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Development of successively higher field nmr spectrometers has facilitated the study of increasingly more
complex molecules, although smaller molecules such as phenanthro[3,4-b]thiophene still offer very substan-
tial assignment problems because of the highly congested nature of their 'H- and '*C-nmr spectra. Assign-
ments of such spectra, if they are to be unequivocal, frequently require the utilization of two-dimensional
nmr spectroscopic techniques. Total assignments of the 'H- and "*C-nmr spectra of phenanthro[3,4-b]thio-
phene are reported. Assignments were based on a conventional high resolution 500 MHz 'H-nmr spectrum,
autocorrelated two-dimensional 'H-nmr spectra (COSY), two-dimensional 'H-*C chemical shift correlation
spectra and a modified version of autocorrelated *C-'*C double quantum coherence two-dimensional nmr
spectroscopy. From NOE measurements, a separation of 1.99 A between H1 and H11 was computed, sugges-
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ting that phenanthro[3,4-b]thiophene has a pronounced helical conformation in solution.

J. Heterocyclic Chem., 20, 1661 (1983).

Introduction.

Developments in the area of superconductive magnet
technology have made available nmr spectrometers which
operate at higher and higher observation frequencies. As a
direct consequence of the availability of such instruments,
studies are now beginning to appear which deal with large
biomolecules which could not be undertaken otherwise.
Despite advances with large molecules, polycyclic aroma-
tic hydrocarbons (PAH) and their fused ring heterocyclic
analogs still offer a very substantial assignment problem
because of the highly congested nature of their 'H- and
13C-nmr spectra. Thus, the second frequency domain offer-
ed by two-dimensional nmr experiments offers a means of
simplifying these spectra to a point at which they may be
unequivocally assigned if sufficient care is taken in the se-
lection of appropriate two-dimensional experiments. Re-
cently, we have reported the total assignment of the 'H-
and *C-nmr spectra of phenanthro[1,2-b]thiophene (2) [3]
and the assignment of the 'H-nmr spectrum of benzo[2,3]-

phenanthro[4,5-bcd]thiophene (3) [4], both relying on the
concerted utilization of two-dimensional nmr experiments.

Recent advances in two-dimensional nmr techniques
have led to the development of modifications of the '*C-
3C double quantum coherence (DQC) experiment first re-
ported for one dimension (INADEQUATE [5-7]) and subse-
quently modified for two dimensions [8,9]. Specifically,
Turner has described a further modification of the pulse
sequence which takes advantage of properties of the DQC
to provide an autocorrelated two-dimensional spectrum
with responses correlated about the diagonal, F, = F,
[10,11] rather than about the axis F, = 2F, as in earlier
two-dimensional DQC experiments {8,9]. More recently,
Mareci and Freeman have described a modification of
conventional 2D-DQC experiments which relies on a 135°
read pulse rather than the usual 90° pulse [12], thus provi-
ding a means of determining the sign of the DQC. We
would now like to report the incorporation of the 135°
pulse of Mareci and Freeman [12] into the autocorrelated
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pulse sequence of Turner [10,11] and the utilization of the
modified experiment in the total assignment of the '*C-
nmr spectrum of the mutagen phenanthro[3,4-bjthiophene
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Assignment Strategy.

Numerous useful strategies are possible for the assign-
ment of the proton and carbon spectra of complex hetero-
cycles which permit the flexibility of adopting a new tact
midway through the assignment should an unanticipated
difficulty be encountered. Despite the flexibility inherent
in these assignment strategies, it is still useful to outline
an initial approach to any complex assignment which may
be utilized as a point of departure. In the specific case of
phenanthro[3,4-b]thiophene (1), we may use to some ad-
vantage a knowledge of the spectral assignments of the re-
lated phenanthro[l,2-b] (2) ring system [3].

