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ABSTRACT

This NMR study of multicyclic lactams5 which are of interest
in polymer chemistry and as models for the amide bond, will deal with
the assignment of carbon-13 and proton nuclear magnetic resonance (HMR)

13spectra. A number of techniques are used; these include C broadband 
decoupling, off-resonance NMR, lanthanide shift reagents, off-resonance 
series (.OKS) experiments and selective irradiation experiments. 
Nuclear spin-spin coupling constants in these compounds also are of 
particular interest because of their relationship to conformation both 
in the lactams and as a general rule for peptide linkages.



CHAPTER 1

INTRODUCTION

Bicyclolactarns have been of interest as monomers in studies 
supporting the idea that H-H crowding and conformational strain are the 
major causes for these compounds to polymerize (Hall 1960). These 
molecules are also of interest because they provide models for the 
amide linkage in peptides and offer a rigid carbon skeleton in which 
conformational effects can be studied. From the variety of coupling 
constants present in these molecules it may be possible to identify im
portant conformational relationships of peptides in solution. A most 
useful approach is one of measurement of spin-spin coupling constants 
combined with theoretical studies which permit generalization of the 
results.

The bicyclolactarns (1-6) that will be examined here are shown 
below with their names and TUPAC numbering system.

H 0
h — J 3

1 c/  X  4 (V )

X c T ----- c
C

2-Azabicyclo(2,2,2)octan-3-one

1



N-H

2-Azatricyclo(3,2,1,0^’ octan-3-one

(2')

C = 0

3-Azatricyclo(3,2,1,0^* octan-2-one

O')

2 
N-H
|3c-jL-c- 0

(4')

2-Azab icyclo(3,2,1)oct an-3-one

Xlo
|3

c'6 x c ^ N-H

3-Azabicyclo(3,2,l)octan-2-one

(5')



3-Aza-A^* ̂ -tricyclo( 5 , 3 , 0 , undecan-4-one

The numbering system used in this study is not the standardized system 
but rather one that allows better comparison of the NMR spectral data. 
The molecules are viewed from a different perspective with the follow
ing number system which keeps the same general sequence of atoms:





CHAPTER 2

EXPERIMENTAL SECTION

Spectra and Syntheses
Carbon-1.3 -spectra were obtained at 22.63 MHz on a Broker In

struments WH-90 Fourier transform (FT) NMR spectrometer in 10mm sample 
tubes. Samples were made up as concentrated as possible in CDCl^, 
which served as the internal deuterium lock material. Chemical shifts 
were measured with tetramethylsilane (TMS) as the internal standard. 
Spectra, were collected with spectral widths of 6000 Hz, or 600 Hz when 
investigating the carbonyl region. The pulse widths ranged from 5 to 
7 usee (30O-50O tip angles) and the repetition rate was determined by 
memory size and spectral width„ \

13A few C spectra were run on a Nicolet Technology Corporation 
NT-150 FT NMR spectrometer in 12mm sample tubes with CDCl^ as the sol
vent and internal lock. A pulse width of 11 usee and a 4000 Hz spec
tral width were used.

Proton spectra were obtained at 200 MHz on a Bruker Instruments 
WP-200 FT NMR spectrometer in 5mm sample tubes. The samples were dis
solved in CDCl^ in a sealed tube degassed by the freeze thaw method 
with TMS. as internal reference.

5
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Several proton spectra were obtained in the CW mode on a Variant 

Associates T-60.NMR spectrometer. The samples were dissolved in GBCi^ 
and TMS was used as the internal standard.

The multicyclic lactams (1-6) were kindly provided by Profes
sor H. K. Hall, Jr. (Hall 1960). Additional amounts of (1) were ob
tained by synthetic methods in Organic Synthesis (Pearlman 1973).

Experimental Techniques 
13In the broadband decoupling C NMR experiments the proton de

coupling frequency is noise modulated to remove all coupling constants
between the ^H and nuclei (Ernst 1966) . Without this modulation 

13 1the C- H coupling constants are observed but are reduced in magnitude.
13The broadband decoupling technique shows the positions of the C reso

nances . The number of protons directly bonded to the carbons is de
termined by off-resonance decoupling. The.proton decoupler is left on 
all the time, but the center of the peak (the place where the power 
maximum is located) is shifted to one side of the pro ton region. Be
cause of the tail on the decoupler peak, which covers the entire proton 
region, there is sufficient power to remove all the long range coupling 
constants and reduce the direct (one bond) coupling constants to a 
range of 30-50 Hz (Bloom and Shoolery 1955). In a gated decoupling 
experimeht one totally decouples the protons for a short time and then 
collects the data with the proton decoupler turned.off, This allows 
the proton coupled spectra to be obtained in the shortest period of 
time because of the nuclear Overhauser enhancement (NOE) arising in 
the time that the decoupler is on (Kuhlmann and Grant 1968).
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The off-resonance series (ORS) experiment is a method of using

13the magnitude of the coupling constant in the G NMR off-resonance ex
periment to find the frequency that will decouple the proton(s)

13attached to the C nuclei. This is accomplished by performing a 
series of off-resonance experiments in which the frequency of the de
coupler is successively moved through the proton region by approxi
mately 100 Hz in each experiment„ The peak frequencies of the proton
irradiating frequency of the spectrum is plotted versus the peak

13frequencies of the C NMR off-resonance experiments. The frequency
at which the coupling constant is reduced to zero gives the frequency
that will decouple the protons and gives the proton chemical shift

13(Ernst 1966; Freeman and Hill 1971). A knowledge of the C NMR
1spectra in the ORS experiment aids in the assignment of the H spec

trum and vice versa. Several experimental problems encountered are 
(1) the points on the graphs must be kept as close as possible to 
the decoupling frequency of the protons, since the peaks approach 
linearity only when the decoupler is close to the decoupling frequency 
(Freeman, Ernst and Anderson 1967). (2) For triplets and more compli
cated multiplets the outer peaks have a tendency to be unreliable in two 
ways; the first is the case where the peaks do not collapse uniformly, 
and the second is haying two different functions of convergence. To 
handle the first case the outer line in the multiplet is taken as the 
correct value, another point is placed on the other side of the center_ 
yalue of the multiplet to get proper coalescence of the multiplets. The 
second case is just as easily solved; ignoring the outer lines of the



8
multiple£ and using just the inner lines to determine the frequency 
that decouples the proton has proven to yield accurate results.

