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Two-dimensional nmr spectroscopy, by virtue of its second frequency domain which permits the segrega-
tion of spectral information along two frequency axes, considerably simplifies many assignment problems
and facilitates others which may be impossible using conventional nmr methodology. A compound which
falls into the latter category of assignment problem is phenanthro[1,2-b]thiophene. The assignment of the
'H- and "*C-nmr spectra of phenanthro[l,2-bJthiophene are, however, reported through the concerted ap-
plication of two-dimensional nmr techniques. Experiments utilized in making the assignments included:
auto-correlated homonuclear (COSY) two-dimensional spectroscopy; heteronuclear two-dimensional
J-resolved spectroscopy; proton-carbon chemical shift correlation two-dimensional spectroscopy; and two-
dimensional '*C-"*C double quantum coherence spectroscopy.

J. Heterocyclic Chem., 20, 1367 (1983).

Polycyclic aromatic compounds (PAC) have long been of
interest because of their potential carcinogenicity and
mutagenicity [2,3]. More recently, sulfur-containing PACs
have garnered additional interest as potential structural
components of coal. In particular, polycyclic thiophenes
have been isolated from coal fractions by gas chromato-
graphy/mass spectrometric techniques [4-7] which has
prompted Castle and co-workers to initiate the syntheses
of various members of the family of polycyclic thiophenes
[8-19]. Due to the growing interest in the examination of
fossil fuel samples by cross-polarization magic angle spin-
ning (CPMAS) nmr spectroscopy [20], we were thus interes-
ted in attempting the total assignment of the 'H- and
3C-nmr spectra of members of the polycyclic thiophene
series to establish a data base for subsequent utilization in
the examination of coal samples for the presence of these
structural subunits. Thus, we would now like to report the
assignment of the 'H- and "*C-nmr spectra of phenanthro-
[1,2-b]thiophene (1) [19] through the concerted application
of two-dimensional nmr spectroscopic techniques.

Total assignments of the 'H- and/or "*C-nmr spectra of
polycyclic aromatic systems represent a substantial chal-
lenge to the spectroscopist because of the numbers of reso-
nances in frequently very close proximity. In general, as-
signments have been based on such considerations as spin-
lattice (T,) relaxation times [21-27], deuterium labeling ex-
periments [21,28-34] or the examination of spectra of large
numbers of derivatives of a given system [35-39]. The com-
plexity inherent in the spectra of symmetric polycyclic
aromatic systems is, in itself, troublesome. In the case of
heterocyclic fused ring analogs, the problem is usually fur-
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ther complicated since symmetry is destroyed, lending to
even further congestion of the spectra. Thus, the assign-
ment of the 'H- and *C-nmr spectra of polycyclic aromatic
thiophenes requires the development of an approach
which can be relied upon to lead to unequivocal assign-
ments. For this purpose, we have investigated the concer-
ted utilization of several two-dimensional nmr spectrosco-
pic techniques which has led to the spectral assignment of
phenanthro[1,2-bJthiophene (1).

A Strategy for Assigning the Spectra of Phenanthro{l,2-b}-
thiophene.

The conventional 'H- and 'H-decoupled '*C-nmr spectra
of phenanthro[l,2-b]thiophene (1) are somewhat bewilde-
ring in their complexity. The "H-nmr spectrum (Figure 1)

8.75 8.50 8.26 8.00 7.76 7.50 7.25

Figure 1. Conventional '"H-nmr spectrum of phenanthro-
[1,2-b]thiophene (1) in deuteriochloroform at 200 MHz.

is comprised of two AB patterns, an AX pattern and a four
proton ABMX pattern which overlap considerably even at
200 MHz, at which the spectrum shown in Figure 1 was
taken. The assignment of this spectrum by conventional
techniques would, at a minimum, represent a substantial
challenge and require the extensive use of iterative nmr
fitting programs. Even with such an effort, an unequivocal
assignment still might not result. The *C-nmr spectrum of
1 is similarly complex (Figure 2), the sixteen carbon
resonances clustered in a range of slightly less than 20
ppm with the protonated carbon resonances congested in
a range of less than 9 ppm. The development and utiliza-
tion of chemical shift arguments for the *C-nmr spectrum
of 1, although a useful exercise as an initial starting point,
would thus also lead to potentially equivocal assignments
at best. With the shortcomings obviously inherent in the
conventional approaches to the assignment of the spectra
of 1, there is clearly a need for an alternative approach
that is capable of yielding unequivocal spectral assign-
ments for these interesting molecules.

Although many potentially useful strategies could be de-
vised for the spectral assignment of 1, in the ensuing sec-
tions of this work we shall describe a strategy which em-
ploys the concerted application of several two-dimensional
nmr experiments and their execution which leads to an
unequivocal assignment of both the 'H- and *C-nmr spec-
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Figure 2. 'H-Decoupled "*C-nmr spectrum of phenan-

thro[1,2-b]thiophene (1) in deuteriochloroform at 50 MHz.

tra of 1. Our assignment strategy begins with an auto-cor-
related two-dimensional ‘H.nmr experiment (COSY)
[40,41). Because of the considerable utility of heteronuc-
lear spin-coupling constants and relaxation times in mak-
ing assignments, the COSY experiment will be followed by
the acquisition of a heteronuclear two-dimensional J-re-
solved (2DJ) spectrum to provide convenient access to the
heteronuclear spin-coupling constants and an inversion-re-
covery experiment to measure the spin-lattice (T,) relaxa-
tion times of the protonated carbons. Following the com-
pletion of the heteronuclear 2DJ and spin-lattice relaxa-
tion time experiments, a two-dimensional proton-carbon
chemical shift correlation experiment will next be conduc-
ted to complete the carbon assignments or conversely, to
complete any necessary proton assignments from a know-
ledge of carbon chemical shifts. Finally, all of the carbon
assignments will, in essence, be verified by the acquisition
of a two-dimensional double quantum coherence spectrum
although in reality this experiment is intended to complete
the assignment of the quaternary carbon resonances which
have not been otherwise dealt with.

Fundamental Considerations and Conventions of Two-Di-
mensional NMR Spectroscopy.

