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NMR always has been multidimensional. In addition to frequency and intensity, which
serve as the axes of the standard one-dimensional spectrum, reaction rates and relax-
ation times have provided additional dimensions, often presented as stacked plots (see
Figures 2-33 and 5-2). The second dimension of modern NMR, however, refers to an
additional frequency axis. This concept was first suggested in a lecture by Jeenerin 1971
and reached wide application in the 1980s when instrumentation caught up with theory. :
In terms of structure, we can think of the first frequency dimension as the traditional
characterization of nuclei in terms of chemical shifts and couplings. In the second fre-
quency dimension, we further consider magnetic interactions between nuclei through
structural connectivity, spatial proximity, or kinetic interchange.

PROTON-PROTON CORRELATION THROUGH COUPLING

In the single-pulse experiments described up to this point, a 90° pulse is followed by a
period of time during which the free induction decay is acquired (Figure 6-1a). Fourier
transformation of the time-dependent magnetic information into a frequency dimen- |
sion provides the familiar spectrum of § values, now to be called a one-dimensional i
(1D) spectrum. If the 90° pulse is preceded by another 90° pulse (Figure 6-1b), useful
relationships between spins can evolve prior to acquisition. Figure 6-2 illustrates what
happens in terms of magnetization vectors.

Consider a sample that contains oaly one type of nucleus without any coupling
partners, for example the "H spectrum of tetramethylsilane. Although the final result of &
the particular experiment we are about to describe may seem trivial or even pointless i
at first, it will take on fuller meaning when we introduce relationships with other nuclei. *‘
The isolated nucleus of Figure 6-2 begins with magnetization aligned along the z axis
(a),and then along the y axis after application of the 90° puise (b). If the coordinate sys-
tem rotates at the carrier frequency and the nucleus resonates at a slightly higher fre-
quency, the spin vector picture beings to evolve. After a short amount of time, the vec-

tor M moves to a new position in the xy plane, for example in (c). We ignore longitudinal
17
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(a) The 1D experiment

(b) The 2D COSY experiment
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Figure 6-1 The pulse arrangements for a single cycle of one-dimen-
sional NMR spectroscopy (upper) and for two-dimensional NMR cor-
relation spectroscopy (COSY) {lower). In this diagram each pulse is
90°. Data are acquired during the time period t, in the 2D experiment.
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Figure 6-2 The puise sequence for the COSY experiment. For (¢')

the magnetization Mis allowed to evolve a fonger time from (b} than
for {c} before the final 90} pulse is applied to give (d')

relaxation (7) to simplify the drawings. The evolving magnetization vector may be
decomposed into a y component (M, = Mcoswt,) and an x component (M, = Msinor,),
in which o is the difference between the frequency of the carrier and of the resonating
nucleus and ¢ is the time elapsed since the 90° pulse.

It at this point the second 90° pulse of Figure 6-1b is applied, again along the x axis,
the result is different for the two illustrated magnetization components (Figure 6-2d).
The x component is unaffected, but the y component is transferred to the negative z
axis. If observation is in the xy plane, the only detectable part of the magnetization is
M,. This quantity appears as a free induction decay during the time period f, after the
second pulse. Fourier transformation of the FID as a function of L, yields a signal at the
resonance frequency (v,). The intensity of this signal is determined by the quantity
Msinwe,. The use of the subscripts is necessary to distinguish the evolution period £,
from the acquisition period 1, (Figure 6-1b). If , is relatively short, M, (= Msinet, ) is
small, little x magnetization has developed (d), and the peak is small. A slightly longer
value of 1, yields a larger x component (¢’ and d') as Msinwy, grows,

Figure 6-3 shows the result of a whole series of such experiments, with buildup of
M, (= Msinet,) as ¢, increases. reaching a mayirmnm whan tha cnie samtas 17 e e 4 .o
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Figure 6-3 The middle diagonal serves as the baseline for a series
of 'H spectra of chloroform according to the COSY pulse sequence
for a series of values of t,. Each peak is one period of 90°-t,-90° fol-
lowed by Fourier transformation during t, of Figure 6-1. Fourier
transformation in the t, dimension has not been carried out.

Figure 6-4 ({a) The result of the COSY experiment after double
Fourier transformation for a single, isolated nucleus such as that in
Figure 6-3. (b} The result of the COSY experiment for two uncoupled

nuclei.

along the x axis. The peak height then decreases as the vector moves to the left of the x
axis, reaching zero intensity when it is lined up along the negative y axis. As it passes
behind the y axis, the intensity becomes negative, reaching a negative maximum when
the vector is aligned along the —x axis. This negative maximum would be slightly smaller
than the initial positive maximum because of T, relaxation. It is clear from Figure 6-3
that this family of experiments generates a sine curve when M, is plotted as a function
of t,. Frequency (from Fourier transformation of ¢, to give v,) is along the horizontal
dimension and the time ¢, is along the vertical dimension. The type of data generated
from stepping ¢, in this fashion in fact comprises a free induction decay that also may be
Fourier transformed. Because the frequency ® represented by the sine curve in 4y is the
same as the frequency from the initial Fourier transformation in #,, the result of the sec-
ond Fourier transformation is a single peak at the coordinates (v,.,v,) when plotted in
two frequency dimensions (Figure 6-4a). This is the trivial result previously alluded to.
The utility of this experiment becomes evident when two coupled nuclei are
treated in this fashion. Two uncoupled nuclei yield the trivial result of two peaks respec-
tively at (v,,v,) and vy,vy), as in Figure 6-4b. These peaks are on the diagonal of the two-
dimensional representation. Satisfying complications arise when the two nuclei are cou-
pled, Figure 6-5 illustrates the possible spin states for nuclei A and X, as for example the
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alkenic protons in B-chloroacrylic acid, CICH== CHCO,H. The AX spectrum containg