As a starting point for the assignment of the proton nmr
spectrum of 1, it is reasonable to assume that the HI1 and
H11 resonances will be observed furthest downfield, H1
and H11 analogous to the H10 and H9 resonances of 2 re-
spectively. Furthermore, the H8-H11 spin system would be
expected to constitute either an ABMX or an ABXY spin
system based on the assignments of the corresponding
four spin systems of 2 and 3 (3,4]. The H1-H2 spin system
of 1, in contrast, would be expected to appear as an AX
rather than as an AB spin system because of the 3,4-fusion
of the thiophene ring to the phenanthrene nucleus. The
remaining two spin systems, H4-H5 and H6-H7, would
both be expected to appear as AB spin systems. Thus, a
key requirement of any successful assignment strategy will
be the ability of the approach to correctly orient the two

AB spin systems relative to the other two spin systems. In
part, it is reasonable to expect that to some extent it will
be possible to accomplish this goal by resorting to long
range coupling constants as in the case of 3 [4]. Alterna-
tively, as is discussed below, it may be preferable to estab-
lish carbon assignments via the autocorrelated **C-3C
2D-DQC experiment and to utilize these assignments to
either make or confirm the proton assignments through
the two-dimensional proton-carbon chemical shift correla-
tion experiment (CSCM).

In the case of phenanthro[3,4-bJthiophene (1), the
assignment of resonances in the 'H-nmr spectrum was ac-
complished by using an autocorrelated two-dimensional
'H-nmr spectrum (COSY) and long range couplings which
were obtained from a resolution enhanced 500 MHz 'H-
nmr spectrum. It should be noted that the autocorrelated
or COSY proton spectrum is particularly useful in establi-
shing the identity of components of the various spin
systems, especially when one of the involved spins may be
assigned on some basis, e.g., chemical shift.

Assignment of the *C-nmr spectrum of 1 presents a sub-
stantial challenge despite the empirical nature of the '*C-
chemical shift. In particular, assignments are complicated
by the fact the ten protonated carbons of the molecule
resonate within a region less than 10 ppm wide, seven
resonances of this group tightly clustered within a region
of less than 1.5 ppm. Under such conditions, unequivocal
assignments dictate the utilization of two-dimensional pro-
ton-carbon chemical shift correlation or two-dimensional

DQC spectra.
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Autocorrelated Two-Dimensional

COSY.

Having established a plausible assignment strategy for
phenanthro[3,4-b]thiophene (1), a 500 MHz autocorrelated
two-dimensional 'H-nmr (GOSY) spectrum [14-16] was first
obtained (Figure 1) to facilitate the segregation of the indi-
vidual resonance among the four spin systems described
above. Based on this spectrum, the H1-H2 AX spin system
was found to be comprised of the resonances at 6 = 8.653
and 7.750; the H4-H5 and H6-H7 spin systems consisted of
the resonances at 6 = 8.086 and 7.849 and 6 = 7.883 and
7.834 respectively; the H8-H11 four spin system, as expec-
ted, was an ABMX spin system comprised of the resonan-
ces observed at § 9.161, 8.006, 7.736 and 7.656. No indivi-
dual assignments were possible within the AB spin systems
solely on the basis of the COSY connectivities. Within the
ABMX spin system, only the H8 and H11 resonances could
be assigned to the resonances at § = 8.006 and 9.161
respectively.

High Resolution One-Dimensional 500 MHz 'H-NMR.

Having established the identities of the individual pro-
ton resonances comprising the four spin systems of 1, we
next undertook the specific assignment of the individual
resonances. In each case, the ortho coupling (CJHH)
verified the pairings made on the basis of the COSY spec-
trum (Table I). Beyond this, the high resolution 500 MHz

'H-NMR Spectra
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Table I
'H Chemical Shifts and Coupling Constants of Phenanthro[3,4-b]thiophene (1) in Deuteriochloroform at 500 MH:z
Spin *JHH (meta or SHHH (para, epi *JHH (long ’JHH (ong
Position Label 'H *HyH (ortho) peri) long range) range) range)

