-13 nmr spectra were run in acetone-d6 as a

solvent and internal lock and tetramethylsilane as internal

standard except where specifically noted. The majority of

the spectra were recorded on a Brucker WF-90 Fourier Transform

nmr Spectrometer operating at 22.63 MHz. Spectra were
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routinely run at 6250 Hz sweep width to determine the chemical

shifts. The C values of 1 were generally obtained using

8K data points over a 600 Hz (Hertz) spectral width. Splitting

of 0.5 Hz were reproducible to 0.1 Hz and considered to be

accurate to within 0.1 Hz. The spectra of diphenyl-2-

carboxylic acid-1 3 C and the deuterated fluorenone and fluorene

were recorded on a Japan Electron Optics Laboratory PFT-100

spectrometer operating at 25.03 MHz in the Fourier Transform

(FT) mode using 8K data points with internal deuterium lock

and internal tetramethylsilane as standard. Spectra were

routinely run at 5000 Hz sweep width to determine chemical

shifts. Labeled samples were run at a sweep width between

400 and 800 Hz. Splittings down to 0.5 Hz were reproducibly

measured. The JCC values were reproducible to 0.1 Hz and

are considered accurated to within 0.1 Hz.

Diphenyl-2-carboxylic acid--13 C.--To a 250-ml three-

neck flask purged with nitrogen, 0.6 g (0.0222 mole) of

magnesium turnings and 30 ml of anhydrous ethyl ether were

added. A solution of 5.18 g (0,0222 mole) of 2-bromobiphenyl

30 ml of anhydrous ethyl ether was added dropwise. A

crystal of iodine and external heat was used to initiate the

reaction after ca. 5 ml of solution had been added, When

the reaction subsided, the reaction mixture was refluxed for

one hour. The resulting Grignard reagent was poured into a

500 ml vacuum flask and placed on the vacuum line (20). The

vacuum flask was then inserted in liquid nitrogen (whereupon
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the Grignard reagent precipitated out) and 1,0 g (0.0222 mole)

of 1 3 C-carbon dioxide (>90% isotopic purity) was condensed

into the vacuum flask. The liquid nitrogen bath was removed

and replaced with an isopropyl-dry ice bath. This bath was

allowed to warm to room temperature with continuous stirring

overnight. The resulting Grignard complex was hydrolyzed with

the addition of water and 6 N hydrochloric acid. The aqueous

layer was extracted with ethyl ether (3 X 35 ml). The combined

ether layers were extracted with 2 N sodium hydroxide (3 X 20

ml). The aqueous layers were combined, acidified with 6 N hydro-

chloric acid, and then extracted with ethyl ether (3 X 25 ml),

The combined ether layers were dried (anhydrous magnesium sul-

fate) and the ethyl ether was removed under reduced pressure

to give 2.9 g (65.9% yield) of diphenyl-2-carboxylic acid-13C,

0 0melting point 11lO-112 C (lit. flp. 1130 -114C)(10).

Fluorenone-9-1 3 C (1),--To a 25 ml round bottom flask

was added 0.8 g (0,004 mole) of diphenyl-2-carboxylic acid-

13C and a solution of 80% sulfuric acid. The mixture was

0heated to 85 C for half an hour. The mixture was poured intQ

an ice water bath and filtered to give a greenish-lyellow

crystalline solid 0.71 g (97,58% yield) of 1, melting point

of 780 -790 C (lit. m.p. 79 -80 C)(10).

13Fluorene-9- C (2).--To a 50 ml round bottom flask was

added 0.5 g (0.003 mole) of fluorenone.9-13C, 1.6 l of

hydrazine hydrate (99-100%) and 16 ml of ethylene glycol,

The mixture was stirred and refluxed for five hours, Some
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of the product sublimed in the condenser. The pot was allowed

to cool and poured into a 5% solution of hydrochloric acid.

The mixture was extracted with ethyl ether and dried (anhydrous

magnesium sulfate). The ether was removed under reduced

pressure to give 0.4 g (89% yield) of , a white crystalline

solid, melting point of 113 0-1140C (lit. m.p. 1120 -1140 C)(9).

2-Deuterio-9-fluorene (3).--A 25 ml round bottom flask

was purged with nitrogen gas and immersed in a water bath

at 200C. 2-Bromo-9-fluorene (0.50 g, 2 mmol.)(Aldrich Chemical

Company, Milwaukee, Wisconsin) was dissolved in 14.0 ml of

methanol-O-D and then solid palladium chloride (0.72 g, 4 mmol.)

was added (2). Solid sodium borodeuteride (99%D) (0.836 g,

20.0 mmol.) was then added in small portions to the stirred

solution and stirring was continued for one hour. The

reaction mixture was poured into 160 ml of water containing

10 ml of 5 N hydrochloric acid. Extraction of the aqueous

phase with 3 X 30 ml of ethyl ether, drying the combined

ether extracts with anhydrous MgSO4 , filtration, and removal

of the ether under reduced pressure, yielded 0.31 g (91%).