Two-dimensional Fourier transform (2DFT) nmr spec-
troscopy represents far more than a simple alternative
means of data display. These techniques make use of
rather formidable data matrices acquired in terms of two
discrete time variables, t, and t, [42], which are then sub-
jected to double Fourier transformation [40,43] to provide
intensity information which is a function of two frequen-
cies, F, and F,. Since these techniques are relatively new,
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it is worth investing some time in addressing the imple-
mentation and processing of two-dimensional nmr spectra
which will considerably augment the understandability of
the two-dimensional experiments which are subsequently
employed in the assignment of the spectra of 1.
Numerous considerations are inherent in an understan-
ding of two-dimensional nmr spectroscopy, perhaps one of
the most fundamental is that of the nomenclature used to
describe the experiments and the data processing. As men-
tioned above, resonances in two-dimensional nmr spectra
are initially defined in terms of two simultaneously run-
ning time variables which are converted to the frequency
domain, from a transformation with respect to each time
variable. By convention, the initial time domain data set is
denoted S(t,,t,). Since thinking in terms of two simulta-
neously running time variables is a non-trivial under-
taking, let us first consider the time domain information
contained in a conventional nmr experiment.
Conventional Fourier transform (FT) nmr experiments,
in the simplest sense, consist of a preparation period (dur-
ing which excitation occurs) and an observation or acqui-
sition period during which data sampling in the time do-
main occurs. Data acquired during the latter phase of the
experiment (in the time domain) is denoted S(t,). Fourier
transformation of this set of time domain data points then
provides a spectrum in the more familiar and interpret-
able frequency domain which may be denoted S(F,).
Introducing a second time variable into the framework
of a conventional nmr experiment complicates matters
somewhat, and we find it convenient to introduce this
facet of the experiment by a reconsideration of the salient

features of the somewhat more familiar spin-lattice relaxa-
tion experiments, for example the inversion-recovery expe-
riment [44,45]. Since the spin-lattice relaxation time repre-
sents a recovery of magnetization along the z'-axis, which
we have no means of measuring directly, we utilize an ad-
ditional period in the experiment during which relaxation
is allowed to occur for some period of time followed by a
pulse designed to sample the evolved magnetization [46].
By conducting a series of such experiments, the evolved
magnetization is sampled as a function of spin-lattice
relaxation which has transpired during the interval bet-
ween the two pulses. By evaluating resonance intensities
as a function of evolution time, it is then possible to
mathematically compute the relaxation time. In the time
domain, we may denote a relaxation data set of the type
just described by S(t,,t,), where the time variable t, is in-
dentical to that of a conventional nmr experiment and the
interval t, is the evolution period between pulses. Since
the desired form of the data from this experiment is fre-
quency information as a function of the evolution dura-
tion, we may then perform a single Fourier transform to
give an S(t,F,) data set which when stack plotted
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resembles a three dimensional surface.

Two-dimensional nmr experiments are but an extension
of the relaxation data set just described. They differ in
terms of the number of t, intervals employed and the way
in which the interval itself is incremented. In this fashion,
information contained in the t, domain is amenable to the
performance of a second Fourier transform such that re-
sponses in the spectrum which is finally plotted are a func-
tion of two frequencies, F, and F,. By careful control of
the events which transpire during the evolution period,
different information can be built into the two frequency
domains which are ultimately obtained. The reader in-
terested in the design of two-dimensional nmr experiments
is referred to the 1979 report of Ernst and co-workers [46]
which describes a variety of possible experiments.

Cross-Correlated wvs. Auto-Correlated Two-Dimensional
NMR Experiments.

In the broadest sense, two-dimensional nmr experi-
ments may be subdivided into two general categories;
cross-correlated and auto-correlated. As the name implies,
cross-correlated 2D experiments correlate different
features which may or may not be common to more con-
ventional experiments. For example, useful forms of cross-
correlated data include correlation of **C-nmr chemical
shift information with the heteronuclear 'H-'*C spin-coup-
ling constants, correlation of **C-chemical shifts with pro-
ton chemical shifts or potentially any number of other
similar pairs. Auto-correlated 2D spectra, in contrast, refer
to those experiments in which the spectrum is in some way
correlated with itself. Examples of this type of experiment
include auto-correlation by homonuclear spin-coupling
(COSY), auto-correlation by homonuclear NOE or other
variants. Both types of two-dimensional nmr experiments
will be employed in the assignment of the spectra of phen-
anthro[l,2-b]thiophene.

Two-Dimensional NMR Data Processing.

The transformation of a two-dimensional data set from
the time domain, S(t,t,), to the frequency domain,
S(F,,F,), is a relatively complex operation. In principle, the
operation could be performed in place if sufficient compu-
ter memory were available which would make the entire
operation transparent to the user. There are, however, ad-
vantages to understanding the processing sequence al-
though it is probable that developments in computer tech-
nology will eventually bring along a level of sophistocation
which will allow the disinterested user to divest himself
from the processing, treating it as a black box in a manner
analogous to the way in which many users consider the
Fourier transformation process.

Once the S(t,,t,) data set has been acquired (individual
protocols for the specific experiments utilized in the as-
signment of the spectra of phenanthro[1,2-b]thiophene are
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discussed below) we may embark on its processing. The
first step in processing a two-dimensional nmr data set is
Fourier transformation with respect to t,, which converts
our initital data set to S(t,,F,). This operation provides us
with frequency information as a function of time. General-
ly, the frequencies of interest will be modulated in some
way as a function of time and thus are amenable to the se-
cond Fourier transformation. An example of an amplitude
modulation of a carbon resonance is shown in Figure 3.

W

Figure 3. Amplitude modulation of a '*C-resonance in-
duced by heteronuclear spin-coupling as a function of the
duration of the evolution period.

