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100 LA PLANCHE AND ROTHCHILD 

ABSTRACT 

The unsubstituted phenyl ring in ketazolam, a 1,4- 

benzodiazepine derivative, has a two-fold rotational barrier 

about the aryl to tert-alkyl bond connecting this phenyl group 

to the rest of 'the molecule. 

resonances of ketazolam are resolved below -4O"C, including two 

distinct resonances for the ortho carbons and two for the 

meta carbons. Twelve of the twenty 13C nuclei resonate 

between 138 and 125 ppm, necessitating assignment via a 

combination of one-bond and long-range heteronuclear shift 

correlation experiments. 

At 50.3 MHz, all twenty of the I 3 C  

INTRODUCTION 

Ketazolam is a 1,4-benzodiazepine derivative, a class of 

psychoactive drugs which, since the early 1960's has become the 

most frequently prescribed for their anxiolytic, sedativehyp- 

notic, anticonvidsant and muscle relaxant properties. 

Ketazolam, 1, ll-chloro-8,12b-dihydro-2,8-dimethyl-l2b- 

phenyl-4~-[1,3]oxazino[3,2-d][1,4]benzodiazepine-4,7(6H)-dione, 

may be prepared (1) by the addition of diketene to diazepam 

(Valium, Hoffmann-La Roche). 

in these small molecules is more difficult than it at first 

appears. As recently as 1981, Patra et al. ( 2 )  reversed some of 

the 13C assignments for diazepam and other benzodiazepine drugs 

made earlier ( 3 ) .  Several workers have published IH (1,4-5) , 

13C (2-7) and I5N (8) NMR studies of the 1,4-benzodiazepines. 

The IH chemical shift assignments for 1 in solution and the X -  

I3C NMR chemical shift assignment 
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HETERONUCLEAR SHIFT CORRELATION SPECTROSCOPY 101 

ray crystal structure determination of 1 have been described (1). 

The 13C spectrum and 13C NMR assignments are not available in 

the literature. The presence of  an unsubstituted phenyl group, 

bound at an sp3 chiral carbon atom (C12b), makes ketazolam a 

most unusual 1,4-benzodiazepine. Even at room temperature, the 

sharpening of the AB quartet of the methylene protons (H6a,H6b) 

and the increased chemical shift separation of H6a and H6b over 

that of diazepam indicate that ketazolam has a more rigid 

structure. The X-ray diffraction results show that the seven- 

membered ring is in a pseudo-boat conformation and that each of 

the two amide groups is almost planar (1). This produces an 

almost flat, rigid structure in which the phenyl group is 

roughly perpendicular to the rest o f  the molecule. 

Variable temperature lH NMR studies at 200.1 MHz of 

ketazolam (0,031 M in CDC13) revealed that, indeed, the phenyl 

group of 1 experiences hindered rotation about the Cl'-C12b bond 

(9) even at 20"C, Fig l(a). Raising the temperature caused 

the broad ortho IH resonance centered at approximately 7.15 

ppm to sharpen, while cooling the solution resulted in further 

broadening. Below 1"C, (the approximate ortho lH coalescence 

temperature), two ortho resonances were apparent; at -59"C, 

these resonances have a chemical shift separation of 0.27 ppm 

and doublet structure can clearly be seen for H2', Fig. l ( b ) .  

At this temperature, the chemical shifts of the ortho protons 

are H2,, 6.98 ppm (H2, is in the shielding region of the chloro- 

phenylene ring) and Hg,, 7.25 ppm. The para and meta pro- 
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LA PLANCHE AND KOTHCHILD 102 

( C )  

1 1 1 1 1 1 1 1 1 1 1 1 ~ 1 1 1 ~ 1 1 ~ l  

8 . 0  7 . 5  7 . 0  
PPr l  

F i g .  1. 200.1 MHz l H  NMR spectra of ketazolam/CDClj 

solutions: (a) 20"C, 0.031 M ;  (b) -59"C, 0.031 M ;  (c) 

-58"C, 0.600 M. Only aromatic spectral region shown 
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HETERONUCLEAR SHIFT CORRELATION SPECTROSCOPY 103 

tons remain merged within a broad spectral envelope at 7.35 ppm (9). 