2-Deuterio-9-fluorenone (4) .--2 Deuterio-9-fluorenone

(3) (0.25 g., 1.45 mmol) was dissolved in solvent grade benzene

(2 ml) in a 25 ml Erlenmeyer flask which was fitted with a

magnetic stirring bar. To this was added solid potassium

hydroxide (0.125 g) and 18-crown-6 (200 mg) (4). The solution

was vigorously stirred, and opened to the atmosphere for one

hour. The benzene was decanted into a separatory funnel and

washed with 6 N hydrochloric acid (5 ml), treated with char-
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oal, and dried over anhydrous MgSO . Filtering and removal
4

of ether under reduced pressure gave a heavy yellow oil (crude

yiled: 0.26 g, 100%) which was crystallized upon standing.

Recrystallization from cyclohexane/hexane (10 ml) gave yellow

crystals of (4): yield: 0.20 g (74.7%), melting point 789-

0
80 C.

4-Bromo-9-fluorenone.--A 100 ml round bottom flask was

charged with 2.0 g (0.10 mole) of 4-amino-9-fluorenone, 40 ml

acetic acid, and 10 ml of hydrobromic acid (48%). This mix-

ture was allowed to stir for thirty minutes and then 10 ml of

water was added. The solution was cooled to 20C by ice/

sodium chloride and diazotized by adding below the surface

in the course of ten minutes, a solution of 0.45 g (0.9 mole)

of sodium nitrite in 5 mlof water. The diazotization mixture

was stirred for eight minutes, o.2 g of urea was added and

again stirred for eight minutes. The mixture was poured into

a boiling solution of 11.25 g (0.019 mole) of cuperous bromide

in 40 ml of hydrobromic acid (48%). The suspension was boiled

vigorously for five minutes and allowed to stand overnight,

The product was collected by filtration, washed with 80 ml of

water and dried. Recrystallized from aqueous ethyl alcohol

to give a greenish yellow crystalline solid 2.0 g (74,9%) of

4-bromo-9-fluorenone, melting point 1230 -1240 C (lit" .

1250 -1260 C)(27).

4-.Deuterio-9-fluorene (5) ws synthesized by using the
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procedure described above to synthesize 2-deuterio-9-fluorene

(Q) to give a white crystalline solid, 0.28 g (95.5%) of (5)

melting point 1070-1090 C.

4-Deuterio-9-fluorenone (6) was synthesized by using

the procedure described above to synthesize 2-deuterio-9-fluorene

(Q) to give a greenish-yellow crystalline solid, 0.04 g (80%

yield) of (,6) melting point 790-81 0C.

Results

The chemical shift assignments were made by additivity

parameters for substituted benzenes (13.20). The results or

predictions of the additivity parameters are indicated in

Table I. The experimental results of the chemical shift as-

signments for and 2 were straightforward except in the case

of carbon atoms 2,7, and 4,5,. As seen in Table I, the pre-

dicted values were 126.2 and 126.1 respectively, Hence, there

is some difficulty in making a correct assignment, The same

situation exists in compound , Again, carbon atoms 2,7 and

4,5 are very close to the predicted value, 127.5 and 127.4

respectively. Therefore, it was necessary to determine which

assignment was correct. There are two methods which were

used to determine the correct assignments. The first method

was the use of coupling constants. By this method it was

possible, through coupling constants, todifferentiate between

the ambiguous assignments. It has been seen that with the

change in hybridization of the label that the coupling constants

change. It was observed that in sp3 carbon that the two-bonded
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2
becomes larger than the three-bonded carbon, whereas in sp

carbon the three-bonded becomes larger than the two-bonded

carbon (21). Therefore, with this observation the assign-

ments were made. In compound 1 carbon atoms 2,7 were assigned

129.8 and carbon atoms 4,5 were assigned 121.,4. In compound

2 carbon atoms 2.7 and 4,5 were assigned 127.5 and 120.6 re-

spectively. To check this method it was decided to synthesize

deuterium compounds. Compounds 3,4 and 5,6 were synthesized

as shown in scheme 2.2. In work done by Kitching, Bullpitt,

Doddrell and Adcock (12) that a deuterium atom in a carbon-13

spectra will split the carbon signal into a 1:1,1 triplet with

equal splitting. This was not the case in the spectra for 3,4

and 5,6 where only a reduction in peak height was observed.

