
ABSTRACT 

SUMNER, SUSAN CAROLE JENKINS. Solid State and Solution 13c NMR in the 

Conformational Analysis of Methadone Hydrochloride and Related Narcotic 

Analgesics. (Under the direction of CHARLES GLENN MORELAND and THOMAS 

COURTNEY CAVES). 

Solid state and solution 13c NMR have been used to study the con

formations of the racemic mixtures and single enantiomers of methadone 

hydrochloride, alpha and beta methadol hydrochloride, and alpha and 

beta acetylmethadol hydrochloride. The NMR spectra acquired for the 

compounds as solids, and in polar and nonpolar solvents are compared, 

in order to determine the conformation of the molecules in solution. To 

determine the reliability of assigning solution conformations by com

paring solution and solid state chemical shift data, three bond coupling 

constants measured in solution are compared with those calculated from 

X-ray data. 

The conformations of the racemic mixture and plus enantiomer of 

methadone hydrochloride have been shown to be very similar in the 

solid state, where minor differences in conformation can be seen by 

compa~ing NMR spectra obtained for the solids. Also shown is that the 

molecules of methadone hydrochloride have conformations in polar and in 

nonpolar solvents which are very similar to the conformation of the 

molecules in the solid state. 



The minus enantiorner of alpha methadol hydrochloride has been shown 

to be polycrystalline, where the major crystalline form has a conforma

tion similar to that of the racernic mixture. The solution spectrum 

(nonpolar solvent) of alpha methadol hydrochloride shows nearly the 

same chemical shifts as those obtained for the racemic mixture (solid). 

However, alpha methadol hydrochloride actually consists of a mixture of 

conformations in a nonpolar solvent. The majority of the molecules 

have conformations similar to that of the racemic mixture, while the 

minor conformer is similar to the minor crystalline form of the minus 

enantiomer. In a polar medium, alpha methadol hydrochloride has chemi

cal shifts which are like those of the minor crystalline form of the 

minus enantiomer, where all molecules (in the polar medium) are thought 

to have conformations which are similar to the minor crystalline form. 

This study has shown that a single crystalline compound is likely 

to have the same conformation in solution as it has in the solid state. 

However, the solution conformation(s} of polycrystalline compounds are 

more likely to be solvent dependent and consist of a mixture.of con

formations in any solvent. 



Solid State and Solution 13c NMR in the Conformational 

Analysis of Methadone Hydrochloride and Related 

Narcotic Analgesics. 

Committee 

by 

SUSAN CAROLE JENKINS SUMNER 

A thesis submitted to the Graduate Faculty of 
North Carolina State University at Raleigh 

in partial fulfillment of the 
requirements for the degree of 

Doctor of Philosophy 

DEPARTMENT OF CHEMISTRY 

RALEIGH 

1 9 8 6 

APPROVED BY: 



ii 

BIOGRAPHY 

Susan Carole Jenkins Sumner was born in Gastonia, North Carolina 

on May 14, 1959. She obtained her elementary and secondary educations 

in the public school system of Gaston County, and graduated from 

Ashbrook High School in May of 1977. She enrolled in Gaston Community 

College in August of 1977, and transferred to North Carolina State 

University in January of 1979, where she received a Bachelor of Science 

degree with a chemistry major in May of 1982. In August of 1982, she 

entered the Graduate School at North Carolina State University. She is 

married to Daniel Alan Sumner. 



i i i 

ACKNOWLEDGEMENTS 

The author wishes to express her appreciation to all members of 

her committee for their patience and guidance throughout this study. 

She wishes to acknowledge Dr. Charles G. Moreland and Thomas C. Caves 

for their extensive assistance in editing this dissertation and for 

their many useful conversations during the course of this study. Ap

preciation is also extended to all faculty and graduate students with 

whom the author has had many useful and encouraging conversations. 

Deepest appreciation is expressed to Billy R. Roberts and Margaret M. 

Bundy for their moral and technical support through the years that this 

project has developed and completed. 

A special thanks is extended to Dr. Frank Ivy Carroll and Dr. 

George A. Brine, Chemistry and Life Sciences Division, Research Trian

gle Institute, Research Triangle Park, North Carolina, for all the com

pounds used in this study. Appreciation is also extended to Dr. P. 

Singh for providing crystallographic data used in this study. 

The author wishes to express sincere appreciation to Dr. Clinton 

Lowry and Peter Walker II for the kindness and encouragement which led 

to her. enrollment at North Carolina State University in 1979. 

Finally, the author would like to express her thanks to her 

husband, Daniel Alan Sumner, for his guidance, his devotion to and his 

sincere appreciation of her career. 



iv 

TABLE OF CONTENTS 

Page 

LIST OF TABLES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . • . • • V 

LIST OF FIGURES ............................................ vii 

1. INTRODUCTION ........................................... 1 

2. EXPERIMENTAL ANO INSTRUMENTATION ....................... 15 

2.1 Techniques in Solid State NMR ..................... 15 
2.2 Techniques in Solution NMR ........................ 26 

3. SOLIDS: RESULTS AND DISCUSSION ........................ 37 

3.1 Methadone.HCl ..................................... 40 
3.2 Alpha Acetylmethadol.HCl .......................... 49 
3.3 Alpha Methadol.HCl ................................ 56 
3.4 Beta Methadol.HCl and Beta Acetylmethadol.HCl ..... 63 

4. SOLUTIONS: RESULTS ANO DISCUSSION ..................... 67 

4.1 Methadone.HCl . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68 
·4.2 Alpha Methadol.HCl ................................ 79 
4.3 Alpha Acetylmethadol.HCl .......................... 89 
4.4 Beta Methadol.HCl and Beta Acetylmethadol.HCl ..... 93 

5. SUMMARY AND CONCLUSIONS ................................ 97 

6. LIST OF REFERENCES ..................................... 101 

7. APPENDICES ............................................. 104 

7.1 Attached Proton Test (APT) ........................ 105 
7.2 Heteronuclear J Resolved Spectroscopy ............. 110 
7.3 Selective J Resolved Spectroscopy ................. 114 
7.4 Insensitive Nuclei Enhanced by Polarization 

Transfer (INEPT) .................................. 117 
7.5 Heteronuclear Shift Correlation (XHCORR) .......... 126 
7.6 Calibrating the Transmitter and Decoupler Pulse 

Widths ••••••••••••••••••••••• ~·············•······ 135 



LIST OF TABLES 

Page 

I. Pharmacological Results ............................ 
I I . pKa Measurements ................................... . 

III. The 13c Chemical Shifts for the solids of the racemic 
mixture and single isomer of methadone.HCl and for 

3 

6 

the single isomer of methadone.HBr ................. 42 

IV. Torsional Angle for (+,-)-Methadone .HCl and 
(+)-Methadone.HBr .................................. 46 

V. The 13c NMR chemical shifts for the racemic mixture 
of alpha acetylmethadol.HCl and the plus enantiomer 
as solids .. . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52 

VI. Torsional angle for (-)-alpha methadol.HCl and 
(+)-alpha acetyl methadol .HCl ....................... 54 

VII. 13c NMR chemical shifts for (+,-)- and (-)-alpha 
methadol .HCl as solids ............................. 58 

VIII. The 13c NMR chemical shift for (+)-beta methadol. 
HCl and (-)-beta acetylmethadol.HCl in the solid 
state . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65 

IX. The 13c NMR chemical shift for (+,-)-methadone.HCl 
in the solid state, in DMSO-d6, in co2cl 2, and at 
-9o 0 c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69 

X. Measured and calculated three bond coupling con-
stants for methadone.HCl ........................... 77 

XI. 13c NMR chemical shift for alpha methadol as a solid, 
in CD2Cl2, in DMSO-d6, and at -9o0c (CD2Cl2) ........ 80 

XII. Measured and calculated three bond coupling constants 
for a 1 p h a m e t h ado 1 . H C 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8 4 

XIII. The 13c NMR chemical shift of alpha acetylmethadol 
~ydrochloride as a

0
solid, in co2c12, in DMSO-ct6, and 

1 n CD 2cl 2 at - 9 0 C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9 O 

V 



List of Tabl s (continu d} 

XIV. 

V. 

7 .1. I 

7.5.I 

The l C NM R ch m i c 1 sh i ft of ( + )- b t m th d 1 
hydrochlorid as a solid, in co2c12, in OM 0-d, 
nd t - 9 5 o C i n CD 2 C 1 2 •••••....•.........•• • · • · · • · • 

Th 13c NMR ch mic 1 shift of (-)-b t c tyl-
m th dol hydrochlorid as a solid, in co2c12, in 
OM O-d6• and at -9o

0 c in CD2Cl2 •••••••••••••••••••• 

p g 

4 

The phas arising from!~ 1/J and l/2J APT p ri-
ments for all typ s of C nucl i .................. 107 

Th phases for th pulses ( 1) and r c iv r (~) 
need d to eliminat nois and phas rrors in 
HETJRES spectroscopy ............................... 131 

vi 



... " .......... . 

• • • 1111 ••••••••••••••••••••••••••••• 

• • • • • • • • • • • • • • • 1111 • - •••••••••••••••••••• 

e 

e. 

e s 

................... 

I ◄ 

I .. 

I -



viii 

List of Figures (continued) 

Page 

15. The alkyl region, methadone.HCl ........................ 71 

16. The shift correlation spectrum of methadone.HCl ........ 72 

17. The 13c NMR spectra of methadone.HCl a) as a solid, 
b} in co2c12, and c) in DMSO-d6 ........................ 74 

18. The contour plot for alpha methadol.HCl generated by 
20 J resolved spectroscopy with 64 experiments incre-
mented in equal steps .................................. 81 

19. The 13c projection and individual cross sections 
generated by shift correlation spectroscopy............ 82 

20. 13c NMR spectra of alpha methadol.HCl a) as a solid 
(minus enantiomer}, b} in co2c12, and c) in DMSO-d6 85 

7.1.A The time dependence diagram for all types of 13c 
nuclei during the APT experiment .................... 108 

7.l~B The spectra for diethyl phenylmalonate resulting from 
the a) 1/J and b) l/2J APT experiments .............. 109 

7.2.A The results of the heteronuclear J resolved experi-
ment for diethyl phenylmalonate ..................... 113 

7.3.A The results of selective J resolved spectroscopy 
for diethyl phenylmalonate where the isolated CH 
proton is irradiated ................................ 116 

7.4.A The results of the INEPT and INEPTRD experiments for 
diethyl phenylmalonate with various delays .......... 120 

7.5.A The shift correlation spectrum of diethyl phenyl-
malonate, generated from 64 experiments incremented 
by .0006 seconds . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132 

7.5.B Shift correlation to find long r~nge coupling 
constants ........................................... 134 

7.6.A The evolution of magnetization components during the 
pulse sequence for calibrating the decoupler pulse 
width . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13 7 



1. INTRODUCTION 

Pharmacological results 8 obtained by administering methadone hy

drochloride (see Figure 1), 

and related narcotic analgesics to laboratory mice showed the activi

ties of the closely related narcotics to be remarkably different. The 

results obtained with the methadols and acetylmethadols in comparison 

with the parent ketone are shown in Table I. The alcohols (a-i, S-d) 

were found to be less effective than the active parent ketone (i

methadone}, whereas the acetates were found to be more effective. All 

of the compounds derived from the inactive ketone (d-methadone) were 

fou~d to be more effective with the exception of S-d methado 1. £

methadone produced the most active isomers in the S series as well as 

the more active acetate in the a series. However, the inactive ketone 

produced the more active alcohol in the a series. This involved an 

inversion of stereoselectivity to produce the more active a-t-methadol 

from d-methadone. The compounds derived from the racemic mixtures of 

methadone showed the methadols to be less effective and the acetates to 

be more effective than the racemic ketone. The effectiveness of each of 

the mixtures was found in a range between that for the single isomers. 

In 1954 Beckett and Casey1,5 suggested that the central nervous 

system has receptor sites which prefer certain conformations of 
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Figure 1. 

a) Two possible internally bonded rotamers of the salt of methadone. 

The most stable chair conformations of: b) a-methadol and c} S-methadol 

as bases. 



Table I. 

Phar ac logical esu ts 

Analgesic Effect rn 50, ice, su cutaneo s y 

1-methad ne 

d- ethad l 

1-methadol 

d-acetyl ethadol 

-1-acetyl ethadol 

d- ethad ne 

1-methadol 

-d- ethadol 

1-acetyl ethadol 

d-acetyl ethad 

dl-methadone 

dl- et adol 

1- thad 

dl-acet 1 

- -acet 
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narcotic molecules. Each site was thought to be composed of a flat 

surface, a cavity, and an anionic site to accommodate an aromatic ring, 

a hydrocarbon moiety, and a protonated nitrogen, respectively. It was 

believed that the receptor site prefers the conformation for methadone 

to be that of a ring system where an N-C=O interaction could take 

place. 4 The hydrochloride was thought to possess an internal hydrogen 

bond where an N-H-0-C interaction existed. A number of conformational 

studies were then done in an attempt to uncover the nature of the 

receptor site and therefore to determine why some narcotics possess 

high activities. These studies were focussed on determining if the 

narcotic molecules prefer a ring or non-ring conformation in solution. 

The UV spectrum of methadone shows an unusually high extinction 

coefficient (460 dm3/mole-cm) at 295 mµ, which is consistent with the UV 

spectrum produced from coumarin and its derivatives. 9 Therefore it was 

believed that the carbonyl carbon of methadone may participate in 

bonding to a ring carbon, producing a derivative of coumarin. This 

theory was ruled out when the dipole moment of methadone (3.03D) was 

found to be that of a ketone and not of a coumarin derivative (1.0-

2.0D). Enolization was also ruled out when the spectrum of three 

closely related ketones showed comparable UV data although one of the 

ketones had no means of forming an enol. 

It has been shown that intramolecular hydrogen bonding will en

hance the basicity of a molecule.12 Dis~ociation constants were used 

to determine the ability of the OH group to stabilize the protonated 

forms of a- and B-methadol by intramolecular hydrogen bonding (see 
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Figure 1).2 The pKa of a-methadol was found to be 8.15, while that of 

the B isomer was 7.85. The larger pKa reflects a smaller Ka and there

fore a weaker acid. A weaker acid is less likely to lose a proton and 

therefore is more stable. Hence, the larger pKa for a-methadol indi-

- cates it to be the isomer which would form a more stable ring conforma

tion. 

Proton NMR analysis 2 of a- and B-methadol as the free bases in 

coc13 showed the hydroxyl proton to resonate at o = 8.6 ppm and o = 

7.9 ppm, respectively, with the peak width for a- methadol (30 Hz) 

larger than that of 8-methadol (23 Hz). The larger peak width for a

methadol could indicate that the hydroxyl proton is exchanging at a 

slower rate than that of the B isomer, indicating the a isomer to be 

more strongly bonded. The downfield shift of a hydroxyl proton has 

been known to occur from hydrogen bonding. For the methadols, the 

stronger hydrogen bonded isomer would be more deshielded by the nitro

gen and therefore appear more downfield, as does the a isomer. 

An extended pKa study3 compared the pKa's of methadone and 3 

deoxymethadone with those of the methadols {Table II). It was thought 

that the great basicity of methadone suggested that its conjugate acid 

assumes a cyclic conformation which is stabilized by hydrogen bonding. 

Two possible ring conformers are shown in Figure 1, where the carbonyl 

and acidic proton are coplanar allowing maximum stabilization (six 

member ring). The smaller pKa's of the methadols suggested that no 

internal bonding of the type H-0-H-N existed, and the difference in the 

pKa values for the methadols was assumed to be due to a solvent effect. 



6 . 

Table II 

p'a measurements 

methad ne .62 

3-de ethad ne 7.93 

methad l 7. 

ethad l 7.5 
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IR studies showed both isomers (as bases) to have broad OH absorp

tions at 3000 cm-1 in .4M solutions (CC14). Solutions of .005M showed 

no change in this region; however, a weak OH absorption was seen at 

3580 cm-1 for the a isomer. The presence of the OH at such low wave

numbers indicates that both isomers are hydrogen bonded in a nonpolar 

solvent. The concentration dependence of a-methadol suggested that it 

forms a weaker intramolecular hydrogen bond than B-methadol. A report 

by Foster and Hanes10 was cited that supported hydrogen bonding in 

these molecules. Foster and Hanes found the optimal number of carbons 

between electronegative groups to maximize stability to be four. 

According to Hyne,13 a diastereoisomer which is more internally 

hydrogen bonded will show the hydroxyl proton resonance to be less 

temperature dependent. The results of a variable temperature study3 of 

a- and B -methadol showed the B isomer to be less temperature dependent, 

suggesting that it forms the more stable ring conformer of the form 0-

H-N in cc14. Figure 1 shows the most stable chair conformations for 

a-methadol (la) and B -methadol (lb). These conformations were arrived 

at by use of models to show the less hindered positions of the molecular 

groups. The 8 isomer was thought to be more stable because the inter

action between the phenyl rings and the ethyl group is smaller for it 

than for the a isomer. 

At -4o0c the hydroxyl proton of B-methadol resolved into a doublet 

(J=lO Hz), while that of a-methadol remained a singlet (W=lO Hz) in the 

proton NMR. It was thought that the unresolved hydroxyl resonance was 

due to a faster exchange rate for the hydroxyl proton of a-methadol. 
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The carbinol proton of -methadol appeared as a four line pattern 

(J=lO, 3Hz} in the proton NMR spectrum. The magnitude of the coupling 

constant (3JH,H) between two hydrogens on adjacent carbons is a func

tion of the dihedral angle (e) between the hydrogens. The function is 

of the form:15 

3JH,H =A+ Bcose + Ccos2 

For hydrocarbons A is SHz, Bis !Hz, and C is 7Hz. There are limita

tions to the use of this equation, particularly when electronegative 

groups are in the system. However, this equation is useful in showing 

that a large coupling constant (llHz) corresponds to a large angle 

(180°), while a small coupling constant (2Hz) corresponds to a small 

angle (60°). The large and small couplings observed for the carbinol 

proton of -methadol are consistent with a trans - gauche interaction 

of the two protons on C2. The three possible staggered configurations 

around the C2-C3 bond of -methadol are shown: 

HO 

Me 

H2a 

H3 

(a) 

R 

H2b 

H2b 

HJ 

(b) 

Me 

H3 

(c) 

R 

H2a 

A trans - gauche interaction is consist~nt with either configuration a 

orb. Configuration a is assumed to be the most likely since the two 

larger molecular groups on C2 and C3 are 180° removed. 
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The carbinol proton of s-methadol appeared as an unresolved reso

nance. It was thought that the OH exchange rate of the S isomer was 

much less than that of the a isomer, so as to broaden the carbinol 

resonance from coupling due to the OH proton, indicating B-methadol to 

be the more strongly hydrogen bonded. Upon treatment with D20 the 

carbinol resonance sharpened to an ill-defined quartet (8,4 Hz), indi

cating that the hydroxyl proton was not the only cause of broadening. 