Fig. l(c) shows the low temperature lH spectrum of a more 

concentrated ketazolam solution typical of concentrations used 

during the 2D experiments. 

In this work, the 13C spectra of ketazolam in CDC13 solut- 

ion were measured at 50.3 MHz at temperatures between +20"C and 

-74°C. At temperatures of -43°C and below, the resonance peaks 

of all twenty of the ketazolam 1 3 C  nuclei are resolved, 

including all six of the 13C nuclei of the unsubstituted phenyl 

ring. 

nuclei in ketazolam s o  as to make possible further dynamic 

studies of the hindered rotation about the aryl to tert-alkyl 

bond. Direct and long-range l3C-IH shift correlation experi- 

ments, carried out at low temperatures, were used to make the 

assignments. The variable temperature correlation experiments, 

which were performed at temperatures between -20°C and -74"C, 

The purpose of this study was to assign all of the I3C 

illustrate the effects of an intermediate rate of chemical 

exchange of the phenyl ring upon cross peak intensities 

involving phenyl 13C and/or IH nuclei. 

EXPERIMENTAL 

Details of solution preparation have been described (9,lO). 

Kecazolam was a gift of the Upjohn Company and was used without 

further purification. Ketazolam in CDC13 solution is unstable 

at room temperature, but solutions kept at -20°C are stable for 

several weeks. 
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104 LA PLANCHE AND ROTHCHILD 

An IBM Instruments Inc. WP 200/SY FTNMR spectrometer equip- 

ped with an Aspect 2000A computer, 10 mm turnable broadband 

probe and Bruker variable temperature apparatus was used to 

record lH spectra at 200.1 MHz and 13C spectra at 50.3 MHz. All 

solutions were measured in 5-mm tubes. The temperature control- 

ler was stable to ? 1°C for overnight accumulations. The 

separation of methanol peaks was used to check the calibration 

of the temperature controller. 

internal TMS; lac spectra were indirectly referenced to TMS via 

the CDC13 triplet (77.0 ppm). 

lH spectra were referenced to 

A sweep width of 8333 Hz was used for all I3C measurements, 

including the 2D I3C-lH shift correlation experiments. 

broadband decoupled 13C spectra were collected in 16K data 

points, with a 5 s delay between transients. The inverse gated 

decoupled I3C spectrum (broadband decoupling during acquisition) 

was also collected in 16K points, but with a 15 s delay between 

The 

transients, The spectral resolution was 1.02 Hz per point. 

Two I3C-lH shift correlation experiments were performed 

using the Bruker microprogram XHC0RR.AU (without lH decoupling, 

(11)); these were at -20” (A) and -74°C ( C ) .  One shift 

correlation experiment was performed using XHCORRD.AU (with IH 

decoupling, (12)); this was at -47°C (B). For each experiment, 

2K data points were used for 13C, giving a resolution of 8.14 Ilz 

per point. 

with 128 increments of ti and one zero filling, gave a 

resolution of 7.03 Hz per point. A 1 s recycle delay was used 

A sweep width of 1800 Hz was used for IH, which, 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
3
:
5
8
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



HETERONUCLEAR SHIFT CORRELATION SPECTROSCOPY 

Table 1. Experimental parameters used in heteronuclear shift 
correlation experiments 

Experiment 

A (Fig. 5 )  

B (Fig. 6) 

C (Fig. 7) 

One-bond correlation 
Temp.("C) Conc(M) Al(ms)a A2 

- 20" .474 4.00 2 

-47" .600 2.85 2 

- 74" ,592 2.85 2. 

00 

85 

85 

Long-range correlation 
Experiment 

D (Fig. 8) -43" .592 45.0 45.0 

64 

160 

256 

256 

105 

a A 1  and A2 are the delay times. 
NS is the number of transients at each value of tl, not 
including two dummy scans. 

between transients (with two dummy scans between data blocks) 

except for (A), in which the recycle delay was 5 s .  See Table 1 

for number of transients used in each experiment and for lengths 

of polarization and refocusing delays, A1 and A2. 