The unlabeled spectra of I showed four peaks with equal height

(see figure 2.1). In the labeled spectra of , (see figure 2,2)

there was a reduction in peak'intensity of the signal according-

ly identified as the C-4 carbon. Therefore all chemical shifts

are unambiguously assigned.

The data in Table II includes the chemical shifts for 1,

and 2 for which the assignments are unambiguously assigned.

Carbon-Carbon Coupling Constants

Once the chemical shift assignments were made, the coupling

constants were taken as the splitting of each respective peak

from the unlabeled spectra into a doublet in the labeled com-

pound. Since the effect of the carbon-13 nucleus on the
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Figure 2.1--Carbon-13 NMR Spectrum of Unlabeled
9-Fluorenone (1)
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Figure 2.2--Carbon-13 NMR Spectrum of 4-Deuterio-
9-Fluorenone(6).
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chemical shifts is negligible (28), spectrum of the same

sweep width could be.overlaid to distinguish coupling constants

in the case of overlapping patterns. The coupling constants

were thus determined and appear in Table III. A spectrum of

unlabeled k is shown in Figure 2.1. The spectrum of labeled

1 is in figure 2.3. This shows the splitting of the carbon

signals by the labeled carbon. Careful inspection will also

show the small center peak between the doublets. This is a

result of the 10 per cent of material that is not labeled in

every sample.

Discussion

With the large number of carbon-carbon coupling constants

known, it has become important to understand the effects in

multiple pathways between two nuclei. The theoretical signi-

ficance is whether coupling mechanistic contributions are ad-

ditive, as theoreticians actually consider them (21), The

advantage here is that there are two distinct pathways already

broken donw into separate parts which can be studied. Artifi-

cial techniques have been developed (16) to calculate each of

the mechanistic contributions independently in a single-path

system. To get the total coupling these contributions are

added together. When there are dual pathways available, from

model compound the single path coupling can be determined, In

proton nmr this cannot be determined since each proton has

only one single bond. With carbon-carbon coupling constants

this can be used to test additivity because the carbon nucleus

has more than one bond. The choice for study is a five-membered
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Figure 2.3--Carbon-13 NMR Spectrum of 9-
1 3 C-

Labeled 9-Fluorenone(l)
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system symmetry problems are removed which 
are found in six-

membered rings, and allows each pathway to be determined 
inde-

pendently through model compounds. The coupling constant found

in the five-membered ring could be tested to see if arith-

metical addition of coupling constants is operating. Because

of this, and also due to the synthetic ease with which the

label could be incorporated, fluorenone and fluorene were chosen.

Before an attempt could be studied into the additive ef-

fects, additional (3) information is necessary. The relative

signs of the coupling constants have to be known. 
If the two

couplings constants involved in the dual pathway 
situations

were opposite in sign, the sum of the two couplings could lead

to a value which is smaller than expected instead of larger.

In recent years, the signs of various carbon-carbon coup-

ling constants, both absolute and relative signs, 
have been

determined (6,7,8,11,14,18,23,24,25). Studies by Hansen and

Berg (6,7,8) on aromatic systems have determined that one-,

two-, and three-bond aromatic coupling constants are positive

except in one case. In bicyclobutane the directly-bond coup-

ling constant of the bridgehead-bridgehead carbons has 
been

determined to be negative (23), This has been rationalized

by the fact there is a high degreee of p character 
in the

bond, which is not likely to occur elsewhere. In fluorenone

and fluorene an assumption is made that all the couplings up

to three-bonds in length are positive. There have been few

negative two-bonded couplings reported (7) all have been small
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(less than one Hz). The large two-bonded have always been

determined to be positive. The assumption that all the two-

bonded coupling constants in 1 and 2 are positive is supported

by the large two-bonded coupling in phenyl acetic acid of 2,0

Hz as well as in 1-naphthaleneacetic acid of 1,4 Hz which is

large (5).

In 1 the simultaneous two-three-bonded coupling constant

was observed to be 7.90 Hz' The predicted two- and three-

bonded paths were observed to be 2.07 and 1.88 Hz from 2-

13
methyl-3C-benzaldehyde. Here the predicted value is 3,95 Hz,

The observed value is larger than the calculated value. In 2

the dual pathways give an observed value of 4.5 Hz. The pre-

dicted two- and three-bonded paths are examined form the

models, 2-methyl-1 3C-benzylalcohol and biphenyl-2-carboxylic

acid-13C. In the 2-methyl-13C-benzylalcohol the two-bonded

coupling was observed to be 3.22 Hz and the three-bonded

coupling was observed to be 1.1 Hz from biphenyl-2-carboxylic

acid. Thus the predicted sum of 4.31 Hz compares very well

with the observed 4.50 Hz,

Conclusions

In the first part of the study, the chemical shift of 1

and 2 were ambiguously assigned. The assignments were based

on three items: (1) additivity parameters (13,26),(2) on

coupling constants (21), and (3) on deuterium labeling (12).

