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Long-Range Two-Dimensional 1H–13N
Heteronuclear Shift Correlation at Natural
Abundance Using A Study of theGHNMQC.
Reverse Transcriptase Inhibitor Delavirdine

Kathleen A. Farley, Gregory S. Walker¤ and Gary E. Martin*
Pharmacia & Upjohn, Pharmaceutical Development, Kalamazoo, Michigan 49001-0199, USA

Delavirdine is a novel BHAP [bis(heteroaryl)piperazine ] RT (reverse transcriptase) inhibitor in the Ðnal stages of
development for treatment of human AIDS (acquired immuno deÐciency syndrome). The assignment of the six
unique nitrogen resonances in the molecule and its 5-aminoindole precursor are reported at natural abundance using
the two-dimensional GHNMQC (gradient hydrogen–nitrogen multiple quantum coherence) experiment. The mol-
ecule contains three protonated secondary nitrogens and three tertiary nitrogens in its structure. The protonated
nitrogen of the acidic sulfonamidomethyl moiety at the 5-position of the indole substituent of the molecule is shown
to be sufficiently acidic in DMSO solutions at ambient temperature to preclude the observation of a direct response
for this 1H–15N heteronuclear pair ; in contrast, direct responses for the indole and isopropyl amino nitrogens were
readily observable under these conditions. Variable-temperature studies in pyridine demonstrated that it was pos-
sible to slow autoprotonation sufficiently to allow the direct response to be observed with full intensity at Ô35 ÄC.
Similar, although less pronounced behavior was observed for the 5-amino group contained in the structure of the
5-aminoindole precursor of delavirdine. The broad proton multiplet for the H-2º/H-6º methylene proton resonance
of the piperazine portion of the molecule failed to a†ord a direct response to the piperazine N-4º resonance in the
conventional GHNMQC experiment. Modifying the pulse sequence to apply a selective pulse to the H-2º/H-6º
proton in a manner analogous to that recently reported for the selective HMBC experiment readily facilitated the
observation of the otherwise absent long-range coupling to N-4º. 1997 John Wiley & Sons, Ltd.(
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INTRODUCTION

Nitrogen-15 NMR spectroscopy has had an interesting
history. Early studies relied on neat liquids or solutions
at or near saturation to overcome the inherent diffi-
culties of direct 15N observation. The low natural abun-
dance of this interesting nuclide (0.37%) is further
exacerbated by a low gyromagnetic ratio, (the reso-cNnant frequency is 50.68 MHz on 11.7 T magnets a†ord-
ing proton observation at 500.13 MHz). The intrinsic
properties of the 15N nuclide a†ord an overall sensi-
tivity that is 0.0214 relative to 13C and only 0.001 94
relative to 1H.

Despite problems of sensitivity, there is, surprisingly,
a relative wealth of 15N chemical shift data available on
an extremely diverse range of nitrogen-containing moi-
eties and heterocycles contained in several
monographs1,2 and a series of exhaustive reviews by
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Webb and co-workers.3h5 To date, the bulk of chemical
shift information available, aside from that of protein
15N chemical shifts, has derived from direct or INEPT-
facilitated observation experiments. In contrast, the
work of Bax et al.6,7 initially led to the development of
two-dimensional inverse-detected experiments amenable
to 15N observation. That fertile beginning has since
spawned a diverse array of far more sophisticated three-
and four-dimensional NMR experiments designed spe-
ciÐcally for the complete spectral assignment, sequen-
cing, and tertiary structure characterization of proteins.8

Our previous work has taken an alternative direction,
utilizing a pulse sequence that is essentially an amalga-
mation of the now widely utilized HMQC9 and
HMBC10 experiments and their gradient analogs.11 We
now propose to label speciÐcally the experiment using
the acronym GHNMQC (gradient-enhanced hydrogenÈ
nitrogen multiple quantum coherence). The experiment
a†ords, via gradient-enhanced inverse detection, the
ability to correlate 1H to 15N via chemical shifts either
directly (via one-bond, or long-range (via multiple1JNH)
bonds, where n \ 2, 3, etc.) in a single experiment.nJNH ,
We suggest a separate acronym since the experiment is
speciÐcally adapted to requirements for 1HÈ15N long-
range heteronuclear shift correlation and derives from
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Table 1. 15N Chemical shifts of nitrogen resonances of dela-
virdine (1) and its aminoindole precursor (4) deter-
mined using the GHNMQC experiment.