four peaks due to scalar (/) coupling. The diagram is intended to indicate the four dif-
ferent frequencies, from the highest (A1) to the lowest (X2). It is useful first to consider
population perturbations during an old-style, one-dimensional selective decoupling
CW experiment, Irradiation, for example, of only transition Al tends to bring the o
and B states closer together in population. Consequently, there is a direct effect on the
intensities of the connected transitions X1 and X2, which propagates as a secondary
effect on the intensity of the A2 transition. With respect to A1, X2 is called a progres-
sive transition (going on to a higher spin state), X1 is called a regressive transition, and
A2 is called a parallel transition..

In the pulse experiment, energy absorption at frequency A1 has similar effects,
which bring about magnetization or population transfer. The first 90° pulse serves to
label all the magnetization with the 1D frequencies during period H:ALA2 X1, X2, The
second 90° pulse results in a population inversion for any given transition (Figure 6-24d).
This perturbation causes population changes in all connected transitions of the reso-
nances to which the nucleus is coupled, and secondarily to parailel transitions, Part of
the magnetization at frequency Al, for example, is transferred by the second pulse dur-
ing period ¢, to each of the other three transitions. This transferred magnetization has a
new frequency. Such transfers occur from all four of the transitions to each of the other
three. Thus the magnetization observed at frequency A1 during 1, contains components
modulated at frequencies A2, X1,and X2. That portion of the magnetization, for exam-
ple, that has frequency A1 during r,, but frequency X2 during ¢, is observed as a peak off
of the diagonal, at frequency (Va1:Vx2)- In the absence of J couplings, the A and X tran-
sitions of Figure 6-5 are not connected and magnetization is not transferred.

Figures 6-6 and 6-7 are two representations of the two-dimensional experiment
for B-chloroacrylic acid, In Figure 6-6 the stack representation contains several hundred
complete 1D experiments, whose closely packed horizontal lines are barely distin-
guishable. On the diagonal from the lower left to the upper right (as drawn into the
plots in Figure 6-4) are the four peaks that arise directly from resonance without mag-
netization transfer, that is, the components of magnetization that possess the same fre-
quency in ¢, and t,. These four peaks comprise the normal, four-peak 1D spectrum. All
the peaks off of the diagonal Tepresent magnetization transfer by scalar (J) coupling,

1,
Yp e &7 .8 55 5.4 65 U
A e X

Figure 6-6 The stacked representation of the COSY experiment for
two coupled nuclei {B-chloroacetic acid). {Reproduced from A.E.
Derome, Modern NMR Techniques for Chemistry Research, Perga-
mon Press, Oxford, UK, 1987, p. 189.)
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Figure 6-7 The contour representation of the COSY experiment for
two coupled nuclei (B-chloroacetic acid). (Reproduced from A.E.

Derome, Modern NMR Techniques for Chemistry Research, Perga-
mon Press, Oxford, UK, 1987, p. 191.}

For example, transfer between the parallel transitions Al and A2 is found as symmetri-
cal peaks just above and below the diagonal at the lower left. One peak represents
transfer from Al to A2 and the other from A2 to Al. Because of this reciprocal rela-
tionship, all off-diagonal peaks appear in pairs reflected across the diagonal. Normally,
the off-diagonal peaks between parallel transitions are more nuisance than use and can
be reduced or deleted by special techniques, The important information results from
magnetization transfer between the A and the X nuclei, whose peaks are the clusters in
the upper left and lower right of Figure 6-6, representing all the possible transfers
between the A and X transitions: Al to X1, X2 to Al, and so on, eight in total, includ-
ing the mirror image pairs (A to X and X to A) on either side of the diagonal.

Figure 6-7 is the alternative contour representation of the same data, in which the
distracting baselines are removed and only the peak bases remain, as if the spectator is
viewing the spectrum from directly above it. By convention, the original diagonal usu-
ally is from lower left to upper right. The Jeener experiment commonly is given the
semiacronym COSY, for COrrelation SpectroscopY. Since most 2D experiments
involve spectral correlations, the name is not apt. Alternative terms such as 90° COSY,
COSY90, FLH-COSY, or homonuclear HCOSY have been subsumed by public accep-
tance of the term COSY. The experiment itself has become an essential part of the anal-
ysis of complex proton spectra.

Figure 6-8 is the COSY experiment for the indicated annulene, from the work of
H. Giinther. The 1D spectrum is shown along both horizontal and vertical axes, and the
resonances are labeled o, B, and A to F. The aromatic protons that are ortho and meta
to the ring fusion provide an isolated spin system, and their coupling is represented by
the off-diagonal (or cross) peak labeled o, . The presence of a cross peak normally indi-
cates that the protons giving the connected resonances on the diagonal are geminally
or vicinally coupled. Long-range couplings do not usually provide significant cross
peaks. Exceptions, however, can be expected, since long-range couplings can be large.