The combination of circular dichroism (CD) and proton magnetic 

resonance was used to study the solution conformations of methadone, 

isomethadone, and their related HCl salts. 4 A reversal of sign was 

found to occur in the CD spectrum of methadone when the solvent was 

changed from polar to nonpolar. No other compounds showed this effect, 

suggesting methadone to be the most solvent dependent and therefore the 

most flexible. The HCl salt of methadone showed a significant reduc

tion in intensity (CD) with a change in solvent. This reduction was 

thought to reflect a solvent-induced change in mole fraction of two or 

more internally associated conformers. 

Proton NMR results showed both HS-H6 vicinal couplings for metha

done to be nearly the same in CDC13 {J=S.5, 5.4Hz}, while those coup

lings in co3oo were quite different (J=3.6, 7.0Hz). This suggested 

that the mole fractions of the three staggered conformations (shown 

below) about the C5-C6 bond changed with solvent. By using a family 

of curves derived from the Karplus equation, the 180° dihedral angle 

(trans} gave a coupling of 13.SHz while a 60° dihedral angle (gauche) 

gave a 2.SHz coupling. Figure c shows the best configuration when H5a 



H6 

H5a 

(a) 

R 

H6 

H5a 

( b) 

HSa 

(c) 
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and HSb have nearly the same coupling to H6. However, the coupling 

observed is much larger than that of a gauche interaction. Configura

tions a and b could exist in equal mole fractions to produce equal 

couplings for both H5-H6 interactions, where these couplings would 

average to a higher coupling value than that of a 60° coupling. It was 

concluded that methadone existed as a mixture of all three conforma

tions where a and bare in equal mole fractions. 

• In co3oo, conformation a orb must increase in mole fraction as 

the other decreases in order to account for the observation of large 

and small couplings in this solvent. Rotamers a and care the most 

likely to form an internal bond (N-C=O). Since polar solvents tend to 

destroy intramolecular bonding, it was thought that the mole fraction 

of rotomer b increased as that of a decreased. 

Due to overlapping resonances, the methadone salt was more diffi

cult to analyze by this method. However, one of the H5-H6 interactions 

could be measured in both CDC13 (J=9.7) and co3oo (J=7.8). In either 

solvent the mole fractions of rotamers ~ and b (of the salt) would have 

to be quite different so as to give an average angle large enough to 

account for the large coupling. 
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In 1978 room and low temperature 13c NMR was used to study the 

conformations of a- and B-methadol hydrochloride, as well as a- and B

acetylmethadol hydrochloride.s The spectra obtained in this study 

will be presented in the experimental results section for comparison 

purposes. 

The 13c NMR spectrum of a-methadol.HCl showed a great solvent 

dependence. C3 and CS made upfield shifts of 7 ppm when the solvent 

was changed from co2c12 to DMSO-d6. It was believed that DMSO-d6 

effectively reduced the ratio of an internally hydrogen bonded confor

mer while increasing that of a nonbonded conformer. Low temperature 

results in co2c12 showed the C3 and CS resonances to broaden as the 

temperature was lowered and then to sharpen with a further decrease in 

temperature. At the same time a new resonance appeared shifted up 

fieid from C3 and CS by o = 8 and 7 ppm, respectively. It was 

believed that the new resonances were of a conformation similar to that 

observed in DMSO-d6 at room temperature. In conclusion, a-methadol was 

thought to exist as a mixture of cyclic and acyclic conformers in 

co2cl2, where the cyclic conformer was the more strongly favored at 

room temperature. 

B-methadol.HCl showed only a slight solvent effect, where the 

chemical shifts in DMSO-d6 are nearly the same as those in co2c12. 

However, one NCH3 resonance appeared in DMSO-d6 where as two were seen in 

CD2Cl2. If DMSO-d6 were destroying the possibility of ring formation, 

by interacting with the acidic proton on the nitrogen, it could provide 

a means to allow free rotation about the C6-N bond and allow the NCH3's 
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to become equivalent. The low temperature results showed a broadening 

of resonances but no new peak formations. It was suggested that 8 

methadol is mostly cyclic in co2c12 and acyclic in DMSO-d6, and that 

due to large chemical shift differences of a- and 8-methadol.HCl in 

co2c12, the cyclic conformations of the alcohols were considered to be 

quite different. 

a-acetylmethadol.HCl exhibited temperature behavior much the same 

as a methadol in co2c12. At -9o0c a new peak appeared 4.5 ppm upfield 

from C3. A 80/20 weighted average of these peaks gave the observed 

chemical shift for C3 at room temperature. CS also appeared as two 

resonances in the -9o0c spectrum and the 80/20 weighted averages of 

these peaks provided the chemical shift of C5 at room temperature. In 

o2o, a-acetylmethadol.HCl showed two NCH3 resonances, where a-methadol. 

HCl ·only showed one. Therefore it was concluded that the acetyl is not 

completely acyclic in o2o and is an 80/20 mixture of cyclic and acyclic 

conformers in co2c12. 

B-acetylmethadol.HCl showed an upfield shift for C3, two reson

ances each for Cl and C2, and a complicated set of lines for the C5-

NCH3 region in the low temperature spectrum {co2c12). This indicates 

that B-acetylmethadol.HCl has a mixture of conformations in solution. 

Froimowitz7 used Allinger's molecular mechanics I program to study 

the conformations of {6R)-methadone, (3S.,6R)-methadol, (3S,6R)

methadol, and some other related narcotics. The dihedral angles T2(C6-

CS-C4-C3) and T3(N-C6-C5-C4) were varied to give minimum energies. 

Some other dihedral angles were taken from X-ray data and the angles 
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TO(C4-C3-C2-Cl) and Tl(C5-C4-C3-C2) were considered to be in the trans 

position. In the preliminary work the NCH3's were replaced by a methyl 

group. 

The preliminary results showed that two basic arrangements of the 

phenyl groups could exist. Arrangement I with T8(Cll-Cl0-C4-C3) = 150° 

and T9{C17-C16-C4-C3) = 90°, or ring arrangement II with T8 = 90° and 

T9 = 30°. The result for methadone and the methadols showed them to 

favor ring arrangement I with T2 = 60° or 180°, and ring arrangement II 

with T2 = 180° or -60°. 

Further calculations of methadone showed an energy for the gauche 

position (Tl) which was only slightly higher than that for the trans, 

suggesting a significant population. Calculations on the full molecule 

of methadone showed the protonated form to have several conformations 

of approximately equal low energy. One of these conformations had 

torsional angles such that intramolecular hydrogen bonding could exist. 

In or~er to account for the NCH3
1s, a new dihedral angle was introduced 

{T4(C9-N-C6-C5)}. The best conformation for the cyclic form of metha

done was that of arrangement I with the angles (Tl,T2,T3,T4) = [180,60, 

-60,180], where the best conformation for one of the acyclic form 

gave t~rsional angles of (Tl,T2,T3,T4) = [180,60,180,-60]. 

An X-ray study14 of the monoclinic form of d methadone hydrobro

mide showed the molecule to crystallize in the space group P21 with two 

molecules in the unit cell. 
0 

The N-0 distance is 3.81A, and the van der 
0 

Waals distance is 2.9A, indicating that there is no N-H-0 bonding in the 
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solid crystal. The dihedral angles reported 6 for the 6S isomer are: 

(Tl,T2,T3,T4) = (-174,-76,+146,+53] with (To,T8,T9) = [-157,-83,-152]. 

High resolution X-ray data 11 from single crystals of dl-methadone 

hydrochloride showed the molecule to crystallize in the space group Cc 

(Z=8), with two molecules per asymmetric unit. The conformations of the 

two molecules are only slightly different. The dihedral angles are 

given in Table IV (p. 46) and Figure 7 (p. 47) shows the two conformations 

where each type of conformer has an Rand an S form related by symmetry. 

Single crystal X-ray diffraction was used to determine the struc

ture of a-methadol,HCl and a-acetylmethadol.HCl. 6 Both molecules were 

found to be in the space group P21/c, with 4 molecules per asymmetric 

unit. In both molecules there is bonding between the nitrogen proton 

and the Cl atom. The hydroxyl proton of a-methadol.HCl also partici

pates in in hydrogen bonding to the chloride ion. The nitrogen proton 
0 

of a-methadol.HCl can come within 2.63A of the hydroxyl oxygen, indi-

cating the possibility of a weak hydrogen bond. In the case of a-
0 

acetylmethadol.HCl the N0-1 distance is 4.88A and the N-02 distance is 
0 

5.34A, indicating that there is no possibility of hydrogen bonding. The 

dihedral angles are reported in Table VI (p. 54) and the molecules are 

shown in Figure 10 (p. 55). 
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2. EXPERIMENTAL AND INSTRUMENTATION 

2.1 Techniques in Solid State NMR 

When 13c NMR spectra of solids are collected, the observed signal 

is extremely weak because of low natural abundance, the small gyromag

netic ratio, and long spin-lattice relaxation times. Natural line 

broadening due to dipolar interactions and anisotropic contributions to 

the chemical shift prevent high resolution from being obtained in the 

Fourier-transformed spectrum. These problems can be overcome by ap

plying the techniques of cross polarization, high power decoupling, and 

magic angle spinning. These methods will be described, to give a 

better understanding of how high resolution 13c spectra can be ob

tained for molecules in the solid state. 

A gain in sensitivity for the rare spin (13c} can be achieved by 

utilizing the reservoir of abundant spins (1H}, a technique now known as 

cross polarization. 16 In this method the rare (13c} spins are pola

rized by the abundant 1H spins, and the 13c NMR signal is enhanced. 

This method also allows the recovery of the 13c spins to depend on the 

much shorter 1H spin-lattice relaxation time. 

The timing diagram of the various pulses involved in collecting the 

13c free induction decay (FID) in the cross polarization experiment is 

shown diagrammatically in figure 2.17 The label F2 refers to pulses 

applied of r.f. power for which the r.f. frequency is equal to the 1H 

Larmor frequency, and the Fl refers to pulses at the 13c Larmor fre

quency. Before any pulses are applied to the spin system, the initial 

magnetization for the abundant spin I is:18 
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Mo1 = CI Bo Bi_ 

where BL = 11/kTL, TL = lattice temperature 

Bo = static field strength 

and CI = I(I+l)Nf'fl /3 

The first pulse (Pl) is applied at the 1H Larmour frequency from they 

axis, and tips the magnetization components from their equilibrium 

position (z axis) onto the x axis. Just after this pulse the magneti

zation along the x axis is equal to Mo, and the following relation is 

true. 

Mo1 = C1B181 = C1Bo8L 

where 81 = 'fi/kT1, TI = spin temperature 

and 81 = r.f. field strength 

The conditions are such that the r.f. field strength applied (81) is 

much less than the static field (8
0

) so that: 

showing that the proton spin system has been cooled. 

Since the proton spins are cool and the 13c are hot, an energy 

exchange may occur. No such exchange is allowed in the laboratory frame, 

since the resonance frequencies of the 13c and 1H nuclei are different 

and cannot be matched. However, in the rotating frame they can be 

controlled and a matching of energy levels is possible. This is 

achieved by applying one r.f. field to the 13c spins and another to the 

1H spins such that: 
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This type of matching was first introduced by Hartman and Hahn in 1952 

for use in double resonance experiments. 21 

The timing diagram shows that while one r.f. field (P2) is applied 

to the 1H system ("F2 pulses") another is applied to the 13c ("Fl 

pulses) system. Both pulses are applied from the x axis, where the 1H 

pulse spin locks the 1H components which were created from the 90° 1H 

pulse. If optimal tuning is achieved, the Hartman-Hahn condition is 

satisfied. The period in which the two r.f. fields are on is termed the 

contact time and is the time in which the "hot" 13c spins are allowed to 

cool through a spin-spin energy exchange with the 1H spin system. This 

cooling of spins causes a large increase in the 13c magnetization while 

that of the proton system decreases only slightly. 

Besides enhancing the 13c signal, this sequence has also provided 

a basis for the duration of a solid state experiment to be feasible. In 

the solid state many 13c nuclei have long relaxation times. Some of the 

protons have enough freedom to have short relaxation times, and cause 

the remaining protons to relax by spin diffusion. Cross polarization 

allows the rapidly-relaxing 1H spins to serve as an efficient coupling 

mechani~m between the relatively rigid 13c spins and the thermodynamic 

surroundings ("lattice"), providing the mechanism for spin-lattice re

laxation of the 13c spins. 

In the last step of the polarization experiment the field applied 

at the 13c Larmor frequency is turned off and the FID is collected. 
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During this "collection time" an r.f. field is applied at the 1H Larmor 

frequency and performs the task of decoupling the protons from the 

carbons. The r.f. field rapidly rotates the proton spins so that the 

value of the magnetic moment, <µ>, is averaged to zero. Decoupling 

provides a means of eliminating dipolar broadening, since the local 

field at a given 13c nucleus produced from dipole dipole interactions to 

protons is proportional to<µ>. Dipole broadening of up to several 

thousand hertz may arise in the solid state, so a means of high power 

decoupling is mandatory in order to eliminate this interaction. 

The cross polarization experiment is usually accompanied by 

"magic-angle spinning". In this technique, the sample is rotated 

rapidly about an axis which is inclined at 54°44' (11 the magic angle") 

away from the static magnetic field axis. The local field for dipole 

interaction not only depends on<µ> but also depends on the term 3cos2e 

- 1. The value 54°44' will eliminate this term as long as the dipole

dipole interaction is smaller than the spinning speed used. Such high 

spinning speeds are not normally achievable and high power dec9upling is 

used instead. 

The chemical shift is a second rank tensor property, which means 
➔ ++ ➔ 

that the magnetic moment M = oB0 (due to circulation of electrons near 

the nucieus of interest) does not necessarily point in the same direc

tion as the static field 80 • The result of this "induced magnetic 

moment anisotropy" is that the value of the chemical shift measured for 

a particular nucleus depends on the orientation of the bonds around the 

nucleus relative to the static field direction. In an amorphous solid, 
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these bonds are oriented in all possible ways, so one measures a con

tinuum of many different values of the chemical shift for any given 

nucleus, giving rise to a very broad line in the 13c NMR spectrum. This 

anisotropic contribution to the chemical shift also depends on the term 

3cos2e-1 and may be eliminated by magic angle spinning. This is feasi

ble because it is only necessary to spin as fast as the spread of 

chemical shifts. 

A different, but complementary experiment, is used to allow easy 

interpretation of the spectrum obtained by the simple cross polariza

tion experiment. This experiment is termed dipolar dephasing cross 

polarization (CPDD)20 and results in the elimination of methine and 

methylene carbons. In this experiment a time period 2D0 {60µs) is 

inserted between the time in which cross polarization is completed and 

collection is started. During this period (200) no r.f. field is 

appiied to the 1H or the 13c spin systems, allowing C-H dipole-dipole 

interactions to occur. Since the dipole-dipole interaction is propor

tional to l/r 3, protonated carbons will have a large decrease in magne-
0 

tization due to their directly attached protons {r=lA). However, non-

protonated carbons only have dipole-dipole interactions with protons 
0 

attached to neighboring carbons (r~2A), and thus will not show a dras-

tic decrease in 13c magnetization. 

Methyl groups can undergo rapid rotation in the solid state, and 

this motion decreases dipole-dipole interaction. This decrease occurs 

because the rapid rotation partially averages proton a spins with proton B 

spins, with a resultant smaller relaxation of the methyl 13c spins. The 



21 

intensity of the resonance depends on the amount of time the r.f. fields 

are off. Usually methyl and nonprotonated carbons are easily distin

guished, on the basis of deshielding, and the r.f. fields are left off 

for a period short enough to allow both methyl and nonprotonated carbons 

to appear in the Fourier-transformed spectrum. A 180° pulse is usual-

ly applied in the center of the dephasing period (200), which allows 

refocusing of chemical shifts to occur before collection is started. 

Two techniques which are used in both experiments to eliminate noise 

and imperfections are automatic blanking and phase cycling. 17 Automatic 

blanking, which enablesthe high power amplifiers, is activated by a 

trigger pulse (P9=.5 s) and followed by a delay (09=.0001 s). No r.f. 

power is generated in response to the trigger pulse. In the standard CP 

experiment the blanking is on for a period before the pulse(s) and 

raised again after the pulse is executed. The blanking is controlled by 

setting a value N, the number of pulses given, so that the blanking is 

never on when a pulse is delivered. In the CP experiment both the 

transmitter and decoupler blankings are set to one. Since the 1H pulses 

(F2 pulses) are end-to-end, the blanking does not need to come on be

tween pulses. To avoid introducing additional noise, it is necessary to 

blank the carbon amplifier off before data collection. 

Imperfections generated in the spectrometer and data system can be 

reduced by phasing methods. The phasing program used in both the CP and 

CP0D experiments moves the applied pulses along alternating axes for 

each scan taken. The scans are then added or subtracted from those 

already in memory. This results in the addition of upositive" scans and 
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the subtraction of "negative" scans, 1 ead i ng to an accum ul ati on of 

signal. The spurious resonances created by imperfections will not 

invert as the phase of the applied pulse is changed. As a result, the 

addition and subtraction of signal leads to cancellation of spurious 

resonances which are generated. 

From the foregoing pages, it should be clear that obtaining high 

spinning rates and tuning the decoupler, transmitter, and magic angle 

are very critical. The methods and equipment used will be described, 

to give a good indication of the care needed to obtain a high resolution 

13c NMR spectrum of a solid. 