The additive parameters for determining chemical shifts work

out well except in the assignments of carbon atoms 2 and 4 was
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based on the hybridization of the label and the coupling con-

stants with respect to the label. This tentative assignment

was confirmed by the use of deuterium lableling. One very

important item was observed which was totally opposite 
to

work done by Doddrell (12), the signal was not split into a

1:1:1 triplet, but rather into a reduction of peak intensity.

The probable reason for this was that compound 
1 and 2 are

symmetrical, a plane through the carbonyl perpendicular 
to

the molecule, and there is a hydrogen on the other side of the

molecule which prevents the signal from becoming 
a 1:1:1

triplet.

There is strong evidence that an additivity relationship

exists for carbon-carbon coupling constants when 
the dual

pathway is in effect. The additive relationship of carbon-

carbon coupling is clearly evident. This means spin informa-

tion is being independently transmitted along two 
unequal but

separate routes giving the observed coupling 
constant which

is greater than either route independently, instead of the

spin information being sent, preferentially, through either

pathway. The only discrepancy between the observed 
and calcu-

lated dual-pathway coupling constant is for fluorenone, where

the observed value is larger than the calculated one, The

possibility exists that conformational problems 
exist for the

model compound (o-methylbenzaldehyde); this possibility is taken

up in the next chapter.
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CHAPTER III

CARBON-CARBON COUPLING IN o-METHYLBENZENE DERIVATIVES

Introduction

Frei and Bernstein (4) measured the directly bonded

carbon-carbon coupling constants in a series of 
doubly labeled

compounds chosen to give J values for each of six combina-

tions of hybridized carbons, sp3-sp3 sp3-sp2 , sp3 _sp, sp2sp2

sp2-sp; and sp-sp. From the results it was determined that

the magnitude of the carbon-carbon coupling constants 
across

one bond depends primarily on the hybridization 
of the carbon

that forms the f-bond. Frei and Bernstein observed that ff-

bonds may enhance the 1ICC (directly bonded) value over 
that

expected from hybridization alone (4).

Since the earlier studies when hybridization has 
been

observed to dominate I
4 CC values, hybridization has also been

shown to affect the vicinal coupling constants (14). As the

s character of the label increases, certain observations are

noted. First, in the sp3 two-bonded carbon coupling becomes

larger than the two-bonded coupling.

Vicinal carbon-carbon couplings are much larger when

involving the ff-framework throughout the coupling route than

olefinic proton-proton or carbon-proton models would 
predict

(13). The 3 J value is 13.95 Hz in pyridine (21), 5.6-8.6 Hz
-CC

in three monosubstituted benzene compounds (21) and 9.05 Hz

35
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in 1,3 butadiene (21). The large magnitudes of the 1CC

values in aromatic compounds may be due to two possible

causes: (a) a "through-space" coupling mechanism involving

direct electron passing via the back lobes of the respective

sp2 orbitals may be operative (21), (b) the a , r electronic

interactions may lead to a -electron contribution to the

_ cc value (21).

Approach Taken

A system was desired which could possibly be used as a

model for determining single pathway couplings to check dual

pathway mechanisms. The system chosen was o-methyl-
1 3 C-

bengoic acid ('(). Because some anomalies were observed, a

series of o-methyl-1 3 C-benzene derivatives were synthesized

(see reaction scheme 3.1). The compounds that were studied

in this series were o-methyl-
1 3 C-benzyl alcohol (8), o-methyl-

13C-benzaldehyde (9), (2-tolyl)-13C-ethanol (I), o-methyl-

13C-acetophenone (k), o-methyl-13C-benzyl chloride (12) and

o-methyl-13C-benzonitrile (Q). In each case the labeled

carbon has a different hybridization and the carbon of inter-

2 3
est's hybridization is kept constant, i.e., sp -sp . In the

series of o-methyl-13C-benzene derivatives, the 2 CC(two-bond)

and 3J (vicinal) coupling constants were studied.-CC
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5 C 3

4 28
3 OH
7
6 7

5 1CH-3

Q 1OH
3 H CH3

10

CH3

CH3OH1920

CH 3

CH 3

CH3

CON

13

CH3QC,~3

H

CH2CI

12

Experimental

Labeled carbon dioxide was obtained from the Monsanto

Research Corporation, Mound Laboratory, Miamisburg, Ohio, or

from Prochem Incorporated. Anhydrous ethyl ether for Grignard

reactions was obtained from Fisher Chemical Company and was

used without any further purification. o-Bromotoluene was

obtained from Aldrich Chemical Company. Lithium Aluminum

Hydride was obtained from Alfa Chemical. All deuterated sol-

vents and tetramethysilane were obtained from Aldrich Company.
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o-Methyl--1 C-Benzoic Acid (7)