The COSY analysis of the remainder of the spectrum in Figure 6-8 provides the
peak assignments and confirms the structure. Protons A and F are the only ones split by
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Figure 6-8 The COSY experiment for the illustrated annulene.
(Reproduced from R. Benn and H. Ginther, Angew. Chern., Int. Ed,
Engl., 22, 350 [1983]).

a single neighbor. The coupling of A with B is trans and should be larger than the cis
coupling between E and F. The two doublets then may be assigned as F (smaller cou-
pling) at 8 6.1 and A (larger coupling) at & 5.2. It usually is essential in 2 COSY analy-
sis to be able to make an initial assignment through traditional considerations of chem-
ical shifts and coupling constants (see Chapters 3 and 4), The COSY analysis then
consists of moving from the known diagonal peak, to a cross peak, and back to the diag-
onal for the assignment of a new peak. Only A and F have single cross peaks (one cou-
pling partner). All remaining resonances in the large ring have two cross peaks, which
provide the means for assignment. We can start with either A or F Dropping down from
A leads to the cross peak A,B, and horizontal movement to the left leads to a diagonal
peak and the assignment of proton B.The horizontal path passes through another cross
peak, which must be between B and its other coupling partner, C. Moving up from B,C
then leads to a diagonal peak and assignment of proton C. Horizontal movement to the
right leads to the cross peak C,D, and return upward to the diagonal assigns proton D.
Dropping back down from D and passing through C,D leads to the other cross peak
from D, labeled E,D. Returning to the diagonal to the left assigns proton E and passes
through the other cross peak from E, labeled E,F. Return upward from E,F to the diag-
onal completes the assignment with proton F,

A group at IBM has provided a useful example of a more complex COSY analy-
sis with the tripeptide Pro-Leu-Gly (6-1). The three carbonyl groups disrupt vicinal
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Figure 6-9 ({Top} The 300 MHz 'H spectrum of the tripeptide Pro-
Leu-Gly in DMSO. {Bottom) COSY spectrum of Pro-Leu-Gly with con-
nectivities of the NH protons. (Courtesy of IBM Instruments, [nc.)

connectivities, so the molecnle consists of four independent spin systems: proline,
leucine, glycine, and the terminal amide. The 1D 1H spectrum is given at the top of Fig-
ure 6-9 without assignment. The high frequency (low field) peaks (& 7.0-8.3) are from
the protons on nitrogen, and the broad peak at § 3.3 is from HOD. Figure 6-9 at the bot-
tom contains the COSY spectrum with connectivities drawn in for the amide reso-
nances. The nonequivalent terminal NH, resonances are immediately assigned as 8 7.0
and 7.2 because they have no external connectivities and hence no cross peaks other
than between themselves. The Gly NH proton is assigned at 8 8.2 because it is a triplet
(next to a CH,) and has only the single connectivity with the CH, group at & 3.6 (com-
pleting the Gly portion of the molecule). The remaining NH resonance at § 8.1 is from
Leu. It is a doublet (next to a CH) and has a cross peak with the resonance at 6 4.3,
which has other connectivities. There is no third NH resonance, so the Pro NH must be
quadrupolar-broadened or exchanging with HOD.

The upper portion of Figure 6-10 completes the COSY analysis of the Leu por-
tion and confirms that the NH at & 8.1 is part of Leu rather than Pro. The expected Leu
connectivity is NH-—» CH—» CH,—> CH— CI,. Cross peaks with the following
connectivities are observed (starting with NH): 8 8.1— 4.3(q or dd)}~> 1.5 (m)—
0.9(dd). Apparently two of the proton resonances coincide, mostly likely those from
CH, and the isopropyl CH. The CH, resonance as expected is at the lowest frequency
and cannot be from any Pro group. Its higher multiplicity (dd, Figure 6-9, top) arises
because the two methyl groups are diastereotopic due to the chiral center to which the
butyl group is attached.

The lower portion of Figure 6-10 provides the Fro connectivity. The highest fre-
quency resonance (8 3.7) should be from the CH group adjacent (&} to the carbonyl
group. The resonance at § 3.7 actually is an overlap of this Pro CH (higher frequency

i
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portion) and the Gly CH, (lower frequency portion). The Pro CH has two cross pea
with the diastereotopic  protons at 3 1.7 and 1.9, which are mutually coupled and ha
their own cross peak. Unfortunately, the vy protons are nearby (& 1.6), but their Crose
peak with the § protons at § 2.8 completes the assignment of the spectrum. The full
assigned 1D spectrum and structure are given in Figure 6-11.