Shift reagents are paramagnetic coordinate:complexes which 
have the ability to change chemical shifts in the NMR spectra of mole
cules with certain functional groups. Shift reagent effects are at
tributed to two mechanisms; the first is the contact mechanism which 
arises from the delocalization of unpaired spin density of the shift 
reagent onto the other molecule; usually just the first one or two 
nuclei are affected by this term. The second term is the dipolar or 
pseudocontact term, which is caused by direct dipolar interaction of 
the unpaired electrons with the nuclei in the molecule (McConnell and 
Robertson 195.8). The equation most readily used to describe the dipolar 
term is

AM = D(3cos26. - l)/r3, (1)

where D is the magnetic moment on the lanthanide and r is the distance 
from the lanthanide to the. nucleus of interest. This equation is ap
plicable to.molecules with axial symmetry. If the molecule does not 
have axial symmetry then there are other angular terms which are added. 
These increase the complexity of the above equation but give closer 
agreement with'the experimental values (Flockbart 1976)..

In this investigation the shift reagent which was used is 
europium(ll.l) - ttis (1,1,1,2,2 9 3,3-hep taf luoro-7,7-dimethyl-4,6- 
octanedione) or Eu(fod)^. The effects of concentration on the proton 
positions were examined in the hope that the proton resonances which 
overlapped one another could be separated enough to allow selective
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decoupling of one group of protons without decoupling the others. Some 
success was attained in separating the protons but not enough to make 
further research productive. Therefore, attention was turned towards 
using the carbon chemical shift changes in order to help identify and 
assign the resonances when the shift reagent was added. Varying con
centrations of the Eu(fod)^ were added to the samples in order to ob^

13serve the changes of the C NMR resonances.
The coupling of two nuclei via the spin-spin interaction 

(Ramsey 1953) is an important concept for giving insight into molecular 
structure. In general9 the coupling constants decrease in magnitude as 
the number of bonds separating the nuclei increases. However * confor
mational and substituent effects can be important and allow for excep
tions to the above general rule. The magnitude of the proton coupling

13 1constants range from 0-25 Hz* direct C-.H couplings range from 100-
13250 Hz (depending on substitution and •bonding patterns at the C

. 1 13 1position) 9 and the geminal (two bond) arid vicinal (three bond) C- H •.
couplings have magnitudes from 0-15 Hz depending on bond angles and

13 1substitution patterns. Long range C- H couplings over four or more 
bonds are observed in a few cases - Calculations of coupling between 
different nuclei have been based on VB and MO methods (Bystrov 1976 
and Kowalewski 1977).

A method that catt.be used to help determine the experimental
coupling constant is to perform selective double irradiation experi

ments (Anderson and Freeman 19621. The frequencies of the proton reso-' 
nances are determined from, the ORS experiment described earlier". The
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power required in the selective decoupling experiment must he chosen 
to decouple selected long range effects hut at the same time not de
couple any other proton resonances.. Several experiments with an etha
nol sample indicated.that a decoupler power setting of 0,3 volts was 
sufficient to decouple the long range couplings but not interfere with 
the othef proton resonances. Lastly, the difference between the fre
quency of the protons that are desired to be decoupled and the next 
closest proton resonance must he at least 15 Hz or partial decoupling 
will occur at the next closest proton site.



CHAPTER 3

RESULTS AND DISCUSSION 

; 2-Azabicyclo(2,2 r2)pctan^S-one (I)
13The C chemical shifts and assignments from the broadband de

coupled spectrum (Figure 1) are entered in Table 1 along with the
13multiplicities of the carbon resonances from the off-resonance C 

spectrum (Figure 2).

Table 1. Broadband Decoupled and Off-resonance Experimental Results 
. for (1). .

STMS Carbon
in PPMa Intensity Multiplicity Assignment

178.3 low*3 1 C7 *
44.5 lc 2 Cl*
37.6 lc 2 C4*
27.6 2C 3 C 2 \  C 6 ’
23.9 2° 3 C3', C5'

a. + 0.1 PPM
b . The peak was seen but compared to reference peak it was very low

in intensity.
c. The. reference peak is located at 44.5 PPM and all other peaks are 

relative to it.

11



VU'AjJwvfyfctA'ArSl1̂ V̂ p̂si
Figure 1. Broadband Decoupled Spectrum of (1). —  Peak positions from IMS in Hz + 1.5;

1) 4040.1, 2) 1075.1, 3) 853.0, 4) 625.1, 5) 542.7, 6) O.O(TMS).

KJ



Figure 2 Off-resonance Spectrum of (1). —  Peak positions in Hz + 1.5; 1
2) 1892.8, 3) 1823.7, 4) 1676.6, 5) 1606.0, 6) 1482.5, 7) 1411.9 
9) 1258.9, 10) 820.7(TMS), 11) 757.4(TMS).

) 4835.7,
, 8) 1332.5,

w
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13The carbonyl G was located by its characteristic large shift

from TMS and the absence of splitting in the off-resonance experiment» 
13Assignment of C resonances is simplified due to the symmetry as car

bon atoms at the positions C2\ C61 and C3% C5T are equivalent. Their 
intensity is twice that of the other positions. In monocyclic lactam 
rings the position alpha to the amine always appears downfield from the 
position alpha to the carbonyl (Williamson and Roberts 1976). This 
holds true for the beta positions as well. In this case, assignments
were made on the basis of this empirical rule.. This assignment also 

13agrees with the C NMR assignments for (1) (Van Binst and Tourwe 
1972).

An off-resonance series (ORS) experiment was performed on (1)
as is illustrated in Figures 3 through 10 and the plots of the data in
Figures 11 through 15. All the data are listed in Table 2. The ORS
experiment yielded results which are very close to those reported by
Aubry et al. (1974). The proton resonances at 100 MHz (Figure 16)
appear as a broad band without structure, but at higher fields there
is a distinct difference. The 200 MHz spectrum is depicted in Figure
17* Comparison of the ORS data with the 200 MHz spectra gives closer
agreement than with Aubry et al.’s results. The areas also match the
ratio of the number of protons that are at that resonance, and provide
evidence that the method does work well..