1 1 4

R ¼NHSO
2
CH

3
R ¼NHSO

2
CH

3
R ¼wNH

2
Position free base mesylate salt

1 137.7 138.9 135.5

5 117.7 117.3 53.8

1¾ 115.4 113.2 113.8

4¾ 61.3 (a) 61.3

1Â 290.2 289.0 290.1

3Â 78.2 76.7 78.3

a Not observable because of extensive homonuclear coupling of
protons long-range coupled to this nitrogen resonance. Observ-
able (see text) when a selective GHMQC experiment is performed.

components of both the GHMQC and GHMBC
sequences.

EXPERIMENTAL

The simplest form of the GHNMQC pulse sequence
used in this work is shown in Fig. 1. Excitation of
1HÈ15N heteronuclear multiple quantum coherence is
achieved in the sequence by the Ðrst two pulses (90¡

15N). The BIRD pulse12 of the GHMQC1HÈDLRÈ90¡
sequence is not used in long-range correlation experi-
ments and has thus been omitted. Likewise, the low-

pass J-Ðlter13 normally contained in the long-range
excitation phase of the GHMBC experiment has also
been omitted. We Ðnd it convenient simply to allow the
signals for the direct 1HÈ15N correlations (via to1JNH)
be observed in the experiment, obviating the need to
acquire a second experiment to establish the chemical
shifts of the protonated nitrogen resonances. Wide 15N
chemical shift dispersion and the limited number of
nitrogens contained in most molecules are such that the
overlap of a direct and long-range response is very
unlikely. It should also be noted that the relative inten-
sity of the direct responses in the GHNMQC experi-
ment can be severely modulated as a function of the
optimization of the long-range coupling delay. Direct
response intensity ranging from full to essentially zero
intensity depending on whether the long-range delay
meets or conditions, respec-(2N ] 1)/2 1JNH N/1JNHtively, can be observed. The 1HÈ15N heteronuclear
multiple quantum coherence created by the second 90¡
pulse next evolves through the Ðrst half of the evolution
period Zero and double quantum terms are inter-(t1/2).
changed by the 180¡ 1H pulse midway through the evol-
ution period and then evolve during the second half of
the evolution period. Multiple quantum coherence is
reconverted to observable proton single quantum
coherence by the Ðnal 90¡ 15N pulse of the sequence.
Data are acquired immediately following the reconver-
sion pulse and the Ðnal gradient. Decoupling is preclud-
ed during the acquisition period as in the conventional
HMBC experiment because of the variability of long-
range couplings Hz for n \ 2, 3) as in con-(nJNH B 2È16
ventional HMBC experiments.10 In the case of the
1HÈ15N GHNMQC experiment, coupling constant
variability is more extreme than in the conventional
1HÈ13C HMBC experiment since direct response are
speciÐcally allowed in the experiment (1JNH B 80È
100 Hz).

Gradients are applied following the 90¡ 15N pulse,
preceding and following the Ðnal 90¡ 15N pulse in the
ratio 5 : 5 : [ 1. We have found sine-shaped gradients in
the range 1È1.5 ms with gradient strengths in the range
ca. 10È15 G cm~1 to be sufficient for purposes of

Figure 1. Gradient-enhanced hydrogen–nitrogen multiple quantum coherence two-dimensional NMR pulse sequence for which the
acronym GHNMQC has been proposed. The pulse sequence is an amalgamation of the GHMQC and GHMBC pulse sequences. Both the
BIRD pulse of the GHMQC sequence and the low-pass J-filter of the GHMBC sequence have been deleted in the GHNMQC experiment.
Phase cycling employed was identical with that used with the GHMBC experiment. Sine-bell shaped gradients were applied in the ratio
5 : 5 : 1 to accommodate 15N (13 G cmÉ1). Both long-range where n ¼2, 3, etc.) and direct responses where J ¼80–95 Hz)(nJ