False peaks and lack of symmetry around the diagonal are common in the COS
experiment and can arise for several reasons. (1) Differences in digital resolution in the
two time periods, 1, and 4, prevent perfect symmetry. (2) Incorrect pulse lengths o
(3) incomplete transverse relaxation during the delay time can create false cross peaks,
(4) We ignored the possibility of longitudinal relaxation. Magnetization in the z direction
does not precess and therefore is rotated by the second 90° pulse into the position rec-
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Figure 6-10 (Top) Connectivity within the leucine portion of Pro-
Leu-Gly by COSY. (Bottom) Connectivity within the proline portion of
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Figure 6-11 The fully assigned H spectrum of Pro-l.eu-Gly. {Cour-
tesy of IBM instruments, inc.)

ognized as v = 0 (the position of the reference frequency). A stream of lines, called axial
peaks, can oceur at this frequency in the 2D plot. (5) Folding can occur in two dimensions
and can give rise to off-position diagonal peaks and even cross peaks. All these artifacts
may be minimized by optimizing pulse lengths, allowing sufficient time for transverse
relaxation, use of phase cycling, and symmetrization. Axial peaks may be suppressed
largely by alternating +90° and —90° for the second pulse, thus canceling z magnetiza-
tion. The more complex CYCLOPS procedure provides suppression of axial peaks as
well as elimination of other artifacts such as quad images (see Section 5-8). Symmerriza-
tion is a procedure for imposing bilateral symmetry around the diagonal. Most artifacts
are conveniently eliminated by this procedure, but not all. For example, if two resonances
have streams of axial lines, a point on one stream can occur at the precise mirror position
(with respect to the diagonal) of a point on the other stream. Although the streams are
largely eliminated, the two peaks at the symmetrical positions are retained and appear as
handsome cross peaks. Usnally common sense can reject them.

There are many variants of the standard COSY experiment that either improve
on its basic aims or provide new information. We shall consider several of them without
appreciable attention to the details of the pulse sequences.

COSY45. The large size of diagonal peaks sometimes can be a deterrent to
understanding the significance of nearby cross peaks. The problem is aggravated by the
presence of cross peaks from parallel transitions (see above). The COSY45 experiment
reduces the intensities of the diagonal peaks and the cross peaks from parallel transi-
tions. Figure 6-12 compares the COSY90 and COSY45 experiments for 2,3-dibromo-
propionic acid (CH,BrCHBrCO,H). The COSY45 experiment clarifies cluttered
regions close to the diagonal but also provides information on the signs of coupling con-
stants. The name derives from alteration of the second pulse length: 90° - ¢, - 45° — ¢,.

Long-Range COSY (LRCOSY). The normal assumption in the COSY experi-
ment is that two- or three-bond (geminal or vicinal) couplings provide the dominant
magnetization transfer to create cross peaks. Information from longer range couplings,
however, also can be useful. Introducing a fixed delay A during the evolution and detec-
tion periods (90° - #;,— A — 90° — A —1,) enhances magnetization transfer from small cou-
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Figure 6-12 The COSYS0 (top} and COSY45
{bottom) spectra of 2,3-dibromopropionic
acid. The 1D spectrum at the bottom is a
cross section through the COSY45 spec-
trum. (Reproduced from A.E. Derome,
Modern NMR Techniques for Chemistry

Research, Pergamon Press, Oxford, UK, _
1987, P. 228.) wsoGe a1 a2 L. we s sa ap
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plings at the expense of large couplings. Figure 6-13 compares the COSY and LRCOSY
experiments for a polynuclear aromatic compound. In the COSY $pectrum, cross peaks
occur only between ortho neighbors (a-b and e-f). In the LRCOSY specirum, addi-
tional cross peaks arise between peri neighbors (c-d and d-e). Information on the con-
nectivity between fused aromatic rings thus becomes available in the LRCOSY case.

Phase-Sensitive COSY. Fourier transformation involves building up the signal
from the sum of sine and cosine curves. Every point in the spectrum has both sine and
cosine contributions, which are 90° out of phase. These contributions sometimes are
called the imaginary and real terms and lead mathematically to the dispersion mode
and absorption mode spectra. An in-phase or absorption signal has the familiar form of
a positive peak. The dispersion signal, commonly used for electron spin resonance spec-
tra, has a sideways S shape with a portion below and a portion above the baseline. It
produces both negative and positive maxima for a given peak and a value of zero at the
resonance frequency as the sign changes. NMR experiments normally are tuned to the
absorption mode by the process of phasing, but the two signals also may be combined
mathematically to produce what is called a magnitude spectrum.

Many of the COSY experiments displayed so far used magnitude representations
because of phase differences between various peaks in the pure modes. Magnetization
that is not transferred (and thus appears on the diagonal) and magnetization that is
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Figure B-14 The four types of 2D phase quadrants, corresponding
to frequency modes that are realfreal (RR), imaginary/real (IR),
realfimaginary (Rl), and imaginary/imaginary (l). {Reproduced from
A.E. Derome, Modern NMR Techniques for Chemistry Research,
Pergamon Press, Oxford, UK, 1987, p. 207.)
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Figure 6-156 Phase-sensitive COSY diagram for two spins, with the
diagonal peaks in dispersion mode and the cross peaks in antiphase
absorption mode. The 1D spectrum is on the right. (Reproduced

from F.J.M. van de Ven, Muitidimensional NMR in Liquids, VCH,
New York, 1995, p. 171.)

split resonances in a complex spectrum. In a double quantum filtered COSY
(DQF-COSY) experiment, an extra 90° pulse is added after the second 90° COSY pulse,
and phase cycling converts multiple quantum coherences into observable magnetizations.
The resulting 2ID spectrum lacks all singlets along the diagonal (for example, the left spec-
trum in Figure 6-16). An important feature of the phase-sensitive DQF-COSY experi-
ment is that double quantum filtration allows both diagonal and cross peaks to be tuned
into pure absorption at the same time. This feature reduces the size of all the diagonal sig-
nals and permits analysis of cross peaks close to the diagonal. The only disadvantage of
DQF-COSY is reduction in sensitivity by a factor of two. The triple quantum filtered
COSY experiment (TQF-COSY) removes both singlets and AB or AX quartets, provid-
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Figure 6-16 The DQF-COSY and TOCSY spectra of lysine. (Repro-
duced from J.N.S. Evans, Biomolecular NMR Spectroscopy, Oxford
University Press, Oxford, UK, 1995, p. 428.}