All 13c NMR data were collected using an IBM NR 100 AF NMR spec

trometer with an Aspecffe 3000 computer and superconducting magnet. The 

electronic design includes high output power r.f. sources for both the 

transmitter and decoupler channels. A Doty probe equipped with exter

nal ·adjusters for tuning the decoupler, transmitter, and magic angle 

was used. The probe is designed with a Macor® stator (in a Kel-r® 

housing) which holds a 7mm zirconia rotor. The solid sample to be 

observed is ground to a fine powder and tightly packed into the rotor. 

An external adjuster is connected to the bottom of the housing, pro

viding a means for orienting the sample in the field. Dual bearing 

Vespe~_end caps are placed on either end of the rotor, and a controlled 

air source is allowed to blow into the bottom of the Kel-~ housing, 

thereby spinning the sample. A frequency counter is connected to an 

audio output on the probe in order to monitor the spinning rate. 
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Tuning the decoupler and transmitter was found to be precise and 

simple by using a frequency source (console synthesizer), magic tee 

(50 ohm resistance), a wave generator, and a frequency counter. The 

synthesizer is used to set the desired frequency for the transmitter 

(25.18 MHz) or decoupler (100.13 MHz). The resonance generated can be 

·viewed on an oscilloscope where two external markers appear. The markers 

are generated (by the wave generator) to be symmetrical about the 

resonance frequency desired. By turning the external adjuster of the 

transmitter or decoupler channel the resonance can be positioned symme

trically between the external markers. At this time the probe channel 

is optimally tuned. 

KBr is used as a standard to tune the magic angle, after the 

decoupler and transmitter have been tuned. By applying the CP experi

ment one scan at a time, the 79sr FID can be observed as changes are 

made to the probe. With this sequence, the external adjuster which is 

attached to the Kel-rID housing is turned and the FID is observed. When 

the FID reaches its longest duration the angle is said to be on 54°44'. 

Since the adjuster is connected to the sample, the effect of obtaining 

maximum FID is the same as centering the sample at the magic angle. KBr 

is a good standard to use when tuning the magic angle, because it has 

only on~ type of vector to orient in the field. More importantly, 79sr 

has a large quadruple, and the observed side band pattern is sensitive 

to the angle. 

Para-di-tertiary-butyl-benzene (PDTBB) was used as a standard to 

match the Hartman-Hahn condition. A single-pulse CP experiment is used 
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to observe the FID as the transmitter and decoupler output powers are 

simultaneously changed. When the maximum FID is obtained the condition 

is said to be matched. Once these tunings are achieved, the cross 

polarization experiment is used to collect an FID, which is Fourier 

transformed, referenced, and compared with the specifications for 

·poTBB. The value to reference the spectrum is stored in order to have a 

means of referencing the solid sample of interest. 

The solid state spectra acquired by the CP and CPDD experiments 

for PDTBB are shown in Figure 3. Note the disappearance of the signals 

due to protonated ring carbons in the dipolar dephased spectrum. Also 

of interest is the fact that the protonated ring carbons are not all 

equivalent. This is due to the fact that the T-butyl groups take up 

different orientations around the ring. 

The integration of the 13c spectrum is of interest. In a solution 

13C-spectrum the peak height depends on the relaxation time for the 

particular carbon giving that resonance. However, the solid spectrum 

has been acquired at the proton spin-lattice relaxation time, and like 

the proton spectrum, it can be integrated to give the relative ~umber 

of carbons under each resonance. The integration of the PDTBB CP/MAS 

spectrum shows a 3:1:1:1:1 integration for the resonances assigned 

a,b,c,d, and e, respectively. If the Hartman Hahn condition is not 

perfectly matched, a reduction in intensity will occur for methylene 

and methine carbons. This reduction occurs because the Bl field to the 

protons is not strong enough in relation-to the dipole-dipole interac

tion. 
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CP/MAS spectra of PDTBB. The CP/MAS spectra acquired with lK data 

points, 6 µs pulse widths, a 3 second relaxation delay, a 2000 µs 

contact time, and a 3.5 KHz spinning speed. 
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2.2 Techniques in Solution NMR 

Many of the problems associated with obtaining NMR data of solids 

are eliminated when the solid is dissolved in solution. In solution 

molecules are rapidly tumbling, so a given bond axis takes up many orien

tations in the magnetic field. This movement eliminates large anisotro

pic contributions to the chemical shift by providing a time-averaged 

position for each nucleus. Spinning the sample is required to provide 

magnetic field homogeneity; however, the spinning rate (25 Hz) is small 

compared to that needed for solids (up to 5.0 KHz), and spinning does 

not have to occur at any particular angle in the field. 

The rapid motion of molecules also creates short relaxation times. 

Relaxation takes place through spin-spin and spin-lattice (the sur

roundings) interactions. The random motion creates many relaxation path

ways, allowing the system to relax at shorter times as compared to those 

of a solid. The reason for applying the cross polarization technique to 

solids is because it enables the 13c signal to be collected using the 

much shorter proton spin-lattice relaxation time. Since the motion in 

solution interfers with cross polarization, the method is not normally 

used to obtain a 13c NMR spectrum in solution. 

With these advantages the entire time consuming tuning process de

scribed for solids does not have to be used. Since direct dipolar inter

actions in solution are averaged to zero, a high power decoupling source 

is not needed. However, the transmitter and decoupler must be tuned to 

absorb at the 13c (25.18Hz} and 1H (100.13Hz) Larmor frequencies. The 

method for tuning these channels is as described in the solids section. 
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All data collected by Fourier transform NMR experiments require the 

application of an r.f. field perpendicular to the static field in which 

the spin system is at equilibrium. The length of time the r.f. field 

is applied is termed the pulse width (PW). A pulse width that tips the 

spin system from its equilibrium position (on the z axis) to a position 

in the xy plane is termed the 90° pulse width. If the pulse is applied 

so that the spin system tips to the -z axis, it is termed a 180° pulse 

width. In some NMR experiments the pulse widths must be calibrated 

exactly. The methods used to calibrate the transmitter and the decoup

ler pulse width are described in Appendix VI. 

The pulse sequence used to collect typical 13c and 1H data is: RD

PW-DE-Aqc. The sequence works by allowing the spin system to equili

brate in the magnetic field for a time RD. At this time the resultant 

magnetization of the 1H spins and that for the 13c spins will be 

aligned along an axis {z axis) parallel to the static field. Then a 

90° p~lse is applied from the x direction that tips the components from 

their equilibrium position to they axis. The components then begin to 

dephase in the xy plane where they rotate at angular frequencies which 

depend on the chemical shift of a particular nucleus and coupling from 

all other nuclei. As the components rotate they induce a voltage on a 

receiver coil, and relax by spin-spin and spin-lattice interactions. 

The signal obtained by a receiver (from the coil) is a function of time, 

and is Fourier transformed to a function of frequency. 

If the pulse is delivered when the probe is tuned to absorb at 

the 1H frequency, the spectrum will consist of a resonance for each 
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type of 1H in the system. The resonance for a given 1H will appear as 

a multiplet pattern. The multiplicity (M) depends on the number of 

spins ( n) coup 1 ed to the spin at that par tic ul ar resonance, and the 

spin quantum number (I) by the relation: M = 2nl + 1 (eqn. A). The 

proton spectrum may be integrated to give the relative number of pro

tons under each resonance. A decoupling technique is often used, 

where an r.f. field is applied to one proton resonance and the FID is 

obtained. The result is a proton spectrum where coupling due to the 

proton irradiated is removed. By comparing the fully coupled spectrum 

with those obtained by selective irradiation, proton groups that are 

interacting can be found. By use of the decoupling technique, integra

tion, and interpretation of multiplet patterns, the proton spectrum can 

be assigned. 

If the pulse is delivered when the probe is tuned to absorb at the 

13c frequency, the spectrum will contain a resonance for each type of 

13c nucleus in the system. The resonance for each type of 13c will be 

split into a multiplet (M) due to coupling from directly attached 

protons. Equation A gives the multiplicity of a given 13c nucleus, 

where n is the number of protons attached. By knowing the number of 

directly attached protons, multiplet patterns can be assigned to dif

ferent types of carbons (C, CH, CH2, CH3). The multiplet separation 

(arising from direct interaction) is usually 125-160 Hz, where the 

relative intensity of the lines making up the multiplet follows 

Pascal's triangle. Multiplet components caused by long range 1H_l3c 

interactions lie within each of the resonances which are created from 



29 

directly coupled protons. Collecting a 13c signal when the protons 

are allowed to couple is time consuming, impossible at low concentra

tions, and provides information which can be obtained by much easier 

methods (to be discussed). By turning on an r.f. field that covers the 

frequency range for all protons in the system, the protons will be 

decoupled from the 13c. This method works as described for hetero

nuclear decoupling in the solid section. The result is a spectrum 

where a single resonance appears for each 13c multiplet. This enhances 

the signal obtained for any 13c nucleus because all magnetization 

components representing that nucleus have the same rotational frequen

cies, the chemical shift of the 13c. 
There are several experimentswhichcan be used to aid in the 

assignment of the 13c spectrum. One which is typically used is 

acronymed APr22, for attached proton test. A description of this 

experiment, and an example using diethyl phenylmalonate are given in 

Appendix I. The APT experiment uses a pulse sequence that allows the 

phase of different types of 13c nuclei to be controlled. The phase is 

controlled by allowing 13c magnetization components {created by a 90° 

pulse) to dephase in the xy plane for a period D2, before collecting 

the 13c signal. By setting D2 to 1/J, nonprotonated and methylene 

carbons phase in one direction, while methine and methyl carbons phase 

oppositely. When the delay is set to 1/2J nonprotonated carbons phase 

positively, while the intensity of the methine, methylene and methyl 

carbons depend on the value of J selected. While this experiment is 

useful, it does not distinguish between carbons that phase in the same 
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direction unless several experiments with different values of J are 

used. Although the APT experiment is more sensitive than the typical 

off-resonance technique, it does take a great number of scans to col

lect a good spectrum. 

The INEPT23 (insensitive nuclei enhanced by polarization transfer) 

experiment can be used to determine the number of protons directly 

attach to a 13c nucleus. A detailed treatment of this experiment is 

given in Appendix IV. In the INEPT experiment a pulse sequence is 

applied to the 1H spin system which causes a redistribution of popula

tions across the 13c spin system. Then a 90° 13c pulse is applied and 

the "typical" 13c is collected. The signal collected is enhanced by 

the pulses applied to the protons. This type of process is termed 

population transfer and provides greater sensitivity as compared to 

the·APT experiment. The result of the INEPT experiment is a spectrum 

where a multiplet pattern appears for each 13c nucleus. For instance a 

CH carbon will have two resonances, separated by the direct coupling 

constant, with intensities 1:-1. The phase and intensity of the compo

nents arise from the sequence applied to the protons. Within each 

component, coupling due to protons on adjacent carbons (long-range 

coupling) appear. In a very simple molecule the long-range couplings 

can be measured and assigned to particular proton interactions. When a 

13c has many proton couplings, the multiplet pattern produced by all 

couplings is impossible to unravel. Long-range couplings for nonproto

nated carbons can be easier to unravel. Since these carbons only 

exhibit long-range couplings, the largest splitting observed will ap-
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pear antiphased and will generally be due to a three bond coupling. 

Within each antiphased component smaller long-range couplings exist. 

Nonprotonated carbons tend to give weak signals in the 13c spectrum, 

because they do not have directly attached protons which provide a 

mechanism for relaxation. In the INEPT experiment a delay, inversely 

proportional to J, can be set so that long-range protons enhance the 

13c signal. The resulting spectrum consist of multiplet components for 

nonprotonated carbons. An example of this technique is shown in Appen

dix IV, where a description of this experiment is given .. 

An extended version of the INEPT experiment includes additional 

delays and pulses which allow chemical shifts to refocus before the FID 

is collected. When 1H decoupling is used during detection, the results 

of the experiment are very similar to that of the APT. When no decoup

ling is used each 13c nucleus will appear as a multiplet, where the 

pattern arises from all possible proton couplings. By adjusting a 

particular delay time (as discussed in the INEPT experiment) the non

protonated carbons will be enhanced, and the multiplet pattern contains 

all long range couplings phased in the same direction. Any particular 

proton coupling can be removed from this pattern by applying an r.f. 

field at the frequency of the proton to be removed. Thus the multiplet 

pattern is made simpler by removal of one interaction. An example of 

this is given in Appendix IV, along with an explanation of how the 

extended version of the INEPT experiment works. 

Each of the experiments discussed provide valuable information for 

assigning chemical shifts and/or finding coupling constants, although in 
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complicated systems even the extended version of the INEPT experiment 

cannot unravel all couplings. Two dimensional (20) NMR spectroscopy has 

proven to be a very powerful method for assigning 13c and 1H resonances 

as well as definitely determining three bond coupling constants. 

Two important types of two dimensional experiments are J-resolved, 

spectroscopy which provides a spectrum where chemical shift and coup

ling constants are separated along two perpendicular axes, and shift 

correlation spectroscopy which provides a spectrum where the chemical 

shifts of nuclei are correlated by means of coupling interactions. All 

20 experiments involve preparation, evolution, and detection periods. 

Shift correlation experiments also involve a mixing period. The prepa

ration period consists of a long delay time which allows the spin 

system to fully equilibrate in the magnetic field, followed by a pulse 

sequence that creates a nonequilibrated system. Dephasing and relaxa

tion of the magnetization components (nonequilibrated spin system) 

arises during the evolution period. The exact phases accumulated by 

these components are controlled by further pulsing during this time. 

During the mixing period further pulsing creates a means of allowing 

spins to come into contact with one another. The signal is then col

lected during a time interval t 2, with the length of the evolution 

period t 1 as a parameter. The experiment is repeated N times where the 

value of t 1 is incremented by equal amounts. The signals collected are 

Fourier transformed with respect to t 2. Then each of the resulting 

spectra are sampled over all values of t 1, providing a signal S(t1,w2), 
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with t 1 as a running time variable. This signal is Fourier-transformed 

to provide a signal of frequency in both domains. 

The principle behind these experiments relies on the fact that the 

spin detected during the time interval t 2 remembers what happened to it 

during the evolution time t 1. This can be accomplished by affecting 

either the phase or the amplitude of the magnetization corresponding to 

the spin detected during t 2, and is termed modulation. J resolved 

experiments rely on phase modulation, where the magnetization component 

detected during t 2 is a linear function of the evolution period t 1. 

The time domain signal in the case of phase modulation may be written 

as:24 

where C is an amplitude factor, exp(in 1t 1) expresses the phase depen

dence on t 1, and n2t 2 is the phase accumulated by a component rotating 

at the frequency n2 during the time t 2. The term exp(in 2t 2) arises 

only when the quadrature detection mode is used. In this mode the x 

and y components are both detected and summed to give a complex signal 

in the quadrature mode. 

Shift correlation experiments rely on amplitude modulation. Here 

the signal collected during t 2 has an amplitude which is an oscillating 

function of the time t 1. The signal is written as: 25 
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Amplitude modulation is usually converted to phase modulation by means 

of phase cycling routines. This conversion is discussed in Appendix 

V. 

Heteronuclear shift correlation experiments 26,27 provide the 13c 

-spectrum along an axis perpendicular to an axis containing the 1H 

spectrum. When a 13c and 1H interact through coupling, a correlation 

point appears. This experiment is controlled by a delay time which is 

inversely proportional to the coupling constant, J. With a large J 

(130 Hz), coupling due to directly attached protons appears and the 2D 

spectrum results in a correlation diagram where 13c are correlated with 

their directly attached protons. This experiment is very useful in 

assigning both the 13c and 1H spectra. By setting the delay for smal 1 

couplings (1-25 Hz), long range interactions between 13c and lH can be 

observed. An estimate for long range coupling constants can be ob-

tained by running several experiments where the delay time is varied 

over small values of J. A description of this experiment is given in 

Appendix V, and an example of direct and long range correlation is 

given for diethyl phenylmalonate. 

The APT and INEPT experiments are often used to find the multipli

city of a given 13c. An easy 2D experiment, heteronuclear J-resolved 

spectroscopy, 28,29 allows assignment of different types of carbon reso

nances in the 13c spectrum, in the same amount or less time than 

required by the APT and INEPT methods. The result is a "decoupled" 13c 

spectrum where the cross section for each 13c nucleus contains the 

multiplet pattern which would appear if no decoupling were employed in 
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the collection of the 13c spectrum by typical methods. The advantage of 

this method over that of the off-resonance (no decoupling} technique is 

that the multiplets are presented on an axis perpendicular to the 13c 

resonance, eliminating overlapping of multiplet components. The details 

-0f this experiment are in Appendix II along with an example using 

diethyl phenylmalonate. 

The experiments discussed so far are useful in assigning 13c and 

proton spectra and obtaining long range coupling information. However, 

in order to obtain the conformation of a molecule in solution, the 

three-bond coupling constants must be known. The techniques already 

described lead to coupling information, or provide exact coupling con

stants in simple systems. When the system becomes very complicated the 

techniques discussed cannot be used. A very useful 20 experiment, 

sel~ctive J-resolved spectroscopy, 30,31 was developed where the problems 

associated with obtaining long range coupling constants are eliminated. 

This experiment works by selectively irradiating one proton (or proton 

group) during the evolution period of the HETJRES experiment. This 

provides a means of modulating the 13c signal collected during the 

period t 2, with coupling information due to the proton that has been 

irradiated. The result is a 13c spectrum where the cross section for 

each 13c contains a multiplet pattern which arises from only the coup

ling due to the proton irradiated. The advantage of this experiment 

over the other methods is that here all ~ouplings are removed except for 

the proton which has been irradiated, allowing easy assignment of the 

coupling constant. The limitation on the experiment is that proton 
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groups must differ in chemical shift sufficiently such that only one 

proton is affected by the radiation source. A description and example 

of this experiment are in Appendix III. 
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3. SOLIDS: RESULTS ANO DISCUSSION 

For many years researchers have been interested in finding the 

conformation(s) of methadone and its related narcotics in solution. 

Because these molecules are very complex, definitive structural assign

ments have not been made. 