The Bruker microprogram COL0C.AU (13) was used for the 

three 2D l3C-IH long-range shift correlation experiments at -23"23", 

-43" (D) and -58°C. 

19 p s ;  the 90" I3C transmitter pulse width was 14 p s .  The 

recycle delay was 1 s .  

The 90" IH transmitter pulse width was 

A l l  2D datasets were processed using an exponential window 

function in the I3C dimension (LB-2) and a Gaussian window func- 
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106 LA PLANCHE AND ROTHCHILD 

Fig. 2. ORTEP plot of ketazolam 

tion (LB=-3, GB=0.3) in the I H  dimension, except for (C), which 

was processed using a sine window function in each dimension. 

The temperature, solution concentration, length of the 

polarization transfer ( A 1 )  and refocusing delays ( A 2 )  and the 

number of transients at each value of ti are summarized in Table 1 

For the first XHCORR experiment, ( A ) ,  the delay times ( A 1  and 

A 2 )  were optimized to observe all multiplicities, with l J ~ ~ - 1 2 5  

Hz for sp3 type carbons. For (B) and (C), A 1  and A 2  were optim- 
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HETERONUCLEAR SHIFT CORRELATION SPECTROSCOPY 107 

ized for aromatic one-bond couplings, with l J ~ ~ = 1 7 5  Hz. 

COLOC experiment (D), A 1  and A 2  were set equal to maximize mag- 

netization transfer to quaternary and protonated methine carbons 

(14) and were optimized for three-bond couplings of  11.1 Hz. 

For the COLOC experiment carried out at -58°C. A 1  was set equal 

to 70.0 ms to optimize for a smaller 3 J ~ ~ = 7 . 1  Hz, and A l = 2 A 2 .  

RESULTS AND DISCUSSION 

For the 

Enerm Calculations 

Given the unusual structure of ketazolam, with the phenyl 

ring positioned between the C-methyl and the N-methyl groups 

(Fig. 2), it is not unexpected that the phenyl ring experien- 

ces hindered rotation even at 20°C. In order to investigate the 

nature of the rotational barrier about the Cit-C12b bond, the 

intramolecular energy of the molecule was calculated, starting 

with crystal structure coordinates (1). The energy was computed 

from nonbonded energy parameters as described previously (15), 

employing the crystal-refined nonbonded energy parameters of 

Momany et al. (16). All hydrogen atoms were included in the 

calculations. This parameter set does not include chlorine, but 

because sulfur atoms and chlorine atoms have similar van der 

Waals radii and since the chlorine atom in ketazolam is not 

directly involved in the rotation about the Cit-Ci2b bond, the 

nonbonded parameters of sulfur were used for chlorine in the 

energy calculations. The energy was caltulated at each 10" 

incremer:!. r;f the torsional angle C2t-C1l-C12b-Ol. A plot of the 
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108 LA PLANCHE AND ROTHCHILD 

0 60 120 180 240 300 360 
Torsional Angle 

Fig.  3 .  C a l c u l a t e d  nonbonded energy of ketazolam a s  a 

f u n c t i o n  of  r o t a t i o n  about  the t o r s i o n a l  a n g l e  C 2 1 -  

C1'-C12b-01. 

energy v s .  t o r s i o n a l  angle  is shown i n  Fig. 3 .  A two-fo ld  

b a r r i e r  is apparent  f o r  the phenyl r i n g  wi th  minima i n  t h e  

t o r s i o n a l  angle  o f  approximately 60' and 240". 

of  t h e  b a r r i e r s  is a r t i f a c t u a l ,  r e s u l t i n g  from t h e  f a c t  t h a t  the  

Ci . -c12b v e c t o r  i s  not e x a c t l y  c o l l i n e a r  with t h e  C4,-C12b 

v e c t o r  i n  t h e  c r y s t a l .  When t h e  t o r s i o n a l  a n g l e  i s  s e t  t o  O " ,  

extremely c l o s e  c o n t a c t s  ( a s  l i t t l e  a s  2 i )  a r e  c a l c u l a t e d  

between t h e  H 2 r ,  H 6 '  p ro tons  of  t h e  phenyl r i n g  and t h e  2-methyl 

and 8-methyl  p r o t o n s .  The v a l u e  of  t h e  t o r s i o n a l  a n g l e  C 2 t - C 1 , -  