H1 X 8.653 Ty H, = 562 — “JH,H, = 090 [a] “JHH, = 0.55a] -
H2 A 7.750 THH, = 5.6 - - - JH,H, = 0.55
H4 A 8.086 JH.H, = 8.45 — *JH,H, = 0.88 [a] — -
HS5 B 7.849 *JH,H, = 837 ‘JH,H, = 0.52 [b] — — "JHH, = 0.52
H6 A 7.883 ‘JH.H, = 8.62 NO OTHER COUPLINGS RESOLVED
H7 B 7.834 JHH, = 864 “JHH, = 0.62 — S =
Hs M 8.006 JHH, = 789 JHH,, = 1.5 °JHH, = 067 — -

= = — JHH, = 067  JHH, = 0.22[c] — —
H9 B 7.656 JHH, = 790 JHH, = 118 - = —

— - Ty H,, = 691 — _ _ _
H10 A 7.136 R H, = 692 Jy, H, = 1.57 — - TH,H, = 024 {d]

- - JJHlnHu = 849 - - - -
H11 9.161 JuoH, =850 JHH, =127 JH H, =063 JH H, = 063[a -

[a] Confirmed by homonuclear decoupling. [b] The corresponding coupling for the H6 resonance was unresolved. Typical peri couplings in coumarin
based systems range from 0.35-0.40 Hz (M. W. Jarvis and A. G. Moritz, dust. J. Chem., 21, 2445 (1968)); peri couplings in a variety of polycyclic
aromatic hydrocarbons ranged from 0.20-0.50 Hz (K. D. Bartle, D. W. Jones and R. S. Matthews, Rev. Pure Appl. Chem., 19, 191 (1969)), which are in
excellent agreement with the 0.52 Hz coupling observed in the case at hand. [c] The corresponding coupling for the H6 resonance was unresolved.
Analogous five bond couplings in coumarin based systems ranged from 0.30-0.45 Hz (M. W. Jarvis and A. G. Moritz, dust. J. Chem., 21, 2445 (1968)),
the corresponding J | 7 coupling of napthalene is reported as 0.21 Hz (M. W. Jarvis and A. J. Moritz, Aust. J. Chem., 24, 89 (1971)), which is in excellent
agreement with the observed coupling of 1. [d] The corresponding coupling for the H6 resonance was unresolved. The corresponding J9¢ coupling in
napthalene was observed to be 0.28 Hz (M. W. Jarvis and A. G. Moritz, dust. J. Chem., 24, 89 (1971)), which agrees quite well with the observed coupl-

ing of 0.24 Hz between H10 and H6 in 1.

spectrum of 1 also provided a number of interesting long
range couplings which were verifiable by homonuclear de-
coupling.

Perhaps the most interesting long range couplings con-
tained in the proton spectrum of 1 were those arising from
the HI-H2 AX spin system. In particular, two long range
couplings of 0.90 and 0.55 Hz were observed for the HI
resonance. The larger of these couplings was identified by
decoupling the resonance observed at 6 = 8.086, which is
ultimately assigned as H4. The observed couplings thus an
epi zig zag coupling and, as such, is well within the range
of values observed for other polycyclic aromatics of 0.6-1.1
Hz reported in the review of Bartle, Jones and Matthews
[17]. The smaller and perhaps more interesting coupling
was also readily identified on decoupling of the H11 reso-
nance 6 = 9.161. This coupling is noteworthy in that it is
quite similar to a “‘bay’’ coupling of the type frequently
encountered in phenanthrene systems [17], but with the
difference that this coupling is through six rather than
five bonds. For purposes of comparison, other six bond
couplings are known, for example, that between H4 an H7
in coumarin systems [18] and that between H1 and H6 in
napthalene [19), both of which are in the range of 0.15 Hz.
The basis for the unexpectedly large coupling between the
H1 and H1l resonances, however, remains to be ac-
counted for.

Interestingly, the multiplet for H2 which resonates at 6
= 7.750 also exhibited a long range coupling of 0.55 Hz.

