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ABSTRACT: The complete characterization of polycyclic aromatic hydrocarbons (PAHs) and tetrasubstituted ethylenes
is critical to an understanding of their reactivity, for which NMR is an important tool. Chemical shifts can provide
a direct measure of charge distribution and aromaticity. Unfortunately, COSY, NOESY and heteronuclear correlation
cannot provide a complete assignment of the NMR spectra for some carbon-rich PAHs with symmetrical bay regions.
The protons in the bay regions would yield NOE signals if they were not symmetrical. Natural substitution of12C
with 13C can be used to break the symmetry and yield these useful NOE signals. Using gradient-assisted editing,
unequivocal assignments have been achieved for some previously problematic molecules. Copyright 2000 John
Wiley & Sons, Ltd.
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INTRODUCTION

The study of polycyclic aromatic hydrocarbons (PAHs)
is of interest with respect to synthetic,1 – 3 environmental
and biological chemistry. In the environment, PAHs act as
pollutants produced by the combustion of fuels and other
organic materials.4 In biology they bind to DNA via enzy-
matic bay region activation, causing mutations and cancer.
The steric crowding of the bay region protects the attack
on the DNA from detoxification increasing the mutagenic
and carcinogenic activity. In synthetic chemistry, carbon-
rich PAHs are an emerging class of compounds that are
analogs for fullerenes, graphite and as yet undiscovered
but theoretically possible allotropes of carbon.5

NMR spectra of these compounds are usually assigned
by a combination of NOESY6 (or ROESY), COSY, het-
eronuclear single quantum coherence (HSQC) [or het-
eronuclear multiple quantum coherence (HMQC)] and
heteronuclear multiple bond coherence (HMBC). NOESY
yields correlations between neighboring rings and often
the combination of COSY and NOESY is sufficient to
assign the1H NMR spectrum. The carbon spectrum
requires the use of HSQC (or HMQC) and HMBC. Where
COSY and NOESY are insufficient to assign the1H
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NMR spectrum, the HMBC experiment may complete
it. An example of this is perylene (1) where the assign-
ments of H-1 and H-3 are uncertain. HMBC optimized
for couplings of 10 Hz usually yields three-bond correla-
tions strongly and other correlations much more weakly
in PAHs. C-4 (identical with C-3) will correlate with H-3
whereas C-1 will not correlate with H-1.

However, these techniques cannot provide a com-
plete assignment for some carbon-rich compounds with
symmetrical bays. 10,100-Disubstituted 9,90-bianthryl (2)
(Scheme 1) is one such example. Its1H NMR spec-
trum contains four multiplets. However, it is impossible
to differentiate between H-1 and H-4 or H-2 and H-3
by the above methods without resorting to assumptions
about chemical shifts or relaxation times. Even HMBC
yields correlations compatible with either assignment: H-1
correlates with C-3, C-4a and C-9 while H-4 correlates
with C-2, C-9a and C-10. Much less sensitive methods
such as 2D INADEQUATE7 are required. In many cases,
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Scheme 1

solubility or compoundavailability precludethe use of
suchan insensitivetechnique.

Therearealsocasessuchasdiindeno[1,2,3,4-defg;10,20,
30,40-mnop]chrysene(3a) andcycloocta[1,2,3,4-def;5,6,7,
8-d0e0f0]bisbiphenylene(4a) where the symmetryof the
compoundis such that even INADEQUATE is of no
use. The HMBC correlationsacrossthe bays for H-1
and H-3 have the samepatternand no INADEQUATE
correlationsareobservedacrossthesymmetryplane�1 of
the molecule.This is in additionto the extremedifficulty
in preparingsufficientcompoundfor a2D INADEQUATE
experimentand the impossibility of getting enoughinto
solution.

Despitethe above,naturesuppliesus with built-in 13C
isotopicsubstitution,thatallowsNOESY 12C–1H/13C–1H
cross peaksbetweenotherwise identical protons to be
recorded.Previouswork hasdescribedHMQC-ROESY8

and HSQC-NOESY9 experimentsthat can yield such
correlations.We havenow developeda modifiedversion
of these experiments,carbon-editedNOESY, which is
moresensitiveandusually requireslessacquisitiontime.