The location of the shift reagent relative to the N-H and
carbonyl groups was investigated using (1) as the test case since its 
13C broadband decoupled spectrum Is simple. The shift reagent was



Figure 3

cojt

I J U  ^  J

First in ORS of (1). —  Internal reference frequency of decoupler 7549.3 + 0.1 Hz.
Peak positions in Hz + 1,5; 1) 1872.2, 2) 1845.8, 3) 1651.6, 4) 1631.0, 5) 1428.1,
6) 1413.4, 7) 1395.7, 8) 1348.7, 9) 1331.0, 10) 1314.8, 11) 803.0(TMS), 12) 794.2(TMS), 
13) 783.9(TMS), 14) 773.6(TMS).

Ln



Figure 4. Second in ORS of (1). —  Internal reference frequency of decoupler 7582.0 + 0.1 Hz.
Peak positions in Hz + 1.5; 1) 1869.3, 2) 1847.2, 3) 1650.0, 4) 1632.5, 5) 1413.4,
6) 1400.1, 7) 1344.2, 8) 1331.0, 9) 1319.2, 10) 798.6(TMS), 11) 792.7(TMS),
12) 785.4(IMS), 13) 779.5(TMS).



Figure 5

V^ V" ̂ A/— ' Ŷ \/T

Third in ORS of (1). —  Internal reference frequency of decoupler 7626.2 +0.1 Hz. 
Peak positions in Hz + 1.5; 1) 1866.4, 2) 1850.2, 3) 1647.2, 4) 1635.4, 5) 1413.4,
6) 1331.0, 7) 788.3(TMS).



Figure 6

V j

Fourth in ORS of (1). —  Internal reference frequency of decoupler 7665.5 4-0.1 Hz 
Peak positions in Hz + 1.5; 1) 1863.4, 2) 1853.1, 3) 1644.3, 4) 1638.4, 5j 1413.4,
6) 1331.0, 7) 791.3(TMS), 8) 786.8(TMS).

00



Figure 7

CN

A

Fifth in ORS of (1). —  Internal reference frequency of decoupler 7707.8 +0.1 Hz. 
Peak positions in Hz + 1.5; 1) 1860.5, 2) 1856.1, 3) 1641.3, 4) 1413.4, 5) 1331.0,
6) 801.5(IMS), 7) 792.7(IMS), 8) 785.4(TMS), 9) 776.5(IMS).



Figure 8 Sixth in ORS of (1). —  Internal reference frequency of decoupler 7748.7 +0.1 Hz. 
Peak positions in Hz + 1.5; 1) 1859.0, 2) 1642.8, 3) 1639.9, 4) 1413.4, 5) 1331.0,
6) 807.4(TMS), 7) 795.7(TMS), 8) 782.4(TMS), 9) 770.7(TMS).



Figure 9

n VV“X W" ’xa,vVwwvW^'yI1V'/ fv ̂v> viVrV/ v^jtyAW
Seventh in ORS of (1). —  Internal reference of decoupler 7793.8 +0.1 Hz. Peak 
positions in Hz + 1.5; 1) 1860.5, 2) 1856.1, 3) 1645.7, 4) 1635.4, 5) 1425.1,
6) 1413.4, 7) 1400.1, 8) 1344.2, 9) 1331.0, 10) 1319.2, 11) 814.8(TMS), 12) 797.1(TMS) 
13) 780.9(TMS), 14) 763.3(TMS).

K>



If

Figure 10. Eighth in ORS of (1). —  Internal reference frequency of decoupler 7841.4 + 0.1 Hz.
Peak positions in Hz + 1.5; 1) 1864.9, 2) 1853.1, 3) 1650.1, 4) 1632.5, 5) 1429.5,
6) 1413.4, 7) 1394.2, 8) 1350.1, 9) 1331.0, 10) 1313.4, 11) 822.1(TMS), 12) 800.1(TMS), 13) 778.0(TMS), 14) 754.5(TMS).

IX)
Ix)
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749.3—

649.3

549.3—

800790780

Figure 11. ORS Data Plotted for IMS. —  Intersection is at 641.8 Hz 
or 0.0 PPM.
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649.3

390 400 410 420 430 440
Figure 12. ORS Data Plotted for Carbon Resonances 2', 6'.—  Inter

section is at 697.8 Hz or 1.87 PPM.
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849.

749,3

649.3—

549.3

310 320 330 340 350 360
Figure 13. ORS Data Plotted for Carbon Resonances 3 5 ’.—  Intersec

tion is at 689.4 Hz or 1.59 PPM.
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849.3 --

749,3 —

649.3

630 640 650
Figure 14, ORS Data Plotted for Carbon Resonance 4 ’.—  Intersection 

is at 714.7 Hz or 2.42 PPM,
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849.3'

749.3--

649.3 --

850 860
Figure 15. ORS Data Plotted for Carbon Resonance V 

is at 749.9 Hz or 3.61 PPM.

870
— Intersection
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Table 2. ORS Experimental Results for (1).

Carbon
Resonance Cl ’ 04' . C2t» C6' C3', C5' IMS

Frequency . 
Internal , 
Standard3’’

7749.9 7714.7 7697.8 7689.4 7641.8

S PPM 
Experiment

3.6 2.4 1.9 1.6 0.0

6. PPM . 
200 MHz

3.62 2.47 1.77 1.72 0.0

S PPM3 • 3.45 2.28 1.64 1.64 0.0
No. Protons 
on Each 
Carbon Site

1 • 1 4 4

Area of Each
Resonance
200 MHz Spectrum

1.4(1)f 1.6(l)f 5.4(4)f 6.4(5)f

a. +0.1 Hz
b . East 5 digits from (_30,0OX, XXX,X) x 3 which is multiplied up from

the 10 MHz master crystal in the spectrometer, and shows the 
frequency being put into the sample by the proton decoupler.

c. + 0.1 PPM
d. + 0.01 PPM
e. Aubry et al.,1974- . . .
f. Areas relative to smallest area given +0.1



Figure 16

V IMS

89 7
A

1
160 MHz H NMR of (1). —  The spectra were based on the 1974 paper of Aubry et al 

(1974). (a) Single due to N-H proton. (b) N-H proton when heteronuclear irradia
tion of the is used.