Since at this point in the data processing the time depen-
dent information cannot be loaded into memory, it is next
necessary to convert the 5(t,,F,) matrix to a form which
can be handled in the laboratory computer. The process to
accomplish this is known as transposition and is shown
schematically in Figure 4. Quite literally, the transposition
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Figure 4. Schematic representation of the transposition
process. Points A-A;, which are contained in successive
S(t,,F,) files become the first data file of the newly formed
S(F,,t,) data matrix. Treatment of successive points, B, C,

... etc. completes the generation of the S(F,,t,) data matrix
which, in effect, gives a set of files which are amenable to
Fourier transformation and which further show the time
dependent behavior of resonances as a function of fre-
quency.

process involves an exchange of the rows and columns in
the S(t,,F,) matrix to give files which contain time domain
information as a function of altered frequency, these label-
ed S(F,t,). Practically, transposition produces a second set
of data files which strongly resemble the initial free induc-
tion decays (FID’s). The appearance of these S(F,,t,) files
is illustrated in Figure 5 which contains the interfero-
grams [47] obtained by transposition in the vicinity of the
amplitude modulated resonance shown in Figure 3.
Fourier transformation of the interferograms generated by
transposition then provides responses which are a function
of two frequencies, S(F,,F)). In the case of the interfero-
grams shown in Figure 5, their Fourier transformed result
is a doublet of doublets which is shown in Figure 6 as a
white-washed stack plot.

Figure 5. S(F,t,) interferograms obtained by the trans-
position of files surrounding the amplitude modulated
resonance shown in the S(t,,F,) files illustrated in Figure
3.

Figure 6. S(F,,F,) result obtained by the Fourier trans-
formation with respect to t, of the interferograms shown in

Figure 5.

Having processed two-dimensional nmr data to the
stage of the S(F,,F,) data matrix, there are a number of
possibilities depending upon the specific requirements of
the user and the particular experiment being performed.
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Some of the alternatives available are combined with the
data processing sequence shown as a flow chart in Figure

1.
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Figure 7. Flow chart illustrating the steps in the process-
ing of two-dimensional nmr spectral data, the steps to be
utilized depending upon the experiment whose data is be-
ing processed. Not all steps will be utilized in the process-
ing of the data from any one experiment.

White-Washed Stack Plots vs. Contour Plots.

Several alternatives are available for data display in
two-dimensional nmr spectroscopy. First, we may plot a
stack plot analogous to those routinely employed for re-
laxation experiments. However since two-dimensional nmr
spectra may frequently contain hundreds of separate
traces, it is easy to understand how information would
become obscured by overlap. This obstacle is, in part, cir-
cumvented by the “‘white-wash’’ routine in which the pen
is lifted by the computer whenever a given point in a pre-
ceding trace has a higher intensity than that presently be-
ing plotted. Although this improves matters somewhat,
resonances can still be obscured by other resonances in
the stack plot, which has necessitated the development of
the contour plot to provide unrestricted representation of
two-dimensional data matrices. Basically, contour plots
are exactly analogous to the familiar topographic maps
employed to depict the earth’s surface. The plot is drawn
as a series of contours and provides a view of the two-di-
mensional data matrix which would be obtained if one
were to look down on a stack plot from directly above it.
Because of their considerably greater ease of interpreta-
tion, we shall exclusively employ contour plots to present
the two-dimensional nmr data for phenanthro[l,2-b]thio-
phene.

1H- and *C-NMR Spectra of Phenanthro1,2-bjthiophene
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Calculated *C-NMR Chemical Shifts of Phenanthro-
[1,2-b]thiophene (1).

Although calculated *C-nmr chemical shifts may be ex-
pected to have only limited utility in polycyclic systems
such as 1, they are useful nevertheless for making prelimi-
nary assignments and for drawing comparisons to related
systems once the spectra of the first member in the series
has been unequivocally assigned. In the case of phenan-
thro[1,2-b]thiophene (1), the calculation of **C-nmr chemi-
cal shifts may be begun by first deriving shift additivities
from the assigned *C-nmr spectrum of benzothiophene
[48] for the fusion of the thiophene ring onto benzene.
Given these additivities, the assigned '*C-nmr chemical
shifts of phenanthrene [39] may then be incremented or
decremented accordingly for the [1,2-b] fusion of the
thiophene ring onto the phenanthrene nucleus. The re-
sults obtained in this manner are shown in Figure 8. It
should also be noted that this method of calculating the
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Figure 8. Calculated '*C-nmr chemical shifts of phenan-
thro[1,2-b]thiophene (1) obtained by incrementing the
assigned '*C-nmr chemical shifts of phenanthrene for the
[1,2-b}-fusion of the thiophene ring onto the phenanthrene
nucleus.

chemical shifts of 1 ignores potential effects due to the
thiophene fusion on all but the directly involved ring of
the phenanthrene system. As a consequence of this flaw in
the calculation process, various pairs of carbons of 1 are
predicted to have identical chemical shifts. In contrast, the
'H-decoupled *C-nmr spectrum of 1 clearly demonstrates
the presence of sixteen resonances (Figure 2), evidencing
the shortcoming in the calculation method. Thus, calcula-
ted chemical shifts of phenanthrothiophenes and other
polynuclear thiophenes must clearly be employed with
considerable caution.

'H- and C-NMR Spectral Assignment of Phenanthro-
{1,2-b]thiophene (1).
Having laid the groundwork for the spectral assignment

of phenanthro[1,2-b]thiophene (1) with the calculation of
the *C-nmr chemical shifts using conventional methods,
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we may next turn our attention to specific aspects of the
assignment. The carbon skeleton of 1, which is similar to
that of a steroid, would also be expected to undergo aniso-
tropic reorientation. More specifically, it would be expec-
ted that an axis of anisotropic reorientation should pass
through the molecule between C1 and C2 on the thio-
phene end of the molecule and between C7 and C8 on the
opposite end of the molecule. To probe this behavior,
which can be a useful assignment criterion for heteroaro-
matic systems [49-53], it is necessary to first collect spin-
lattice (T,) relaxation data for the molecule. From an in-
version-recovery [44,45] experiment, the data obtained was
reduced using the Three-Parameter Fitting program of
Kowalewski and co-workers [54] to afford the relaxation
times contained in Table I. From these data, it should be

Table 1

Protonated carbon spin-lattice (T} relaxation times for phenanthro-
{1,2-b}thiophene (1) in deuteriochloroform at 25.2 MHz. Relaxation data
was obtained using the inversion-recovery experiment, the resultant data
reduced using the Three-Parameter Fitting Program [54].
Chemical Shift (6)

Relaxation Time (sec)