NH
, (1J

NH
,

are observed using the pulse sequence.
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1HÈ15N HETERONUCLEAR SHIFT CORRELATION 673

1HÈ15N long-range heteronuclear correlation with the
GHNMQC pulse sequence. Phase cycling used for the
GHNMQC experiment was identical to that used for
the conventional HMBC experiment.10

All experiments were performed using a Bruker
AMX-500 instrument operating at a frequency of 500.13
MHz for 1H observation. The spectrometer was
equipped with a 5 mm Bruker inverse triple resonance
probe with a single axis (z) gradient coil. Two-
dimensional GHNMQC experiments were performed
using the pulse sequence shown in Fig. 1 on samples
containing ca. 25 mg of delavirdine free base [or the
approximate molar equivalent of delavirdine mesylate
or the 5-aminoindole precursor (2)] dissolved in 600 ll
of 99.96% (Isotec) in standard 5 mm NMRDMSO-d6tubes (Wilmad). Pulses for 1H and 15N were calibrated
at 6.6 and 34.0 ls, respectively. Data were typically
acquired as 2048 ] 128 point matrices which were zero-
Ðlled to 4096 ] 256 points during data processing. The
long-range delay in the GHNMQC sequence was vari-
ously optimized for 4, 6, 7 and 11 Hz (125, 83.3, 71.4
and 45.5 ms, respectively) although only data for the 4
Hz optimized spectra are shown in this paper, unless
noted otherwise.

RESULTS AND DISCUSSION

The Ðrst applications of the GHNMQC sequence in
1995 in the authorsÏ laboratories were in the study of
long-range couplings to and the chemical shifts of nitro-
gens contained in a variety of alkaloids, which included
ajmalaine,14 the Strychnos alkaloids strychnine, brucine
and holstiine15 and the bisindole semi-synthetic alka-
loid vinorelbine16 used clinically in the treatment of
non-small cell carcinoma of the lung. In 1996 we re-
ported the nitrogen resonance assignments and long-
range 1HÈ15N couplings of the indoloquinoline alkaloid
cryptolepine.17 Subsequent reports have since appeared
from several groups which have utilized pulse sequences
similar to GHNMQC to determine the orientation of
the steroidal units fused to a central pyrazine in rittera-
zine A,18 the structure of a novel alkaloid, agrocybe-
nine, from a Korean mushroom19 and the sites of
protonation of N-benzylideneaminopyrazoles.20 Fol-
lowing these studies, we reported the 15N resonance
assignment and long-range coupling pathways for the
alkaloid vincamine.21

We now direct our attention to the HIV RT (reverse
transcriptase) inhibitor delavirdine (1), which has six
unique nitrogens in its structure in a variety of di†erent

electronic environments. The proton and carbon chemi-
cal shift assignments for delavirdine were reported
recently,22 facilitating the interpretation of long-range
couplings to the various nitrogens contained in the
structure.

There are a variety of structural characteristics
associated with 15N that make it an interesting target
nuclide for structure elucidation studies. Many natural
products, e.g. alkaloids, incorporate aliphatic, alicyclic
and/or aromatic nitrogen heterocycles of some type in
their structures. Likewise, nitrogen is a fundamental
structural component in [80% of all pharmaceuticals.
In the elucidation of unknown structures, homonuclear
and 1HÈ13C heteronuclear connectivity networks are
frequently considered to “dead endÏ at intervening nitro-
gen atoms. Typically, in such cases, an e†ort is made to
bridge the nitrogen by resorting to some type of
NOE/ROE experiment or alternatively through the use
of a long-range 1HÈ13C coupling across the nitrogen in
an HMBC experiment. Obviously, from a sensitivity
standpoint, these approaches have far greater inherent
sensitivity and should be considered before resorting to
1HÈ15N long-range heteronuclear shift correlation.
However, when these more “conventionalÏ experiments
do not work, for whatever reason, the ability to estab-
lish connectivities from protons in spatially “discon-
nectedÏ structural fragments to a common intervening
15N via (n \ 2, 3) provides powerful structuralnJNHinformation by allowing the homo-/heteronuclear con-
nectivity networks to be linked to one another in an
unequivocal fashion.