N>VO
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J____ I____ i 1 i I l____ !____ 1____ I____L4 3 2
Figure 17. 200 MHz NMR of (1).
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13added in increasing amounts and the broadband decoupled C spectra 

were obtained. The carbon resonance alpha to the carbonyl changes 
much more than the position alpha to the N-H. This observation and 
the large shift of the carbonyl suggests that the shift reagent is 
closer to the carbonyl functional group than to the N-H. If it were 
located on the amine, the carbon alpha to the amine would be shifted
more than the carbon alpha to the carbonyl due to its proximity; the

3 2 1/r term dominates the cos © term as the distance between the shift
reagent and the carbon nuclei increases.

The series of Figures 18 through 21 show the effects of adding 
the shift reagent in increasing amounts. Figure 1 is the Spectrum of 
(1) without any Eu(fod)^ present. The molar ratios of Eu(fod)^ to (1) 
are listed in Table 3. The change in frequency without shift reagent 
present to shift reagent present in varying amounts (downfield move
ment is taken as positive) are listed in Table. 4. Small increment ad
ditions helped follow the movement of the G resonances. It was hoped 
that the location of the shift reagent relative to the carbonyl in the 
molecule could be obtained by plotting the change in chemical shift in 
PPM versus the concentration of shift reagent present (Williamson et al. 
1974). From the location of the shift reagent calculated changes of 
the Chemical shift of each carbon atom could be compared with experi
mental yalues to aid in the assignments of the rest of the carbon reso
nances in the spectra. Location of the shift reagent relative to the 
carbonyl could not be accomplished, probably because of the inadequacy 
of Equation 1 applied to molecules not having axial symmetry.



Figure 18. First Addition of Shift Reagent and Broadband Decoupled Spectrum of (1). —  Peak 
position in Hz + 1.5; 1) 4140.1, 2) 1086.9, 3) 770.7, 4) 632.4, 5) 550.1,
6) O.O(TMS).

u>M
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Figure 19. Second Addition of Shift Reagent and Broadband Decoupled Spectrum of (1). —  Peak 
positions in Hz + 1.5; 1) 1776.6, 2) 1101.6, 3) 680.9, 4) 641.3, 5) 560.3,
6) 0.0(IMS).

u>w



Figure 20

MfcfVw
Third Addition of Shift Reagent and Broadband Decoupled Spectrum of (1). —  Peak 
positions in Hz + 1.5; 1) 4271.0, 2) 1113.3, 3) 648.6, 4) 589.6, 5) 569.2,
6) O.O(TMS).

w-c>



Figure 21 Fourth Addition of Shift Reagent and Broadband Decoupled Spectrum of (1). —  Peak(1)AdditionFourth-------  -- ----
positions in Hz + 1.5; 1) 4503.4, 2) 1028.1, 3) 647.1, 4) 580.9, 5) 501.5,
6) O.O(TMS).

u>In
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Table 3. Molar Ratio of Shift Reagent to (1).

Case Figure No. Molar Ratio of Eu(fod)(1)

0 1 0.00
1 18 0.107 + .001
2 19 0.221 + .001
3 20 0.347 + .001
4 21. 0.479 + .001

13Table 4. Change of C (NMR).Resonance Positions of (1) with Respect 
to Differing Concentrations of Shift Reagents.

Case9 Cl’ C2’, C6’ C3’, C5’ C4 ’ C7 ’

0-1 -11.7 . - 7.4 - 7.3 82.4 -100.0
0-2 -26.5 -16.2 -.17.6 175.1 -216.8
0-3 -38.2 -23.6 -25,5 . 266.3 -331.0
0—4 -52.9 -32.4 -38.2. 354.5 —463.0

a. +1.5 Hz.
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From the data in Table 4 one observes that the carbonyl reso

nance shifts substantially. Carbon-4* also .has a large shift but it 
is in the opposite direction of the rest of the carbon resonances.
This shows that the shift reagent is closer to the C4' position than 
the Clf position and is attached to the carbonyl oxygen atom. If the 
shift reagent were attached to the N-H, the C V  position would move
more then the C4? position because of the distance term overwhelming 

2the cos © term. From this point oh the position alpha to the carbonyl 
will be distinguished as the resonance.which moves the same magnitude 
as the carbonyl moves and also moves in the opposite direction to the 
carbonyl.

The directly bonded coupling constants appear in Table 5. The 
width at half height (WHH) of the carbonyl resonance is. also given in 
this table. The values that are given in the bottom row are the values 
obtained on decoupling the proton resonance of the indicated carbon 
while observing the carbonyl resonance. Each proton was decoupled 
according to the values obtained in the ORS experiment.. No structure 
was observed in the carbonyl resonance and the results of the selective 
decoupling experiments only yielded structureless bands of varying 
widths. Several attempts at fitting the bands with coupling constants 
were tried; however the results were inconclusive. Decoupling all but 
the N-H proton gives a band 7.1 Hz wide at half height and fitting this 
experimental parameter with a computer simulation routine gave 
2J(HN13C) = + 3.3 Hz.



Table 5. Coupling Constant Values and Double Irradiation Results of 
(1).

Carbon
Resonance Cl' C4' C2', C6r C3', C5' N-H

Decoupler
Off

ljCH Hza 145.6 140.4 132.4 132.7 -----— —  —

Carbon-7^
WHH Hz 16.5 15.8 13.0 13.0 19.6 20.0

a. + 1.5 Hz
b. + 0,1 Hz

Coupling constants calculated by means of molecular orbital 
theory finite perturbation theory (FPT) in the intermediate neglect of 
differential overlap (1ND0) (Pople, Mclver and Ostlund 1967) was used 
to calculate the coupling constant between these two nuclei. The cal
culated value of -5.2 Hz is larger in magnitude. Geminal coupling 
constants are generally difficult to predict theoretically (Barfield, 
Hruhy and Meraldi 1976). Using the + 3,3 Hz value and matching it with 
other band width data in Table. 5 was not successful. While this value 
looks reasonable, further experimental verification will be required.