128.74 3.3 + 0.06
127.63 3.3 = 0.04
126.79 3.6 + 0.02
126.04 2.4 + 0.04
125.59 2.5 + 0.03
124.75 3.1 + 0.03
122.94 34 = 0.04
122.76 3.2 = 0.06
122.02 3.5 £ 0.05
119.67 3.3 + 0.07
noted that two resonances, those at 6 = 126.04 and

125.59, exhibit relaxation times which are significantly
shorter than those of the remaining carbons, this observa-
tion supporting the contention that 1 is indeed subject to
anisotropic reorientation. In addition to support for aniso-
tropic reorientation of 1, the shorter relaxation times of

90° 9q°
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Figure 9. Pulse sequence schematic for the auto-corre-
lated (COSY) 'H-nmr experiment. Phase cycling of the
second 90° pulse produces the equivalent of quadrature
detection in the second dimension and further aids in the
elimination of unwanted peaks in the spectrum which are
due to longitudinal relaxation occurring during the evolu-
tion period.

the two resonances, at a minimum, provide a basis for as-
signing two additional resonances. Further, since the C2
resonance is expected to be assignable on the basis of its
one bond coupling constant [55], if the axis of anisotropic
reorientation passes through Cl this will provide addition-
al assignment data.

Homonuclear NMR

Auto-Correlated Two-Dimensional

(COSY).

The auto-correlated two-dimensional homonucelar nmr
experiment (COSY or HOMCOR in the Varian XL-200
operating software) utilizes the pulse sequence originally
proposed for 2D-nmr spectroscopy by Jeener [40,41,57].
The pulse sequence, which is shown schematically in
Figure 9, employs a 907 pulse to excite the spin systems
followed by an evolution period (t,) which serves to label
the spins with their characteristic precession frequencies
followed by a 90° observation pulse which is phase cycled
to eliminate axial peaks and artifacts [58,59]. The results
obtained from the execution of this experiment on 1 are
shown in Figure 10 as a six level contour plot of the entire
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Figure 10. Contour plot of the auto-correlated '‘H-nmr
spectrum of phenanthro[l,2-bJthiophene (1). The spectrum
is correlated with itself as shown by the two projections
through F, and F,, each of which reproduces the conven-
tional 'H-nmr spectrum as shown in Figure 1. The spec-
trum runs along the diagonal while coupled spins give rise
to the off-diagonal signals as described in the text, these
signals correlating coupled spins.

spectrum. It will be noted that both axes of this experi-
ment, F, and F,, correspond to proton chemical shift as
was discussed above when auto- and cross-correlated 2D
experiments were differentiated. From this it follows that
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the intense contours appearing along the diagonal (lower
left to upper right) correspond to the conventional one-di-
mensional spectrum shown in Figure 1. In addition to the
peaks along the diagonal, there are also off-diagonal peaks
which correlate spin-coupled resonances. It is this latter
type of peak which is of interest in this experiment, and
since off-diagonal peaks establish spin-coupling networks
for even closely spaced resonances, which could by no
means be decoupled in a conventional fashion, the tech-
nique has tremendous potential utility.

Having briefly described the basic types of information
contained in the auto-correlated homonuclear experiment,
we may now begin to make assignments within the 'H-nmr
spectrum of 1. While there are numerous ways in which to
approach this assignment, it is perhaps most convenient to
begin making assignments from the doublet resonating
furthest downfield in the conventional proton nmr spec-
trum at & = 8.72. Since the protons located at the 9- and
10-positions of 1 must clearly account for the resonances
further downfield [60], we may establish the identity of the
doublet at & = 8.72 by elucidating its spin-coupling net-
work from the auto-correlated spectrum. Thus, since the
doublet at & = 8.72 exhibits off-diagonal peaks which cor-
relate it with the resonances observed at 6 = 7.62/7.66,
these further correlated to yet another proton resonance,
then the doublet in question must be part of the four spin
ABMX system which allows the assignment of the down-
field most doublet at H9 (Figure 11). The assignment of
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Figure 11. Contour plot of the auto-correlated "H-nmr
spectrum of phenanthro[l,2-b]thiophene (1) showing the
ABMX spin-coupling network comprised by the H6, H7,
H8 and H9 spins. For an enlargement of the detail of the
diagonal and off-diagonal signals for the H6, H7 and H8

resonances, see also Figure 14.
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the H9 resonance also then allows the assignment of the
doublet at & = 8.61, which is part of a two spin AX system,
to H10. Through off-diagonal peaks (Figure 12) the doub-
let at & = 8.6l is correlated to the doublet at 6 = 8.00
which is thus assigned as the H11 resonance. In addition
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Figure 12. Contour plot of the auto-correlated 'H-nmr
spectrum of phenanthro[l,2-b]thiophene (1) showing the
AX spin-coupling network comprised by the H10 and H11
spins. Also note the long range coupling between H10 and
H4 (denoted by dashed lines) which is detectable only by
decoupling in the conventional spectrum.
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Figure 13. Contour plot of the auto-correlated 'H-nmr
spectrum of phenanthro[l,2-b]thiophene (1) showing the
AB spin-coupling network comprised of the H4 and H5
spins. Also note the long range coupling between H4 and
H10 (dashed lines).
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to the principle coupling to the H11 resonance, the H10
resonance also exhibits a small long range coupling (five
bonds) to a doublet at § = 8.09 which forms a part of
another AB spin system (Figure 13). It should be noted
that the small coupling brought out by the auto-correlated

spectrum is by no means readily visible in the convention-
al 'H-nmr spectrum. However, by conventional decoupling

of the doublet at & = 8.61, there is a slight sharpening of

the doublet at 6 = 8.09 thus providing a secondary proof
for the existence of the spin-coupling network. Although
the doublet observed at 6 = 8.09 which is long range
coupled to the H10 resonance could presumably be either
the H1 or the H4 resonance, we will see below that this re-
sonance is correctly assigned to H4, the assignment con-
firmed by the heteronuclear 2DJ and proton-carbon chem-
ical shift correlation (HETCOR) experiments. The remain-
ing AB spin system, which appeared as a substantially
non-first order pattern in the conventional spectrum (§ =
7.55 and 7.51) was ultimately assigned to the H2/H1 pro-
tons (respectively) of the thiophene portion of the molecule
(Figure 14).
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Figure 14. Contour plot of the auto-correlated 'H-nmr
spectrum of phenanthro[l,2-b]thiophene (1) showing, on
an enlarged scale, the strongly coupled AB spin system
consisting of the H1 and H2 resonances. Detail of the
diagonal and off-diagonal resonances for H6, H7 and H8
are also shown.