The i n e q u a l i t y  
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HETERONUCLEAR SHIFT CORRELATION SPECTROSCOPY 109 

C12b-01, c a l c u l a t e d  from t h e  c r y s t a l  s t r u c t u r e  c o o r d i n a t e s ,  i s  

238".  Energy minimizat ion about  t h i s  t o r s i o n a l  a n g l e  gave a 

v a l u e  o f  244" w i t h  a va lue  of  t h e  energy which w a s  0 . 3 4  

kcal/mole lower than t h a t  c a l c u l a t e d  f o r  t h e  c r y s t a l  s t r u c t u r e .  

I n  t h i s  low energy conformation,  t h e  p lane  of t h e  phenyl  r i n g  

f a c e s  t h e  methyl groups on each s i d e  of  t h e  ketazolam molecule 

( F i g .  2) w i t h  comfortable  d i s t a n c e s  of  3 . 5 - 5 i  between the  H 2 ,  

o r  M6, p r o t o n s  o f  t h e  phenyl r i n g  and t h e  2-methyl  and 8-methyl  

p r o t o n s .  The coord ina tes  of  t h e  minimum energy s t r u c t u r e  were 

used t o  g e n e r a t e  the  ORTEP p l o t  shown i n  Fig. 2 .  

13c NMR S p e c t r a  

The t w o - f o l d  energy b a r r i e r  about  t h e  C 1 t  -C12b bond h a s  a 

s i g n i f i c a n t  e f f e c t  upon t h e  chemical s h i f t s  o f  t h e  1 3 C  n u c l e i  i n  

the  phenyl r i n g  o f  ketazolam. Fig. 4 i s  a s t a c k e d  p l o t  o f  t h e  

1 3 C  a romat ic  resonances from 140-124 ppm a t  +20" ,  - 2 0 " ,  - 4 3 "  and 

-58°C. An i n v e r s e  gated decoupl ing experiment  ( F i g  4a) perform- 

ed a t  20°C shows t h a t  the  peaks a t  127.7 and 126.2 ppm a r e  twice  

the  i n t e n s i t y  of the r e s t  of  t h e  ketazolam 1 3 C  peaks .  

t h e s e  peaks may be  ass igned  t o  t h e  two ortho 1 3 C  n u c l e i  and 

t h e  o t h e r  t o  t h e  two meta I 3 C  n u c l e i ,  a l t h o u g h ,  a t  t h i s  p o i n t ,  

it i s  n o t  p o s s i b l e  t o  d i s t i n g u i s h  between t h e  ortho and mecaw 

carbons .  However, the  1 3 C  n u c l e i  r e s o n a t i n g  a t  1 2 6 . 2  ppm a r e  i n  

r a p i d  exchange,  while those  a t  127.7 ppm are broadened by .s lower  

exchange on t h e  NMR time s c a l e .  A s  t h e  ketazolam/CDCl-j s o l u t i o n  

i s  cooled  t o  - 2 O ' C ,  the  resonance a t  127.7 ppm s e p a r a t e s  i n t o  

two broad peaks (Fig. 4b) c e n t e r e d  a t  approximately 1 2 8 . 5  and 

One o f  
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c11 C 1 '  

C12a 

I t 1  I I I I I I  I I I I I I I  
135 13EI 125 

PPM 

Fig. 4. 50.3 MHz 13C NMR spectra of ketazolam/CDC13 

solutions: (a) 20°C (b) -20°C (c) -43°C (d) -58°C. 