The structures of some of these compounds have been solved by X

ray analysis. The intent of this study is to show that solid state NMR 

can be used to determine if the conformations of molecules in solution 

are like those found by X-ray analysis. 

In the following section CP/MAS spectra for the solids of(+,-)

methadone.HCl, (+)-methadone.HCl, (+)-methadone.HBr, (+,-)-alpha metha

dol.HCl, (-)-alpha methadol.HCl, (+)-beta methadol .HCl, {+,-)-alpha 

acetylmethadol.HCl, (+)-alpha acetylmethadol.HCl, and (-)-beta acetyl

methadol.HCl are interpreted, and structural arguments are made. X-ray 

data obtained from single crystals of these molecules are compared to 

the results of the NMR analysis. Representative molecular structures 

of the ketone, alcohol, and acetate are given in Figure 4, where the 

carbons are numbered by standard convention. 

All CP/MAS spectra were acquired using the sequence discussed in 

section 2.1. The number of data points (lK), sweep width (15000 Hz), 

delay between scans (3 seconds), contact time (2000 µs), and pulse 

widths (6 µs) were held constant for each. sample in which a CP/MAS 

spectrum was obtained. Whenever dipolar dephasing was employed, the 

dephasing time (200) was set to 60 µs where a 1ao0 refocusing pulse 



l 2 3 4 5 6 7 8,9 
(I) CH3CH2COC(C6H5)2CH2CHCH3N(CH3)2·HC1 

methadone hydrochloride 

l 2 3 4 5 6 7 8,9 
(II) CH3CH2CHOHC(C6H5)2CH2CHCH3N(CH3)2•HC1 

alpha methadol hydrochloride 

l 2 3 22 23 4 5 6 7 8 , 9 
(III) CH3CH2CHOCOCH3C(C6H5)2CH2CHCH3N(CH3)2•HC1 

alpha acetylmethadol hydrochloride 

Figure 4 

Molecular structures of the ketone (I), alcohol (II), and 

acetate (III). 
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(12 µs) was inserted in the center of 200. Automatic blanking and phase 

cycling were used as described in section 2.1. All samples were 

oriented at the magic angle (54°44' to the static field), and spinning 

rates ranged from 2.5 to 4.5 KHz. 

All compounds in which X-ray data were obtained were recrystallized 

from ethyl acetate by slow evaporation. 
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3.1 Methadone.HCl 

The CP/MAS spectra of the racemer and plus enantiomer of methadone. 

HCl and the plus enantiomer of the HBr salt as solids are shown in Figure 

5. The chemical shifts for all three molecules are given in Table III. 

The spectrum of the racemic mixture is almost identical to that 

obtained in solution, allowing an easy assignment of most resonances. 

The D-0 spectrum (see Figure 6) confirms the assignments made by solu

tion comparison. The principal difference between the spectra of solu

tion and the solid is the appearance of two resonances each for Cl and 

Cl6 {the Cl6,Cl0 assignment may be interchanged) in the spectrum of the 

solid (see Figure 7 for C numbering). The three methyl resonances from 

Oto 20 ppm integrate with relative areas of 1:1:2 respectively. The 

first two of these peaks are assigned to Cl and the third to C7. The 

three downfield resonances from 140 to 144 ppm also integrate in a 1:1:2 

ratio. Cl6 is assigned to the first two peaks and the third to ClO. 

All other carbon assignments give the same relative integrated areas. 

The occurrence of two resonances for a single carbon shows that the 

racemic mixture of methadone.HCl has at least two noncongruent confor

mations in the solid state. These conformations may arise from dif

ferent crystalline forms, or they may be due to noncongruent molecules 

in the same asymmetric unit. Since Cl and C7 integrate with the same 

relative areas, and since all other carbons show a single resonance, the 

non-congruent molecules are most likely present in the same asymmetric 

unit. The non-congruent molecules must have conformations where Cl and 
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(c) 

aromatic 

ClO, 16 C2 

C3 ' C4 I Ci ( 

~' .. ~~- LJUUL 
(a) 1s 
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2H 150 U2 50 3 
PPM 

Figure 5. 

The CP/MAS spectra of a) the racemer and b) the plus enantiomer of 

methadone.HCl, and c) the plus enantiomer of methadone.HBr. The 

spinning rates were at 4.5, 3.5, and 3.0 KHz, respectively. 
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Table III 

The 13c NMR Chemical Shifts for the solids of the racemic mixture and 

single isomer of methadone.HCl and for the single isomer of methadone. 

HBr. 

Carbon No. 

1 

2 

3 

4 

5 

6 

7 

8,9 

10,16 

{+,-)-methadone 
HCl 

9.83 
8.73 

33.07 

209. 65 

64.63 

37.92 

58.37 

18.03 

41.02 
33.64 

143. 28 
141. 83 
141.09 

Chemical Shifts 

(+)-methadone (+)-methadone 
HCl HBr 

9.09 8.89 

33.54 33.78 

210.80 210.85 

65.11 65.24 

38.90 39.37 

59.66 59.42 

19.12 18.67 

42.09 42.10 
34.78 34.20 

144.23 143.55 
143.80 141.89 
142.29 
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Cl 0, 16 
C3 C4 

(b) 

C2 

(a) 

I I I I 

200 150 ,00 se 

Figure 6. 

The CP/MAS spectra of (+,-)-methadone.HCl.a) with and b} without 

dipolar dephasing. Both spectra were obtained at a 4.5 kHz spinning 

rate. 
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Cl6 are in significantly different environments. The resonances of CS 

and C7 are unusually broad, which shows that the two molecules must 

have different conformations in the end of the molecule containing 

these carbons as well as the end of the molecule which contains Cl. 

The chemical shift of the carbonyl is consistent with that found for 

ketones where no hydrogen bonding is present. 32 Therefore the confor

mations of methadone.HCl must not include any type of hydrogen bonding. 

The 13c chemical shifts in the CP/MAS spectra of the plus enantio

mers were assigned according to the racemic mixture. All three com

pounds show nearly identical chemical shifts, the major difference being 

that both of the plus enantiomers show a single resonance for Cl. Both 

enantiomers have two resonances for C16. The hydrochloride salt shows 

three distinct resonances in the nonprotonated ring carbon region whose 

int~grated areas are in a 2:1:1 ratio. The HBr salt has only two 

resonances in this region. However, the integrated ratio {3:1) of these 

resonances show C16 to occur as two resonances, one of which overlaps 

with ClO. All other carbons in these spectra integrate with the same 

relative areas. 

like the racemic mixture, the two resonances for Cl6 indicate that 

both of the plus enantiomers have two noncongruent conformations in the 

asymmetric unit. The appearance of a broad resonance for CS and C7 but 

a narrow resonance for Cl shows that the noncongruent molecules have 

large conformational differences only at the nitrogen end of the mole

cule. Since the chemical shifts of the plus enantiomers and the racemic 

mixture are nearly the same, the conformations of the two molecules in 
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al ree c po nds ust be nearly identical. And since the racemic 

to resonances for Cl, the confor ational differences at the 

carbo yl end of the olecule ust be greater for the racemic mixture 

than those differences found in either of the pl us enantiomers. 

An X-ray study 11 of the race ic mixture of rnethadone.HCl (single 

crystal) sho s the olecule to crystallize in the space group Cc, with 

t o non-congruent o 1 ecul es in the asymrnetri c unit. Torsional angles 

are given in Table I, and a least square fit of the two molecules is 

shown in Figure 7. The least square fit shows Cl to take up two 

different environments in the two molecules of the asymmetric unit and 

the torsional angle data shows a 10 degree difference in the C4-Cl 

torsion angle (TO) for the two molecules. It is this difference in the 

two molecules which is observed in the 13c NMR spectrum for Cl. The 

least square fit also shows CS, C6, C7, CB, C9, and C16 to take up 

different orientations in the two molecules. This is reflected in the 

13c r R spectrum where Cl6 appears as two distinct resonances and CS 

and C7 have resonances which are unusually broad. The resonances for 

C8, C9, and C6 are naturally broadened by nitrogen interaction. There

fore it is impossible to determine how these resonances are affected by 

the nonequivalence of the two molecules. 

A single crystal X-ray analysis of (+)-rnethadone.HBr shows the 

olecule to crystallize in the space group Pl, with two non-congruent 

olecules in the asymmetric unit. The torsional angles are given in 

Table I. The angles show that the two molecules of the plus enantiomer 

are in conformations very similar to the two molecules of the racemic 
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Table IV 

Torsional Angles for (+,-)- ethadone.HCl and (+}-Methadone.HBr 

Torsion Angle (+,-)-Methadone.HCl (+)-Methadone.HBr 

Type 1 Type 2 Type 1 Type 2 

TO(C4-C3-C2-Cl) 168 158 166 162 

Tl(CS-C4-C3-C2) 173 178 171 174 

T2(C6-C5-C4-C3) 77 70 74 72 

T3(Nl-C6-C5-C4) -151 -147 -149 -147 

T 10 { C7-C6-CS-C4) 89 90 92 91 

Tll(C8-Nl-C6-C5) 59 54 71 72 

T4(C9-~l-C6-CS) -70 -74 -57 -57 

T8(Cll-C10-C4-C3) 91 91 94 94 

T9(C17-C16-C4-C3) 161 163 166 163 
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Figure 7 
A least squares fit of the two noncongruent molecules of (+,-)-methadone hydrochloride. 

~ 
........ 
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mixture. Therefore it is not surprising to find two resonances for Cl6 

and broad resonances for CS and C7 as in the case of the racemic mix

ture. Of major interest is the fact that TO shows only a 4 degree 

difference for the two molecules of the plus enantiomer, where it shows 

a 10 degree difference for the two molecules of the racemic mixture. 

This is reflected in the NMR spectra, where the racemic mixture has two 

distinct resonances for Cl but the plus enantiomer has a single reso

nance for Cl. The N-0 distances for the two molecules are approximately 
0 0 

3.7 A, and the H-0 (N-H-O=C) distances are about 4.3 A. These distances 

show that neither molecule of methadone forms an intramolecular hydrogen 

bond. 
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3.2 Alpha Acetylmethadol.HCl 

The CP/MAS spectra of the racemic mixture of alpha acetylmethadol. 

HCl, and (+)-alpha acetylmethadol.HCl are shown in Figure 8. Figure 9 

shows the CP/MAS spectrum of +alpha acetylmethadol.HCl before and after 

recrystallization. The chemical shifts of carbons in all three of the 

compounds are listed in Table V. 

The CP/MAS spectrum of the racemic mixture shows a single resonance 

for each carbon, where the assignment of chemical shifts are based on 

those obtained from solution (co2cl 2) and integration of the solid 

spectrum. A single resonance for each carbon indicates that only one 

conformation exist for the racemic mixture in the solid state. C3 shows 

a single resonance at o -80 ppm. This is consistent with those chemical 

shifts found for carbinol carbons where no form of hydrogen bonding can 

oc~ur.33 The carbonyl carbon has a chemical shift which is also consis

tent with a nonhydrogen bonded environment. Therefore the conformation 

of the-racemic mixture of alpha acetylmethadol.HCl in the solid state 

must be of a nonhydrogen bonded form. 

The CP/MAS spectrum of the plus enantiomer shows a drastic change 

from what is observed for the racemic mixture. Each carbon in the 

compound shows several resonances of unequal integrated areas, indi

cating the plus enantiomer to be polycrystalline. A set of resonances 

which appeared for one crystalline form of the plus enantiomer are 

consistent with those of the racemic mixture. This shows that one 

crystalline form of the plus enantiomer has a conformation which is 

similar to that of the racemic mixture. 
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C4 C23 ,Cl,C7 
C16 

C22 
Cll C3 C2 

C8,9 
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(a) 

Figure 8. 

The CP/MAS spectra of alpha acetylmethadol hydrochloride as the a) 

racemic mixture (2.5 KHz) and b) plus enantiomer (3.5 KHz). 
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The CP/MAS spectra of +alpha acetylmethadol.HCl a) before 

recrystallization (3.5 KHz) and b) after recrystallization in ethyl 

acetate (2.5 KHz). 
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Table V 

The 13c NMR chemical shifts for the racemic mixture of alpha acetyl-

methado 1 . HCl and the plus enantiomer as solids. 

Carbon # Racemic plus enantiomer plus enantiomer 
(powder) (crystal) 

Cl 10.73 10.55 10.54 

C2 24.84 26.30 26.28 
24.58 24.76 

23.95 

CJ 78.88 79.22 79.16 
75.65 78.25 

75.10 

C4 55.07 55.11 55. 71 
54.25 54.78 

53.69 

cs 42 42.99 45.10 
37.63 42.34 

36.58 

C6 57.5 59.67 59.80 
57.50 56.26 

C7 10.73 17.59 21.43 
12.30 17 .63 

12.33 
9. 52 

C8,C9 42 42 42 
37 37 37 

C10~Cl6 142.06 143.98 144.07 
137.96 143.21 142.95 

137.60 142.07 
140.31 
137.66 

C22 171.86 172.01 172.27 
170.25 170. 23 

C23 22.21 20.20 22.74 
20.15 
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The CP/MAS spectrum obtained for the plus enantiomer before recrys

tallization has features in common with that obtained for the enantiomer 

after recrystallization. However, it does not show a set of resonances 

corresponding to those obtained for the racemic mixture. The spectrum 

shows two resonances of equal integrated areas for each carbon in the 

compound. This indicates that either two crystalline forms are present 

or that one crystalline form exists with two non-congruent molecules. 

The former explanation is preferred since each carbon shows two reso

nances which differ significantly in chemical shift. 

An X-ray analysis 6 (single crystal) of the racemic mixture of 

alpha acetylmethadol.HCl showed the molecule to crystallize in the 

space group P21/c, with one molecule in the asymmetric unit. The N-to-
0 

01 and N-to-02 were found to be 4.88 and 5.34 A, indicating no possibi-

lity of hydrogen bonding in the solid state. These data agree with 

that obtained by NMR, where the possibility of having only a single 

n:m-hydr_ogen-bonded conformation was found. Torsi ona 1 angles are given 

in Table VI, and the molecule is shown in Figure 10. 

An X-ray analysis of the plus enantiomer (single crystal) shows one 

molecule in the asymmetric unit. A detailed structure of this molecule 

was not determined, but it is believed that this molecule has the same 

conformation as that of the racemic mixture, since the predominant crys

talline form has chemical shifts like those of the racemic mixture. 
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Table VI 

Torsional angles for (-)-alpha methadol.HCl and (+}-alpha acetyl

methado 1. HCl. 

Torsion angle (-}-alpha methadol.HCl (+}-alpha acetylmethadol.HCl 

TO (C4-Cl} -176.5 -170.7 

Tl ( C5-C2} -170.5 -179.4 

T2 (C6-C3} - 77.5 -170.7 

T3 (C4-N} 116.1 -146.2 

T4 (C5-C9} 75.5 - 61.0 

T8 ( C3-Cl5) - 67 .1 - 96.9 

T9 (C3-C17) 178.8 -156.0 

TlO ( C4-C7) -120.1 91.2 

TU ( C5-C8) -158.2 170.5 
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{a) 

{b) 

Figure 10. 

The X-ray structure of a) -alpha methadol.HCl and b) +alpha acetyl

methadol. HCl. 
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3.3 Alpha Methadol.HCl 

Figure 11 shows the CP/MAS spectra of the racemic mixture and the 

minus enantiomer of alpha methadol.HCl. The chemical shifts for both 

molecules are given in Table VII. 

The solid state spectrum of the racemic mixture is nearly identi

cal to the 13c NMR spectrum obtained in co2c12. Therefore the res

onances observed in the solid state are easily assigned by comparing to 

those of solution. Two important features are noted in the CP/MAS 

spectrum. First of all, there is only one distinct resonance for each 

13c nucleus. This shows that only one conformation for the molecule 

exist in the solid state. Secondly, the chemical shift of C3 (o = 80) 

is larger than that normally observed for a carbonyl carbon ( o= 70 

ppm).34 This abnormal downfield shift for C3 indicates that there is a 

strong possibility of intramolecular hydrogen bonding at C3 in alpha 

methadol.HCl in the solid state. 

T~e CP/MAS spectrum of the minus enantiomer is much more compli

cated than that obtained for the racemic mixture. In this spectrum more 

than one resonance occurs for many of the carbons, which shows that more 

than one conformation of the minus enantiomer exist in the solid state. 

Although-the spectrum is complex a comparison of chemical shifts shows 

the minus enantiomer to contain a set of resonances nearly identical to 

those of the racemic mixture. For instance (refer to Table VI) C3, C5, 

and C2 have two resonances each which are close in chemical shift to 

those of the racemic mixture. C4 has two resonances whose chemical 

shifts are nearly an average of that obtained for the racemic mixture. 



(a) 

ClO, 16 C4 Cl 

C3 C2 C7 

c~ I I 
"ca.g UL,... 

(b) 

3801!! 21!!00 1800 

Figure 11. 