3-Azatricyclo(3,2,l,0^>̂ )octan-2-pne (2) 
and 2-Azatrieyclo(3,2,1,0^’̂ )octan-3-one (3)

The sample is a mixture of isomers (2) and (3). The broadband 
decoupled spectrum (Figure 22) shows two sets of peaks due to major and 
minor components. To show which peaks are due to the major and minor 
components, an asterisk has been added above the minor peaks. The



Figure 22. Broadband Decoupled Spectra of (2) and (3). —  Compound (3) peaks are indicated by 
asterisks. Peak positions in Hz + 1.5; 1) 3898.9, 2) 1045.7, 3) 916.3, 4) 719.2,
5) 654.5, 6) 611.8, 7) 495.6, 8) 388.3, 9) 317.7, 10) O.O(TMS).

wVO
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spectroscopic values are given in Table 6. The multiplicities in 
Table 6 are based On the off-resonance spectrum (Figure 23).

Table 6. Broadband Decoupled and Off-resonance Experimental Results 
for Isomer (2) and (3).

^TMS
PPM3 . . Intensity Multiplicity

Carbon
Assignment

Major Isomer (2)
172.0 low*3 1 Cl'
46.2 1C 2 Cl’ "
31.7 2° 3 C2', C6'
21.9 1C 2 C4’
17.1 2° 2 C3’, C5’

Minor Isomer (3)
low^174.5 1 Cl'

40.5 ld ■ 2 Cl’
28.8 ld . 2 C4’
•27.0 2d 3 C2', C6’
14.0 2d 2 C3’, C5'

a. +’ 0.1 PPM
b . The peak was seen but compared to the reference it was very low in

intensity.
c. The reference peak is located at 46.2 PPM and all other peaks are

relative to it.
d, The reference peak is located at 40,5 PPM and all other peaks in

minor isomer are relative to it.

Due to the large chemical shifts the carbonyls were easily 
assigned. The carbonyl resonance of the minor component in Figure 22



CM

Figure 23. Off-resonance Spectra of (2) and (3). —  Compound (3) indicated by asterisks. Peak 
positions in Hz + 1.5; 1) 4685.7, 2) 1869.3, 3) 1797.2, 4) 1576.6,5) 1507.5,
6) 1438.4, 7) 1401.6, 8) 1328.1, 9) 1239.8, 10) 1223.6, 11) 1151.6, 12) 1131.0,
13) 1061.9, 14) 822.1(IMS), 15) 758.9(TMS).



42
had a very low intensity but in other spectra it appears at the posi- , 
tion reported in the above table*

Because symmetry is also present in these molecules, carbons 
C21, G6? and C3r, C5* appear at the same places, respectively. Due to 
the multiplicity one can immediately assign C2f and C6T because they 
are the only CH^ groups present in the molecule. Then the C31 and C51 
positions can be.assigned since they are the only resonances left with 
an intensity of two, as do the C21 and C6f,

The ORS experiments were performed on this isomeric combina
tion with the results appearing in Table 7, In this case knowledge of 

13the C spectrum helped in the assignment of some of the proton reso
nances. In particular the C1T proton at 6 = 3.62 PPM from TMS in
Figure 24, which was assigned by the ORS experiment and knowing which

13resonance was due to the Cl- atom in the C spectrum* Furthermore, 
protons at the Clr and C4? positions in the minor component were as
signed with the help of the ORS experiments... After assigning the 
resonances in the proton spectrum one can look at the molecular struc
ture and verify that the correct assignments were made as well as pick 
out a few coupling constants (referring to page 53). With this assign
ment, the choice of major and minor isomers are confirmed. The C4T 
proton in the minor component at first appears as four lines with un
equal spacing but on expansion proves to be a doublet of triplets.
This shows that the N-H is alpha to the C4T position. The C4! proton 
is split into a triplet by the two equivalent protons at C3T and C5f, 
and then the N-H splits the triplets into a doublet of triplets, which
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Table 7. ORS Experimental Results for Isomers (2) and (3).

Carbon
Resonance Cl' C4' C2', C6' C3', C5'

Major Isomer (2)
Frequency 
Internal , 
Standard3’

745.5 685.7 684.5 688.0

6 PPM ORSC 3.4 1.5 1.4. . 1.5.
6 PPM 200 MHzd 3.60
No. Protons 
on Each 
Position

1 1 4 2

Minor Isomer (3)
Frequency 
Internal , 
Standard3’

712.3 715.7 684.9 680.4

6 PPM 0RSC 2.0 . 2.5 1.4 1.3
6 PPM 200 MHzd 2.60 2.82 not seen nqt seen
No. Protons 
on Each 
Position

1 1 4 2

Area of 
Each. Peak 
200 MHz

5 5 not seen not seen

a. + 0.1 Hz •
h. Last 4 digits, from (30,007,XXX.X) x 3 which is multiplied up from 

the 10 MHz master crystal in the spectrometer, and shows the 
frequency- being put into the sample by the proton decoupler.

c. + 0.1 PPM
d. + 0.01 PPM . ..



3 2
Figure 24. 200 MHz 1H NMR of (2) and (3)
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indicates that the minor component is compound (3). Otherwise, if (2) 
were the minor component then one would just observe a triplet not a 
doublet of triplets, because the N-H would not be there to split the 
triplets into a doublet of triplets. At the same time the Cl proton 
appears as a triplet of triplets due to splitting by equivalent protons 
in the CH^ * s. If there were an N-H in the alpha position it would 
split the pattern into a set of twelve peaks. This also confirms the 
assignment of major and minor components with (2) the major isomer and 
(3) the minor isomer.

A shift reagent study was also performed on these molecules to 
help in assigning the major and minor isomers. The concentration of 
each case appears in Table 8. The chemical shift data from Figures 22 
and 25 through 27 appear in Table 9 of both major and minor isomers 
when the resonances can be seen. The major isomer and the minor isomer 
bear out the fact that the shift reagent is coordinated to the carbonyl 
(Table 9); the C4? position, in the major isomer, is noted to move a 
greater distance in the opposite direction from all the other reso
nance which is the behavior noted for (1) in the position alpha to the 
carbonyl. In the minor isomer it is the Cl* position that is shifted 
the most and in the opposite direction from the other resonances. This 
indicates a position alpha to the carbonyl. From this data one can con
clude that the major isomer is the compound with structure (2) and the 
minor isomer is the compound with the structure of (3). This assign
ment is the same that was made independently in the previous section by 
means of the QRS experiments, therefore confirming the validity of the 
assignments.
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Table 8, Molar Ratio of Shift Reagent to (2). and (3).