As an example, consider the alkaloid panamine (2)
which Bhacca et al.23 used to demonstrate(C20H33N3),the ability of the INADEQUATE experiment to estab-

lish 13CÈ13C connectivities.
From a thorough study of the INADEQUATE data,

it is possible to arrive at the molecular “spiderÏs webÏ
represented by 3,24 in which the presence of the various
nitrogen atoms are inferred on the basis of carbon
chemical shifts and homonuclear 13CÈ13C connectivity
pathways coming to a “dead endÏ (it should be recalled,
however, that “dead endsÏ in the carbonÈcarbon connec-
tivity network may also be explained by 13CÈ13C AB
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spin systems when the experiment has been optimized
for an AX spin system). At this point, despite the fact
that the carbon skeleton of panamine (2) has been irre-
futably “establishedÏ from the INADEQUATE data, it
still requires considerable intuition on the part of the
chemist or spectroscopist, and/or a considerable
amount of NOE data to link the various molecular
appendages to arrive at the correct structure of pana-
mine. In contrast, given that there are three nitrogens,
which should have unique chemical shifts, linking
protons contained in the various appendages to one
another via long-range correlations through the inter-
vening nitrogens should be a plausible undertaking,
especially given that sufficient quantities of the alkaloid
were available to perform an INADEQUATE experi-
ment in the Ðrst place.

Another potentially interesting application of the
GHNMQC experiment is in the identiÐcation of sites of
N-oxidation or -hydroxylation when there are com-
peting possibilities. Generally, the assignment of such
structures can be envisioned on the basis of regio-
speciÐc shifts in proton and/or carbon resonances.
While these approaches assuredly work in many
instances, they obviously will not in every case. In such
circumstances, the ability to utilize long-range 1HÈ15N
correlation provides a means of unequivocally estab-
lishing the site of N-oxidation or -hydroxylation. It
should be noted, however, that at least in the case of
some diazine N-oxides, work by Sta� deli et al.25 sug-
gested that di†erences in 15N chemical shift on N-
oxidation alone are insufficient to allow assignments to
be made and the site of N-oxidation to be conÐrmed.
Whether this behavior is more generalized than the
diazine heteroaromatic family remains to be demon-
strated.

Finally, many nitrogen heterocycles have competing
tautomeric structures. In cases where it is germane to a
study to have unequivocal conÐrmation of the preferred
tautomer, the ability to probe 15N chemical shifts indi-
rectly via long-range 1HÈ15N heteronuclear coupling
pathways could provide useful structural information
provided that protons are fortuitously located in the
structure. In this case, the interpretational alternatives
are often speculative in nature and are thus much less
desirable than the hard evidence potentially a†orded by
15N chemical shift information.

The present study of the BHAP [bis(heteroaryl)-
piperazine] RT inhibitor delavirdine (1), which has six
unique nitrogens in its structure, was initially under-
taken for several reasons. First, we wanted to further
our understanding of the optimization of the delay used
to create heteronuclear 1HÈ15N multiple quantum
coherence. Second, we sought to probe the ability of the
experiment to cope with the broad 15N spectral width
needed to encompass nitrogen species ranging from the
alicyclic piperazine nitrogen to the pyridine annular
nitrogen (ca. 50È300 ppm or 13 kHz). While a 250 ppm

chemical shift range is commonly encountered inF11HÈ13C long-range correlation experiments (ca. 31
kHz), it must also be remembered that the excitation
efficiency of the 90¡ heteronuclear pulse in the sequence
is signiÐcantly diminished on going from 13C (ca. 10È12
ls) to 15N (ca. 30È34 ls). Hence it Ðnally remained to
be determined at the outset of this study if 15N pulse

widths in the range 30È34 ls would be sufficient to
a†ord the excitation efficiency necessary to cope with
250È300 ppm 15N spectral widths.