On the basis of homonuclear decouplings, this coupling
was attributed to a coupling between the H2 and H5 reso-
nances which may be either through six bonds via the
sulfur or alternatively through seven bonds. In the latter
case, this coupling is analogous to the extended epi zig
zag couplings of benzo[c]phenanthrene [17], which range
from 0.4-1.0 Hz. We favor assigning this as a seven bond
coupling as shown, although arguments for the six bond
coupling pathway have also been made [31].

Other than the relatively unusual couplings associated
with the H1-H2 AX spin system, the balance of the observ-
ed long range couplings were unremarkable (Table I). The
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Figure 1. Four level contour plot of the autocorrelated
two-dimensional proton (COSY) nmr spectrum of 1 in deu-
teriochloroform at 500 MHz. The spectrum shown is a plot
of the symmetrized S(F,,F,) data matrix consisting of 512
X 512 points. Off-diagonal responses correlating H8 with
H10 were observable when more contour levels were plot-
ted. A 300 MHz COSY spectrum (not shown) also contain-
ed several of the long range couplings discussed in the
text.

observation of peri couplings, ‘JH,H, and “JH H,, did,
however, serve to firmly establish the orientation of the
two AB spin systems relative to the H1-H2 AX and H8-H11
ABMX spin systems, thus permitting an unequivocal as-
signment of the 'H-nmr spectrum of 1.

Two-Dimensional Proton-Carbon Chemical Shift Correla-

tion (CSCM).

Following the completion of the assignment of the pro-
ton nmr spectrum of 1, we next undertook the assignment
of the "*C-nmr spectrum of the molecule at 75 MHz via a
two-dimensional proton-carbon chemical shift correlation
(CSCM) spectrum [20-22]. Rather unexpectedly, the 'H
chemical shifts of the resonances of 1 were found to be
very sensitive to changes in concentration, this effect en-
countered when additional material was added to the sam-
ple employed for the COSY spectrum to speed up data ac-
quisition. This potential interchange of resonances rein-
troduces the potential for ambiguous assignments of the
protonated carbon resonances which is dealt with below.

The CSCM spectrum of 1 is shown in Figure 2A, an ex-

pansion of the region 125-128 ppm in F, shown in Figure
2B. As will be noted from Figure 2B, the two triplets asso-
ciated with the C9 and C10 proton multiplet structures are
now overlapped rather than one of these resonances being
furthest upfield as in the 500 MHz spectrum (compare
Figure 1). Despite this unfortunate circumstance, a
number of resonance assignments are still possible from
this spectra via the reconfirmation of some of the proton
resonance identities with the 300 MHz COSY spectrum
(not shown).

Thus, the C11 resonance was assignable to the doublet
response (proton multiplet structure - see Figure 2A) at 6
= 126.24; Cl was assigned to the doublet response at § =
125.42; C4 was assigned to the doublet response at § =
121.29; C8 was assigned to the doublet response at § =
126.68; and finally, C2 was assigned to the doublet re-
sponse at = 126.11. Beyond these unequivocal protona-
ted carbon assignments, the balance of the protonated
carbon resonances may be subgrouped and no more.

Thus, the triplet responses (Figure 2B) observed at 6 =
125.92 and 162.20 may be attributed to H9/H10; the three
remaining doublet responses were observed at § = 127.30,
126.31 and 125.56 may be atiributed to C5/C6/C7.

Autocorrelated Two-Dimensional *C-3C Double Quan-
tum Coherence (DQC) Spectroscopy.

Assignments of the six quaternary carbons and the five
remaining unassigned protonated carbon resonances of 1
were made via carbon-carbon connectivities. The carbon-
carbon connections were established using a modified two-
dimensional autocorrelated double quantum coherence
(DQC) "*C-nmr experiment [10,11]. The experiment that
we actually utilized is a combination of two different two-
dimensional double quantum coherence (DQC) pulse se-
quences, one described by Turner [10,11] and the other by
Mareci and Freeman'{12]. Both sequences create double
quantum coherence using the same sequence (90° — 7 —
180° — 7 — 90°) as was employed in the original two-di-
mensional double quantum coherence experiment [8], the
DQC was allowed to evolve for the period of time = t,
before being converted back into observable transverse
magnetization with final 90° read pulse (see Figure 3A).
Turner’s modification [10,11] delays detection of the ob-
servable transverse magnetization until time = 2t,, where
the DQC has been allowed to evolve for an additional
period of time, t, (Figure 3B). By simply delaying the ac-
quisition in this fashion, a direct correlation of the coupl-
ed spins about the diagonal F, = F, is obtained.