Total Correlation Spectroscopy (TOCSY). The connectivity within an entire
spin system such as in a butyl group (CH,CH,CH,CH,—), must be mapped out in the
standard COSY experiment from proton to proton via a series of cross peaks. By spin
locking the protons during the second COSY pulse, the chemical shifts of all the pro-
tons may be brought essentially into equivalence. Recall that resonance frequencies of
protons and carbons are made equal through cross polarization for solids by achieving
the Hartmann-Hahn condition (see Section 2-10). In the 2D variant of this experiment,
the initial 90° pulse and the ¢, period occur as usual, but the second pulse locks the mag-
netization along the y axis so that all protons have the spin lock frequency. All coupled
spins within a spin system then become closely coupled and magnetization is trans-
ferred from one spin to all other members. Figure 6-16 on the right shows the result for
lysine [NH,CH(CH, CH,CH,CH,NH,)CO,H]. The methylene group at the lowest fre-
quency (upper right corner) exhibits four TOCSY cross peaks, one with each of the
other three methylene protons and one with the methine proton. The TOCSY experi-
ment, a variation of which is called the HOmonuclear HArtmann-HAhn or HOHAHA
experiment, has particular advantages for large molecules. It has enhanced sensitivity,
and both diagonal and cross peaks may be phased to the absorption mode. The process
of identifying resonances within specific amino acid or nucleotide residues is consider-
ably simplified by this procedure. Each residue can be expected to exhibit cross peaks
among all its protons and none with protons of other residues.

Relayed COSY. An alternative but less general method for displaying extended
levels of connectivity is provided by relayed coherence transfer (RCT). The normal
COSY experiment for an AMX system with J,, = 0 produces cross peaks between A
and M and between M and X. It is not unusuatl for the key diagonal peak for M to be
coincident with a resonance from another spin system, making it difficult to follow the
connectivity path (for example, recall the Leu portion of the COSY spectrum of Pro-
Leu-Gly in Figure 6-10). The RCT experiment generates a cross peak between the A/M
and M/X cross peaks, eliminating the ambiguity. The RCT pulse sequence is
90°~1,~90°~1-180°~1-90°~,, in which the sequence after the second 90° pulse permits
relay of coherence to the next spin. The result is shown diagrammaticaily in Figure 6-17
for AMX and A'M'X’ systems whose M and M' resonances coincide. The COSY exper-
iment contains the expected four cross peaks. The RCT experiment additionally con-
tains two cross peaks connecting the cross peaks of the individual spin systems, labeled
(AM,X) and (A',M"X"). The connectivity of A—>M-—X and of A'—>M'—> X'is
then rendered unambiguous.
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Figure 6-17 -Diagram of COSY and relayed coherence transfer (RCT)
experiments for two three-spin systems (AMX and A'M'X') whose M
and M’ portions overlap. {Adapted from F.J.M. van de Ven, Multidi-
mensional NMR in Liquids, VCH, New York, 1995, p. 233.)

J-Resolved Spectroscopy. In Chapter 5 we saw how the spin echo experiment
can isolate or remove characteristics of chemical shifts or coupling constants. Spin
echoes may be used in two dimensions to generate one frequency dimension represent-
ing chemical shifts and another coupling constants. The sequence 90° -} £~180°-1r— ¢,
for example uses the 180° pulse to refocus chemical shifts during ¢,. The result for a
glucose derivative is shown in Figure 6-18. The 'H frequencies are found on the hori-
zontal axis (v,), with the normal 1D spectrum displayed at the top (a). The vertical axis
(“f;” = v,) contains only proton-proton coupled multiplets, each centered about a zero
frequency point, that is, all multiplets occur at the same chemical shift in v,. Thus the
multiplet at highest frequency (lowest {ield) from H-3 is a quartet with further splitting
when viewed from the vertical axis, By taking a projection at an angle (45°) that caunses
each of the members of the individual multiplets to overlap when viewed from the hor-
izontal axis, as at the bottom (b), a display is obtained that in essence is a proton-pro-
ton decoupled proton spectrum. Resonances are present at each frequency devoid of
any couplings. This projection is a novel way to examine 'H spectra, although it has not
seen widespread use because it reveals no connectivities,
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Figure 6-18 The 270 MHz 2D .Lresolved 'H spectrum of 2,3,4,6-
tetrakis-O—trideuteroacetyl-a—o~g[ucopyranoside. (Reproduced from
L.D. Hali, 8, Sukumar, and G.R. Suilivan, J, Chem. Soc., Chem. Com-
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The pulse sequence, as a variant of the spin echo experiment, also refocuses the 1
spread of frequencies caused by field inhomogeneity, so that some improvement in res-
olution is obtained. The inset at the lower right of Figure 6-18 shows the normal 1D i
spectra of H-4 and H-5 at the top (c and e) and the unrotated projection of the 2D
J-resolved spectra at the bottom (d and f, extracted from the projected spectrum (a) at
the top of the 2D display). The much higher resolution of the 2D resonances is clearly
evident. Thus the procedure is an effective way to measure J accurately, particularly
when J is poorly resolved in the 1D spectrum. The experiment fails for closely coupled
nuclei (second order spectra).
In addition to resolving small couplings that may be absent in the 1D spectrum,
z the J-resolved procedure can be used to distinguish homonuelear from heteronuclear
% couplings. The vertical axis in Figure 6-18 displays couplings only between spins that
experienced the 180° pulse. Thus only *H—'H couplings appear on this axis. Couplings
to heteronuclei are not phase modulated and consequently appear as spacings along the
horizontal axis. In this way, !H~F and *H-*'P couplings may be distinguished from
'H-'H couplings, which are removed in the rotated spectrum such as that shown in (b)
at the bottom of Figure 6-18. '