Through the utilization of auto-correlated homonuclear
nmr experiments (COSY or HOMCOR), it is clear that
spin-coupling networks may be conveniently elucidated. In
those cases where bases exist for establishing assignments
within the spin-coupling networks, this technique clearly
simplifies the assignment process and obviates the tedious
computer simulation of spin systems. Finally, the utility of

the auto-correlated 'H-nmr experiment in highlighting
small, long-range couplings which could easily be missed
in conventional spectra is also clear.,

Heteronuclear Two-Dimensional J-Resolved NMR Spectra.

Following Jeener’s 1971 suggestion of the two-dimen-
sional nmr experiment [56], several years elapsed before
the first execution of any two-dimensional experiment.
The first demonstration of the viability of two-dimensional
nmr spectroscopy was the simple (in the context of contem-
porary two-dimensional nmr experiments presently being
employed) heteronuclear experiment of Miiller, Kumar
and Ernst [61] which resolved the 'H-"*C spin-coupled
spectrum of n-hexane. Since that initial report, a number
of other heteronuclear 2DJ-resolved experiments have
been described, including the amplitude modulated expe-
riment [62] which was employed in the extraction of the
heteronuclear spin-couplings of 1. While there are minor
differences between the various heteronuclear 2DJ nmr
experiments [43,61-64], all derive their utility from their
ability to sort chemical shifts along the F, axis and to
display spin-coupling information along the orthogonal F,
axis. This feature allows the investigation of heteronuclear
spin-coupling constants with the same facility of the selec-
tive excitation experiments which preceded it [49,66-71].
Since it is the overlap of spin-multiplets which eventually
makes the extraction of heteronuclear spin-coupling infor-
mation from the proton-coupled '*C-nmr spectra of large
molecules intractable, the utility of the heteronuclear 2DJ
experiment is quite clear.

Table II

Proton chemical shifts and coupling constants for phenanthro[1,2-b]thio-
phene (1) in deuteriochloroform relative to internal TMS.

Position Chemical Shift (6) Coupling (Hz)
1 7.51 J12 =537
2 7.55
4 8.09 Jg5 = 88
5 7.87
6 7.94 Je7 =176
7 7.66 J78 = 65
8 7.62 Jgg =78
9 8.72
10 8.61 J10,11 = 8.8
11 8.00

The pulse sequence utilized in the examination of the
heteronuclear spin-coupling constants of 1 is shown in
Figure 15. Gating the decoupler off during the second half
of the evolution period in this experiment and then back
on during the acquisition period leads to the accumulation
of an FID in which individual decoupled **C-resonances
are amplitude modulated as a function of the duration of
the evolution period. In this fashion, the second Fourier
transformation which is ultimately performed on this data
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Figure 15. Pulse sequence schematic for the cross-corre-

lated heteronuclear two-dimensional nmr experiment.
Heteronuclear spin-couplings, in this experiment, produce
an amplitude modulation of the individual carbon reso-
nances as illustrated by the traces shown in Figure 3.

set produces a spin-coupled sub-spectrum for the indivi-
dual resonances, spin-coupling information displayed or-
thogonally to the chemical shift or F, axis. Equipped with
a knowledge of the spin-coupling constant behavior likely
to arise from phenanthro[l,2-b]thiophene (1), we may
begin to utilize the spin-coupling information derived
from the heteronuclear 2D]J experiment for assignment
purposes.

Assignments based on heteronuclear spin-coupling con-
stants, both one bond and longer range, have been exten-
sively utilized in the assignment of the *C-nmr spectra of
a number of heterocyclic systems [49,68-75]. In the case of
1, however, only a single carbon assignment can be made
through the heteronuclear 2DJ experiment although, as
we shall see below, this assignment is crucial for comple-
ting the proton assignment for H2 and thus that of the C1
and C2 resonances. Specifically, with the exception of the
C2 resonance of 1, all of the remaining protonated carb-
ons were expected to exhibit spin-coupling constants in
the range of 160-165 Hz [39]. The C2 resonance, in con-
trast, was expected to exhibit a one-bond spin-coupling
constant in the range 180-185 Hz which is typical for this
position of five-membered heterocyclic systems [55]. Thus,
the carbon resonance observed at § = 125.59 was assigned
to C2 on the basis of the 184.4 Hz one-bond coupling
which it exhibited. It should also be noted that this reso-
nance was also one of the two resonances observed to pos-
sess a significantly shorter relaxation time (Table I), thus
providing a preliminary identification of the other carbon
with a short relaxation time as either C7 or C8. The re-
maining one bond coupling constants, as expected were
unremarkable.

Although a seemingly large amount of work was entail-
ed in the assignment of the C2 resonance through the
heteronuclear 2DJ experiment, it should be kept in mind
that there is no simple, alternative means to employ in
making this assignment. Furthermore, since all spin-coup-
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ling constant information is obtained simultaneously, it
has an advantage over randomly performing selective exci-
tations until the proper resonance is uncovered. Finally,
since resolution in the second dimension of this and all
spin-echo based two-dimensional nmr experiments is go-
verned by the natural line width (T,) [43,63,76-78], the ef-
fects of inhomogeneity which frequently prevent the reso-
lution of small, long-range coupling constants is circum-
vented hence providing information which is potentially
useful for assignment purposes in other systems although
it was of relatively little utility in the case at hand.

Proton-Carbon Chemical Shift Correlation Spectroscopy.