ChBr

1) Mg
2) C02

3) H+

CH3

0
//

OH

81% yield

o-Methyl- 3 IC-Benzylalcohol (81 )
W-'

CH

Q.H

1) LAH

2) H+

CH
3

ci CH2 OH 97.9% yield

o-Methyl-1 3C-Benzaldehyde (9)

CH3

CcH2 OH
pcc. .
CH2 CI2

H3

04H

0

96.9% yield

l-(2-Tolyl)- 13C-Ethanol (10)

1 C~qig
)H

H 92.8% yield

H CH3

o-Methyl- 1 3C-Acetophenone (11)

C H 3

10 H
C.H.

H' ) CH3

PCC
CH2C 2

C H
3

ro #0

%C.H

88.8% yield

Scheme 3.1--Synthetic Sequence for
Benzene derivatives.

the o-Methyl-
1 3C-

CH3

0H

0
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o-Methyl- 1 3C-Benzyl Chloride (12)

CH 3 ~ l2CH3
K)~ SO2CC12 2C

CH2OH > CH2C

o-Methyl- 1 3C-Benzonitrile (13)

CH3

OH

Q CH3
o 

0CH 3

NH2

S02C12

NH 3

P20 5

CH

CH3
Q~3

NH2
CH3

CIN

79.9% yield

85.0% yield

76.9% yield

81.3% yield

Scheme 3.1--(continued)
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NMR Spectra

The carbon-13 nmr spectra were run in chloroform-d as a

solvent and internal lock and tetramethylsilane as an internal

standard. The spectra were recoreded on a Japan Electron

Optics Laboratory PFT-100 Spectrometer at 25.03 MHz 
in the

Fourier Transform (FT) mode using 8 K data points. Spectra

were routinely run at 5000 Hz sweep width to determine the

chemical shifts. Labeled samples were run at sweep widths

between 400 and 800 Hz. Splitting down to 0.5 Hz were repro-

ducibly measured. The Jcc values were reproducible to 0.1

Hz and are considered to be accurate to within 0.1 Hz.

Introduction of the Carbon-13 Label

The labeled carbon-13 nucleus was introduced into the

molecules by reacting the appropriate Grignard reagent with

labeled carbon dioxide using the vacuum line techniques de-

scribed in the previous chapter.

o-Methyl-13C-benzoic acid (7-).--To 250-ml three-neck

flask purged with nitrogen, 0.55 g (0.0222 mole) of magnesium

turnings and 30 ml of anhydrous ethyl ether were added. 
A

solution of 3.8 g (0.0222 mole) of o-bromotoluene in 60 ml of

anhydrous ethyl ether was added dropwise. A crystal of iodine

and external hear was used to initiate the reaction 
after ca.

5 ml. of solution had been added. When the reation subsided,

the reaction mixture was refluxed for one hour.
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The resulting Grignard reagent was poured into a 500-ml

vacuum flask and placed on the vacuum line (10). The vacuum

flask was then inserted in liquid nitrogen (whereupon the

Grignard reagent precipitated out) and 1.0 g (0.0222 mole)

of 13C-carbon dioxide ( >90% isotopic purity) was condensed

in the vacuum flask. The liquid nitrogen bath was removed

and replaced with an isopropanol-dry ice bath. This bath

was allowed to warm to room temperature with continuous

stirrings overnight.

The resulting Grignard complex was hydrolyzed with the

addition of water and 6 N hydrochloric acid. The aqueous

layer was extracted with ethy ether (3 X 25 ml). The com-

bined ether layers were extracted with 2 N sodium hydroxide

(3 X 20 ml). The aqueous layers were combined, acidified

with 6 N hydrochloric acid, and then extracted with ethyl

ether (3 X 25 ml). The combined ether layers were dried

(anhydrous magnesium sulfate and the ethyl ether was removed

under reduced pressure to give 2.45 g (84.1% yield) of

melting point of 98 0O-1000 C (lit. 99.8'-100.8 'C)(7).

o-Methyl- -3C-benzy1 alcohol (8).--A 250 ml three-neck

flask purged with nitrogen was charged with 1.5 g (0.0395 mole)

of lithium aluminum hydride and enough anhydrous ethyl ether

to make a slurry (5-10 ml). The reaction flask was cooled in

and ice bath, and the contents were continuously stirred

through the following operations. A solution of 5.0 g (0.0365

mole) of o-methyl-13C-benzoic acid (7) was added dropwise, the
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ice bath was removed and replaced by an oil bath, and the

reaction mixture was refluxed for three days.