The· CP/MAS spectra of a) the minus enanthiomer and b) the racemic 

mixture of alpha methadol.HCl. 
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Table VII 

13c NMR chemical shifts for(+,-)- and (-)-alpha methadol.HCl as 

sol ids 

Carbon# Racemic single isomer 

Cl 10.34 10.66 (4A,28) 

C2 26.22 26.39 (2A') 
25.83 (2A I I) 

30.05 (28) 

CJ 80.32 81.87 {2A') 
81.18 ( 2A 11 

) 

71.16 (28) 

C4 54.85 55.81 (2A', 18') 
53.43 (2A11 ,18 11

) 

cs 49.52 48.95 (2A') 
48.00 (2A I I) 

31.98 (28) 

C6 60.46 61.50 

C7 16.24 16.48 

C8,C9 40.84 42.63 
35.85 36. 72 

Cl0,C16 148.13 148.35 ( 2A') 
139.17 147.76 ( 18 I) 

146.94 ( 2A , , , 1B , , ) 
143.94 ( 18 I) 
143.06 (2A') 
140. 71 ( 2A 11 

) 

140.12 (18 I I) 



59 

The rest of the carbons have resonances very nearly the same as those of 

the racemic mixture. From this comparison it is obvious that some of 

the molecules in the minus enantiomer have nearly the same conformation 

as that found for the racemic mixture. In order to make a complete 

assignment of all resonances in the CP/MAS spectrum,it was necessary to 

use the D-D experiment and integration of the 13c spectrum. The CP/MAS 

and D-D spectra are shown in Figure 12. In the D-D spectrum two reso

nances which integrate with a 3:3 ratio occur for C4. The downfield 

region shows multiple resonances for the carbons Cl0 and C16 which can 

be integrated to give a 2:1:3:1:2:2:1 ratio. The nitrogen broadened 

resonances in the 0-0 experiment are assigned to CB and C9, while the 

remaining one in the CP/MAS spectrum is assigned to C6. The resonances 

for C3, CS, and C2 which have been assigned by comparing the racemic and 

single enantiomer chemical shifts have integrated areas which are smal

ler than that for the carbons already assigned. Therefore these carbons 

must have other resonances associated with them and these resonances 

must not occur in the 0-D experiment. Three such resonances exist and 

are assigned to these carbons such that each of these carbons have three 

resonances which are in a 2:2:2 ratio. With these assignments all 

methyl and nonprotonated carbons, and all methine and methylene carbons 

integrate with the same relative ratios. These assignments show that 

the minus enantiomer of alpha methadol.HCl has at least six molecules in 

the solid state. Four of these molecules (form A) have 13c chemical 

shifts nearly identical to those of the racemic mixture and are there

fore believed to have a conformation(s) nearly identical to that of the 
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(b) 

Figure 12. 

The CP/MAS spectra obtained for minus alpha methadol.HCl a) with and b) 

without dipolar dephasing. 



61 

racemic mixture. The other two molecules (form B) are nearly identical 

to one another but must have conformation(s) which are much different 

from the racemic mixture, since their chemical shifts differ significant

ly. These two molecules (form B) show an upfield shift for the C3 

~esonance (as compared to form A) which indicates that they exhibit no 

hydrogen bonding. CS also shows a significant upfield shift. One way 

in which this could occur is if protons on carbons gamma to C5 come 

nearer to the protons on C5 in form B than in form A. In summary the 

most significant feature shown in the solid spectrum of the minus 

enantiomer is that at least six molecules exist in the solid state 

where four of the molecules have hydrogen bonded conformations while the 

other two molecules have nonhydrogen bonded conformation(s). 

The 13c NMR data obtained for the alcohol shows features which are 

consistent with the acetate data. Both compounds have more than one 

resonance for a given carbon in the solid spectrum and both compounds 

show the same temperature dependences in solution. Since the alcohol 

and acetate behave similarly, it is most likely that the alcohol is also 

polycrystalline. The most probable case being that the alcohol has two 

different crystalline forms. Crystalline form A exist with four hydro

gen bonded molecules in the asymmetric unit. Two of the molecules (2A') 

are identical but different from the other two identical molecules 

(2A"). Crystalline form B has two nonidentical molecules (B',B") in 

its asymmetric unit which are different form those of form A. 

The X-ray analysis 6 (single crystal) of the racemic mixture of 

alpha methadol.HCl shows the molecule to crystallize in the space group 
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P21/c, with one molecule in the asymmetric unit. The N-to-0 distance is 
0 

found to be 3.1 A, indicating a weak intramolecular interaction between 

the nitrogen proton and the hydroxyl oxygen. This data is totally 

consistent with that found from the NMR analysis where only one intra

~olecular hydrogen bonded conformation was expected. The molecule is 

shown in Figure 10 and torsional angles are given in Table VI. 

A single crystal X-ray analysis of the minus enantiomer shows that 

four molecules exist in the asymmetric unit. The exact structures of 

these molecules were not determined and no attempt was made to find 

another crystalline form. It is believed that these molecules are of 

crystalline form A, where two of the molecules are identical but diffe

rent than the other two identical molecules. It is also believed that a 

X-ray study on many of the single crystals of the minus enantiomer would 

show that a small percent of the crystals have two molecules in the 

asymmetric unit. 
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3.4 Beta Methadol.HCl and Beta Acetylmethadol.HCl 

The CP/MAS spectra of (+}-beta methadol.HCl and (-}-beta acetyl

methadol.HCl are shown in Figure 13. The chemical shifts for the car

bons in both compounds are given in Table VIII. 

The 13c NMR chemical shifts for (+}-beta methadol.HCl were assigned 

by comparing the solid state and solution NMR data. Like the alpha 

isomer, nearly each carbon in this compound has two resonances of equal 

integrated areas. The resonances of C3 (o N 70 ppm) for the beta 

isomer indicate that the compound does not consist of molecules which 

are intramolecularly hydrogen bonded in the solid state. The alpha 

isomer has molecules which are intramolecularly hydrogen bonded in a 

2:1 ratio with molecules which have no hydrogen bonding. The alpha 

isomer shows new resonances at low temperature. The beta isomer does 

not show new resonances at low temperature but the resonances do become 

broad as the temperature is dropped. The occurrence of broad resonances 

could indicate different conformations to be present at room tempera

ture which begin to become distinct at -9s0c. Since distinct reso

nances were not observed for the beta isomer, it is clear that if more 

than one ~onformation exist in solution the conformations are more 

alike than those of alpha methadol. This agrees with the solid spec

tra, where the beta isomer has resonances which are closer in chemical 

shift than those of the alpha isomer. 

•• The 13c NMR chemical shifts for (+)-beta acetylmethadol.HCl were 

assigned as in solution. Three important features are noted in the 
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Figure 13. 

The CP/MAS spectra of a) ~~beta acetylmethadol.HCl and b) ~}-beta 

methado l . HCl. 
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Table VIII 

The 13c NMR chemical shifts for (+)-beta methadol.HCl and (-)-beta 

acetylmethadol. HCl in the solid state. 

Carbon# 

Cl 

C2 

C3 

C4 

cs 

C6 

C7 

C8,C9 

ClO ,C16 

C22 

C23 

(+)-beta methadol.HCl 

13.19 
11.17 

29.44 
27.57 

71.63 
69.02 

55.27 
53.99 

44.48 
39.80 

60.20 
59.02 

19.95 
13.19 

43.79 
34.96 

144.86 
144.27 
143.69 

(-)-beta acetyl.HCl 

11.02 

23.65 

77. 72 
73.61 

54.51 
52.57 

39.52 
35.70 

58.34 

18.66 
11.02 

42.46 
36.58 

142.07 
138.54 

173.51 
167.93 

18.66 
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CP/MAS spectrum. First of all more than one resonance occurs for nearly 

every carbon in the compound. Secondly, the resonances are extremely 

broad. Third of all the resonances assigned to any carbon do not inte

grate with 1:1 ratios. The beta acetyl isomer shows unusually broad 

resonances in the 13c NMR spectrum at low temperature, whereas the alpha 

acetyl isomer shows distinct conformations. The chemical shift of C3 

indicates that the molecules in the solid state for the beta and alpha 

isomers do not hydrogen bond. In summary, it appears that the beta 

isomer does consist of different crystalline forms which are rot hydrogen 

bonded. These crystalline forms must be more alike than those of the 

alpha isomer since low temperature cannot separate them. 



4. SOLUTIONS: RESULTS AND DISCUSSIONS 

In recent years researchers have compared the chemical shifts 

obtained from the solid with those of solution. The assumption has 
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been that when the chemical shifts in the solid and in solution are 

alike, the molecules in solution have the conformation of the molecules 

of the solid. This is a very useful assumption, for if X-ray data is 

available the solution conformation is known. 

In this section solution data for methadone, the methadols, 

and the acetylmethadols are compared with that obtained for the solid. 

When the chemical shifts in solution are like that of the solid, the 

solution is assumed to consist of molecules whose conformations are 

like those of the solid. Three bond coupling constants, measured in 

solution, are then compared to those which are predicted from X-ray 

data to determine if the molecules in solution and in the solid are of 

the same conformation. 

13c and 1H NMR data were acquired using an IBM NR 100 AF and/or a 

Brucker WM 250 spectrometer. The experiments used to assign 13c and 1H 

NMR spectra and to obtain three bond coupling constants are discussed in 

section 2.2. 
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4.1 Methadone.HCl 

The 13c and lH NMR spectra of the of methadone.HCl were assigned 

using shift correlation and J resolved spectroscopy. The 13c NMR 

chemical shifts for this compound in co2c12 and in DMSO-d6 are given in 

Table IX. 

Figure 14 shows the contour plot and 13c NMR spectrum generated by 

J-resolved spectroscopy. The nonprotonated, methine, methylene carbons 

are assigned to those resonances which have singlets, doublets, and 

triplets in their cross section~ respectively. The methyl carbons show 

doublets in the contour plot because the outer resonances of the 

"typical" quartet are weak and commonly are absent in this experiment. 

The individual cross sections for the methyl carbons show very weak 

signal in the positions where the outer lines of the quartet should 

appear. Figure 15 shows the expanded contour plot for the alkyl re

gion. Here it is easily seen that the resonance for CS (triplet cross 

section) is between those resonances assigned to the NCH3 carbons. All 

like carbons were assigned to resonances based on deshielding princi

ples. 

The results of the shift correlation experiment are shown in Figure 

16. This experiment generates a 13c (Fig. 16k} and a 1H (Fig. 16b) 

NMR spectrum along two perpendicular axes. The cross section of any 

particular carbon resonance contains the resonances of protons which it 

has direct interaction with. These cross- section are shown in figures 

16c through 16j. Since the 1H spectrum (Fig. 16b) generated by this 

experiment is not well resolved, the typical 1H NMR spectrum is shown 



Table IX 

The 13c NMR chemical shifts for (+,-)-methadone.HCl in the solid 

state, in DMS0-d6, in co2c12, and at -9o 0c. 

Chemical Shifts 

Carbon# Solid co2c12 DMS_0-d6 CD2c12 (-9o 0c) 

1 9.83 9.35 9.22 8.31 
8.73 

2 33.07 33.24 32 .31 32.01 

3 209.65 211.04 210.48 

4 64.63 65.31 64.49 63.31 

5 37.92 39.00 38.14 36.98 

6 58.37 59. 71 58.83 58.05 

7 18.03 16.36 14.60 15.92 

8,9 41.02 40.31 38.66 40.10 
33.64 37.97 37.87 35.86 

10, 16 143. 28 140.43 140.49 139.28 
141.83 140.25 140.03 138.99 
141.09 
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Figure 14. 

The contour spectrum of methadone.HCl generated by 2D J resolved 

spectroscopy. -4 Sixty four individual expe_riments incremented by 5.3xl0 

second intervals were required to obtain this spectrum. 
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The alkyl region of methadone.HCl. This expanded region shows that the 

different types of carbons are easily distinguished by the cross 

section produced. 
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The shift correlation spectrum of metha~one.HCl. The 13c projection (k) 

and individual carbon cross sections (c-j) generated with 126 experiments 

incremented in .000588 seconds. The proton NMR obtained with the a) 11typi -

cal 11 method and b) projected by this experiment are shown for comparison. 
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(fig. 16a) in order to make comparisons more easily. The typical 1H 

NMR shows a doublet and a triplet in the most upfield region. These 

protons can be easily assigned to the methyl protons on C7, and the 

methyl protons of Cl respectively. The first two resonances in 13c NMR 

contain the triplet and the doublet in their cross section (Figure 16j 

and 16i), respectively. This confirms the earlier assignments of Cl and 

C7 which were based on deshielding principles. The cross sections of 

the methylene carbons C2 and CS, show that one proton on CS overlaps in 

the 1H NMR spectrum with both protons of C2. The cross sections of CS 

and C6 show that the proton of C6 and the other proton on CS overlap in 

the proton NMR. The cross sections of both of the NCH3 carbons contain 

the resonances at 250 Hz in the 1H NMR. Careful inspection of the 

cross sections shows that the most upfield NCH3 carbon corresponds to 

the·most upfield doublet in the 1H NMR. By selectively irradiating 

the NH proton (11 ppm) both of the NCH3 doublets collapse to singlets. 

Irradiation experiments and integration of the 1H spectrum were per

formed to confirm the assignments made by the shift correlation·experi

ment. 

The 13c NMR spectra of methadone.HCl as a solid, in co2c12, and in 

DMSO-d6 ~re shown in Figure 17. The chemical shifts of carbons in all 

three spectra are given in Table IX along with those obtained in 

co2c12 at -9s0c. The chemical shifts in all four cases are nearly 

identical, but small changes do occur. For instance C7 and the protons 

on C7 occur at different chemical shifts in the two solvents in the 13c 

and 1H NMR spectra. This change may be due to a change in conformation 
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(b) 

(a) 

!IH 2UB 
HERTZ 

Figure 17. 

The 13c NMR spectra of methadone,HCl a) as a solid, b) in co2c12, and c) 

in DMSO-d6. 
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and/or steric effect which is due to the solvent. All other carbons in 

the molecule show a slight upfield shift in DMSO-d6 as compared to 

co2c12. Other changes observed in the 1H NMR were for the methine 

proton on C6 and the nitrogen proton. Both of these protons showed an 

upfield shift in DMSO-d6 from what was observed in co2c12. The differ

ence observed in the two solvents may be attributed to DMSO-d6 inter

acting with the molecules of methadone and producing a steric hindrance 

which causes an upfield shift in some of the 13c and 1H chemical shifts. 

The 13c NMR chemical shifts indicate that the molecules of methadone are 

in nearly the same conformation in both solvents. Since the chemical 

shift of C3 did not show a significant difference in the two solvents, 

it is believed that the molecules in both solvents are not hydrogen 

bonded. 

The low temperature spectrum of methadone.HCl in co2c12 showed 

only one conformation of the molecule to exist at -9s0c. The chemical 

shifts compare well to those obtained at room temperature but, as in 

the cas~ of DMSO-d6, all chemical shifts at low temperature are .shifted 

upfield from those obtained at room temperature. This could be due to a 

referencing problem, where the solvent resonances actually change their 

chemical shift at low temperature. However all carbons do not shift by 

the same amount and a correction was not placed on the referencing. 

Since no drastic changes in chemical shifts occurred and since the low 

temperature spectrum showed a single reso~ance for each carbon, the 

conformations at room and low temperature are expected to be nearly 

identical. 
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Since the chemical shifts in solution and at low temperature com

pare well with those in the solid, the conformation of methadone.HCl 

must be nearly identical in all cases. In order to show that the 

conformation of methadone.HCl remains the same in solution as in the 

solid, three bond coupling constants were measured. 1H-13c three bond 

coupling were measured using the selective J resolved and INEPT experi

ments. In both of these experiments a single proton group must be 

irradiated. Due to the overlapping resonances in the 1H NMR spectrum, 

the hydrogens on C2 were exchanged with deuterons and therefore allowed 

the experiments to be feasible. Table X shows the three bond coupling 

constant measured in co2c12 from the proton NMR (1), the INEPT experi

ment (2), and the selective J resolved experiment (3). Only the proton 

coupling constants were measured in DMSO-d6, and show nearly the same 

coupling as found in co2c12. The torsional angles corresponding to the 

coupling constants measured are given in Table X along with the coupling 

constants which equations A and B (p. 77 ) predict for these angles. 

Equation A has been used in systems similar to methadone and ha~ pro

vided "expected" results. 35 A 11 three bond coupling constants measured 

by the selective J resolved experiment agree with those which are pre

dicted from X-ray data and equation A. The three bond coupling constant 

measured.by the INEPT agrees well with that predicted from X-ray data. 

An angle of 152 degrees will give the coupling measured, whereas X-ray 

data shows an angle of 165. This difference could show that the confor

mation around a particular bond axis is slightly different in the solid 

and in solution, or it could indicate that the coupling constant 
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Table X 

Measured and calculated three bond coupling constants for methadone. 

HCl. Three bond coupling constants of racemic methadone.HCl in 

~o2c12, measured in the 1H NMR (1), by the INEPT experiment (2), and 

by selective J resolved spectroscopy (3). Also shown are the 

torsional angles obtained from X-ray{(+)- methadone.HBr) and the 

coupling constants which equations A and B predict for these angles. 

equation A: 3 = 4.26 - cos(S) + 3.56 cos(28) J1 -13 
H C 

equation 3 2 B: J1 -1 = 11.Scos (8) -.3 
H H 

Dihedral Angle calculated Predicted 3J Measured 3J 
angle from X-ray data eqns. A&B ( CD2Cl 2) 

H5A-C3 164.9 8.3 7 .o (2) 

H5A-Cl0 47.6 3.3 3.13±.63 (3) 

H5A-C7 29.4 5.2 5.94±.63 (3) 

H6-C8 45.1 3.5 3.76±.63 (3) 

H5A-H6 148.5 8.3 9.4 (1) 

H5B-H6 - 93.1 -.3 0 {l) 
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measured is in error. An error in measurement could arise if incomplete 

elimination of coupling interactions from protons other than H5A occur

red in the INEPT experiment. In either case, the measured coupling and 

that predicted from X-ray data are within 13 degrees, and are considered 

~o be due to approximately the same conformation. 

The Karplus equation (equation B) which is used to predict the 

relation between dihedral angle and coupling constant for 1H-1H inter

actions was chosen from a series of curves. 36 The general form of the 

equation for each curve is the same; however,the coupling constant 

associated with any given angle may be different for each equation. 

Since the three bond 1H-13c coupling constants show methadone.HCl to 

retain the solid state conformation in solution, the best Karplus equa

tion was considered to be the one which would predict the measured 1H-1H 

coupling constants by use of the angles obtained from X-ray. With this 

Karplus equation (equation B), only a small difference is seen between 

the coupling constants measured (H5-H6) and those calculated. 

In summary, the coupling constants measured in solution agree with 

those predict from X-ray data, supporting the argument that when the 

chemical shifts obtained for the solid and from solution are nearly 

identical, the conformations are also nearly identical. This study has 

also provided a Karplus equation which may be used for similar systems. 
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4.2 Alpha Methadol. HCl 

The 13c and 1H NMR spectra of alpha methadol.HCl were assigned 

using 2-D J resolved and shift correlation spectroscopy. The 13c NMR 

chemical shifts for this compound in co2c12 and in DMSO-d6 are given in 

Table XI. 