METHOD

Carbon-editedNOESY is a combination of a regular
NOESYanda carbon-editedspectrum.During the evolu-
tion period(t1), all thesignalsarepresentwhile only those
coupledto carbonarerecordedduringacquisition(t2). The
resultingsignalsarethencarbondecoupledin f2 leaving
the carboncoupling in f1. The result is that the carbon
satellitesexcitedin f1 areagainactive in f2 andyield a
‘doublediagonal’split in f1 by the 1H, 13C couplingcon-
stant(¾158Hz for PAHs). A signalarisingfrom a proton
attachedto a 12C that hasa NOESY correlationwith an
identicalprotonattachedto a 13C will appearon the ‘true’
diagonal,half-waybetweenthe ‘doublediagonal’signals.

A numberof techniquesare availablefor carbonedit-
ing. The most common ones are experimentsbased
on single-quantum(SQ) and multiple-quantum (MQ)
coherences.10,11 Both methodsare amenableto sensitiv-
ity improvementby refocusingand combining two in-
phaseprotonmagnetizationcomponents.11 Thesensitivity

improvement(SI) methodthat may be applied to either
SQ or MQ theoretically yields a 41% improvementin
sensitivity if the relaxation time is long. In practice,a
yield of 35% sensitivity improvementis routinely obtain-
able. If the relaxationtime is short (severalmilliseconds
or less),sensitivity improvementwill not work and may
evencausea reductionin sensitivity.

For carbon-editedNOESY we implementedboth types
of carbonediting.WefoundtheSQSImethodto beprefer-
able owing to increasedsensitivity except when cross
correlationartifactsoverlappedthe signalsof interest.In
thesecases,thereare two options:not to usesensitivity
improvementor to suppresscarbon-coupledsignalsduring
evolution.The lattermethodsuppressesthedoublediago-
nal leavingonly the requiredcrosspeaks.Any remaining
crossrelaxationartifactsaremuchweakerthan the cross
peaks.

Thepulsesequence(Fig. 1) consistsof aNOESYwhere
the last pulse is replacedby a carbonediting sequence.
The homospoil in the NOESY sequenceis optional. It
helps to reduceartifacts when there is a suspicionthat
transversecorrelationswill persistthroughoutthe mixing
time. The type of editing used is chosenbasedon the
aboveconsiderations.Two scanspertransientarerequired

Figure 1. Pulse sequences for carbon-edited NOESY with
single-quantum transfer and sensitivity improvement.
Narrow rectangles are 90° pulses and wide rect-
angles are 180° pulses; the shorter rectangle is a
spin-lock, � D mixing time, 1 D 1/4J(C,H) (¾3.2 ms),
2 D 1/4J(C,H) for CH only and 1/8J(C,H) for all mul-
tiplicites, H/C D 3.98, HS is a homospoil (¾5 G cm�1

for 1 ms). ϕ1 D x,�x, x,�x (incremented by 90° each
row); ϕ2 D x, x,�x,�x; ϕ3 D x, x, x, x,�x,�x,�x,�x;
ϕ4 D y, y, y, y,�y,�y,�y,�y; ϕ5 D x,�x,�x, x,�x, x, x,
�x; minimum phase cycle of four.
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for quadrature detection inf1. A further two scans are
advised to suppress residual signals from protons attached
to 12C because of incomplete suppression of the signals
by the gradients.

RESULTS AND DISCUSSION

We tested the experiment with phenanthrene (5), fluorene
(6) and triphenylene (7) because each one contains one
of the symmetrical bay types found in3. The inter-proton
distance across the bays in5 and 7 should be 0.17 nm
and in 6 0.40 nm assuming planarity (calculated from
standard bond lengths and bond angles). In reality, the
distances are probably slightly different owing to possible
distortions from the plane. The NOE correlations across
the bays could be observed for5 and7 within 1 h whereas
15 h acquisition (at 400 MHz) was required to observe the
correlation for6 under the same conditions. As expected,
the 6 correlation was much weaker than the5 and 7
correlations.