Water was then added dripwise to hydrolyze the reation

mixture, followed by the addition of 5 ml of 6 N hydrochloric

acid. After the reaction mixture was filtered, the aqueous

layer was extracted with ethyl ether (3 X 25 ml). The com-

bined ether layers were extracted with 2 N sodium hydroxide

(3 X 20 ml), and concentrate under reduced pressure to give

4.4 g (97.9% yield) of , a yellow liquid (below 35 0C, a wet

solid).

Pyridinium Chlorochromate.--The procedure was that of

Corey (3). The orange solid was stored in a dessicator and

after a period of time turned brown. This discoloration had

no effect on the yield or quality of products obtained through

its use.

0-Methyl-13C-benzaldehyde (9).--The procedure used was

that of Corey (3). To a 250 ml round bottom flask 7.06 g

(0.329 mole of pyridinium chlorochromate was suspended in 50 ml

of anhydrous methylene chloride. A solution of 2.7 g (0.0219

mole) of o-methyl-1 3 C-benzyl alcohol ( ) in 5 ml of anhydrous

methylene chloride was added all at once and stirred for 1.5

hours. Anhydrous ethyl ether (50 ml) was added and decanted

from a black residue. The insoluble residue became a granular

solid. The combined ether washings were filtered through a

pad of fullar's earth, and the ether was removed under reduced

pressure to give 2.6 g (96.9% yield) of 9, a clear liquid.
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l-(2-Tolyl)-13C-ethanol (10).-- A 100 ml three neck

flask was charged with 1.4 g (0.0563 mole) of magnesium turn-

ings and 20 ml of anhydrous ethyl ether. A solution of 8.0 g

(0.0563 mole) of methyl iodide in 25 ml of anhydrous ethyl

ether was added dropwise. When the reaction subsided a solu-

tion of 1.08 g (0.0089 mole) of o-methyl-13C-benzaldehyde (9)

in 5 ml of anhydrous ethyl ether was slowly added dropwise.

The resulting Grignard complex was hydrolyzed with the

addition of water and 6 N hydrochloric acid. The aqueous layer

was extracted with ethyl ether (3 X 25 ml). The combined

ether layers were dried (anhydrous magnesium sulfate) and the

ether was removed under pressure to give 1.04 g (92.8% yield)

of a clear liquid.
13

o-Methyl- C-acetophenone(Ql)).--The procedure used was

that of Corey (3). To a 25 ml round bottom flask 1.88 g

(0.009 mole) of pyridinium chlorochromate was suspended in

12 ml of anhydrous methylene chloride. A solution of 0.8 g

(0.006 mole) of 1-(2-tolyl)-13C-ethanol (IQ) in 1 ml of anhy-

drous methylene chloride was added all at once and stirred

for l.t hours. Anhydrous ethyl ether (10 ml) was added and

decanted from a black residue. The insoluble residue was

washed with anhydrous ethyl ether (3 X 10 ml). After these

washings the insoluble residue became a granular solid. The

combined ether solutions were filtered through a pad of fullar's

earth and the ether was removed under reduced pressure to give

0.7 g (88.8% yield) of gg, a light yellow liquid.



44

13
o-Methyl- C-benzyl chloride (12).--A 50 ml flask was

charged with 3.0 g (2.0 ml) of thionyl chloride. The reaction

flask was cooled to 0 0C in an ice bath, and the contents were

continously stirred. To the cold thionyl chloride 1.0 g

13
(0.008 mole) of o-methyl- C-benzyl alcohol (8) was slowly

added dropwise. The reaction mixture was kept at 00C for

thirty minutes, then refluxed for one hour. The excess thionyl

chloride was removed under reduced pressure to give 0.92 g

(79.9% yield) of 12, a light yellow liquid.

o-Methyl- 13 C-benzoyl chlor ide.--A 50 ml round bottom

flask was charged with 2.45 g (o.0178 mole) of o-methyl-13C-

benzoic acid (7) and 5 ml (large excess) of thionyl chloride.