Only aromatic spectral region shown. See Table 2 f o r  

chemical shifts and concentrations 
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I I I 

130 1 za  126 
PPn 

7 . 0  

7 , s  

a . 0  

PI- 

Fig. 5 .  Contour plot of the two-dimensional 13C-lH correlated 

NMR spectrum of 0 .474  M ketazolam/ CDC13 at -20°C 

( A ) .  Optimized for one-bond couplings; see 

Experimental section and Table 1. 
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112 LA PLANCHE AND ROTHCHILD 

1 2 7 . 0  ppm. 

temperature. Upon further cooling to -43"C, however, this sing- 

let becomes two peaks, at 126.1 and 1 2 5 . 8  ppm (Fig. 4 c ) .  The 

two resonances which were extremely broad at -2O"C, now sharpen 

to peaks at 128.4 and 126.8 pprn (Fig. 4c). At -58"C, (Fig. 4d), 

all aromatic resonances are well resolved, with a chemical shift 

separation of 0.5 pprn for the upfield set of exchanging 13C 

nuclei and 1.6 ppm for the downfield set. A l l  other resonances 

shift somewhat with concentration and temperature changes, but 

none so dramatically as the ortho and meta  13C nuclei o f  the 

phenyl ring. 

One-bond I3C-lH shift correlation 

The peak at 126.2 ppm remains a singlet at this 

Heteronuclear shift correlation experiments at - 2 O " ( A ) ,  

-47"(B) and -74"C(C) were used to assign all protonated carbons 

and to identify the I3C nuclei of the unsubstituted phenyl ring 

as their chemical shifts changed due to the decrease in rate of  

rotation of  the ring as the temperature was lowered. 

which are easily identified by their one-bond correlations with 

attached protons are 2-CH3, 8-CH3, C3, c6, C g ,  C1o and C12, 

Only the aromatic spectral region from 132 to 124 ppm is shown 

in the contour plots of Fig. 5-7 since this is the region most 

affected by chemical exchange. The peak at 128.8 ppm, which has 

a cross peak to an aromatic proton from the unsubstituted phenyl 

ring at 7.3 ppm, and which experiences a very small chemical 

shift (0.1 ppm) as the temperature is reduced from 20°C to 

-74'C, is the para carbon, C4'. This I 3 C  does not undergo 

13C nuclei 
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I I 

130 1 2 0  
PPM 

A 

I 

1 2 6  

7 0  

7 5  

e10 

a 5  
PP 

Fig. 6. Contour plot of the two-dimensional I3C-lH correlated 

NMR spectrum of 0 . 6 0 0  M ketazolam/CDC13 at - 4 7 ° C  ( B ) .  

Optimized for one-bond couplings; see Experimental 

section and Table 1. 
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8 

7 . 0  

7 , s  

8 0  

130 128 1 2 6  PPl l  
PPn 

Fig. 7. Contour plot of the two-dimensional l3C-IH correlated 

NMR spectrum of 0.592 M ketazolam/CDC13 at -74°C (C). 

Optimized for one-bond couplings; see Experimental 

section and Table 1. 

chemical exchange upon rotation about the Ci’-C12b bond. The 

only other one-bond correlations which appear in Fig. 5 

(-20°C) are C9/H9 at 124.9/7,06 ppm; C10/H10 at 130.2/7.50 ppln 

C12/H12 at 125.4/8.18 ppm; and the I3C resonance at 126.1 ppm 
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HETERONUCLEAR SHIFT CORRELATION SPECTROSCOPY 115 

which has cross peaks to two I H  resonances, one at about 7.0 ppm 

(Hgf) and one at about 7 . 3  ppm (Hg') . 

126.1 ppm, which becomes two peaks at temperatures below - 2 3 ° C  

(Fig. 4), must be C2, and cg', the or tho  carbons of the 

unsubstituted phenyl ring. 

resonances in this aromatic spectral region, the two very broad 

peaks at 128.5 ppm and 1 2 7 . 0  ppm, which are C3t and C58, the 

meta carbons. The rate of exchange of these carbons at -20°C 

makes their spin-spin relaxation times (T2) so short that 

transfer of polarization from the meta protons in the 2D 

experiment s not observed. The meta protons also undergo 

exchange, of course, which reduces their T2 values, thereby 

reducing the amount of transverse polarization which is avail- 

able for transfer to the 13C nuclei; thus the absence of C3i or 

C5' cross peaks in Fig. 5. Small cwo-bond correlations are 

visible for Cg/H10 and C10/H9 in the chlorophenylene rings. 