6-2 PROTON-HETERONUCLEUS CORRELATION

Cross peaks in the COSY experiment are generated through magnetization transfer that
arises from scalar (J} coupling between protons or between any identical nuclides. Cou-

.pling from a proton to a different nuclide such as carbon-13 should be able to generate
a similar response. Analogous cross peaks then would provide very useful information
about which carbons are bonded to which protons. Thus assignment of a proton reso-
nance would automatically lead to the assignment of the resonance of the carbon to
which it is bonded, and vice versa. The simplest extension of the COSY sequence to
include magnetization transfer to carbon takes the form given in Figure 6-19. The pulse
sequence is very reminiscent of the one-dimensional INEPT sequence, and manipulation
of magnetization is much the same (see Figure 5-19). The initial 90° 'H pulse generates y
magnetization. For the simplest case of one carbon bonded to one proton (as in CHCL,),
'H magnetization evolves during the period ¢, according to its Larmor frequency. Two 'H
vectors diverge due to coupling with 1*C, The second 90° 1H pulse generates nonequilib-
rium z magnetization that is transferred to 13C as shown in Figure 5-19.The single 90° 2C
pulse then provides the 1*C free induction decay that is acquired during ¢,. The 2D spec-
trum then has one axis in 'H frequencies (v} and one in *C frequencies (v,).

For the simple AX example the 2D spectrum contains two peaks when projected
onto either the 'H or the *C axis (the A and X portions of the AX spectrum). Thus the
'H resonances that are detected actually are the 13C satellites of the usual *H spectrum.
The 2D display contains four peaks: two along a diagonal and two symmetrically off the
diagonal. Moreover, the peaks are in antiphase for each nuclide, since the INEPT spec-
trum without decoupling generates one peak up and one peak down. Application of
decoupling would result in algebraic summing of the peaks to zero.

To bring about decoupling, an additional pulse and two fixed time periods are
added (Figure 6-20). The first 1H pulse allows chemical shifts and coupling constants to
evolve during ¢,. The 180° 13C pulse refocuses H~C coupling constants in the 'H dimen-
sion (H is then decoupled from 1*C). The fixed time A, allows the 'H vectors to obtain
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Figure 6-21 The HETCOR spectrum of 4-{methoxycarbonylladaman-
tane-2,6-dione. {Reproduced from H. Duddeck and W. Dietrich, Struc-
ture Elucidation by Modern NMR, Steinkopff Verlag, Darmstadt, Ger-
many, 1989, p. 22.}

the antiphase {180° out of phase) relationship illustrated in Figure 5-15.The second 90°
IH pulse moves the vectors in antiphase relationship onto the z axis and provides polar-
ization transfer to 13C, also in antiphase relationship. The 90° #3C pulse is for observa-
tion. The second fixed time A, restores phase alignment and permits B3C to be decou-
pled from 'H during *C acquisition. :

Figure 6-21 illustrates this procedure for an adamantane derivative. The 'H fre-
quencies are on the vertical axis and the 1*C frequencies are on the horizontal axis. The
respective spectra are illustrated on the left and at the top. The 2D spectrum is com-
posed only of cross peaks, each one relating a carbon to its directly bonded proton(s).
Quaternary carbons are invisible to the technique, as the fixed times A, and 4, normally
are set to values for one bond couplings. This experiment often is a necessary compo-
nent in the complete assignment of 'H and *C resonances. Its name, HETeronuclear
chemical shift CORrelation, usually is abbreviated as HETCOR, but other acronyms,
HRC (Heteronnelear Shift Correlation) and H.C COSY, also are used. The method may
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Figure 6-22 The COLOC spectrum of vanillin. {(Reproduced from H.
Duddeck and W. Dietrich, Structure Elucidation by Modern NMR,
Steinkopff Verlag, Darmstadt, Germany, 1989, p. 24.)
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To focus on longer range H-C couplings, the fixed times A, and A, are lengthened
accordingly. Loss of magnetization due to transverse relaxation then reduces sensitivity
significantly. The COLOC pulse sequence (COrrelation spectroscopy via LOng-range
Coupling) avoids this problem by incorporating the I evolution period ¢, inside the A,
delay period. Figure 6-22 shows a COLOC spectrum for vanillin. The circled cross peaks
are residues from one bond couplings. The only long-range coupling of the methoxy group
is with C-3, which indicates that methoxy is connected at that point. Other long range cou-
plings are seen, for example, between C-1 and H-5, C-3 and H-5, and C-2 and H-7.