The GHNMQC 1HÈ15N heteronuclear correlation
spectrum of delavirdine, as the free base in DMSO-d6 ,
is shown in Fig. 2. The long-range delay for the spec-
trum shown was optimized for 4 Hz (125 ms). Data
were also acquired with the long-range delay optimized
for 7 and 11 Hz (71.4 and 45.5 ms, respectively). At the 4
Hz optimization responses for Ðve of the six unique
nitrogen atoms in the molecule were observed, although
not all were observed as expected.

The molecule contains three protonated nitrogen
resonances, the isopropyl secondary amine (N-3A)
attached to the 3A-position of the pyridine ring (see the
numbering scheme in 1), the indole NH (N-1) and the
methylsulfonamido NH (N-5) attached to the 5-position
of the indole nucleus. Direct responses were observed
for N-3A and N-1 as 85 and 99 Hz doublets, respec-
tively, at chemical shifts of 78.2 and 137.7 ppm, respec-
tively. (Nitrogen chemical shifts are reported to one
decimal place as measured o† the spectrum using a
cursor. The data should not, however, be considered to
be more accurate than ^0.5 ppm because of the digital
resolution limits of the experiment in It is inter-F1.)esting to note that a direct response doublet was not
observed for the N-5 sulfonamidomethyl NH resonance.
As noted in direct contrast, long-range correlation
responses were observed to all three of the protonated
nitrogens.

Long-range correlations were observed from the iso-
propyl methyl doublet and the H-3A proton of the pyri-
dine ring to the N-3A resonance. Three-bond long-range
couplings were likewise observed from H-3 and H-7 to
the indole N-1 resonance. Finally, and importantly,
long-range coupling responses were also observed from
the indole H-4 and H-6 protons to the indole N-5 reso-
nance locating it at 117.7 ppm. A direct response NH
doublet was not observed for the N-5 nitrogen reso-
nance. This observation consequently raises the ques-
tion of why N-5 should behave in an anomalous
fashion. It is also worth noting that the N-5 sul-
fonamidomethyl NH response was also unobservable in
the 7 and 11 Hz optimized experiments (not shown). As
noted in the Introduction, however, the lack of a direct
response could be a modulation-dependent function of
the optimization of the long-range delay in the experi-
ment for selected delays. It seems very unlikely,
however, that not even a vestigial trace of a detectable
response would be observed for any of the long-range
optimizations utilized in this study. Finally, 15N chemi-
cal shifts for the three resonances considered thus far
were within the range of chemical shifts expected for
these types of nitrogens.3h5

Before addressing the lack of an N-5 direct response,
the long-range couplings to the other nitrogen reso-
nances and the lack of couplings to N-4@ will be con-
sidered. Both the piperazine amide N-1@ and the
pyridine N-1A nitrogens were assignable on the basis of
the protons to which they were long-range 1HÈ15N
coupled. The N-1@ resonance was long-range coupled to
the H-3@/H-5@ methylene protons of the piperazine ring
and resonated at 115.4 ppm, which is reasonable for an
amide nitrogen of this type. The pyridine N-1A reso-
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Figure 2. GHNMQC spectrum of delavirdine (1) as the free base optimized for a 4 Hz long-range coupling. Direct responses for the indole
N-1 and isopropylamino N-3Â resonances were observed as doublets at 137.7 and 78.2 ppm, respectively. A direct response was not
observed for the N-5 methylsulfonamido nitrogen (see location denoted by empty box). Long-range responses were, however, observed to
N-5 from the H-4 and H-6 protons of the indole nucleus which defined the chemical shift of N-5. Long-range response were observed for
the piperazine amide N-1¾ and pyridine N-1Â resonances at 115.4 and 290.2 ppm, respectively. A long-range response was not observed to
the piperazine N-4¾ resonance, presumably owing to broadening of the H-2¾/H-6¾ methylene resonance of the piperazine ring.

nance was the furthest downÐeld at 290.0 ppm and was
assigned via a long-range coupling to H-5A, which was
observed via a strong response in the 4 Hz optimized
spectrum, a weaker response in the 7 Hz experiment
and through a very weak response in the 11 Hz data.
No response was observed for the piperazine N-4@ nitro-
gen in any of the three long-range correlation experi-
ments performed. Of the two missing responses, the lack
of a coupling, presumably from the H-2@/H-6@ methylene
protons to N-4@, was the most readily explicable and
will be considered Ðrst.