Case Figure. .No. . Molar Ratio Shift .Reagent/isomers (.2) and (3)

5 22 0.00
6 25 0.113 + 0.005
7 26 0.237 + 0.005 .
■ 8 27 0.348 + 0.005
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Figure 25. First Addition of Shift Reagent Broadband Decoupled Spectra of (2) and (3). —
Compound (3) is indicated by asterisks. Peak positions in Hz + 1.5; 1) 3969.5,
2) 1060.4, 3) 812.8, 4) 726.6, 5) 669.2, 6) 623.7, 7) 397.1, 8) 361.9, 9) 328.1, 
10) O.O(TMS).



<N
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Wi^
Figure 26. Second Addition of Shift Reagent Broadband Decoupled Spectra of (2) and (3). —  

Compound (3) indicated by asterisks. Peak positions in Hz + 1.5; 1) 4046.0,
2) 1073.6, 3) 732.4, 4) 711.8, 5) 682.4, 6) 632.4, 7) 407.4, 8) 348.3, 9) 229.4, 
10) O.O(TMS).

4>00



• Third Addition of Shift Reagent Broadband Decoupled Spectra of (2) and (3).
Compound (3) indicated by asterisks. Peak positions in Hz + 1.5; 1)_____
2) 1088.3, 3) 739.8, 4) 650.1, 5) 416.2, 6) 348.6, 7) 95.6,_8) O.O(TMS).
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. 1 3Table 9. Change in C NMR Resonance Positions of (2) and (3) with 
Respect to Differing Concentrations of Shift Reagents.

aCase C7’ Cl' . C2', C6' C3 *, C5' C4'

Major Isomer (2) 
5-6 -70.6 -14.7 -7.5 -8.8 136.8
5-7 -147.1 —28.8 -13.2 -19.0 272.0
5-8 b -42.6 -20.6 -27.9 408.8

Minor
5-6

Isomer (3) 
b 107.4 -11.8 *10.3 -14.7

5-7 b 210.5 -20.8 —20.8 -28.1
5-8 b b -38.2 -30.9 b

a. + 1.5 Hz
b. Not observed
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The direct coupling constants for these isomers appear in Table

10. There are also some longer range coupling constants observed in 
the major isomer. Since the minor component is too weak to see struc
ture, no long range couplings, were seen in the peaks above the noise 
level. From Table 10 it can be seen that the directly bonded coupling 
constant in the CH^ groups is close to that in (1). This value is 
slightly above that observed for a monocyclic system, because the ring 
strain forces more electron density into the bond. Therefore, one ob
serves larger coupling constants. The C4 - bridgehead position is
even greater due to the strain in compounds (2) and (3). Both here and 
in the case of (1) the Cl', C2f and C6' positions are of comparable 
size, differing only because of the ring system and the N-H versus the
carbonyl positions. The C4', C3V and C5T coupling constants are about

13the same because the C's are associated with a three-membered ring in 
which the carbons have higher s-character. The directly bonded cou
pling constants uniquely define the three-membered ring system.

There are several longer range coupling constants that are 
13seen in the C NMR spectrum of the major component. The two CH^ 

atom's peaks appear as a doublet in the gated decoupling experiment 
and there is a coupling of about 3 Hz. The €3' and C5? peaks are split 
into what looks like a pentuplet with a 3 Hz inner and a 7 Hz outer 
splitting. Considering the accuracy is 0.2 Hz, it is possible that 
the coupling constants are about the same size. It seems more likely 
that the spectra are not first order and.the pentuplet pattern 
is due to deceptive simplicity (Abraham and Bernstein 1961) . The
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Table 10. Coupling Constant Values, for Isomers (2) and (3) .

....... cl . C2', C6V C3', C5’ . C4’ C7 ’

Maj or Isomer (2)

1jc h H28 151.5 134.0 175,7 176.5 __ b

2j (h c13c) HzC b 3,0 . 3.0,3,0 b b

Q IQ CJCHCN C) Hz b b b b 5.4

Minor Isomer (3)
160.0 134.5 174.3 176.5 __ b

a. ±  1.5 Hz 
;b„. Not observed 
c. + 0.2
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carbonyl splitting of 5.4 Hz is due to the proton on the Cl’ position 
(Figure 28) because double irradiation experiments at that position 
yielded a singlet for the carbonyl resonance (Anderson and Freeman 
1962) and all other doublet irradiation experiments gave a doublet

3with a slight narrowing of the line width. The value of J(hcnC^C)
has not been calculated, but the value for the case of (1) has been
calculated to be between 4.0 and 4.7 Hz. This value is three times
smaller than the values that would be estimated for the transcoupling
(Barfield 1973).

The proton spectrum (Figure 24) of the minor component shows
two patterns at 2.82 and 2.60 PPM. Assuming a first order spectrum,
one is a double of triplets and the other a triplet of triplets. The
triplet of triplets is due to one set of protons on C2' and C6' split-
ing the proton located on Cl’ into a triplet and then the other set
splitting the triplet into a triplet of triplets. The fragment under
consideration here is (CH^)^— c— Ha* Ttie triplet of triplets appears

as a single triplet because one set of protons has a coupling constant
3too small to be seen and the other protons have a ^(HCCHa) = ^.8 +

0.3 Hz. The doublet of triplets arises from the fragment (7) where the 
CH’s split the Ha proton into a triplet due to their being equivalent

Hb Hb
\  /

H a ^  ^'S NH



Figure 28. Carbonyl Region of Compound (2) with Decoupler Off.
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by symmetry, and then the N-H proton splitting the triplet into a dou
blet of triplets. At first appearance the spectrum appears to be a 
simple quartet but the splitting patterns indicate that one component
of the triplet is buried under the center peak of the neighboring trip-

3let pattern. The coupling constants are ~ 3*1 + 0.3 Hz and

J(HbCCHa) = 6,5 - 0,3 Hz'