The mixture was refluxed for two hours. The excess thionyl

chloride was removed under reduced pressure to give 2.35 g

13
(85.0% yield) of o-methyl- C-benzoyl chloride, a light yellow

colored liquid.
13

o-Methyl- C-benzamide.--A three neck 100 ml round bottom

flask was fitted with a micro-dry ice/acetone condenser, am-

monia inlet and a dropping funnel. The round bottom flask was

cooled in an acetone/dry ice bath. Ammonia was distilled into

the flask in a quantity of 50 ml. To the dropping funnel was

added 1.50 g (0.00865 mole) of 2-methyl-13C-benzoyl chloride

in 50 ml of n-pentane, The mixture was dropped in at a moderate

rate while stirring vigorously. After the addition of the

2-methyl-13C-benzoyl chloride the acetone/dry ice bath was re-

moved and allowed to warm to room temperature. The product
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was dissolved in ethanol and recrystallized from ethanol/

13
water mixture to give 1.0 g (76.92% yield) of o-methyl- C-

benzamide, a white crystalline solid, melting point of 1400-

1410 C.

13
2-Methyl- C-benzonitrile (13).--To a 25 ml reaction

flask was added 1.0 g (0.00733 mole) of 2-methyl-13C-benzamide

and 3.0 g of phosphorous pentoxide. The mixture was vacuum

distilled with the receiver flask immersed in an ice bath.

The reaction was heated with a heat gun to distill over a

clear liquid to give 0.93 g (81.30% yield) of (3).

Results

The chemical shift assignments for Z-; are indicated in

Table VI. The assignments were made using additivity parameters

for substituted benzenes, (7,18) and by using model compounds

whose chemical shifts had previously been reported in the

literature. All chemical shifts were close to the predicted

values, with the exception of compound 8, where the predicted

chemical shift for carbon 3 and carbon 5 were reversed. The

reason why it was necessary to reverse this assignment was

2
that carbon 3 has a !cc coupling which is larger than carbon

4
5 which has a Jcc (very small coupling). The data in Table

IV includes the chemical shift for the compounds determined

in this study.
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Carbon-Carbon Coupling Constants

Once the chemical shifts were made, the coupling constants

were taken as the splitting of each respective peak from the

unlabeled spectrum into a doublet in the labeled compound.

Since the effect of the carbon-13 nucleus on the chemical

shifts is negligible (21), spectrum of the same sweep width

could be overlaid to distinguish coupling constants in each

case of overlapping patterns. The coupling constants were

determined and appear in Table V. A spectrum of unlabeled

k3 is shown in figure 3.1. The specturm of labeled k is

shown in figure 3.2. This clearly shows the splitting of the

carbon peaks by the label carbon. Careful inspection will

note a small center peak between the doublets. The cause

of the center peak is the result of the ten per cent of

material that is not labeled in every sample.

Discussion

A relatively large number of carbon-carbon coupling con-

stants have been determined by various researchers (9,10,

11,12,13,14,17,19, pp. 319-375). From the data which has

been obtained certian trends have been observed. The vicinal

(three-bond) coupling constants tend to be larger than the

two-bonded in the same system (11,12,13,14,17).

Vicinal carbon-carbon coupling constants have been shown

not to agree well with what had been observed before. In fact,
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Figure 3.1--Carbon-13 NMR Spectrum of Unlabeled
o-Methylbenzonitrile(13)
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Figure 3.2--Carbon-13 NMR Spectrum of 13C-Labeled
o-Met'hylbenzonitrile(13)
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the vicinal carbon-carbon coupling constant depends on the

hybridization of the carbon (14). In aromatic systems vicinal

couplings are large. Possible reasons for this observation

may be (a) a "through-space" coupling mechanism (21) or (b)

the afr electronic interactions leading to a t-electron contri-

bution to the vicinal coupling constant value (21).

The purpose of this study was to devise a system which

could be used as a model in determining the single path coup-

lings. From this information one could determine if dual

pathways were additive.

It was observed in o-methyl-13C-benzoic acid (7) that the

vicinal coupling constant of 0.66 Hz was smaller than expected.

The possible reason for the observation is probably due to the

orientation of the substituent which has an effect on the

coupling constant.

13
In o-methyl C-acetophenone (11), the carbonyl would be

directed toward the methyl group. The reason for this fact

is that the two bulky methyl groups will repel one another.

A study has confirmed that 11 is a 82:18 mixture of cis and

trans to the benzene ring (5). In the cisoid conformation

(oxygen cis to the methyl group), the vicinal coupling constant

to the methyl group would be less than 0.4 Hz. In the case

of the o-methyl-1 3 C-benzoic (7), the -OH group would allow

more freedom of rotation for the carbonyl group so that on the

time averaged position the carbonyl would be further out of
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the plane of benzene than in compound (7). As a result of