Generally, long-range responses in variants of the
HMBC experiment become progressively more difficult
to observe as the extent of coupling of a proton or
protons increases. This problem was successfully
addressed by Bax et al.26 in a recent paper dealing with
a more conventional 1HÈ13C long-range heteronuclear
correlation experiment. The experiment di†ered from
the conventional HMBC sequence in the application of
a selective 90¡ pulse in lieu of the Ðrst 90¡ 1H pulse and
a selective 180¡ 1H pulse. The former is optional
whereas the latter is responsible for removing the unde-
sirable protonÈproton couplings inherent to the reso-
nance. When the proton spectrum of delavirdine as the
free base is examined, the resonance for the H-2@/H-6@
methylene protons is considerably broader than that for
its H-3@/H-5@ methylene counterpart (see proton trace in
Fig. 4), which did give a long-range coupling response
(Fig. 2) to the N-1@ piperazine amide nitrogen at 115.4
ppm. On this basis, it was logical to extrapolate that
application of the selective HMBC experiment (see Fig.
3), modiÐed for 1HÈ15N heteronuclear shift correlation,
would o†er a reasonable chance of observing a corre-

lation from the H-2@/H-6@ methylene protons to N-4@.
The results of this experiment are illustrated by the
segment of the two-dimensional spectrum optimized for
11 Hz shown in Fig. 4, which contained the only two
responses observed in the spectrum. Two responses
were observed : Ðrst, the long-range correlation from the
H-2@/H-6@ methylene resonance to N-4@ was now
observed, as expected, at 61.3 ppm. A second one-bond
doublet response was observed from the secondary iso-
propyl N-3AH resonance to its corresponding N-3A
nitrogen at 78.2 ppm. This response can be readily
explained by the inefficiency of the selective pulse used
in the experiment. Since the N-3AH proton is the closest
resonance downÐeld in the spectrum to the H-2@/H-6@
methylene proton resonance on which the selective
pulse was centered, excitation inefficiency (i.e. a lack of
relative selectivity) would be expected to lead to some
unavoidable but undesired excitation of the N-3@H reso-
nance. While a more selective pulse could be used, this
may not be particularly desirable.26 The isopropyl
methine resonance, which is closer still to the H-2@/H-6@
methylene resonance upÐeld, would also experience
excitation by the selective pulse but, since it was not
coupled to N-3A in the conventional GHNMQC spec-
trum, it was not expected to and did not give a response
in the spectrum shown in Fig. 4.

Returning to the absent direct response for N-5 in the
GHNMQC spectrum shown in Fig. 2, we elected Ðrst to
attempt to link the behavior to the sulfonamidomethyl
moiety by acquiring data for the 5-aminoindole precur-
sor of delavirdine (4).

Long-range responses were observed for 4 from the
H-4 and H-6 indole protons to the N-5 amino group
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Figure 3. Selective GHNMQC pulse sequence derived from the pulse sequence shown in Fig. 1 based on the work of Bax et al .26 for
1H–15N long-range heteronuclear shift correlation where extensive proton homonuclear coupling might be expected to preclude the observ-
ation of a long-range response.

which resonated at 53.7 ppm as shown in Fig. 5. A
prominent doublet for the N-5 direct response was not
observed. Instead, a strong response was observed at
the chemical shift of the 5-amino group Ñanked by a
weak doublet where the normally strong doublet would

be observed in the 4 Hz spectrum. No doublet was
observed in either the 7 or 11 Hz spectra. The intensity
of the doublet response for the N-3A isopropyl NH is
nearby and can be readily compared with that for the
N-5 amino (Fig. 5). It should also be noted that the
latter does not have any response at the proton shift of
the N-3AH resonance in contrast to the prominent
response at the proton shift of We interpretedN-5H2 .
these observations, coupled with the known acidity of
the proton of the N-5 methylsulfonamido group, to
suggest the possibility of exchange and/or autoprotona-
tion of delavirdine free base in DMSO solutions.