2-^Azablcydo(3,2,1).octan-3-one (4) and 
3-Azabicyclo(3,2,1)octan-2-one (5)-

Data from the broadband decoupled spectrum (Figure 29) and the 
off-resonance spectrum (Figure 30) are summarized in Table 11. With 
these isomers there is no plane of symmetry, so the peak assignments 
are more difficult to make, and there are several ambiguities in Table
11. The two bridgehead, positions can be determined from the multi
plicities and from studies with lanthanide shift reagents (referring 
to page 61). Positions Cl’ and C5’ can be assigned as the positions 
farthest and closest from TMS, respectively, in the major component. 
Because of the same reasoning used previously, the position alpha to 
the N-H appears downfield from the alpha position to the carbonyl in 
(1) and other systems (Williamson and Roberts 1976). The 04’ peak 
appears second farthest downfield from TMS in both compounds being 
alpha to the carbonyl as would be expected. Also, the lanthanide shift 
reagent data bears this Out in the major compound. In the minor com
pound C4’ being alpha to the N-H would be expected to lead to a large 
downfield shift as is observed. The remaining CRg’s are indistinguish
able as of now and only an educated guess is possible.
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Figure 29. Broadband Decoupled Spectra of (4) and (5). —  Compound (5) indicated by asterisks.
Peak positions in Hz + 1.5; 1) 4007.8, 2) 3889.6, 3) 1627.4, 4) 1176.5, 5) 1127.4, 
6) 969.1, 7) 948.7, 8) 813.3, 9) 790.1, 10) 766.3, 11) 729.5, 12) 670.7, 13) 655.9, 
14) 505.9, 15) 0.0(IMS).

in
O'



Figure 0. Off-resonance Spectra of (4) and (5). —  Compound (5) indicated by asterisks. Peak 
positions in Hz + 1.5; 1) 4668.1, 2) 2447.3, 3) 2376.7, 4) 2000.2, 5) 1926.7,
6) 1794.3, 7) 1728.1, 8) 1661.9, 9) 1592.8, 10) 1581.0, 11) 1545.7, 12) 1511.9,
13) 1473.7, 14) 1435.4, 15) 1364.8, 16) 810.4(TMS), 17) 742.7(IMS).

In
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Table 11. Broadband Decoupled and Off-resonance 
for Isomers (4) and (5).

Experimental Results

Intensity Multiplicity Carbon Assignment

Major Isomer (4)
171.6 - . b. large 1 . C7*
52.3. 1C 2 C V
4.1,8 1° ' 3 04'
35.9 1C 3 06' or C2' or C3'
35.3 lc 3 C2' or 06' or C3'
32.2 1C 2 C5?
28.9 1° 3 C3' or C2* or C6'

Minor Isomer (5)
177,0 ld 1 C7’
72,0 ld 2 Cl'
49.1 ld 3 C4'
43.1 ld 3 C6' or C.2' or C3'
33.8 ld 3 C2' or C6' or C3'
29.6 ld 2. C5'
22.3 ld 3 C3' or C6' or C2T

a. +0.1 PPM
b . The peak is very much larger' than the reference peak.
c. The reference peak.is located at 52.3 PPM; all other peaks are

relative to it in the major component section.
d. The reference peak is located at 72.0 PPM; all other peaks, are

relative to it in the minor component section.



The results of the ORS experiments appear in Table 12. The 
minor component was masked by the peaks of the major component and as 
a result is not included. The ORS assignments correspond very closely 
to the values obtained at 200 MHz (Figure 31). These give good indica
tions of. the centers of the proton resonances. The peak areas at 200 
MHz are in good agreement with the assignments made via the off- 
resonance series.

Table 12. ORS Experimental Results for Isomers (4) and (5).

Carbon
Resonance Cl' C2' C3' C4' C5' C6'

Frequency 
Internal , 
Standard3 9

751.7 683.7 680.0 711.7 710.7 686.7

6 PPM Experi
mental0

3.7 1.6. 1.8 2.5 2.2 1.9

6 PPM 200 MHzd 3.70 1.62 1.77 2.50 2.25 1.93
Area of Each 
Peak 200 MHz

2(l)e 4.5(2.25)'® 4(2)® 4(2) 6 2(1)® 5(2.5)

No. of 
Protons on 
Each Carbon

1 2 2 2 1 2

a. +0.1 Hz
b . Last 4 digits from (.30,007,XXX.X) x 3 which is multiplied up from

the 10 MHz master crystal in the spectrometer, and shows the 
frequency being put into the sample by the proton decoupler.

c. + 0,1 PPM
d. + 0.01 PPM
e. The number in parentheses is the area after being divided by the

area of Cl.



Figure 31

U.J. A/

200 MHz H NMR of (6).
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Analysis of the proton spectra can be simplified when an ORS of 

the minor component is obtained because there are three separate proton 
resonances observed for the minor component. With these resonances and 
their splitting it will be possible to verify the structure of the 
minor component. Also, selective double resonance experiments will 
help with the pro ton spectral analyses,

The broadband decoupled spectrum (Figure 29) of this compound 
both without and with shift reagent were compared. Examination of the 
spectral differences showed a peak which was shifted farther and in 
the opposite direction from the rest of the peaks. By finding which 
peak was alpha to the carbonyl, using techniques described previously, 
the major component was assigned as isomer. (4) and the minor component 
as isomer (5). This is shown because the Cl* resonance in the major 
component is shifted -30 Hz whereas the C4r resonance is shifted 100 
Hz. This indicates that isomer (4) is the major component. In the 
minor component CV shifted- 200 Hz and 04' shifted -30 Hz, also indi
cating the minor component is isomer (5).

13 1The directly bonded C- H coupling constants for both major 
and minor components are given in Table 13. Few coupling constants 
can be seen here because of so many overlapping lines. The carbonyl 
exhibited a triplet with 5.8 Hz splitting in the gated decoupling ex
periment. Selective decoupling suggests that the triplet arises from 
coupling to the protons on C4', or it could arise as a combination of 
two or more protons on different carbons. Further work using selective 
decoupling techniques and computer simulation programs will be required 
to assign the values to the specific couplings,
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Table 13. Coupling Constants Values for Isomers (4) and (5).