carbonyl out of plane with the benzene the coupling increases

to 0.66 Hz. Another possible explanation is the fact that

electronegative substituents increase coupling a little. If

the -OH group is replaced by an even smaller group such as a

proton, o-methyl-13C-benzaldehyde (), the coupling constant

increases to 1.88 Hz. The reason for the increase in the

coupling could be because of the orientation of the carbonyl

group. In various studies (5,17,20) the carbonyl is directed

fifty per cent of the time toward the methyl group and the

other fifty per cent of the time away from the methyl group

in o-methylbenzaldehyde. Because of this fifty-fifty mixture

the coupling constant of 9 increases. The substitution of

the carbonyl with some other type of substituents would allow

for still freer rotation than in 9 and should effect the coup-

ling constant by increasing the coupling constant. Because

of this the vicinal coupling constants increase to 3.05 and

13
3.15 Hz, in o-methyl- C-benzyl chloride (1) and o-methyl-

13 C-benzyl alcohol (8) respectively. If one of the protons

in 8 on the carbon with -OH group is replaced by a methyl

13
group, 1(2-tolyl)- C-ethanol (10), the rotation is restricted

and the vicinal constant is reduced in magnitude to 2.85 Hz.

The most probable cause of this fact is due to the coupling

from the rear lobes of the substituents,(l). The case of

o-methyl-1 3 C-benzonitrile (k ) is more puzzling. In 4 the

label is an sp hybridized state and the vicinal coupling con-
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stant should be the largest coupling observed. This is not

the case because the coupling decreases to 1.95 Hz,

Conclusions

In designing a model system to determine single pathway

coupling which could be added together to get an overall

coupling in dual pathways. Only in one case did this idea of

a model work. That was in determining the coupling in for

a model for 9-fluorene.

It is evident that in this study of vicinal carbon-carbon

coupling constants that something is happening which is dif-

ficult to explain. The two important observations made in

this chapter were the facts that the orientation of the car-

bonyl group is important and that hybridization has relatively

little effect. One explanation of the first observations may

be that there is some type of "through-space" coupling which

in some cases has been observed to be negative (1,8). In a

study by Barfield and Marshall (1) an impinging multiple rear

lobe effect (IMRL) was observed in adamantanes in which the

vicinal coupling constants are smaller than predicted. In

recent work in which congressane was studied, the vicinal

coupling constants are even smaller (16). It also has been

observed that this IMRL effect is a negative "through-space"

coupling. Another observation is that the hybridization of

the labeled carbon atom has little effect on the vicinal

coupling constant. One reason for this could be that the
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hybridization works only within an aromatic system as ob-

served by Marshall (14). Therefore, because the methyl group

is outside of the aromatic ring the spin information is not

being totally transmitted to the methyl carbon.
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CHAPTER IV

SUMMARY

This chapter will briefly summerize the conclusions from

the previous chapters and discusses what they mean to future

carbon-carbon coupling constant studies.

Conclusions

The finding of this study are as follows: (1) The effect

of multiple pathways in spin-spin coupling is to cause a nu-

merical addition of the coupling constant values. This simply

means that if the possibility of coupling through more than

one path exists, the multiple path coupling constant probably

will not correlate well with individual single-path coupling

alone. In this study only a case where two separate pathways

exist but it would seem that certain bicyclic systems where

three or four separate pathways of coupling are available would

most certainly contribute to a large increase in the overall

coupling constant. Dual-path coupling appears to be made up

of individual single-path contributions, thus the single-path

couplings are additive. What this means overall is that the

position of theoreticians who use this method routinely to

determine single-path coupling as a sum of many mechanistic

contributions (2) may be strengthened. (2) When trying to

design a system which could possibly be used as a model in

59
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determining single-path coupling one important thing to keep

in mind is that the orientation of the substituent is very

important. In Chapter III it was shown that the position of

the carbonyl group played a very significant role in the

coupling to the vicinal methyl group. This idea of the con-

formation of the carbonyl could be that there is some type of

"through-space" coupling. This "through-space" coupling has

been observed in labeled adamantane derivatives (1). Also the

hybridization of the labeled carbon atom has little effect on

the vicinal coupling constant. One possible explanation could

be that because the methyl group is outside of the aromatic

ring and the spin information is not being totally transmitted.

In this study there are several questions which were ob-

served and are not understood. First, why is the -CN, which

is sp hybridized smaller (the coupling constant) than sp3

coupling? Second, why are the sp2 and the sp couplings smaller

than sp3 ? Third, could the ff-clouds have something to do with

the coupling? These questions need to be answered to understand

the effects which were observed.

Additional Comments

The need to make correct chemical shift assignments is

critical. An important feature of these coupling constant

studies is in the assignment of chemical shifts. But one

thing must be remembered that coupling constants alone should

never be the only criterion in assigning chemical shifts. In

cases where unambiguous assignments cannot be made by using
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additivity parameters and/or coupling constants; then some

other additional unambiguous method must be devised. Methods

which could be used are: off-resonance decoupling, selective

proton decoupling, labeling experiments, usually deuterium

if possible (3), and the use of spin lattic relaxation time

(Tl) measurements.
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