Figure 18 shows the contour plot which is generated in by J re

solved spectroscopy. This spectrum shows the carbinol carbon (C3) as 

the most downfield resonance in the alkyl region. The cross section of 

the resonance assigned to C4 contains a singlet, and those assigned to 

CS and C2 contain triplets. The chemical shifts of C2 and C4 are 

upfield as compared to methadone, while CS is downfield. Substitution 

of a carbonyl with a hydroxyl group causes an upfield shift for alpha 

carbons. Carbons beta to this type of substitution generally shift 

downfield. However the shift of CS is much larger than expected and is 

possibly due to more steric hindrance at CS in the ketone than in the 

alcohol. This steric hindrance could arise from aromatic ring hydro

gens coming nearer to the hydrogens at CS in the ketone than in the 

alcohol. 

Figure 19 shows the results of the shift correlation experiment. 

The typi~al 1H projection is shown below the cross sections taken for 

each carbon for comparison purposes. The cross sections of C7 and Cl 

contain resonances which correspond to the most upfield multiplets in 

the 1H spectrum. The cross section of Cl shows that this carbon has 

strong coupling to the protons on C2. Therefore the resonances for Cl 
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Table XI 

13c NMR chemical shifts for alpha methadol.HCl as a sol i d, i n CD 2 C 1 2, 

in DMSO-d6, and at -90°C (CD2Cl2). 

Chemical Shifts 

Carbon# Solid (minus CD2Cl2 DMSO-d6 -9o0c (CD2Cl2) 
enantiomer) 

Cl 10.66 (4A,28) 11.44 11.21 11.61 

C2 26.39 (2A') 25.94 25.81 27.10 
25.83 (2A I I) 24. 32 
30.05 (28) 

C3 81.87 (2A') 81.45 74.34 83.04 
81.18 (2A") 73.83 
71.16 (28) 

C4 55.81 ( 2A 1 
, 1B' ) 56.09 54.63 55.39 

53.43 ( 2A I I , 1B I I ) 

cs 48.95 (2A') 46.18 40.35 47.00 
48.00 (2A I I) 39.84 
31.98 (2B) 

C6 61.5 60.51 58.73 60 .17 
58.32 

C7 16.48 14.75 15.63 17.70 
14 .14 

C8.C9 42.6 (4A,2B) 41.58 38.70 42.76 
36.7 (4A,2B) 36.96 36.23 

C10,Cl6 148.35 (2A') 146. 77 144.87 148.90 
147.76 (1B I) 141.88 143.97 145.51 
146.94 ( 2A' ' , 18' ) 142.72 
143.94 (1B') 141. 60 
143.06 (2A') 
140. 71 ( 2A I I) 

140.12 (1B I I) 
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Figure 18. 

The contour plot for alpha methadol.HCl generated by 20 J resolved 

spectroscopy with 64 experiments incremented in equal steps. 
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The 13c projection and individual cross sections generated by shift 

correlation spectroscopy. Sixty four experiments incremented in equal 

steps were used to obtain the correlation diagram. 
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and C7 can be distinguished by comparing the cross sections of these 

carbons with that of C2. The NCH3 signals have cross section which 

contain the 1H resonances at 250 Hz. The cross section of CS contains 

two resonances in the 1H spectrum. One resonance is directly upfield 

and the other directly downfield form the NCH3 resonances. The cross 

sections of C3 and C6 show these carbons to be correlated with the most 

downfield alkyl resonances. Selective irradiation experiments and pro

ton integration confirmed the assignments made by the shift correlation 

spectroscopy. 

The 1H NMR spectra for alpha methadol.HCl in co2cl 2 and in DMSO-d6 

show differences. Three bond coupling constants in both solvents are 

given in Table XII. These constants show that the molecules in DMSO-d6 

and the molecules in co2c12 have different conformations. The H6-H5 

coupling constants measured in DMSO-d6 predict angles which are nearly 

those obtained for (+)-methadone.HBr by X-ray analysis. Therefore the 

orientation around the C5-C6 bond axis must be nearly identical for the 

alcohol. and the ketone. An explanation of the differences observed in 

the 1H spectra is that in DMSO-d6 an intermolecular interaction is 

formed between the solvent molecules and the molecules of alpha methadol 

HCl. However, in co2c12 less intermolecular interaction between solvent 

and alphi methadol.Htl molecules exist. This allows the molecules in 

CD2Cl2 to remain in an intramolecularly hydrogen bonded conformation 

similar to that of the solid state. 

The 13c NMR spectra obtained for alpha methadol.HCl in the solid 

state, in co2c12, and in DMSO-d6 are shown in Figure 20. The chemical 
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Table XII 

Measured and calculated three bond coupling constants for alpha 

methadol.HCl. Columns III and IV give the three bond coupling con

~tants in DMS0-d6 and in CD2cl 2 for alpha methadol.HCl. The dihedral 

angles obtained from X-ray data and the coupling constants which 

equations A and B (p.77} predict for these angles are given in columns 

I and II. Columns V and VI give the coupling constants and predicted 

angle for the 80% conformer in CD2Cl 2 ( see text}. 

Torsional 
angle 

Cl-H3 

H2A-H3 

H2B-H3 

H3-C5 

H3-Cl6 

C3-H5A 

Cl6-H5B 

C4-H6 

H5A-C7 

H5B-C7 

H5A-H6 

H5B-H6 

H6-C8 

H6-C9 

I 

68.7 

-51. 7 

-162.2 

-53.4 

-175.1 

160.7 

170.1 

3.4 

.5 

116.5 

124.1 

-119.9 

-41.7 

-168.1 

II 

1.3 

4.2 

10.4 

2.6 

8.8 

8.0 

8.6 

6.8 

6.8 

2.6 

3.4 

2.6 

3.9 

8.5 

III 

0 

8.8 

8.5 

0 

IV 

4.4±.63 

2.7 

10.5 

3.8±.63 

6.3±.63 

6.6±2.50 

6.3±1.25 

4.4±1.25 

8.8±2.50 

4.4±1.25 

6.3 

2.3 

5.0±1.25 

4.4±1.25 

V 

3.4 

10.9 

5.8 

2.9 

VI 

56 

167 

136 

121 
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Figure 20. 

13c NMR spectra of alpha methadol.HCl a) ·as a solid (minus enantiomer), 
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shifts are given in Table XI along with those obtained in co2c12 at 

-9o0 c. The chemical shifts of the carbons in co2c12 compare well with 

those observed for crystalline form A of the solid. From previous 

arguments (methadone case) this implies that the conformation of the 

alcohol in co2c12 is similar to crystalline form A of the minus enantio

mer and therefore to the conformation of alpha methadol.HCl reported for 

the racemic mixture. Low temperature results show alpha methadol.HCl to 

consist of a mixture of conformations in co2c12. One of these conforma

tions has nearly the chemical shifts obtained in co2c12. The other 

conformation has chemical shifts which are like those obtained for alpha 

methadol in DMSO-d6. An 80/20 weighted average of the chemical shifts 

for C3 and CS in the low temperature spectrum provides the chemical 

shifts obtained at room temperature. Therefore the room temperature 

spectrum (co2cl 2) is actually an average of two contributing conforma

tions. One conformation (80%) has chemical shifts like those found for 

crystalline form A of the solid. The other conformation (20%) has 

chemical shifts which are like those found for alpha methadol.HCl in 

DMSO-d6. The chemical shifts in DMSO-d6 are also similar to those of 

crystalline form B of the solid with the exception of CS. The chemical 

shift of this carbon is more upfield in the solid than in solution. 

This could be due to an aromatic hydrogen being nearer to the hydrogens 

on CS in the solid than in solution. 

Three bond coupling constants measured in the 1H spectrum and by 2D 

selective J resolved spectroscopy are given in Table XII. These cou

pling constants give valuable data to ascertain the contributing confor-
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mations in solution. The 1H-1H three bond coupling constants measured 

in DMSO-d6 correspond to the angles which methadone has in the solid 

state. This fact along with the chemical shift data for C3 and CS 

suggest that in DMSO-d6 alpha methadol.HCl has a conformation which is 

similar to that of the ketone. And as mentioned earlier, this confor

mation is proposed to be that of crystalline form B because of chemical 

shift data. Since the chemical shifts in co2c12 and those of crystal

line form A are very similar and since the low temperature results show 

the minor component to be like that in DMSO-d6, it is believed that in 

co2c12 alpha methadol.HCl consist mainly of molecules which are inter

nally hydrogen bonded with a small fraction of molecules which have 

conformations like that in DMSO-d6 (no internal hydrogen bonding}. With 

this information it is possible to get an idea of the conformation of 

the 80% structure in co2c12. First of all, table XI shows that the 

coupling constants measured in co2c12 and those predicted by X-ray data 

for the racemic mixture of alpha methadol HCl to be different. Weight

ing the coupling constants obtained in DMSO-d6 as 20% and compa~ing to 

those obtained from co2c12 provides the coupling constants for the 80% 

conformer. These new coupling constants and the angle which they pre

dict are given columns V and VI in Table XI. The angles (calculated by 

the weignted average} show the 80% conformer in co2c12 to have torsional 

angles similar to those calculated from X-ray data for the racemic 

mixture. 

These data show that nearly identical chemical shifts obtained for 

the solid and in solution does not always imply that the same conforma-
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tion is present in both the solid and the solution. However, it does 

show that if solid and solution chemical shifts are nearly identical, 

the major conformation in solution must be like that obtained for the 

solid. This data also shows that the Karplus equation chosen to model 

the 1H-1H couplings in methadone.HCl, also works well for alpha metha

dol.HCl. 
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4.3 Alpha Acetylmethadol.HCl 

The 13c NMR chemical shifts and three bond 1H-1H coupling con

stants for alpha acetylmethadol.HCl are given in Table XIII. The 13c 

NMR chemical shifts in co2cli and in DMSO-d6 show differences for alpha 

acetylmethadol.HCl. This predicts that a conformational difference 

occurs which affects these carbons more than any other carbons in the 

molecule. The chemical shift for C3 and the carbonyl in each solvent 

is consistent with that obtained for these carbons alpha to an oxygen 

where no hydrogen bonding occurs. They are also consistent with the 

solid state NMR chemical shifts where the molecule is known to exist as 

a nonhydrogen bonded confirmation. Therefore the shifts in C3 and CS 

must be due to a steric hindrance effect and not due to a hydrogen 

bonded versus a nonhydrogen bonded conformation. 

• Like alpha methadol, low temperature data shows that alpha acetyl

methadol.HCl has more than one contributing conformation in co2c12. One 

of these structures (80%} has chemical shifts like those at room tem

perature, while the other (20%} has chemical shifts which move in the 

direction of those found in the room temperature DMSO-d6 spectrum. As 

in the case of alpha methadol.HCl, the low temperature and the solid 

spectrum-are very similar. And as in the case of alpha methadol.HCl, it 

is assumed that the minor conformer in co2c12 is similar to that ob

tained in DMSO-d6, since the low temperature results show the minor 

conformer to have chemical shifts like those in DMSO-ct6. 
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Table XIII 

The 13c NMR chemical shifts of alpha acetylmethadol hydrochloride as 

a solid, in co2cl 2, in DMS0-d6, and in co2cl 2 ~t -9o 0c. 

Carbon# Solid co2c12 DMSO-d6 -9o 0c CD2Cl2 
(racemer} 

1 10.73 11.01 10.60 11.31 

2 24.84 24.90 24.05 24.0 

3 78.88 78 .19 76.08 78.9 
74.4 

4 55.07 55.18 53.90 55.3 

5 42 41.56 38 .97 41.5 
37.6 

6 57.5 59.56 58.04 58.9 

7 10.73 14.36 14.16 14.0 
13.7 

8,9 42 40.53 38.63 41.2 
37 37.96 37.80 40.1 

37.2 

10,16 142.06 142.98 142.54 142.5 
137.96 141.20 138.2 

22 171.86 171. 75 170.63 172.3 

23 22.21 21.46 20.93 22.0 

H2-H3 10.2 8.8 
1.7 0 

H5-H6 10.1 10.3 
0 0 
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Three bond coupling constants measured from the 1H NMR spectrum 

show that the conformation around the C5-C6 bond axis does not change 

for the acetyl in the two solvents. However these couplings show large 

changes in the case of alpha methadol.HCl for the two solvents. The 

coupling constants measured in DMSO-d6 and co2c12 for the H2-H3 in

teractions show that the conformation around the C2-C3 does change, and 

that the change is in the same direction as that seen for alpha metha

dol.HCl. The interesting point is that the coupling constants in DMSO

d6 for the H3-H2 interactions are like those found for alpha methadol. 

HCl in DMSO-d6, showing the alcohol and the acetate to have similar 

conformations around t~e C2-C3 bond axis in DMSO-ct6. The chemical 

shift of CS is about the same for alpha methadol and the acetate in 

DMSO-d6, but not in co2c12 This shows that the steric hindrance placed 

at CS is nearly identical for the alcohol and the acetate in DMSO-d6. 

Since the H5-H6 coupling did not change but the H2-H3 coupling did, the 

steric hindrance may depend on the conformation around the C2-C3 bond 

axis. Weighting the DMSO-d6 conformer by 20%_(for the C2-C3 orienta

tion} and calculating the coupling constants for the 80% conformer in 

co2cl 2 gives a conformation for the C2-C3 bond axis which is similar to 

that obtained from X-ray. The coupling constants for the H5-H6 inter

actions could indicate that a mixture of conformers exist in both 

solvents. This is true because the two coupling constants measured for 

the HS-H6 interactions do not give reasonable dihedral angles, and 

the·refore a single conformation ( for that bond axis) cannot be pre

dicted. In conclusion, alpha acetylmethadol.HCl shows chemical shifts 
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which indicate that the molecules do not form intramolecular hydrogen 

bonds. They also show that the acetate consists of a mixture of con

formations in co2c12 and possibly in DMSO-d6. Based on 1H-1H coupling 

constants and chemical shifts, the conformation of the molecules in 

DMSO-d6 are only slightly different than those in co2c12. The chemical 

shift differences for a-acetyl methadol (from co2c12 to DMSO-d6) must 

be accounted for in terms of steric hindrance interactions and not in 

terms of intramolecular H-bonding, as in the case as the alcohol. 
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4.4 Beta Methadol.HCl and Beta Acetylmethadol.HCl 

The 13c NMR chemical shifts and three bond_ 1H-1H coupling con

stants for beta methadol.HCl in DMSO-d6 and co2c12 are given in Table 

XIV. The 13c NMR chemical sifts are nearly the same in the two sol

vents with the exception of CS where its chemical shift is moved to an 

upfield position in DMSO-d6. Since C3 does not show a significant 

shift, the shift of CS is attributed to a small steric interaction as 

in the case of alpha acetylmethadol.HCl. The 1H-1H three bond cou

pling constants measured in DMSO-d6 and co2c12 show that the conforma

tion around the CS-C6 bond axis remains nearly the same for the mole

cules of beta methadol in DMSO-d6 and in co2c12. However the conforma

tion around the C3-C2 axis does change by a measurable amount in the 

two solvents. The shift of CS could be either directly related to this 

change in orientation or it could be related to the effect that this 

change in orientation has on other parts of the molecule. For in

stance; if the orientation change at C2-C3 causes a phenyl ring to 

change orientations, then a proton on the phenyl ring could produce a 

different steric interaction at CS for the two solvents. 

The low temperature data shows that either beta methadol consist 

of a single conformation in co2c12 at room temperature or that the 

conformations at room temperature are nearly identical and do not 

separate at -9o0c. This is compared to the solid spectrum where two 

resonances occurred for each carbon. Since the alpha acetate and alpha 

methadol show different crystalline forms in their solids, it was 
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Table XIV 

The 13c NMR chemical shifts of (+)-beta methadol hydrochloride as a 

solid, in co2cl 2, in DMSO-d6, and at -9s 0c in co2c12. 

Carbon# Solid CD2Cl2 DMSO-d6 -95°c CD2Cl2 

1 13.19 11.65 11.26 11.04 
11.17 

2 29.44 26.44 25.65 24.89 
27.57 

3 71.63 73.84 73.12 69.56 
69.02 

4 55.27 55.53 54.04 53.85 
53.99 

5 44.48 42.62 38.49 41.61 
39.80 

-6 60.20 59.29 58.15 57.07 
59.02 

7 19.95 13.26 14.30 11.04 
13.19 

8.,9 43.79 41.84 38.49 41.61 
34.96 35.79 34.35 

10,16 144.86 145.16 145.31 142.89 
144.27 144.96 144.72 142.75 
143.69 

H3-H2 9.7 8.8 
0 0 

H6-H5 7.8 7.4 
0 0 
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assumed that the solid state of beta methadol also consisted of differ

ent crystalline forms. 

The 13c NMR chemical shifts of beta acetylmethadol HCl and three 

bond 1H-1H coupling constants are given in Table XV. All 13c NMR 

chemical shifts in DMSO-d6 and co2c12 are nearly identical and indicate 

that beta acetylmethadol.HCl retains the same conformation in both 

solvents. The 1H-1H coupling constants do show that the conformation 

around the C2-C3 bond axis may change with solvent. 

Low temperature data shows that either one conformation exist in 

co2c12 at room temperature or that conformations which are almost 

identical exist and are not separated at -9o0c. The CP/MAS spectrum 

does show that beta acetylmethadol. HCl consist of different crystal

line forms in the solid state, which cannot be confirmed by the low 

temperature data. Therefore the conformations must be very similar so 

that low temperature does not distinguish between them. 
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Table XV 

The 13c NMR chemical shifts of (-)-beta acetylmethadol hydrochloride 

as a solid. in co2c12• in DMSO-d6, and at -9o 0c in co2c12. 

Carbon# Solid co2c12 DMSO-d6 -9o 0c CD2Cl2 

1 11.02 10.89 10.47 10.02 
12.11 

2 23.65 25.44 24.20 24.84 
23.62 

3 77. 72 77.06 76.18 74.58 
73.61 

4 54.51 54.70 53.69 53.85 
51.57 52.00 

5 39.52 40.96 39.74 40.15 
35.70 37.57 

6 58.34 59.31 58.25 57.85 
56.78 

·7 18.66 14.79 14.25 15.87 
11.02 

8,9 42.46 39.92 38.37 39.13 
36.58 38.18 37.57 

36.20 

10,16 142.07 143.69 143.65 142.89 
138.54 142.61 142.19 142.65 

141.62 
140.21 

22 18.66 21.75 20.98 20.65 
22.11 

23 173.51 171. 98 170.81 172.50 
167.93 170.69 

H2-H3 9.3 9.6 
1.3 0 

H5-H6 10.1 
0 0 
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5. SUMMARY AND CONCLUSIONS 

13c NMR chemical shift data for the solids of methadone hydrochlo

r-ide and related narcotic analgesics, were compared to the 13c NMR 

chemical shifts for these compounds in polar and in nonpolar media. 