Cl' C2' C3 ’ C4' C5 1 C6’

Major Isomer (4)
157.8 b 139.7 132.0 b b

Minor Isomer (5)

ljCH Hz" 147.1 b ____ b b b ____ b

a. +1.5 Hz
b . Not observed

3-Aza-A^* ̂ -tricyclo(5,3,Q,1^8 ̂)— 
undecan-4-one (6)

Results of the broadband decoupled spectrum (Figure 32) and 
the off-resonance spectrum (Figure 33) are given in Table 14. The 
carbonyl was easily distinguished by its chemical shift. The double 
bond carbon atoms had their own characteristic shift, but definite 
assignments were not made due to lack of evidence indicating which 
resonance belongs to which carbon atom. The lone CH^ is the carbon 
atom at position C7’, because of its negligible effect on the car
bonyl when it was selectively decoupled (further discussion on page 67). 
The other CH^'s which happen to appear at the same point, are located 
at 39.4 PPM. This assignment is also based on the Coupling constant 
data discussed in a subsequent section. The assignment of all the



Figure 32. Broadband Decoupled Spectrum on (6). —  Peak positions in Hz + 1.5; 1) 3897.4, 
2) 3010.6, 3) 2953.2, 4) 1406.0, 5) 1357.5, 6) 1017.8, 7) 935.5, 8) 701.5,
9) O.O(TMS).

CTNLO



Figure 33
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Table 14. .Broadband Decoupled and Off~resonance Experimental Results

for (6).

6tms
bIntensity Multiplicity Carbon

Assignment

172.0 1 1

. 
o II o

133.0 1 2 C8’ » C9'
130.2 1 2 C8r, C9'

. 62.2 1 2 unknown
55.4 1 2 unknown
44.8 1 2 unknown .
39.4 3 3, 3, 2 C4', C 6 V  

unknown
30.9 1 3 C7'

a, +0.1 PPM
b» The reference peak is located at 62.2 PPM9 all other peaks are 

relative to it.

carbon resonances is incomplete so that it seems likely that other 
techniques will be required to remove the ambiguities.

The results of this ORS appear in Table 15. The compound is 
not totally assigned, but included for completeness, and as a result a 
number of blanks appear in the assignments.

The "*"H NMR results of this compound are in fair agreement 
with the 60 MHz data. As can be seen from Table 15 it appears, that 
some of the proton resonances, are located close enough together to 
make them appear as several bands without structure in the proton 
spectra. Some structural details, of these bands would be seen if



Table 15. ORS Experimental Results for (6).

3.BED Frequency
133,0 130,2 62.2 55,4 44.8 39.4 39,4 30.9

Frequency 
Internal 
Standard ,c

813,4 804.4 751,0 734.5 718.7 703.0 714.0 692.9

6 PPM d 
Experiment

5.7 5.4 3.6 3.1 2,5 2.0 2.4 1.7

No. Protons 
on Each 
Position
6 PPM 60 MHzd

1

5.6-!

1

>.2

1 1

3.4

1 1

2.1

4

2.7-2.4

2

1.7
Area
Assignment

2 2 1.8 4.2 ' 2 V

a. +0.1 PPM
b. + 0.1 Hz
c. Last 4 digits from (30,007,XXX.X) x 3 which is multiplied up from the 10 MHz master

crystal in the spectrometer, and shows the frequency being put into the sample by 
the proton decoupler.

d. +0.1 PPM
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200 MHz proten spectrum were available. Another interesting item is
that two different CH^ groups in different parts of the molecule appear

13at the same place in both the C and the proton spectra.
The results from the gated decoupling experiment are given in 

Table 16. When the gated decoupling experiment was performed on the 
carbonyl it yielded a. pentuplet pattern which is either caused by ac
cidentally identical coupling constants or a very complex pattern of 
coupling constants. The peak width at half height from the gated ex
periment is 18.5 Hz. Double irradiation experiments thus far indicate 
that the Cl' proton has no effect on the carbonyl whereas the C4' and 
C6' proton irradiation experiment shows a decrease in the width at half 
height. This then leads to the assignment of G71 and C2*, C6’ reso
nances » Further double resonance studies are needed to determine the 
coupling constants and aid in further assignments.

Table 16. Coupling Constant Values for (.6) ,

BED PPM0
133.0 130,2 62.2 55.4 44.8 39.4 39.4 30.9

1JCH Hzb 157.1 160.3 130.0 138.2 130.0 130.1 115.9 122.0

a. +0.1 PPM
b. + 1.5 Hz



CHAPTER 4

SUMMARY

Examination of the NMR spectra of compounds having the same 
arrangement of the amine and carbonyl, but different carbon skeletons 
gives us a chance to examine the effects of different structures on the 
resonance positions. Based on the data in Table 17, the change in car
bon resonances in the series is shown graphically in Figure 34. Table 

1317 contains the C chemical shift for the six compounds in those 
cases in which there were no ambiguities in the assignments.

From Table 17 it can be seen that there is a definite pattern
for the carbonyl resonance. If the amine group is next to the C-l*
position, the carbonyl resonance is shielded more than when the amine 
and carbonyl groups are exchanged. With the carbonyl alpha to the C-l1 
the resonance position of the carbonyl is almost the same regardless 
of what the rest of the molecule is like. This is shown in the Cases
of (2), (4) and (.6). With the carbonyl alpha to the C-4r position the
shift of the carbonyl is greater and much more dependent on the struc
ture of the Compound, This is demonstrated for. compounds (1), (3) and 
(5). With this information identification of isomers, which involve 
the interchange of the amine and carbonyl, can be readily accomplished.

With the exception of C-41 and the carbonyl the remaining car
bon resonances have at least one ambiguous or unassigned value.
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Table 17. Summary of the Compounds versus 
Positions

the Carbon-13 Resonance

Compound C = 0 C-V C-2' C-3' C-4’ C-5T C-6’

(1) 178.3 44.5 27.6 23.9 37.6 23.9 27.6
(.2) 172.0 46.2 31.7 17.1 21.9 17.1 31.7
(3) 174.5. 40.5 27.0 14.0 . 28.8 14.0 27.0
(4) 171.6 52.6 ---r- 41.8 32.2 — —

(5) 177.0 72.0 --- — - 49.1 29.6 ----—

(6) 172.0 .. ———* 39.4 - 39.4

a. +0.1 PPM



Figure 34. Changes in the Resonance Position due to Different Compounds.
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Examination of the carbon resonance positions relative to the inter
change of the amine and carbonyl groups shows the generally accepted 
idea that the functional groups shielding effects on surrounding nuclei 
are additive» The only noticeable exception is for C-lf in compounds 
(4) and (5) where there is a large shift in a direction opposite to 
that anticipated» This should be further investigated, as well as 
measuring the spin^spin coupling constants in these compounds for use 
as tools for investigating peptide systems *
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