Although Turner [11] anticipated the modification of
this autocorrelated DQC experiment, for example in a fa-
shion analogous to the INEPT-INADEQUATE experiment
[23], the work of Mareci and Freeman [12] leads to a
modification which is somewhat more subtle and no more
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Figure 2A. Contour plot of the two-dimensional proton-carbon chemical shift correlation (CSCM) spectrum of 1 in deu-
teriochloroform at 75 MHz. The spectrum plotted was the S(F,,F,) matrix which consisted of 512 X 256 data points.
Four contour levels were plotted; B) Expansion of the region from 125-128 ppm on F,.

complicated than the initial experiment. Generally, a 90°
setting for the final read pulse (see Figures 3A and 3B)
transfers none of the real component of the DQC and thus
the detected signal is a pure amplitude modification.
Mareci and Freeman [12], however, observed that when
the final read pulse is set to a value of <90° or >90°, the
observed signal contains components of both the real and
imaginary parts of the double quantum coherence, thus in-

troducing a phase modulation and consequently permit-
ting the determination of the sign of the DQC. Maximal
peak heights are obtained for the “‘antiecho’’ and for the
““echo’’ components respectively when read pulses of 60°
and 120° are employed, both leading to a 30% increase in
signal intensity relative to the normal 90° read pulse
[12,33]. Detection of the ‘‘echo’ being preferable, the op-
timum flip angle of the read pulse is thus 120°, although a
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Table IT

Calculated vs. Observed *C-nmr Chemical Shifts of
Phenthro[3,4-b]thiophene (1) in Deuteriochloroform at 75 MHz

Position 6 C caled. [a] 6 °C observed
1 127.2 125.42 -18
2 125.4 126.11 +0.7
3a 137.8 140.56 +28
4 120.5 121.29 +0.8
S 124.3 125.56 +1.3
Sa 127.7 130.86 +3.2
6 126.9 127.30 +0.4
7 126.9 126.31 -0.6
7a 132.0 133.38 +1.4
8 128.5 128.68 +0.2
9 126.5 125.92 -0.6
10 126.5 126.20 -0.3
11 122.6 126.24 +3.6
I1a 130.3 130.78 +0.5
11b 125.5 126.94 +1.4
11c 133.8 135.31 +1.5

[a] “C-nmr chemical shifts of 1 were calculated by incrementing the
known chemical shifts of phenanthrene for the [3,4-b] ring fusion of the
thiophene ring to the phenanthrene nucleus. Chemical shift additivities
for thie type of ring fusion were derived by calculating differences bet-
ween the observed chemical shifts of benzo[b]thiophene [P. Geneste, J.-L.
Olive, S. N. Ung, M. E. A. El Faghi, J. W. Easton, H. Bierbeck and J. K.
Saunders, J. Org. Chem., 44, 2887 (1979)] and benzene.

higher level of discrimination (6:1) between the “‘echo’’
and the “‘antiecho’’ may be achieved with a 135° pulse
while still retaining a 20% signal improvement (as oppos-
ed to 30% enhancement with the less discriminatory 120°
read pulse [33]). The incorporation of this modification in-
to the Turner [10,11] autocorrelated two-dimensional dou-
ble quantum coherence pulse sequence (Figure 3C) pro-
vides us with a simple, direct version of the experiment
with enhanced sensitivity [12,32].

The autocorrelated DQC experiment shown in Figure 4
was performed on a sample of 65 mg of 1 dissolved in 0.4
ml of deuteriochloroform in a 5 mm sample tube. The
spectrum was obtained using 4K data points in t,, with on-
ly 22 blocks of data collected in t, and zero filled to 256
points prior to processing. A total of 256 acquisitions were
collected/block of data, with an interpulse delay of 8
seconds to allow quaternary relaxation between acquisi-
tions. Total performance time for the experiment using
the pulse sequence shown in Figure 3C was 18.5 hours.