Our assignmentof bifluorenylidene(8) using HMBC
wasconfirmedby carboneditedNOESY.

Compounds3 and4 defyassignmentby anyof theother
methodslisted, including 2D-INADEQUATE, owing to
its symmetry combined with the isolation of its 1H
spin systemsby numberof bondsand symmetry.Com-
pounds 3a and 4a can only be assigneddirectly by
carbon-editedNOESY. The same problems apply to
2,5,8,11-tetrasubstitutedderivatives of 3a and 4a such
as2,5,8,11-tetra-tert-butyl-3a (3b) and2,5,8,11-tetra-tert-
butyl-4a (4b). In 3 and 4, the distancebetweenH-1 and
H-12 is considerablylarger thanthatbetweenH-3 andH-
4. As a result, the NOE signal betweenH-3 and H-4 is
expectedto be nearly two ordersof magnitudestronger
thanthatbetweenH-1 andH-12 becausethe NOE is pro-
portional to the inversesixth power of the distance.The
carbon-editedNOESYspectraof 3b and4b showonly one
correlationacrossa bay region that we assignedto H-3,
H-4. The spectrumof 4b2�2LiC showedtwo correlations,
one much strongerthan the other (Fig. 2). We assigned
the strongersignalto H-3, H-4 andthe weakeroneto H-
1, H-12. This assignmentwas thenusedto completethe

Figure 2. Carbon-edited NOESY of 2,5,8,11-Tetra-tert-
butylcycloocta[1,2,3,4-def ;5,6,7,8-d0e0f 0]bisbiphenylene
dianion with lithium 4b2�2LiC. The arrows point to the
carbon-edited NOESY correlations.

assignmentof the13C spectrumwith theaid of HSQCand
HMBC (seeExperimental).

We expectthat the carbon-editedNOESY methodwill
also find application in distinguishingZ-and E-isomers
of tetrasubstitutedsymmetrical ethylenes of the type
RR0C CRR0 including such important classesof com-
poundsas phenylenevinylenes.This is a long-standing
problemin syntheticorganicchemistrythatat presentcan
only be resolvedby x-ray crystallographyor by a stere-
ospecificchemicalmodification,followedby enantiomeric
excessmeasurement.12

Carbon-editedNOESY may alsofind an applicationin
distinguishinglarge symmetricalPAHs such as [5.5]cir-
culene13 (9) from its isomer10.

EXPERIMENTAL

All materialswere commercialsamplesexceptfor 3a,14

3b and4b,15 which weresynthesizedasreported.
NMR experimentswere carried out at 298.5š 0.5K

[except perylene(1) that was heatedto 453K to over-
come low solubility and 4b2�2LiC at 220K] using a
Bruker DRX-400 spectrometerequippedwith a BGUII
z-gradient.The materials(up to 20mg dependingon sol-
ubility) were dissolved in acetone-d6 with the excep-
tion of 1 (nitrobenzene-d5), 3b .CD2Cl2/, 4b (THF-d8)
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and 5 .CDCl3/ and degassed under vacuum using the
freeze–pump–thaw technique. The reported chemical
shifts of4b and4b2�2LiC were calibrated to the downfield
THF signal (υH 3.575;υC 67.394), whereas the chemical
shifts of3b (CD2Cl2 solution) were referenced to internal
TMS. Our data for5, 6 and 7 are in accord with those
of earlier investigations, and for8 the previous assign-
ment is now corrected (verified by the standard 2D NMR
experiments).16 – 18

1H and 13C assignments

2,5,8,11-Tetra-tert-butyldiindeno[1,2,3,4-defg;1′ ,2′,
3′,4′-mnop]chrysene (3b). υH (CD2Cl2, 298.5 K) 1.44
(Me, s, 36 H), 7.91 (H-1, d,J 0.9 Hz, 4 H), 8.18 (H-3, d,
J 0.9 Hz, 4 H);υC (CD2Cl2, 298.5 K) 31.08 (Me), 35.25
.tBu/, 119.38 (C-1), 119.39 (C-3), 132.55 (C-3a), 136.84
(C-12d), 137.27 (C-6c), 140.38 (C-6a), 151.84 (C-2).