This I3C resonance at 

This leaves only two unassigned 

To be certain that the assigments of the or tho  and meta 

carbons of the phenyl ring do not change due to peak crossing as 

the temperature is lowered, the one-bond correlation experiment 

was repeated at -47°C and -74°C. The I3C peak which correlates 

with H2r resonates at 126.1 ppm at -20°C and -43'C; at 126.3 ppm 

at -58°C and at 126.2 ppm at - 7 4 ' C .  A plot of all four ortho 

and meta I3C chemical shifts as a function of temperature (not 

shown) reveals that crossover of resonances is very unlikely. 
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One major change which occurs at -47'C ( F i g .  6 )  is the separa- 

tion of the ortho I3C resonances (126.1 ppm at -20°C) into two 

cross peaks: C ~ I / H ~ I  at 126.1/7.0 ppm and Cg'/Hgi at 125.8/7.3 

ppm. 

ces C3t and C5, are now visible at 128.4 and 126.8 ppm, each 

correlating with the merged proton resonances (H3' ,H51) at 7.3 

ppm. The me&a 13C cross peak at 128.4 ppm is not completely 

resolved from that of C41 at 128.7 ppm in Fig. 6 ,  (see below 

for results at -74°C). The contour diagram shown in Fig. 6 is 

the only one of the three one-bond correlation experiments which 

does not show Cg/H10, CiO/Hg cross peaks. The pulse sequence 

used for this experiment included proton-proton decoupling (see 

Experimental Section). 

The other-striking change is that the meta I3C resonan- 

At -74"C, the I3C peaks of ketazolam begin to broaden due 

to the increased viscosity of the solution; it is indeed surpri- 

sing that, at this temperature and at a concentration of 0.592 M 

ketazolam in CDC13, the ketazolam does not come out of solution. 

Nevertheless, the resolution in the contour plot (Fig. 7) is 

quite good. 

including those of Cg and C12, (although at -74"C, the Cg and 

C12 peaks merged at 125.0 ppm in the normal broadband decoupled 

NMR spectrum). The separation of resonances reached at 

All eight one-bond cross peaks are resolved, 

-74°C is 0.7 ppm for the ortho 

meta I3C nuclei. 

resonances should have a larger chemical shift difference than 

the. ortho 13C resonances, for two reasons: (a) the meta 

nuclei and 1.8 pprn for the 

It was not expected that the me&a 13C 
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carbons are farther from magnetically anisotropic groups, and 

(b) the ortho IH resonances separate at low temperatures (Fig. 

lb), while the meta lH resonances remain merged with the 

para lH resonances even at -74°C. Nevertheless, the one-bond 

correlation experiments make it clear that this is indeed the 

case. The delay times used in these experiments are shown in 

Table 1 and discussed in the Experimental Section. 

Lonn-range l 3 C - I H  shift correlation 

After the protonated carbons of ketazolam have been assign- 

ed via one-bond correlation experiments, eight quaternary 

carbons remain to be assigned. 

the long-range correlation (COLOC) experiments at low temperat- 

ures so that shift correlations to the unsubstituted phenyl ring 

could be observed. (Also, for the 12-hour duration of these 

COLOC experiments, the ketazolam in CDCl-, solution would decom- 

pose if not kept at -20°C or below). 

carried out at -23", -43" and -58"C, with somewhat different 

values of the delay times. 

be discussed; -43°C is a sufficiently low temperature to slow 

It was necessary to carry out 

The COLOC experiments were 

Only the data obtained at -43°C will 

the rotation of the phenyl ring so that C ~ I ,  C31, (251 and c 6 l  

are resolved. The spectral region from 140 to 124 ppm is shown 

in Fig. 8; the rest of the correlation diagram does not change 

significantly with temperature. 

The delay times for the COLOC experiment at -43°C were set 

equal to optimize for methine and quaternary 3 J ~ ~  couplings of 

11.1 Hz. ( A  large three-bond coupling was expected for C11, the 
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Fig. 8. 

Q 

0 
8 

V 

I 1 ' .  1 

13s 130 12s 
PPn  

7 . 0  

7 , s  

8 . 0  

PI1 

Contour plot of the two-dimensional 13C-lH correlated 

NMR spectrum of 0.592 M ketazolam/CDC13 at -43'C (D). 