As in the proton COSY spectrum (Figure 1), the auto-
correlated 2D-DQC spectrum shown in Figure 4 is correla-
ted about a diagonal. Beginning with the C4 resonance ob-
served at 6 = 121.29, we observe that it exhibits, as expec-
ted, two correlations, one to a protonated carbon reso-
nance and the other to a quaternary carbon. The resonan-
ces which appear at 6 = 140.56 and 125.56 are assignable
as C3a and C5 respectively. Utilizing the assignment of
the C5 resonance, the C5a resonance may next be assigned

90° 180° o0

90° 180°

©_f 7
e e b J
—t,

Figure 3. Pulse sequences for two-dimensional **C-3C
double quantum coherence nmr spectroscopy: A) conven-
tional pulse sequence - multiplets are correlated about a
diagonal axis F, = F,; B) Turner autocorrelated experi-
ment - introduction of the second period, t,, produces an
autocorrelation, responses are correlated about a true
diagonal F, = F,; C) Turner autocorrelated experiment
modified to include a 135° read pulse to optimize sen-
sitivity and discrimination between the echo and antiecho.

as the downfield member (§ = 130.86) of the group of two
nearly overlapped quaternary carbons. From C5a, the sub-
sequent assignment of C6 may also be made to the reso-
nance observed at § = 127.30, thus permitting the remain-
ing doublet response from the CSCM experiment describ-
ed above to be assigned to C7 (§ = 126.31). The C5a reso-
nance, in addition, is also correlated to Cl11b which reso-
nates at 6 = 126.94.

Resonances remaining to be assigned at this point are
the C9 and C10 protonated carbon resonances and the
C7a, Clla and Cllc quaternary carbon resonances. Retur-
ning to the assignment of the C3a resonance at 6§ =
140.56, a connectivity to an additional quaternary carbon
resonance at 6 = 135.31 is also observed, this resonance
assigned to Cllc. Of the two remaining quaternary carbon
resonances, the resonance at 133.38 exhibits a connectivi-
ty to the C8 resonance at § = 128.68, thus permitting the
assignment of the former as C7a. As a consequence of the
two preceding assignments, the remaining quaternary
carbon resonance at § = 130.78 may be assigned as Cl1a,
this assignment coroborated via a C7a-Clla connectivity.
Finally, in addition to its connectivity to C7a, the C8 reso-
nance also exhibits a connectivity to a protonated carbon
resonance which can only be C9. Thus, C9 is assigned to
the signal observed at § = 125.92 with the remaining reso-
nance at 6 = 126.20 assigned to C10, thus completing the
assignment of the '*C-nmr spectrum of 1. Complete calcu-
lated vs. observed '*C-chemical shifts of 1 are summarized
in Table II
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Figure 4. Experimental autocorrelated double quantum coherence spectrum of 1 obtained using the pulse sequence
shown in Figure 3C. The spectrum consisted of 4K data points in t, and 22 blocks of data in t, which was zero filled to
256 points during the data processing: A) 0° projection of the S(F,,F,) data matrix to show *C-*C couplings, residual
responses at the chemical shift of the resonances are incompletely canceled signals due to isolated C nuclides;
B) Four level contour plot of the S(F,,F,) data matrix illustrating the diagonal and the correlation of resonances about
the diagonal. Less than the total number of possible correlations was obtained, those missing are absent due to strong
coupling (AB spin systems rather than AX for which the experiment was optimized); C) Conventional 13C-nmr spectrum

of 1.