A major drawback to the HETCOR experiment is the low sensitivity that results
from detection of the X nucleus (usually 1C). The HMQC experiment (Heteronuclear
correlation through Multiple Quantum Coherence) uses inverse detection, whereby 3C
responses are observed in the 'H spectrum. The pulse sequence is given in Figure 6-23
and represents coherence rather than polarization transfer. The sequence is initiated by
the 90° *H pulse, which creates 13C polarization through the tH~3C coupling constant
during the fixed A, period. The remainder of the sequence is designed to select double
quantum coherence (the 13C satellites in the 'H spectrum) over single quantum coher-
ence (the 'H centerbands), in a process similar to the 1D INADEQUATE experiment
in Section 5-7. The 2D representation, as in Figure 6-24 for camphor, normally still
includes the 'H-13C coupling information in the '} dimension, although *C irradiation
can be carried out during the 'H ¢, acquisition period.
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Figure 8-24 The HMOC spectrum of camphor, with 'TH-3C eou-
plings retained in the 'H dimension. (Reproduced from J.K.M.
Sanders and B.K. Hunter, Modern NMR Spectroscopy, Oxford Uni-
versity Press, Oxford, UK, 1983, p. 111.)
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Figure 6-25 (Left) The 3C and 'H Spectra of the dimethy! acetal of
acrolein. {(Right) The normal HETCOR {called HSC, bottom) and the
H-H-C relay coherence transfer {top) experiments for the same
molecule. {Reproduced from A.E. Dero me, Modern NMR Techniques
frr Chamictmr Roanmmente Poe . . - - - )




The relay experiment (RCT) may be adapted to the HETCOR context. The result
of such an experiment is given in Figure 6-25. The normal HETCOR experiment
(“HSC” in the figure) for the illustrated acetal of acrolein is given at the bottom right.
The following cross peaks are present: (H/C-2) at the bottom left, (Hy/C-1) and H,/C-
1) in the middle, and (H,/C-3) at the upper right. This experiment shows that C-3 is
bonded to Hy,, C-2 to H, and C-1 to H,, and Hy. The H-H-C relay coherence transfer
experiment is shown at the upper right. The normal HETCOR cross peaks are labeled
N, and that for H/C-2 is missing. The additional cross peaks result from relayed con-
nectivity between given CH pieces. Thus the relayed (R) peak at the upper left indicates
that H,/C-3 and H/C-2 are connected. The relayed peak at the bottom left indicates
connectivity between H, ,/C-1 and H/C-2. The other two peaks labeled R are mirror
images of these relayed peaks. This particular experiment is called H-H-C RCT
because the pulses involve 1H signals twice and **C signals once, in that order. Other
heteronuclear relay experiments can involve a different order (H-C-H) or different
nuclei (H-H-N).

6-3 PROTON-PROTON CORRELATION THROUGH SPACE OR
CHEMICAL EXCHANGE

In the original depiction of the two-dimensional experiment in Figure 6-2, the magne-
tization vector was resolved into sine and cosine components during ¢;. The sine com-
ponent was followed through the second 90° pulse and into the £, domain to create the
COSY sequence. We ignored the cosine component, which remained along the z axis
after the second 90° pulse and hence was unobservable. There are mechanisms of mag-
netization transfer other than scalar coupling, and these can affect z magnetization and
hence the cosine component. Irradiation at the frequency of one proton can transfer
magnetization to nearby protons through dipolar interactions (the nuclear Overhauser
effect). Its clear effect on z magnetization is reflected in spectral intensity perturbations
in one dimension (see Section 5-4). In addition, alteration of the chemical identity of a
nucleus through chemical exchange affects z magnetization. A nucleus resonating at
one frequency turns into another nucleus resonating at a different frequency but carry-
ing its population information to the new site {see Section 5-2).

With reference to Figure 6-2d, that is, after the second 90° pulse, both the NOE
and the chemical exchange mechanisms can modulate the cosine component of the
magnetization along the z axis. The frequency of modulation is the frequency of the
magnetization transfer partner, either from dipolar relaxation or chemical exchange.
After a suitable, fixed period of time, during which this modulation is optimized (1, the
mixing period), the cosine component may be moved to the xy plane by a third 90°
pulse and detected along the y axis during a £, acquisition period. Thus the complete
experiment is 90°~ ¢, — 90° — t_ - 90° - t,. Because the frequency of magnetization dur-
ing ¢, moves to another value during T_ and is observed at the new frequency during t,,
the two-dimensional representation of this experiment exhibits cross peaks. When the
cross peaks derive from magnetization transfer through dipolar relaxation, the 2D
experiment is called NOESY (NOE SpectroscopY). When they derive from chemical
exchange, it is called EXSY (EXchange SpectroscopY).

The duration of the fixed time 1 depends on the relaxation time T, the rate of
chemical exchange, and the rate of NOE buildup. In the case of the NOESY experi-
ment, valuable information is provided about the distance between various protons
within a molecule. Figure 6-26 illustrates the NOESY spectrum for a complex hetero-
cycle. The 1D spectrum, as with COSY, is found along the diagonal, and off-diagonal or
cross peaks occur when two protons are close in space. Thus methyl group 1 shows an
expected cross peak with the adjacent alkenic proton a (upper left). Additional cross
peaks of methyl I indicate closeness to the methinyl proton f and the acetal methyl n.
The ester methy! e is close to the other acetal methyl m, The NOESY experiment thus
can provide both structural and conformational information. In practice, cross peaks
become unobservable when the proton-proton distance exceeds about 5 A.
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Figure 68-26 The 'H NOESY spectrum for the indicated compound.
{Courtesy of Bruker Instruments, Inc.)