2,5,8,11-Tetra-tert-butylcycloocta[1,2,3,4-def ;5,6,7,
8-d′e′f ′]bisbiphenylene (4b). υH (THF-d8, 298.5 K)
1.22 (Me, s, 36 H), 6.49 (H-1, d,J 1.2 Hz, 4 H), 6.77
(H-3, d, J 1.2 Hz, 4 H);υC (THF-d8, 298.5 K) 31.0 (Me),
35.8 .tBu/, 116.1 (C-1), 118.9 (C-3), 125.9 (C-3a), 147.5
(C-6c), 151.6 (C-6a), 153.4 (C-2).

2,5,8,11-Tetra-tert-butylcycloocta[1,2,3,4-def ;5,6,7,
8-d′e′f ′]bisbiphenylene dianion with lithium 4b2−

2LiY. Compound4b and lithium wire were introduced
into an extended NMR tube under argon. The sample was
evacuated and predried THF-d8 was vacuum transferred
into the tube. The tube was sealed with a flame under vac-
uum. υH (THF-d8, 220 K) 1.40 (Me, s, 36 H), 5.84 (H-1,
s, 4 H), 7.50 (H-3, s, 4 H);υC (THF-d8, 220 K) 32.3 (Me),
35.8 .tBu/, 95.1 (C-1), 99.2 (C-3a), 115.6 (C-3), 123.7
(C-6c), 130.6 (C-2), 152.5 (C-6a).

Phenanthrene (5). υH (CDCl3 298.5 K) 7.67 (H-2, t,J
7.3 Hz, 2 H), 7.72 (H-3, t,J 7.5 Hz, 2 H), 7.81 (H-9,
s, 2 H), 7.96 (H-1, d,J 7.6 Hz, 2 H), 8.74 (H-4, d,J
8.0 Hz, 2 H);υC (CDCl3 298.5 K) 122.5 (C-4), 126.4 (C-
2), 126.5 (C-3), 126.8 (C-9), 128.4 (C-1), 129.8 (C-4a),
131.6 (C-8a).

Fluorene (6). υH (acetone-d6 298.5 K) 3.90 (H-9, s, 2 H),
7.30 (H-2, t,J 7.4 Hz, 2 H), 7.37 (H-3, t,J 7.4 Hz, 2 H),

7.57 (H-1, d,J 7.4 Hz, 2 H), 7.86 (H-4, d,J 7.6 Hz, 2 H);
υC (acetone-d6 298.5 K) 36.08 (C-9), 119.46 (C-4), 128.68
(C-1), 126.34 (C-2), 126.34 (C-3), 141.22 (C-4a), 142.88
(C-8a).

Triphenylene (7). 16υH (acetone-d6 298.5 K) 7.70 (H-2,
AA 0XX 0, 6 H), 8.79 (H-1, AA0XX 0, 6 H); υC (acetone-d6

298.5 K) 124.1 (C-1), 128.1 (C-2), 130.4 (C-4a).

Bifluorenylidene (8). υH (acetone-d6 298.5 K) 7.26 (H-2,
t, J 7.6 Hz, 4 H), 7.37 (H-3, t,J 7.5 Hz, 4 H), 7.83 (H-4, d,
J 7.2 Hz, 4 H), 8.36 (H-1, d,J 8.0 Hz, 4 H);υC (acetone-
d6 298.5 K) 121.0 (C-4), 127.4 (C-1), 128.0 (C-2), 130.4
(C-3), 138.8 (C-8a), 141.7 (C-9), 142.2 (C-4a).
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