Helical Structure of Phenanthro[3,4-bJthiophene. resonances to be within 1.3 A of one another. Clearly,

Construction of Dreiding model of 1, assuming as a star- such a close intramolecular contact would be unfavored
ting point a planar conformation, shows the H1 and H11 and it is thus logical to speculate that to avoid such a con-
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tact that the molecule would adopt a helical rather than a
planar conformation, with corresponding bond length de-
formations analogous to those observed for the parent
phenanthrene nucleus [24). Similar helical structures have
also been reported for a number of thiophene containing
heterohelicenes [25,26]. To probe the potentially helical
structure of 1, interatomic distances between two key pairs
of hydrogens, H1-H2 and H10-H11, were computed at 2.42
and 2.27 A respectively, the atom coordinates of 1,16-di-
hydroindeno(5,4-c:4",5"-g]phenanthrene [27] providing the
basis for the computation. Given these interatomic dis-
tances, the distance between H1 and H11 may be compu-
ted once NOE measurements are made between HI and
H11 and between either H1 or H11 and the counterpart
atom a known distance away [28].

A series of four independent NOE difference measure-
ments were made by irradiating the H1 and H11 resonan-
ces for periods of 3 and 5 seconds. To provide a reference
spectrum, equivalent irradations were performed in the
empty spectral region between the H1 and H11 resonances.
From this series of irradiations, NOE’s were obtained be-
tween H10-H11/H11-H1 and between H2-H1/H1-H11. Given
a set of two NOE values and one known interatomic dis-
tance, four separate estimates of the H1-H11 interatomic
distance were obtained, ranging from 1.93 to 2.07 A with
an average interatomic distance of 1.99 A. To accomo-
date this interatomic distance, it seems relatively certain
that 1 must adopt a pronounced helical conformation with
the corresponding deviations in bond lengths associated
with helical molecules [24-27). Further, the H1-H11 inter-
atomic distance of 1.99 A agrees very favorably with the
HB8-H8' distance of 2.06 A observed in the case of trithia-
(O)heterohelicene [26], suggesting that such molecules may
share a common helical shape.

Conclusion.

Total assignments for the 'H- and "*C-nmr spectra of
phenanthro[3,4-b]thiophene (1) have been described. The
proton assignments were established through a 500 MHz
COSY spectrum and through homonuclear decouplngs
which also served to confirm the identities of several long
range coupling constants. The "*C-nmr spectrum of 1 was
partially assigned through the CSCM spectrum, while the
balance of the assignments were made through the auto-
correlated 2D-DQC spectrum obtained using the pulse se-
quence shown in Figure 3C. That these assignments could
be completed with the acquisition of only 22 blocks of data
in t; on a relatively modest quantity of material in a 5 mm
sample tube clearly demonstrates both the viability and
the utility of this experiment.

Finally, the nmr study of 1 has also yielded a prediction
of the solution structure of the molecule with the H1 and
H11 resonances separated by a calculated distance of 1.99

A. Assuming that such a helical conformation will result
in deformations of bond lengths about the “‘bay’’ region
of the molecule as is the case with other helicenes
[24-27,29], this could account for the potential of this
region of the molecule to undergo epoxidation and subse-
quent ring opening reactions, thereby accounting for the
mutagenicity of 1 [30].

EXPERIMENTAL

The sample of phenanthro[3,4-b]thiophene (1) utilized in this study was
prepared as previously described [13]. The sample for the 500 MHz high
resolution and COSY spectra was prepared by dissolving approximately
2 mg of 1in 0.4 ml of 100% deuteriochloroform. The sample utilized in
the two-dimensional proton-carbon chemical shift correlation (CSCM) ex-
periments and the two-dimensional '’C-'*C double quantum coherence
experiment was prepared by dissolving 65 mg of 1 in approximately 0.5
ml of deuteriochloroform.

The 500 MHz high resolution 'H-nmr spectrum was obtained on a
Nicolet NIC-500 spectrometer operating at 500.0517 MHz. A pulse width
of 7 usec (90° pulse = 10 psec) and an interpulse delay of 2 seconds were
employed with a sweep width of +824.22 Hz digitized with 32K data
points to give an acquisition time of 6.56 seconds. A total of 64 acquisi-
tions were accumulated.