To probe the behavioural similarity and consistency
of the N-5 methylsulfornamido and N-5 amino groups,
in conjunction with the known acidity of the former, we

Figure 4. Selective GHNMQC spectrum of delavirdine (1) free base in recorded with the selective 1H 90¡/180¡ pulses appliedDMSO-d
6

(see text and Ref. 26) to the H-2¾/H-6¾ methylene resonance, affording the correlation observed at 61.3 ppm. The ‘selective’ pulses utilized
were not rigorously optimized in regard to proximate, non-coupled protons allowing some excitation of the N-3ÂH doublet, thereby giving
rise to the long-range correlation response to the N-3Â nitrogen resonating at 78.2 ppm.

( 1997 John Wiley & Sons, Ltd. MAGNETIC RESONANCE IN CHEMISTRY, VOL. 35, 671È679 (1997)
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Figure 5. GHNMQC spectrum of the 5-aminoindole precursor
(4) of delavirdine (1) optimized for 4 Hz. The full spectrum is
shown at the top; an expansion of the aliphatic nitrogen region of
the spectrum from 45 to 95 ppm (5 Hz optimized) is shown at the
bottom. The N-3ÂH isopropylamino nitrogen gave the strong
doublet observed at 78 ppm in the bottom panel ; the N-5 amino-
indole nitrogen gave only the weak doublet flanking the stronger
on-resonance signal at 57.3 ppm in the bottom panel. The weak
doublet was unobservable in both the 7 and 11 Hz optimized
spectra.

prepared a solution of delavirdine free base in pyridine-
to allow variable temperature studies to be per-d5formed. A series of GHNMQC 1HÈ15N long-range het-

eronuclear correlation spectra optimized for 6 Hz were
acquired under identical conditions except for the tem-
perature, which was varied from ambient probe tem-
perature (27 ¡C) to 0, [10, [20 and [35 ¡C. From this
series of experiments, slices were extracted from the F1frequency domain at the 15N chemical shift of the N-5
methylsulfonamido resonance. As with the DMSO data,
the pyridine spectrum at ambient temperature did not
exhibit any sign of a direct response for N-5. There was
a weak direct response at the proton chemical shift of
N-5H observed in the 0 ¡C spectrum, which grew pro-
gressively in intensity on going Ðrst to [10 ¡C and then
to [20 ¡C. The resonance took on what was assumed
to be full response intensity in the [35 ¡C spectrum.
These data are shown in Fig. 6 and clearly substantiate
the temperature dependence of the N-5H direct
response.

In an e†ort to determine whether the phenomeno-
logical behavior of the N-5H resonance was simply
zwitterionic autoprotonation, a GHNMQC 1HÈ15N
long-range correlation spectrum of delavirdine as the
mesylate salt in was acquired under condi-DMSO-d6

traces from a series of variable-temperatureFigure 6. F
1

GHNMQC spectra of delavirdine (1) in The N-5Hpyridine-d
5
.

sulfonamidomethyl direct response was unobservable in the 28 ¡C
ambient probe spectrum that was shown as a contour plot in Fig.
2. When spectra were acquired at 0 and É10 ¡C, no response and a
weak direct response were observed, respectively, at the proton
chemical shift of the sulfonamindomethyl proton. The direct
response intensified on going to É20 ¡C and was at full intensity at
É35 ¡C.