Whenever the chemical shifts of the solid and those of solution were 

nearly identical, the molecules in solution were predicted to have the 

same conformation as those in the solid state. Whenever X-ray data 

were available, equations of the Karplus form were used to calculate 

three bond coupling constants (3J1 _1 and 3J1 _13 ). Whenever the 
H H H C 

spectrum of the solid and that in solution were nearly identical, three 

bond coupling constants were measured by various one and two dimen

sio~al solution NMR techniques. These coupling constants were compared 

to those calculated from X-ray data to determine if the molecules in 

solution retained the conformation of the molecules in the solid state. 

X~ray analysis shows methadone hydrochloride to contain tw0 non

congruent, non-hydrogen bonded molecules in the asymmetric unit. The 

differences in the conformations of these two very similar molecules 

are easily seen in the solid state NMR spectrum of methadone hydrochlo

ride. The plus enantiomer of methadone hydrochloride shows a solid 

state spectrum similar to that of the racemic mixture, and X-ray analy

sis shows the single enantiomer to have two non-congruent molecules in 

the. asymmetric unit which are very similar to those of the racemic mix

ture. The minor differences in the conformations of the racemic mix-
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ture and the plus enantiomer could be seen by comparing the solid state 

spectra of these compounds. 

Methadone hydrochloride has the same chemical shift data in polar 

and nonpolar media, suggesting the conformation in both solvents to be 

the same and also suggesting that methadone hydrochloride does not form 

an intramolecular hydrogen bond. Three bond 1H-1H coupling constants 

measured in both solvents, show methadone hydrochloride to retain the 

same conformation in both solvents. Methadone hydrochloride also has 

the same chemical shift data in the solid state as it does in solution, 

suggesting that the molecules of methadone retain the solid state con

formation in solution. Three bond 1H-1H and 1H-13c coupling constants 

measured in solution compared well with those calculated from X-ray 

data, showing the molecules in solution to retain the solid state con

formation. 

The X-ray and NMR studies of the racemic mixture of alpha acetylmetha

dol hydrochloride show this compound to contain a single conformation in 

the solid state. X-ray analysis shows the plus enantiomer to contain a 

single conformation, whereas analysis by NMR shows the plus enantiomer 

to be polycrystalline, where the ratio of crystalline forms can be 

altered by recrystallization techniques. The chemical shift data for the 

racemic mixture and the major crystalline form were nearly identical, 

suggesting that the conformation of the major crystalline form of the 

plus enantiomer to be similar to that of the racemic mixture. A com

par1son of chemical shift data show the conformation of the acetate to 

be solvent dependent. And a comparison of coupling constants measured 
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in solution and those calculated from X-ray data show the acetate to 

consist of a mixture of conformers in polar and nonpolar media. 

The study of alpha methadol hydrochloride shows the minus enantio

mer to be polycrystalline where the crystalline form in highest ratio 

has the same chemical shift data as obtained for the crystalline race

mic mixture (intramolecular hydrogen bond). The chemical shift data 

for alpha methadol hydrochloride in a nonpolar solvent and for the 

racemic mixture (solid) are nearly identical, as are the chemical shift 

data for the alcohol in a polar solvent and the minor crystalline form 

of the minus enantiomer. However, the coupling constants measured in 

the nonpolar medium are not similar to those calculated from X-ray 

data. A weighted average of the coupling constants measured in the 

polar medium (20%) with those obtained form the nonpolar medium, show 

80% of the molecules in the nonpolar medium to retain the solid state 

conformation. Therefore similar chemical shift data for the solid 

state and solution do not always indicate that the molecules in solution 

retain•the solid state conformation. However, similar chemical. shift 

data may imply that most of the molecules in solution retain the solid 

state conformation. 

In summary, the study of methadone hydrochloride has shown that 

when the racemic mixture and single enantiomer have single crystalline 

forms which are nearly identical and do not show a solvent induced 

change in conformation, the molecules in solution are most likely to 

hav~ the conformation of the molecules in the solid state. The study 

of alpha methadol hydrochloride and alpha acetylmethadol hydrochloride 
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has shown that when the single enantiomer is polycrystalline, the con

formations of the molecules in solution are solvent dependent, where the 

different conformations in solution are a mixture of those found for the 

pol ycrysta 11 i ne forms. 
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Appendix 7 .1 

Attached Proton Test (APT)22 

This one-dimensional experiment is typically used to determine 

·the number of protons directly attached a 13c nucleus. 

The pulse sequence is: 

1H BB---DO--- ---BB---- ------

13c D1---90---D2---180---D2---FID 

For a CH system, the first 90° pulse (from the x axis) to the 13c 
spin system, creates two magnetization components which rotate in the xy 

plane during the period 02. The decoupler is off during this period 

(DO) so the rotational frequencies depend on the chemical shift (Qc) of 

the 13c nucleus and the 1H-13c coupling constant J by the relation: 

n1 = nc + TTJ (astate) and n2 = nc - TTJ (Sstate) 

After a time 02, the components will accumulate phases of n102 and 

~02. The phase of component 1 is larger due to a greater precessional 

frequency. The 180° pulse (from they axis) to the 13c spin system, 

inverts the angle (phase) that the components have rotated through and 

the decoupler is turned on (BB). During the second period D2, the 

components rotate at a frequency that depends only on the chemical shift 

of the 13c nucleus. During the second time 02 both components accumu

late a phase of TT-nco2. At the end of both 02 periods, the total 

phases accumulated for the components are TT+ TT JD2 and TT - TTJD2. 
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When the FIO is collected the two components are rotating at the 

chemical shift of the 13c and a single signal is observed. The secret 

behind distinguishing between types of carbons lies in the setting of 

the delay 02. By looking at the phase accumulated by the components 

·during the first 02, it is clear that if D2 is l/2J the two components 

will be antiparallel on the x axis when the decoupler is turned on. 

The result will be the collapse of the magnetization components and no 

signal will be observed. If 02 is set to 1/J, both components will lie 

on the -y axis, and the Fourier transform of the signal collected will 

phase a CH carbon in the negative direction. 

A CH2 system will accumulate a different phase than a CH system 

during the APT experiment. There are three components created by the 

90° 13c pulse for a CH2 system. One of these (the center of the 

triplet) will rotate in the xy plane at the Larmour frequency of the 

13c nucleus. The other two components rotate at frequencies that 

depend on the 13c chemical shift and the 1H-13c J coupling and are 

written: 

Ql = Qc + 2nJ (a state) and Q2 = % - 2nJ (B state} 

By the end of 202 the phases accumulated are TI+ 2nJD2 and n - 2nJD2. 

A D2 of 1/J will allow the components to complete a full rotation 

before collection is started, and the 13c signal detected will have 

positive phase in the Fourier transformed spectrum. 

CH3 and nonprotonated carbons can be treated in a similar manner to 

obtain the phase of the signal for particular settings of 02. Table 7.1.I 



Table 7.1.I 

The phase arising from the 1/J and 1/2J APT experiments for 

all types of 13c nuclei. 

phase/02 

up 

down 

1/J 

C and CH2 

CH and CH3 

l/2J 

c. CH2 (varies with J) 

CH and CH3 (vary with J} 
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shows the expected phase for all types of carbons when D2 is set to 1/J 

and 1/2J. The result obtained from setting D2 to l/2J depends on how 

close the predicted value of J lies to the true value. Figure 7.1.A shows 

the.time dependence for different types of carbons in the APT experi-

ment. If a CH carbon has a true coupling of 160 Hz. a delay set with 

125 Hz will provide a spectrum with the CH phased down. However. if 

the deiay is set with a 180 Hz coupling the resonance will appear 

phased up in the Fourier transformed spectrum. 

Figure 7.1.Ba shows the result of the 1/J APT experiment for diethyl 

phenylmalonate with J = 130 Hz. The spectrum shows the methylene and 

nonprotonated carbons phased up. while the methine and methyl carbons 

are phased down. The spectrum resulting from the 1/2J experiment with 

J=130 Hz is shown in Figure 7.1.Bb. The nonprotonated carbons are 

phased in the positive direction. and the value of J used was such that 

the methine protons did appear (phased down) in the spectrum. 
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CH 3 , J:125 

' -0.5 
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Figure 7 .1.A 

The time dependence diagram for all types of 13c nuclei 

during the APT experiment. 
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(a) 

{b) 

CH2 
d b,c 

CH CH3 
co 

.I 

ej 
-· .I. I 

(c) 

Figure 7 .1. B 

The spectra for diethyl phenylmalonate resulting from the a) 1/J and 

b) l/2J APT experiments. The typical 13c is shown inc. 
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Appendix 7.2 

Heteronuclear J Resolved Spectroscopy28, 29 (HETJRES). 

This experiment is used to determine the number of protons at

tached to a 13c nucleus, as well as the direct 1H-13c coupling con

stant. 

The pulse sequence is: 

1H BB-------------D0---------88 

13c Dl---90---Do---1so---oo---Fro 

The first 90° 13c pulse {along the x axis) tips the magnetization 

from the equilibrium position {z axis, parallel to Ho) to they axis. 

For a CH system two components will arise from the 90° 13c pulse. The 

components dephase and rotate in the xy plane at an angular frequency 

that depends only on the chemical shift of the 13c (the decoupler is 

on). After a time DO the components accumulate the same phase of ~DO, 

where ~ is the angular frequency of the chemical shift of the 13c 
nucleus. A 180° 13c pulse about they axis inverts the phase so that 

just after the pulse the phase is TI- [ cDO]. The decoupler is turned 

off and the magnetization components are allowed to break up into their 

individual components which depend on proton coupling. For a CH system 

two components will rotate during the second time DO with angular 

frequencies Ql = Qc + TIJ and~= nc - nJ, where J is the 1H-13c 
coupling constant. The phases accumulated during the second time 

period are: TI- ~DO and n - n2oo. The total phases accumulated before 
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collection of the FID begins are only dependent on coupling and are, 

TI - TIJDO and TI+ TIJDO. 

The BB decoupler is turned on and the 13c is collected in a time 

period t 2. The signal collected is that of a regular 13c FID (in time 

t 2), that has been affected by the pulses applied during time t 1. The 

signal collected may be written in the form of amplitude modulation 

(cos JDO), or it may be written as the sum of the two components with 

opposite phase modulation to give a phase modulated signal: 

The value of DO is incremented for a total of N experiments, where 

an FID is collected for each value of DO. The signal that is collected 

is a function of the time domain (t 2) when the "typical" 13c is col

lected as well as a function of the first time domain (t 1) where the 

value of DO= (tl/2) is incremented. 

This signal is FT with respect to the second time domain to give a 

signal in frequency and time, S=S(w2, t 1), where w2 is the chemical 

shift of the 13c nucleus. Each spectrum is sampled over all values of t 1 

and Fourier transformed giving S=S(o2, J/2). The result is a typical 

13c spectrum along one axis (F2), where the cross section for each 13c 

nucleus appears on a perpendicular axis {Fl). The number of peaks (N) 

seen in the cross section of a particular 13c nucleus is related to the 

number of protons (n} attached to the 13c by the equation: 
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N - 1 
n = 

21 

Figure 7.2.A shows the results of the HETJRES experiment for 

diethylphenylmalonate. The 13c spectrum is shown in Figure 7.2.Aa, 

where assignments have been made by the APT experiment. Figure 7.2.Ab 

shows the cross sections obtained for each of the protonated 13c 
nuclei. The measurement between peaks in each of the cross sections is 

one half of the direct coupling constant. This is true by nature of 

the experiment, where coupling is allowed to occur in only one half of 

the evolution period {t1). The results show the assignment of the 13c 
spectrum to be consistent with that obtained in this experiment. The 

methyl carbon appears as a doublet, but by close inspection the outer 

lines of the quartet can be seen and are indicated with arrows in the 

cross section. The cross sections of nonprotonated carbons appear as 

singlets and are not shown. 

the spectrum was acquired using 64 experiments, 8 scans, and a 

delay of 3 seconds between scans. DO was set to 3E-6 seconds and was 

incremented by .001 seconds in each experiment. 
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Figure 7.2.A 

The results of the heteronuclear J resolved experiment for diethyl 

phenylmalonate. a) The 13c spectrum produced from the t 2 time domain 

and b) the cross section produced by directly attached protons. 
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Appendix 7.3 

Selective J Resolved Spectroscopy30, 31 

This experiment is used to determine long range 1H-13c coupling 

constants. 

The pulse sequence is: 

1H ss---00--------cw--- ---cw---oo---BB 

13c Dl---90---D0---02---1ao---02---DO---FID 

The first 90° 13c pulse creates magnetization components which 

rotate in the xy plane for a time DO. The decoupler is off during this 

period so the components rotate with frequencies that depend on chemical 

shift and coupling constants. For a certain multiplet component showing 

long range coupling to proton A, two magnetization components will 

exist. The rotational frequencies of the components being: n1 = nc + 

TTJ and n2 = nc - TTJ, where J is the coupling due to proton A and nc 

contains chemical shift and all other coupling information. The angles 

that the components rotate through before the 180° pulse are: n1oo and 

~DO. The 180° 13c pulse inverts this angle so that the components are 

now at angles TT - n1 DO and TT - n2Do. Whi 1 e the 180° pulse is applied to 

the 13c·another 1ao0 pulse is applied to the preselected proton (A). 

This selective pulse is accomplished by applying a low power r.f. field 

at the frequency of the preselected proton. In order to do this a short 

delay (D2} time is introduced which allows setting the CW mode and the 

low power needed for irradiation. This "pulse" inverts the a and S 1H 

spins, so that in the second period DO (decoupler is off} the magneti-
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zation components will rotate with phases opposite of those in the first 

period DO, and accumulate phases TI - [~ - TIJ]DO and TI - [Ste + TIJ]DO. 

At the end of the evolution period the components accumulate total 

phases of TI+ 2TIJDO and TI - 2nJDO. During the detection period the 

broad band decoupler is turned on and the signal is collected during a 

time frame t 2, with t 1 as a parameter. The experiment is repeated for N 

values of t 1, producing N signals S(t2, t 1). Fourier transformation 

with respect to the t 2 domain results in N frequency spectra. Each of 

these are sampled over all values of t 1 and Fourier transformed again. 

This results in a 2D spectrum where resonances appear at (J/2, 6 c) and 

(-J/2, o c) where 6c is the chemical shift of the 13c nucleus. Any 13c 

that has long range coupling due to proton A, will appear as a doublet, 

where the measured separation is the coupling constant. 

Figure 7.3.Ab shows the cross sections of each 13c nucleus that 

appeared as a doublet in the SELJRES experiment when the isolated CH 

proto~ was irradiated. The measured coupling constants are given in Hz. 

The constant measured for the CO carbon appears large for a two bond 

coupling constant, but agrees with that measured by other methods. 

Sixty four experiments increments by .025 second were used to obtain 

the results shown in Figure 7.3.A. 
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Figure 7.3.A 

The results of selective J resolved spectroscopy for diethyl phenyl

malonate where the isolated CH proton is irradiated. 
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Appendix 7.4 

Insensitive Nuclei Enhanced by Polarization Transfer 23 {INEPT) 

This one dimensional experiment can be used to obtain direct as 

well as some long range coupling constants. This experiment is a one 

dimensional version of the shift correlation experiment {XHCORR). The 

reader is referred to Appendix 7.5 for a detailed description of how a 

population transfer is created by this pulse sequence and how that 

leads to an enhancement of the 13c signal. 

The pulse sequence is: 

1H Dl---90---D2---180---D2---90---

13c ---180--- ---90---FID 

The first 90° 1H pulse creates magnetization components, corre

sponding to the allowed transitions for a 1H spin system, which 

rotate in the xy plane for a time D2. Two types of components may 

exist: type 1 are those due to different precessional frequencies of 

the different types of protons, and type 2 are those which precess at 

frequencies depending on J coupling to 13c nuclei as well as the chemi

cal shift of the proton. After the time D2 a 180° 1H pulse inverts the 

phase of the magnetization components so that after another period D2 

the type 1 components will echo on the -y axis. A 180° pulse applied 

simultaneously to the 13c will invert the 13c a and S spin states and 

allow the type 2 components to diverge by equal amounts on either side 

of the -y axis after another time 02. The phases accumulated after the 



time 2D2 are n :!:_ 2nJD2, so for a D2 =1/4J the components will lie 

antiparallel on the x axis. 
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A goo 1H pulse (from they axis) rotates the type 2 components to 

the+ z axis, while the type 1 components remain on the -y axis. Since 

the 13c and 1H1s that are coupled share common energy levels, the 

population of the 13c energy levels equilibrium magnetization of the 13c 
spin system is enhanced by pulsing the protons. See Appendix 7.5 for a 

complete description of enhancement by population transfer. 

A 90° pulse to the 13c creates new magnetization components, 

corresponding to the allowed transitions for the 13c spin system, that 

rotate in the xy plane as the FID is collected. For a CH system two 

such components will exist where the frequency of rotation depends on 

the J coupling to protons (no decoupling applied) as well as the chemi

cal ·shift of the 13c nucleus. The spectrum for a CH system consists of 

an antiphased doublet separated by the amount J. This doublet compo

nent Gorresponds to the two magnetization components that were created 

by the 90° 13c pulse. They are antiparallel because they correspond 

to the magnetization enhancements created by the 90-2D2-90 1H pulse 

sequence that placed net components on the z and -z axis before the 

go0 13c-pulse. 