Optimized for long-range couplings; see Experimental 

section and Table 1. 
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chlorinated carbon. (17)). The quaternary carbons whose cross 

peaks may be seen in Fig. 8 are Caa, C ~ I ,  C12a and C 1 1 .  The 

remaining carbons in chis Figure are protonated and have been 

assigned (Table 2). 

ppm) is Cea, with cross peaks reflecting three-bond coupling to 

H10 (7.50 ppm) and Hi2 (8.18 ppm). The next I3C peak, at 138.1 

ppm, is Clt, with cross peaks to aromatic protons H3#, H5i and 

possibly H 6 '  at 7.2 and 7.3 ppm. 

field, the next I3C peak is C12a at 134.2 ppm with a strong 

cross peak to H9 at 7.12 ppm. 

is C11 at 131.8 ppm, with a strong cross peak to H9 (3Jc~) at 

7.12 ppm, and a weaker cross peak to Hi0 ( 2 J ~ ~ )  at 7.50 ppm. 

The results of the COLOC experiments are not completely unambig- 

uous regarding the assignments of these four quaternary carbons. 

However, considered together with the I3C spectrum of ketazolam 

obtained without broadband decoupling, the assignments are 

certain: C11, for example, is split into a multiplet of at least 

six lines due to coupling to H9, Hi0 and H12, while C1za i s  

approximately a doublet of doublets due to coupling to Hg and 

H12, Caa and C1, are merged and broadened in the undecoupled 

spectrum due to the proximity of Csa to a quadrupolar nitrogen 

nucleus. The COLOC experiment at -43"C, however, makes clear 

that Caa is the downfield resonance while C1' is 0.2 ppm 

upfield. The separation of c8, and C1, is obvious when an 

expanded region of the contour plot of Fig. 8 is viewed between 

137 snd 140 ppm. 

The I3C peak to lower magnetic field (138.3 

Continuing to higher magnetic 

The last quaternary I3C in Fig. 8 

. 
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Table 2 
1H and 13C Chemical shifts of  ketazolam at different temperaturesa 

Assignment & 
+2O0C 

2 
2-CH3 
3 
4 
6a 
6b 
7 

8-CH3 
8a 
9 
10 
11 
12 
12a 
l?b 
1 
2' 
3'b 
4' 
5'b 
6' 

- - _ -  
1.89 
5.36 

3.34 
5.36 

2.51 

7.12 
7.50 

8.18 

_ _ _ _  

_ _ _ _  

- _ _ -  

_ _ _ _  

_ _ _ _  
_ _ _ _  
_ _ _ _  
7. 15c 
7. 2gC 
7.28C 
7. 2gC 
7 .  15c 

13c 
-74°C -58°C -43°C -20°C +20"C 

162.7 
20.0 
100.4 
161.9 

43.3 

165.2 
34.0 
138.0 
125.0 
130.1 
131.6 
125.0 
133.8 
91.0 
137.8 
126.2 
128.5 
128.7 
126.7 
125.5 

162.6 
20.1 
100.7 
161.9 

43.4 

165.3 
34.1 
138.3 
125.0 
130.3 
131.9 
125.3 
134.2 
91.3 
138.2 
126.3 
128.6 
128.9 
127.0 
125.8 

162.4 
19.9 
100.6 
161.6 

43.3 

165.1 
33.8 
138.3 
124.9 
130.2 
131.8 
125.2 
134.2 
91.3 
138.1 
126.1 
128.4 
128.7 
126.8 
125.8 

162.3 
20.0 
100.7 
161.6 

43.5 

165.2 
33.8 
138.6 
124.9 
130.2 
131.9 
125.4 
134.5 
91.6 
138.4 
126.1 
128. gd 
128.8 
127.0d 
126 1 

162.1 
19.6 
100.8 
161.4 

43.5 

165.1 
33.6 
138.8 
124.9 
130.2 
131.9 
125.4 
134.7 
91.7 
138.6 
126.2 
127.7 
128.7 
127.7 
126.2 

a The concentration of the solution for the IH at +20°C and I3C 

assignments at -43°C was 0.600 M ketazolam in CDC13. The 

concentrations used at the other temperatures ware 0.592 M 

(-74°C and -58"C), 0.474 M (-20°C) and 0.664 M (+20"C). The 

reference for 1~ was internal TMS. 

referenced to internal CDC13 at 77.0 ppm, 

13C Assignments may be reversed. 

distinguished because meta lH peaks overlap at all 

temperatures. 