Although the auto-correlated homonuclear and the
J-resolved heteronuclear two-dimensional experiments
described above provided significant pieces of informa-
tion toward the total spectral assignment of phenanthro-
[1,2-b]thiophene, the majority of the protonated carbon re-
sonances remain to be assigned. To accomplish the assign-
ment of the protonated carbon resonances, a two-dimen-
sional proton-carbon chemical shift correlation (HETCOR
in the Varian XL-200 operating software) experiment was
performed. While similar to the J-resolved heteronuclear
two-dimensional experiment just described, in at least
some senses, there is a considerable difference in the
relative complexity of the pulse sequence used to drive the
experiment. Unlike the J-resolved experiment, the proton
decoupler is not merely gated on and off. Rather, the pro-
ton decoupler is also employed to apply phase coherent
90° pulses to the proton spin system during the course of
the experiment, as described below.

Table III

One-bond heteronuclear spin-coupling constants observed for
phenanthro[1,2-b]thiophene (1) in deuteriochloroform.

Chemical Shift (5) Uen
128.74 . 157.6
127.63 160.6
126.79 159.4
126.04 161.0
125.59 184.4
124.75 168.8
122.94 154.9
122,76 159.6
122.02 162.2
119.67 158.8

The basic principles of the proton-carbon chemical shift
correlation was described by Maudsley and Ernst [79] and
relies on the indirect detection of proton chemical shift in-
formation through the '*C-nuclide. Although there have
been several additional reports in the literature which
have described various refinements of the original experi-
ment [80-87], there have been rather few practical applica-
tions of the experiment [84,88,89] of which none of these
examples are heteroaromatic systems.
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Modulation of carbon resonances to reflect proton che-
mical shifts (indirect proton observation) is induced by us-
ing the pulse sequence shown in Figure 16. The experi-
ment begins with the application of a 90° proton pulse ap-
plied from the decoupler coils of the spectrometer, the

g90° DECOUPLE
Y RRTRRRIRRIXIRR

(XXX XXX RO

RRRRRXRERL
PROTON AR
CARBON

g2 F*¥2_44

f—to—

PREPARAWON—*F— EVOLUTION -*+DETECNON4

Figure 16. Pulse sequence schematic for the proton-
carbon chemical shift correlation two-dimensional nmr
experiment. Proton pulses are applied via the decoupler
coils. The function of the individual pulses and delays are
described in detail in the text.

completion of which begins the evolution period. Midway
through the evolution period, a 180° carbon pulse is ap-
plied which serves to invert the carbon spin labels. At the
end of the evolution period, a second 90° proton pulse is
applied from the decoupler coils followed by the applica-
tion of a 90° carbon observation pulse, these flanked by
two fixed delays. Following the completion of the second
fixed delay, A,, the proton decoupler is gated back on and
the carbon free induction decay (FID) is collected. Varia-
tion of the duration of the evolution period thus leads to
the construction of a data matrix of the form S(t,,t,) as in
the previous two-dimensional experiments. Fourier trans-
formation with respect to t, then leads to a set of spectra,

S(t,,F,), in which the individual carbon resonances are
amplitude modulated as a function of the proton
resonance frequencies. Upon completion of the data pro-
cessing, carbon chemical shifts (decoupled) are displayed
along the F, axis while proton chemical shifts (with
multiplet structure intact) are displayed along the F, axis.
Projection of the data matrix through the F, dimension re-
covers the proton-decoupled "*C-nmr spectrum while pro-
jection through the F, dimension recovers the convention-
al proton spectrum, as shown by the projections flanking
Figure 17. Consequently, points of intensity in the contour
plot shown in Figure 17 directly correlate the proton spin-
multiplets with the carbon to which the proton in question
is directly attached.

Since the proton-carbon chemical shift correlation expe-
riment is considerably more complex than the other two-
dimensional experiments utilized above, a somewhat more
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Figure 17. Contour plot of the two-dimensional proton-
carbon chemical shift correlation experiment. Projection
through F, recovers the 'H-decoupled '*C-nmr spectrum
of 1; projection through F, reproduces the 'H-nmr spec-
trum of 1. Points of intensity in the matrix correlate car-
bon resonances with their directly attached proton spins.

complete explanation of the purpose of the pulses and
delays employed in the execution of this experiment (see
Figure 16) is in order. The initial 90° proton pulse tips the
proton spin ensemble into the x'y'-plane where it may
precess (evolve) during t,, the 180° carbon pulse midway
through this period serving to refocus proton-carbon spin
couplings. The first fixed delay, A,, provides an interval
for polarization transfer to develop, the actual transfer
produced by the second 90° proton pulse. Optimally, A,
will be set equal to V2] for CH, systems. The 90° carbon
pulse serves as the detection pulse for the experiment, the
second fixed delay, A,, providing a refocusing period for
the antiphase CH multiplet components generated by the
pulse. The optimal duration of a CH system is V2] al-
though a period of V4] provides a compromise for systems
containing CH,, systems where n = 1, 2 and 3. Finally, at
the end of the second fixed delay, the proton decoupler is
gated back on and the carbon FID recorded. By variation
of the duration of t,, carbon resonances are amplitude
modulated by proton chemical shifts of the directly attach-
ed protons (as offset from the 'H-transmitter). To provide
the equivalent of quadrature detection in both frequency
dimensions, F, and F,, phase cycling is employed, the
principles of which have been thoroughly discussed by
Freeman and co-workers [58,59].

To complete the assignment of the protonated carbon
resonances of 1, it is convenient to utilize the proton as-
signments garnered from the COSY spectrum or alterna-
tively, assignments made from the carbon spectrum on the
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basis of spin-coupling constants or spin-lattice relaxation
times. Thus, we may begin the assignment of the protona-
ted carbon resonances with the ABMX spin system from
the COSY spectrum shown in Figure 11. Thus, the H9 re-
sonance, which was assigned to the doublet resonating at é
= 8.72 [60] is seen to correlate with the carbon resonance
at § = 122.94 (Figure 18). Assignments for the remaining
H6, H7 and H8 resonances (see Table I and Figure 12) fol-
low straight-forwardly from the proton resonance assign-
ments made through the COSY experiment (Table II). In-
terestingly, it should be noted that the C8 resonance,
which is assigned to the signal observed at 6 = 126.04 cor-
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Figure 18. Contour plot of the two-dimensional proton-
carbon chemical shift correlation experiment showing the
carbon resonances correlated with the protons of the AB-

MX spin system comprised of H6, H7, H8 and H9.

responds to the second of the carbons exhibiting a shorter
spin-lattice relaxation time thus establishing the axis of
anisotropic reorientation through both ends of the mole-
cular framework. In principle, this information could be
utilized to complete the assignment on the basis of diffe-
rences in relaxation times as has been done in the case of
analogs of the phenarsazine chloride system [50,53] accor-
ding to the method of Platzner [90]. However, with the
availability of the COSY and proton-carbon chemical shift
correlation data, the necessity for performing the
somewhat tedious and complex calculations necessary to

establish the exact orientation of the axis and all of the
proton-carbon bond vectors is obviated. Furthermore, the
possibility of misassignments because of relatively small
differences between relaxation times is eliminated, the
proton-carbon chemical shift correlation experiment pro-
viding unequivocal assignments.