CH2 and CH3 spin systems show multiplet components with (1,0,-1) and 

(1,1,-1,-1) intensities. Note that the triplet has no center compo

nent. This is because no net z magnetization is transferred by the 

se~ond goo 1H pulse that corresponds to the frequency at which the 

center component resonates. 
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Nonprotonated carbons are of particular interest because they have 

only long range 1H-13c coupling. When 02 is set to maximize polariza

tion transfer to 13c nuclei from directly attached protons, nonproto

nated carbons with much smaller 1H-13c coupling constants will give rise 

to weak signals. However 02 can be set to much larger delay times (J=2 

to 25 Hz) which allows enhancement of only the signals from nonproto

nated carbons. 

Figure 7.4.A shows two 13c spectrum resulting from the INEPT pulse 

sequence applied to diethylphenylmalonate. Figure 7.4.Aa is the result 

of setting 02 for a J value of 130Hz, and shows the multiplet structure 

for the protonated carbons with the intensities discussed above. The 

carbonyl carbon signal (appearing most downfield) appears as a weak 

antiphased doublet with a measured coupling of -9 Hz. Figure 7.4.Ab 

shows the result of the INEPT experiment when 02 is set a small value 

of J (9 Hz). A reduction in the intensities of the signals from 

proto~ated carbons is seen, while an enhancement in the signal for the 

carbonyl carbon appears. The antiphased doublet component of the 

carbonyl (J=8.39 Hz) is shown in Figure 7.4.Ac on an expanded scale. 

Within each of the antiphased components a triplet structure results 

with a eoupling of 3.24 Hz. The carbonyl carbon has two proton sources 

that could give rise to the triplet splitting. One possibility is that 

the splitting is caused from the methylene protons, another possibility 

is that the splitting arises from the two equivalent ring protons (3 

bonds away). While only the methine proton could cause the doublet 

component, the doublet component may actually be triplet where the 
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The results of the INEPT and INEPTRD experiments for diethyl phenyl

malonate with various delays. 



e) The carbonyl region resulting from the INEPTRD 
experiment with J=9. The measured couplings 
are J=8.8 and 3.SHz. 

d) The expanded carbonyl region in the INEPT experiment 
with J=9. The measured co~pling are J=8.4 and 3.2Hz. 
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3.8Hz=J 

g) The result of decoupling the methine proton in the 
INEPTRD experiment. 

8.4Hz=J 

f) The result of decoupling the methylene proton in the 
INEPTRD experiment. 
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center line has zero intensity. Clearly the INEPT experiment has 

provided coupling information but has failed to confirm the sources of 

coupling. 

INEPTRD 

This experiment is an extension of INEPT which allows the identi

fication of coupling constants to proton sources. If proton decoupling 

is employed during the detection period a single resonance is observed 

for each 13c nucleus. The phase of the resonance depends on the number 

of protons attached to the 13c nucleus and the setting of the delay D3. 

This is explained in some detail in Appendix 7.2 where the APT experi

ment is discussed. 

The additional pulses and delays are: 

1H 03---180---D3---BB 

13c ---180--- ---FID 

Just after the 90° pulses to the 1H and 13c in the INEPT experiment the 

magnetization components are antiparallel. The delay 03 is used to 

allow the components to dephase from the antiparallel position. The 

180° pulse 13c pulse inverts the angles that the components rotate 

through·during the first time D3, and the 180° 1H pulse inverts the 1H 

and spin states. Thus by an additional time D3 the components will 

have rotated through identical angles and will form an echo. Since the 

components are parallel, decoupling can be employed. The Fourier trans

formed spectrum consist of a single resonance for each type of 13c 
nucleus. The phase (positive or negative) of a given component depends 
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on the number of protons attached to a particular 13c nucleus and the 

choice of D3. For instance, with a D3 = 1/4J, a CH system will form an 

echo along they axis after such a sequence and will provide a signal 

that is phased up in the Fourier transformed spectrum. The interested 

reader is referred to Appendix 7.1 for a description of how delay set

tings effect the phase of magnetization components of particular car

bons. Figure 7.4.Ac shows the result of the INEPTRD experiment with a J 

= 9 Hz. The carbonyl signal is phased up and is a singlet. The proto

nated carbons appear as weak signals and phase according to how this 

value of J effect their time dependence during the INEPTRD experiment. 

If decoupling is not used during the collection, the components 

will still phase as described above, but will contain a multiplet compo

nent due to all proton couplings. Figure 7.4.Ae shows the carbonyl 

resonance {expanded scale) resulting from the INEPTRD experiment with 

J=9 Hz and no decoupling during detection. The multiplet can be mea

sured_as a doublet tripled to give coupling constants of 8.8 and 3.8 Hz, 

respectively. The problem of assigning each coupling constant to a 

particular proton or proton group still exists. However, this problem 

can be overcome by selectively irradiating a single proton or proton 

group. ·A small r.f. field applied at the frequency of a particular 

proton group will decouple only that proton group from the 13c nucleus. 

The spectrum will result in a multiplet pattern where all couplings 

persist except that arising from the proton group irradiated. 
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Figure 7.4.Af shows the result of selectively decoupling the methy

lene proton. A doublet appears that has a separation of 8.39 Hz, while 

the triplet component is removed. Figure 7.4.Ag shows the result of 

selectively decoupling the methine proton. The result is a triplet 

- separated by 3.81 Hz, and the doublet component is removed. This 

sequence has allowed assignment of the coupling constants. The methy

lene protons exhibit a coupling of about 4 Hz, while the methine proton 

couples with the carbonyl with about a 9 Hz coupling constant. 

This experiment works very well when a small number of protons are 

interacting with a particular nucleus. However, when many protons are 

interacting with one 13c nucleus, removing one proton interaction can 

still result in a complicated multiplet pattern. 
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Appendix 7.5 

Heteronuclear Shift Correlation (XHCORR)28 

This experiment is used for interpreting the typical 13c and 1H 

spectra, by providing a correlation diagram where the cross section for 

a 13c nucleus contains the proton( s) that it is connected to. We have 

found that this experiment is also useful in giving estimated values 

for long range coupling constants. 

The pulse sequence is: 

1H Dl---90---00---180---oo--- ---90--- ---BB 

13c --- ---180--- ---03---90---D4---FID 

1H-13c Energy Level Diagram Populations (P) 

8 8 
lH 13c 1 Pl = (l-4p-p) = 1-e/kt = 1-(-nHo/kt 

M~2 

M13l 

*(-1/2)(yl + Y13 ) 
8~al3 H C 

C 2 P2 = (l-4p+p) 

M24l 

a1 8 
H 13c 3 PJ = {1+4p-p) 

al al3 / M34 
H C 4 P4 = ( 1+4p+p) 

For a CH system the first 90° 1H pulse creates magnetization 

components M24 and M13, which wi 11 rotate at angular frequencies St 24 = 

S11H + nJ and .1213 = .121H - nJ. After a time 2D0 (t 1) these components 

accumulate phases 024 = 202400 and 013 = 201300. The second 90° 1H 

pulse tips these components back toward the z axis creating net z 
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magnetization. These Mz components may be written as: M224 = -Mo 

e e COS24 and MzlJ = -Mo COS13 

The result of this sequence is a population transfer and the new 

populations at time 2DO are: 

Pl(2DO} = ( 1-p+4pcos 013 }/ 4 

P2 (200} = (1 +p+4pcos 024} /4 

P3(2DO) = ( 1-p-4pcos 013) / 4 

P4(2DO} = ( 1 +p-4pcos 024) /4 

The initial magnetizations between levels 3,4 and 1,2 are propor

tional to the difference in the population of energy levels before any 

pulse sequence is applied. These may be written as: 

M34 = -Y13c1i[P3-P4] = 2PY13cn 

M~2 = -Y13c n[Pl-P2] = 2PY13c n 

After the sequence applied to the protons, the magnetization of these 

components have changed and are now: 

M12 = M~2 + 2M~2 { cos 824 - cos 813} 

M24 = M34 - 2M34 {cos824 - cosB13l 

These equations show that the magnetizations after the pulses applied 

to the protons are a function of the time t 1. When the 90° 13c pulse is 

applied, the two components M12 and M13 will be created and will rotate 

in the xy plane. When no proton decoupling is applied during the 

detection period the components' rotational frequencies depend on the 
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chemical shift of the 13c nucleus as well as the 1H-13c coupling con

stant. Any 13c magnetization components (CH) that have been created by 

a 90° 13c pulse will rotate in such a manner. The difference here lies 

in the fact that the components' amplitudes have been altered by the 

sequence applied to the protons. Therefore the signal collected during 

the time period t 2 is modulated by the effect of the proton pulses 

applied during t 1. The effect is termed amplitude modulation because 

it is the amplitude of the typical 13c signal which has been altered. 

The spectrum obtained shows the off resonance 13c spectrum along one 

axis and the proton spectrum on a perpendicular axis. The cross sec

tion of each part of a 13c multiplet component contains the reson

ance(s) of the proton(s) that it is connected to. 

The resonances produced in the typical 1H spectrum show coupling 

due.to only 1H-1H interactions and not from 1H-13c interactions. If the 

latter interactions exist, 13c decoupling must be applied during the 

evolution period in order to provide a 1H spectrum (in the 20 experi

ment) that contains only 1H-1H coupling. This can be accomplished by 

applying a 180° 13c pulse in the center of the evolution period (200). 

The 180° 13c pulse inverts the 13c a and 8 spin states, thus inter

changing the rotational frequencies of the proton magnetization compo

nents that have been rotating during the first period DO. After another 

time DO the components will have rotated through identical angles. A 

time D3 is then waited to allow the vectors to become antiparallel just 

before the second 90° proton pulse. This delay must be made so that 
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a Mz component will exist when the second 90° pulse is applied to the 

protons. 

The 13c spectrum will appear as a single resonance for each 13c 
nucleus if 1H decoupling is applied during the detection period. Just 

after the 1H and 13c 90° pulses the two components M12 and M34 are 

antiparallel. If collection were started at this time (with the de

coupler on) total cancellation of signal would arise. A delay D4 is 

inserted to allow the components to further dephase before turning on 

the decoupler and collecting the FID. 

The result of this sequence is a signal described by 

S(t 1, t 2) = 4iMo sin(2nHoo + ~D3) sin(nJD3) sin(TTJD4) exp[i~c(t 2 + 04)] 

+ 2Mo cos(nJD4) exp[inc(t 2 + D4)] 7.SA 

The first term contains signals that are modulated in amplitude as a 

function of t 1 (200). The second term is not modulated in amplitude and 

gives rise to peaks that lie on the axis of the 2D spectrum. 

By optimizing the delays D3 and 04, the maximum signal {CH sys

tem) can be obtained by setting both delays to 1/2J. Treatment of 

methylene and methyl carbons show the optimum delay values for D3 and 

D4 to be l/4J and 1/2J, respectively. 

In order to obtain a 2D spectrum the value of DO is incremented N 

times and the signal is collected. After all N experiments have been 

completed the signal is Fourier transfor-med with respect to the t 2 

domain. Then each of the N spectra are sampled for all values of DO 

and Fourier transformed again, providing a spectrum of frequency in two 
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dimensions. By nature of the experiment one dimension contains the 13c 
spectrum while the other contains the 1H spectrum. The cross section 

of any 13c shows the protons that it couples to. 

Collecting signals modulated in amplitude can create noise and 

phase errors. Amplitude modulation can be converted to phase modula

tion by applying the pulses and receiving the signal along alternating 

axes. Tab 1 e 7 .5.I shows the phases <P1, 2, 3, and 4 of the pulses and 

the phase of the receiver needed to eliminate these problems. Steps 1 

and 2 in this sequence eliminate phase errors. Applying the second 90° 

pulse along the x axis in one experiment and along they in a second 

experiment with the receiver on the x and -y axis, respectively, re

sults in two signals that are modulated with a sine and cosine function 

respectively. These signals may be added (the second as a complex 

conjugate} to convert the amplitude modulation to phase modulation 

providing an exponential function of t 1. 

The combination of steps 1 and 3, and steps 2 and 4 can be used to 

eliminate any signals that arise that are not a function of t 1. These 

signals are termed axial peaks and occur on the axis of the 2D spec

trum. They are the result of the unmodulated term in equation 7.SA, and 

can cause difficulty in interpreting the 2D spectrum when correlation 

points lie near the axis. In steps 1 and 3 the second 1H pulse is 

applied on the x and -x axes, respectively. The two signals are 

collected on the x and -x axes and then subtracted. This results in 

t~e addition of modulated signal and the cancellation of signals not 

modulated in amplitude.· 
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Table 7.5.I 

The Phases for the Pulses (¢i) and Receiver (~) Needed to Eliminate 

Noise and Phase Errors in HETJRES Spectroscopy. 

Experiment ¢ ¢ ¢3 ¢4 ~ 
1 2 

1 X X X X X 

2 X y X y -y 

3 X -x X -x -x 

4 X -y X -y y 

Figure 7.5.A shows the shift correlated spectrum of diethyl phenyl

malonate with a J of 130 Hz. By using a large J value, only those 

contacts between directly attached 1H's and 13c appear. D3 and D4 were 

set using the optimum values for methine and methylene carbons. The 

number of experiments (N) determines the resolution obtained in the 1H 

dimension. This occurs because the Fourier transform providing the 1H 

projection is of the signal collected by sampling each of the N spectra 

obtained from Fourier transforming with respect to t 1. The number of 

experiments is therefore equal to the number of data points used in the 

transform. Figure 7~5.A shows the 1H (dotted) spectrum resulting from 

using 64 experiments. It should be noted that using fewer experiments 

would not have allowed the methylene and methine 1H resonances to sepa

rate. The 1H NMR obtained by the conventional method is presented along 

with that projected by the experiment for an easy identification of the 

proton groups. 
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Fig ure 7 . 5 . A 

The shift correlation spectrum of di ethyl phenylmal onate, generated 

from 64 experiments incremented by .0006 seconds. 
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The spectra shown in Figures 7.5.Bb and 7.5.Bc are the result of 

varying the delays D3 and D4 in order to obtain an estimate for the long 

range couplings between the carbonyl carbon and the methylene and 

methine protons. With the delays D3 and 04 at .05 and .03 seconds, 

respectively, the carbonyl cross section showed coupling to only the 

methine proton (Figure 7.5.Bb}. When the delays were increased to .1 

and .08 seconds, the carbonyl showed coupling to both the methylene and 

methine carbons (Figure 7.5.Bc}. Other delay times were used (not 

shown} and the results showed that when the delay times were short 

coupling to the methine proton alone appeared in the carbonyl cross 

section. Further, as the delays were increased, the carbonyl cross 

section showed coupling to both proton groups. Since the delay time is 

inversely proportional to J, the shorter delay time reflects the larger 

J. This data supported earlier results where the methine proton showed 

a large coupling (8.6 Hz} to the carbonyl carbon. 
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The typical 1H NMR spectrum (full line). 
The cross section of the carbonyl (~Be) (dashed spectrum). 
The cross section of the carbonyl (~Bb) (dotted spectrum). 

5.Bc) The 13c projection with 03=.l and 
04=.08 seconds. 

~.Bb) The 13c projection with 03=.05 and 04=.03 seconds. 

Figure 7.5.B 

Shift correlation to find long range coupling constants. 
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Appendix 7.6 

Calibrating the Transmitter and Decoupler Pulse Widths37 

The 90° pulse width for the transmitter channel may be calibrated 

using the sequence RD-PW-DE-Acq. The first FID is collected with a 

small pulse width, the line-broadening set, and then Fourier trans

formed. This spectrum is phase-corrected and put into memory. Then 

the pulse width is varied and the signal collected with the new pulse 

width is Fourier transformed and phased exactly as that put in memory. 

This sequence is repeated until a pulse width is found that gives 

minimum signal amplitude and phases the signal exactly between positive 

and negative intensity. The pulse width that satisfies this condition 

can easily be shown to be the 180° pulse width. This is the PW that 

turns the magnetization components from equilibrium (z axis) to the -z 

axis. When collection is started no components will lie in the xy 

plane, and the receiver {on they axis) will not detect a signal. When 

1H NMR data is being collected, the transmitter channel on the probe is 

tuned to absorb at the proton frequency, and when collecting 13c NMR 

data it is tuned to the 13c frequency. The 90° PW is different in each 

of thes~ cases, and must be found for the 13c and 1H channels 

independently. 

The 90° pulse width for the decoupler channel is not the same as 

that obtained when the transmitter is tuned to the 1H frequency. 2-

propanal is a good standard to use when calibrating the decoupler pulse 

width, where the number 2 carbon has only one attached proton. The 13c 
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pulse (P3) is first calibrated by the method discussed above. Then the 

1H pulse (Pl} is varied, to find the go0 pulse that provides minimum 

signal for the number 2 carbon in propanal. 

Figure 7.6.A shows the progression of magnetization components in 

this experiment. First a go0 pulse is applied to the 13c (CH system) 

spin system which creates magnetization components which rotate in the 

xy plane for a time 1/2J (J is known}. The components rotate with 

angular frequencies that depend on the chemical shift of the 13c 

nucleus and the 1H-13c coupling. One component rotates with angular 

frequency SG1 = Qc + n J (a state} and the other with SG2 = nc - ,rJ ( 8 

state}. A goo pulse is then applied through the decoupler channel and 

converts half the a states to 8 while the other half remain a. This 

has the effect of further splitting each of these components, so that 

now· each is rotating with the two frequencies nc :_ nJ. At all times 

the net magnetization in the xy plane is zero and no signal is ob

served. If the pulse is not exactly go0 , the net magnetization will 

not be zero and a signal will be obtained. For a pulse width below 90°, 

a small antiphased component will appear. And for a pulse width greater 

than go0 , an antiphased doublet will also appear and will be phased 

oppositely from that obtained with a small PW. 
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The first 90° 13c pulse creates two components which rotate during 
D2 with frequencies n = nc + J (a: state), = nc - J ( state). 

X 

The 90° 1H pulse flips half the a: spins to B while the other half 
remain a:. This causes each of the components in figure a) to 
further split so that each has frequencies Qc + nJ. 

y 

X 

c) These components evolve and collection is started. At any time, 
each a: component and each B component has a component antiphase 
to it. The result is no net z magnetization and no signal is 
observed. 

Fi gu re 7 . 6 . A 

The evolution of magnetization components during the pulse sequence 

for calibrating the decoupler pulse width. 
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