The autocorrelated proton (COSY) spectrum was obtained using the
standard 90°-t,-90°-acquire pulse sequence, the last pulse phase cycled
to give the equivalent of quadrature data in the second dimension. The
spectrum was collected as 512 x 1K blocks of data (S(t,,t,)) and was pro-
cessed using sinusoidal multiplication in each dimension followed by
symmetrization of the final data matrix. Total performance time for the
experiment was approximately 1 hour. The plot shown in Figure 1 is a six
level contour plot of the final symmetrized data matrix.

The two-dimensional proton-carbon chemical shift correlation (CSCM)
experiment was obtained using the standard pulse sequence with 'H-de-
coupling in F, and '*C-decoupling in F,. The experiment was performed
on a NIC-300WB spectrometer operating at 75.4613 MHz for *C with F,
= 300.0691 proton in the second dimension. The spectrum was acquired
using a sample prepared as described above, with 256 x 1K data points
(S(t,,t) with a total of 4 acquisitions per block. A sweep width of
+405.19 Hz was employed in F, with a dwell time of 617 usec for F,. The
data was processed by using a phase shifted sine bell in F, and sinusoidal
multiplication in F,. Total acquisition time for the experiment was 30
minutes. The contour plots shown in Figures 2A and 2B were plotted us-
ing four contour levels. It should be noted that a substantial shift of the
H2 resonance, from § = 7.750 to approximately § = 7.52, was observed
on increasing the concentration for the acquisition of the 3C spectral
data. It would be ideal to obtain a spectra at identical concentrations on
the same instrument although the practical considerations of perfor-
mance time requirements and spectral dispersion will in many cases pre-
clude this approach. Thus, care must be taken to avoid incorrect reso-
nance assignments which could arise when concentrations are altered to
minimize data acquisition times.

The two-dimensional **C-**C double quantum coherence (2D-DQC)
spectrum was acquired using the same sample as in the CSCM experi-
ment described above. The pulse sequence utilized is that shown in
Figure 3C. Phase cycling employed was that of Turner [10,11}. The ex-
periment was performed on a NIC-300WB spectrometer operating at

75.4613 MHz with 22 x 4K data points (S(t,,t,)) with a total of 256 acqui-
sitions per block and an interpulse delay of 8 seconds. Data files were
processed using a 1 Hz exponential broadening in F, and no digital
weighting in F,, although the second dimension was zero filled to 256
points prior to the second Fourier transform. The spectrum shown in
Figure 4 is a four level contour plot (center) accompanied by a 0° projec-
tion (top) and a standard '>C reference spectrum (bottom).
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Measurement of the nuclear Overhauser enhancements (NOE) utilized
in the prediction of the helical structure of 1 was conducted at an obser-
vation frequency of 300.069 MHz. NOE values were measured by diffe-
rence, an enhanced spectrum produced by irradiation of either the H1 or
H11 resonance multiplet for a period of 3 or 5 seconds. A reference spec-
trum acquired by irradiation for an equivalent period in the region bet-
ween the H1 and H11 resonances was then subtracted from the enhanced
spectrum. For a 3 second irradiation of H1, H2 exhibited a 2.5% NOE
while H11 exhibited 2 9.2% NOE; 5 second irradiation of H1 gave NOE
values fo 3.7% and 11.4% for H2 and H11 respectively. Corresponding-
ly, a 3 second irradiation of H11 gave a 4.2% NOE for H10 and a 7.4%
NOE for H1; a 5 second irradiation of H11 gave NOE values of 4.6% and
12.0% respectively for H10 and H1.
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Note Added in Proof.

A modification of the original Turner two-dimensional
DQC experiment [10,11] has been reported [33] since the
initial submission of this manuscript for publication, the
modified version of the experiment employing a 120° read
pulse to improve sensitivity. In addition, the original ver-
sion of the experiment [10,11}, was also recently criticized
for its sensitivity relative to the earlier 2D-INADEQUATE
experiments [8,9] by Bax and Mareci in a recent report
[32], a problem which is solved by both Turner’s modifica-
tion [33] and that described in this work.
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