Assignments for the carbons attached to the protons of
two of the remaining three spin systems was accomplished
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in a fashion analogous to that just detailed for the ABMX
spin system. Thus, the two pairs of proton resonances
assigned to H10 and H11 are correlated with the carbons
resonating at § = 119.67 and 122.02 respectively as shown
in Figure 19. Similarly, the assignments of the C4
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Figure 19. Contour plot of the two-dimensional proton-
carbon chemical shift correlation experiment showing the
carbon resonances correlated with the protons of the AX
spin system comprised of H10 and H11.

and CS5 resonances to the signals observed at § = 122.76
and 127.63 follows from the proton assignments of the cor-
responding H4/H5 AB spin system as shown in Figure 20.
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Figure 20. Contour plot of the two-dimensional proton-
carbon chemical shift correlation experiment showing the
carbon resonances correlated with the proton spins of the
AB spin system comprised of H4 and H5.
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Completion of the assignment of the protonated carbon
resonances finally requires the assignment of the H1/H2
AB spin system or alternatively the assignment of one of
the carbon resonances through some independent parame-
ter which can in turn be used to assign the proton resonan-
ces. In this case, since the C2 resonance has been assigned
on the complementary bases of the 'H-'*C spin-coupling
constant and the spin-lattice (T,) relaxation times, we may
thus employ the proton-carbon chemical shift correlation
experiment in a sense which is the reverse of that in the
preceding assignments. Thus, the C2 resonance which is
assignable to the signal observed at 6 = 125.59 correlates
with the proton resonance observed at § = 7.35 (Figure
21), thereby allowing the assignment of the final remain-
ing proton resonance at 6 = 7.51 to H1 with the assign-
ment of the correlated carbon resonance at 6 = 124.75 to
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Figure 21. Contour plot of the two-dimensional proton-

carbon chemical shift correlation experiment showing the
carbon resonances correlated with the AB spin system
comprised of H1 and H2. Unlike the other spin systems in
the molecule, the C2 resonance was first assigned on the
basis of its one-bond heteronuclear spin-coupling con-
stant. Given this assignment, the proton resonance at 6 =
7.55 was assigned as H2 thereby permitting the assign-
ment of the remaining proton resonance at § = 7.51 as
H1, the correlated carbon at § = 124.79 clearly assignable
as Cl.

Assignment of the Quaternary Carbon Resonances.

Assigning the quaternary carbon resonances presents a
somewhat different and more formidable problem than
that associated with the assignment of the protonated
carbon resonances. Unfortunately, the quaternary carbon
resonances cannot be assigned on the basis of chemical

shift arguments with any degree of certainty for the same
reasons as in the case of their protonated counterparts.
While somewhat more soundly based assignments could
presumably be made on the basis of heteronuclear spin-
coupling constants, these are also potentially equivocal,
leaving the assignment of these resonances through the
application of two-dimensional double quantum coherence
carbon nmr as the sole unequivocal means of making these
assignments.

Table IV

Assignments of the protonated carbon resonances of phenanthro{l,2-b}-
thiophene (1) derived from the proton-carbon chemical shift
correlation experiment.

6 C
Position observed caled. Ad 8 'H
1 124.74 124.0 +0.7 7.51
2 125.59 126.4 —-0.8 7.55
4 122.76 126.9 —4.1 8.09
5 127.63 126.9 +0.7 7.87
6" 128.74 128.5 +0.2 7.94
7 126.78 126.5 +0.3 7.66
8 126.03 126.5 —-0.5 7.62
9 122.94 122.6 +0.3 8.72
10 119.67 118.3 +1.4 8.61
11 122.02 121.7 +0.3 8.00

Two-dimensional double quantum coherence carbon
nmr spectroscopy, like its one-dimensional counterpart the
INADEQUATE experiment [91], allows the direct exami-
nation of natural abundance carbon-carbon spin-coupling.
Since only about 1 molecule in every 10,000 contains adja-
cent **C-nuclides, there is obviously an enormous dynamic
range difference in the signal intensities from the carbon-
carbon spin-coupled resonances and their isolated '3C
counterparts. To overcome these differences, extensive
phase cycling of the experiment is employed to effectively
““cancel’’ the signals from the unwanted, isolated '*C
spins [91,92]. In this manner, we may directly examine the
carbon-carbon coupled spectrum, making assignments
through the double quantum frequencies which are the al-
gebraic sum of the offsets of the coupled carbon reso-
nances from the transmitter as has been described by
Freeman and co-workers [93,94] and recently applied to
several practical problems [95-101].
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Figure 22. Pulse sequence schematic for the two-dimen-
sional double quantum coherence '*C-nmr experiment.
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The pulse sequence for the two-dimensional double
quantum coherence experiment is shown in Figure 22. To
circumvent the longer relaxation times of the quaternary
carbons of 1, the sample was doped with Cr(acac)s. Despite

Figure 22

this measure, signal-to-noise ratios for the quaternary car-
bon resonances in the experiment were still rather poor
thus preventing the assignment of all of the quaternary
carbons by this means. Nevertheless, it was possible to ten-
tatively assign the C3a, C9a and Clla resonances despite
the poor signal-to-noise ratios, these assignments shown in
Table V, differing significantly from those which would be
made on the basis of chemical shift calculation arguments.
Assignments for the remaining quaternary carbon
resonances must thus still be regarded as potentially
equivocal. Further work to complete this final phase of the
assignment of 1 is still underway and upon completion,
will be correlated with the observed long range
heteronuclear spin-coupling constants in an effort to
establish a more convenient means of assigning these car-
bons in eventual spectral examinations of analogs of this
system. Results of these efforts will be forthcoming.