tions identical (4 Hz optimization and equivalent
digitization) with those for the spectrum shown in Fig. 2
in which no direct response was observed for the sul-
fonamidomethyl N-5H resonance. When processed, the
sulfonamidomethyl N-5H resonance was observed as an
84 Hz doublet at 118.0 ppm in conjunction with long-
range responses from the H-4 and H-6 indole protons.
Interestingly, calculations based on the now available
84 Hz one-bond coupling rule out modulation as an
explanation for the lack of a direct response. Indeed, the
calculations instead mandate that the response should
have high intensity based on the 84 Hz coupling. These
data are shown in Fig. 7. By converting the molecule to
its mesylate salt, the basic site, which the acidic N-5H
proton could logically be expected to autoprotonate
zwitterionically in the case of the free base, was blocked,
thereby precluding autoprotonation and e†ectively
forcing the acidic N-5H proton to reside largely, if not
exclusively, on the sulfonamidomethyl nitrogen. It was
also observed from the proton reference spectrum
plotted above the contour plot in Fig. 6, that the isopro-
pyl amino N-3A resonance has shifted downÐeld relative
to the free base in addition to some broadening ; both
results are consistent with protonation at this site. As a
consequence, the N-3A direct response was observed as
a 90 Hz doublet at 76.2 ppm in conjunction with long-
range coupling observed to the isopropyl methyl groups
as expected. Overall, N-3A experienced an upÐeld shift
of 2.0 ppm relative to the free base, a change which is
hardly sufficient to be diagnostically useful in determin-
ing sites of N-protonation.

Finally, an alternative explanation of the behavior of
the N-5H direct response observed, although we feel it
is less plausible than the explanation just presented,
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Figure 7. Expansion from 90 to 190 ppm of the 4 Hz optimized spectrum of delavirdine as the mesylate salt in A pronouncedDMSO-d
6
.

84 Hz direct response doublet is observed at 118.0 ppm in addition to the long-range responses from the H-4 and H-6 indole resonances
which were also observed in the spectrum of the free base.

requires invoking a change in the size of the one-bond
1HÈ15N coupling as a function of the observation tem-
perature. Changing the size of the coupling by 2È4 Hz
at room temperature could give a null response (see dis-
cussion of modulation of direct response intensities
above) relative to the full intensity response observed at
[35 ¡C. The behavior of the N-5H one-bond coupling
as a function of temperature, however, was not probed
based on the observation of the direct response at room
temperature in the spectrum of delavirdine mesylate
shown in Fig. 7.

CONCLUSIONS

The present study has further demonstrated the via-
bility, at natural abundance, of the GHNMQC 1HÈ15N
heteronuclear shift correlation experiment with a
complex nitrogenous pharmaceutical agent. While 2JNH(two-bond) coupling pathways have tended to be pre-
dominant in much of the work that we have previously
reported dealing with aliphatic nitrogens contained in
alkaloidal structures, (three-bond) couplings were3JNHfar more prevalent in the present study. Some of the
responses were shown to be at least somewhat sensitive

to the optimization of the GHNMQC long-range delay
over the range 4È11 Hz. The behavior of the highly
acidic sulfonamidomethyl N-5H proton was investi-
gated in an e†ort to explain the enigmatic absence of
the direct response doublet for this nitrogen resonance
in the DMSO spectrum of the free base at ambient tem-
perature. From a variable-temperature study performed
in pyridine, it was shown that an “exchangeÏ process
leads, presumably, to at least the partial autoprotona-
tion (on the time-scale of the GHNMQC NMR
experiment) of the N-3A isopropyl amino nitrogen
resulting in the formation of a zwitterionic species
which can account for the absence of the N-5H direct
response doublet. It has further been demonstrated that
it is possible to slow “exchangeÏ almost, if not com-
pletely, between [20 and [30 ¡C in solu-pyridine-d5tions of delavirdine and to block the process by
converting delavirdine to its mesylate salt, which
allowed the N-5H direct response doublet to be readily
observed in DMSO at ambient temperature. Finally, it
is also worth noting that even the substantially less
acidic 5-aminoindole precursor (2) of delavirdine is
prone to engage in zwitterionic autoprotonation in an
analogous fashion to that prevalent with the 5-
sulfonamidomethyl substituent.
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