Very broad peaks. At low temperatures (-20°C and below, H 2 ,  

resonates at about 7 ppm, while H3t-Hg9 are merged at 7.3 ppin). 

Very broad meta 13C peaks. 

1 3 ~  resonances were 

Meta 1 3 C  peaks cannot be 
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Table 3. 13C/lH Correlations of  Ketazolam. a 

Carbon Bonded H Long-range connected H 

2 
2-CH3 
3 
4 
6 
7 
8-CH3 
8a 
9 
10 
11 
12 
12a 

1 
12!, 

2 '  
3l 
4'  
5 )  
6 '  

_ _ .  

H2' 
b 
b 
b 
b 

a Not all correlations may be seen in each experiment (see test) 

Aromatic I3C resonances correlate with aromatic IH resonances ; 
however, in the concencrated solutions used for these l o w -  

temperature experiments, only H2t resonates at a different 

frequency; H39-Hgt are merged. 

The quaternary carbon C12bI being sp3 hybridized, resonates 

upfield (91.3 ppm at -43°C) from the other s p 2  quaternary 

carbons and may be  identified via cross peaks from three-bond 

couplings t o  H6b,  H12, H 2 ,  and H g , .  

In the COLOC experiment carried o u t  a t  -58°C (not shown), 

the three I3C resonances between 162 and 165 ppm are easily 

assigned to the remaining two carbonyl carbons and the quater- 
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nary  C 2 .  The peak t o  lowest  f i e l d ,  a t  1 6 5 . 3  ppm, h a s  c r o s s  

peaks t o  t h e  &methyl pro tons  a t  2 .51  ppm and t o  H6a and H6b and 

i s  t h e r e f o r e  t h e  carbonyl  carbon,  C 7 .  The o t h e r  carbonyl  c a r b o n ,  

a t  1 6 1 . 9  ppm, h a s  c r o s s  peaks t o  H3 a t  5.36 ppm and H6a a t  3 . 3 4  

ppm and i s  'C4. 

H3 and t o  t h e  2-methyl pro tons  a t  1 . 8 9  ppm. 

This  l e a v e s  C 2  a t  162 .6  ppm, wi th  c r o s s  peaks t o  

The I H  and 1 3 C  chemical s h i f t  ass ignments  a t  v a r i o u s  temp- 

e r a t u r e s  a r e  shown i n  Table 2 .  The observed one-bond and l o n g -  

range c o r r e l a t i o n  c r o s s  peaks a r e  c o l l e c t e d  i n  Table  3 .  

CONCLUSION 

All twenty I3C resonances of  ketazolam a r e  r e s o l v e d  ( a t  

50 .3  MHz) a t  tempera tures  o f  -40°C and below, i n c l u d i n g  t h o s e  of 

t h e  u n s u b s t i t u t e d  phenyl r i n g .  

c o r r e l a t i o n  experiments  make p o s s i b l e  t h e  assignment of  a l l  

p ro tona ted  carbons .  The phenyl carbons may be i d e n t i f i e d  

s t a r t i n g  from t h e  one-bond c r o s s  peak i n  t h e  2 D  spectrum which 

Low- temperature  one-bond l 3 C - I H  
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correlates C2i and H2’. H2r is the only proton of the phenyl 

ring possessing a unique chemical shift (at the concentrations 

and temperatures used) . Variable- temperature 13C studies then 

allow the coalescing or&ho 13C resonances to be distinguished 

from the coalescjng meta I3C resonances. 

Low-temperature long-range correlation experiments were 

used to assign the eight quaternary I3C resonances. With the 

13C assignments completed, detailed studies of the activation 

energy for internal rotation about the aryl to tert-alkyl bond 

in ketazolam are now possible. 
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