Table V

Calculated and observed '*C-nmr chemical shifts of the
quaternary carbons of phenanthro[l,2-bjthiophene.

5 C
Position observed caled. Ad
3a 137.83 [a) 139.8 -20
3b 127.08 126.1 +1.0
Sa 131.67 [a] 132.0 -0.3
9a 127.08 [a) 130.3 —-3.2
9b 130.73 126.1 +4.6
1la 138.83 [a) 137.7 +1.1

{a] Resonances assigned from '*C-*C double quantum two-dimensional
nmr experiment. Assignments of the remaining resonances may be per-
mutable as these resonances were not visible with the signal-to-noise
levels available in the experiment.

Summary of the Assignment of Complex Spectra Through
the Concerted Application of Two-Dimensional NMR
Experiments.

The assignment of the proton and carbon nmr spectra
of phenanthro[l,2-b]thiophene (1), although not a large
molecule, represents a substantial challenge to the spec-
troscopist because of the considerable overlap of resonan-
ces in the proton spectrum and the proximity of the reso-
nances in the carbon spectrum. By combining two-dimen-
sional nmr experiments, however, the assignment of these
spectra is made considerably more straight-forward. Of
the techniques utilized in this study, it seems clear that the
COSY and proton-carbon chemical shift correlation expe-
riments will hold the most promise for systems such as the
polynuclear aromatics and heteroaromatics. These experi-
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ments, particularly when supplemented by other experi-
ments whether conventional or two-dimensional, may be
expected to lead to assignments which would have been
impossible only a few years ago. It is our expectation that
spectroscopists equipped with a working knowledge of
these techniques and those presently under development
in other laboratories will report the successful structural
investigation of increasingly more complex molecules.

EXPERIMENTAL

Instrument parameters utilized in the acquisition of the spectra de-
scribed in this work will be presented in detail to enable comparisons be-
tween the experiments. With the exception of the T, relaxation time mea-
surements, all other spectra were acquired on a Varian X1-200 spectro-
meter operating at frequencies of 200.057 and 50.039 for 'H and >C re-
spectively. The spin-lattice (T,) relaxation times were measured on a
Varian XL-100-15 spectrometer equipped with a Nicolet 1180 data sys-
tem interfaced through a NIC Model 293A" pulse programer. The spin-
lattice relaxation times were measured using the inversion-recovery pulse
sequence with a total of fifteen evolution delays. To minimize changes in
homogeneity during the course of the experiment, the evolution values
were repetitively cycled. Computed relaxation times were obtained using
the Three-Parameter Fitting Program of Kowalewski and co-workers [54]
and are assumed to be accurate to the level of +£5%. All spectra were
taken on a 2.15M sample of 1 dissolved in deuteriochloroform.

The conventional ‘H-nmr spectrum of 1 was acquired using a total
sweep width of 2600 Hz digitized with 15,600 data points with a flip
angle of 56°. No digital filtering of the data was done. Total acquisition
time for the proton nmr spectrum was 12 seconds (Figure 1).

The conventional *C-nmr spectrum of 1 was collected using a sweep
width of 15 KHz digitized with 32K data points with a 90° pulse and an
acquisition time of 10.667 seconds. A total of 176 accumulations were ta-
ken. The initial free induction decay (FID) was smoothed with a Lorenz-
tian weighting function of 0.159 and an apodization factor of 2.0. Total
spectral acquisition time was 0.73 hour (Figure 2).

The auto-correlated two-dimensional 'H-nmr spectrum was obtained
using an initial time domain (S(t,,t,)) consisting of 1024 x 256 points for
t, and t, respectively. Each increment of t, was scanned 12 times. The
spectral window in both dimensions was 300 Hz giving an acquisition
time of 1.708 seconds. Both dimensions were digitally filtered with a
positive exponential of 0.7 and an apodization factor of 0.45. Total per-
formance time for the experiment was 1.5 hours (see Figures 10-14).

The heteronuclear two-dimensional J-resolved (2D]) spectrum was also
acquired using an initial data matrix consisting of 1024 x 256 points for
t, and t, respectively. A spectral width of 1200 Hz was used in the F, fre-
quency (chemical shift) dimension and 250 Hz in the F, frequency dimen-
sion (J dimension). An acquisition time of 0.427 seconds and a delay of
0.973 seconds were used giving a cycle time of 1.4 seconds. A total of 148
transients was accumulated for each of the 256 increments of t,. The
time domain data were multiplied in each dimension by an exponential
sensitivity factor with a constant of 0.159 and an apodization factor of
2.0. Total performance time for the experiment was 14.7 hours.

Two-dimensional proton-carbon chemical shift correlation was per-
formed using an initial S(t,,t,) data matrix which consisted of 1024 X
150 points. The interferograms in the t, dimension were zero filled to
512 points before Fourier transformation with respect to t;. An acquisi-
tion time of 0.931 seconds and a delay of 9.0 seconds was used. The A,
and A, values calculated for a !Jcy of 160 Hz, were 3.12 x 107 and 2.08
X 107* seconds respectively. Total acquisition time for the experiments
was 39.7 hours (over weekend).

The two-dimensional carbon-carbon double quantum coherence ex-
periment was accumulated using 15,808 transients on each of 64 incre-
ments. A spectral window of 1200 Hz was used in both dimensions. Addi-
tionally, no delay was employed since the sample was doped with
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Cr(acac); to shorten the longitudinal relaxation times. An acquisition
time of 0.427 seconds was used (1024 data points) in the t, dimension. A
‘Jec = 65 Hz gave a calculated delay of 3.84 x 107* seconds. Total accu-
mulation time for the experiment was 120 hours. Despite the precautions
in doping the sample to reduce the relaxation times and the relatively
large number of acquisitions used per point in the second dimension,
three of the quaternary carbon resonances failed to give adequate signal-
to-noise thus leaving these three resonances as potentially permutable as-
signments. Assignments for the other resonances obtained through this
experiment confirmed those made through the other two-dimensional ex-
periments described above.
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