Atleast three factors complicate the analysis of NOESY spectra. First, COSY sig-
nals may be present from scalar couplings and may confuse an analysis intended to be
based entirely on interproton distances (vicinal couplings, for example, are largest when
they are furthest apart, found in the antiperiplanar geometry). COSY signals may be
eliminated through phase cycling or by a statistical variation of ., by about 20% (the
NOESY signals grow monotonically but the COSY signals are sinusoidal), '

Second, in small molecules the NOE tends to build up slowly and attain a theo-
retical maximum of only 50%, as noted earlier in the 1D context (see Section 5-4).
Because a single proton may be relaxed by several neighboring protons, the actual max-
imum normaily is much less than 50% (the same problem of course exists in the 1D
NOE experiment). Moreover, as molecular size increases and behavior departs from
the extreme narrowing limit, the maximum NOE decreases to zero and becomes nega-
tive. Thus for many small to medium-sized molecules the NOESY experiment may fail,
For larger molecules, whose relaxation is dominated by the W, term, not only is the
maximum NOE —100% rather than +50%, but also the NOE buildup occurs more
rapidly. The NOESY experiment thus has been of particular utility in the analysis of the
structure and conformation of large molecules such as proteins and polynucleotides.

Third, in addition to direct transfer of magnetization from one proton to an adja-
cent proton, magnetization may be transferred by spin diffusion. In this mechanism,
already described in the 1D experiment (see Section 5-4), magnetization is transferred
through the NOE from one spin to a nearby second spin and then to a third spin. The
third spin is close to the second Spin but not necessarily to the first spin. These multi-
step transfers thus can produce NOESY cross peaks between protons that are not close
together. Spin diffusion can even occur through two or more intermediate spins, but the
process becomes increasingly less efficient. Direct magnetization transfer and transfer
by spin diffusion sometimes may be distinguished by examination of the NOE buildup
rate, as illustrated in Figure 6-27. In thjs hypothetical plot of the NOE intensity as a
function of the fixed time T, for irradiation at the A frequency of a system D-A-B-C,
AA is the intencity Af tha diammmal aaaie o a4 00 1 e




OE (%
, NOE (%)

30
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Figure 6-28 The enhancement factor 1) as a function of the effective
correlation time 1, for the standard nuclear Overhauser experiment
{NOE) and for the spin lock or rotating coordinate variant (ROE). The
curves were calculated for an interproton distance of 2.0 Aand a
spectrometer frequency of 500 MHz. {Reproduced from F.J.M.vande
Ven, Multidimensional NMR in Liquids, VCH, New York, 1995, p. 251.)

model) rises most rapidly. Protons A and D are 4 A apart and show a very small NOE.
Protons A and C also are 4 A apart (2 A between A and B and another 2 A between B
and C), but the intensity of the AC cross peak rises steadily through spin diffusion with
B as the intermediary. The model shows that spin diffusion provides the major contri-
bution to the AC cross peak for a distance of 4 A, but the buildup is slower than for the
direct transfer for the AB cross peak.

The rotating frame NOESY (ROESY) experiment provides some advantages for
small and medium-sized, as well as large molecules. Whereas the NOE decreases to zero
and becomes negative as the mean correlation time t, for molecular rotation increases
(targer molecules move more slowly), in the rotating frame the maximum NOE
remains positive and even increases from 50% to 67.5% (Figure 6-28). The pulse
sequence for ROESY (previously called CAMELSFPIN) is similar to TOCSY or
HOHAHA, although the period of spin locking is chosen to optimize magnetization
transfer through the NOE (dipolar interactions) rather than through scalar couplings.
In addition to greater signal enhancement, the ROESY experiment also decreases spin
diffusion, so that it offers advantages for large molecules. Just as COSY artifacts may
be present in the NOESY spectrum, so can TOCSY artifacts be present in the ROESY
spectrum, and steps must be taken to remove them. Use of a weak static spin-lock pulse
can reduce the TOCSY peaks.

When magnetization is transferred via chemical exchange in the EXSY experi-
ment, it may be necessary to perform several preliminary experiments to optimize the
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Figure 6-29 The "H EXSY spactrum for the heptamethylbenzenium
ion. {Reproduced with permission from R.H. Meier and R.R. Ernst, J.
Am. Chem. Soc., 101, 6441 [1973]). Copyright 1979 American Chem-
ical Society.)

value of 7_, which should be approximately 1/k. Figure 6-29 contains the EXSY exper-
iment from an early example by Ernst, in which the diagonal peaks run nontradition-
ally from upper left to lower right. At fast exchange the 1D 'H spectrum of the hep-
tamethylbenzenium jon contains only one methyl resonance, as the methyl group
moves around the ring. At slow exchange there are distinct resonances for the four
types of methyls labeled on the left in the figure. The EXSY experiment shows which
methyls interchange with which. One can imagine 1,2, 1,3 or 1,4 shifts, but the EXSY
experiment agrees only with the 1,2 mechanism. Each off-diagonal peak indicates mag-
netization transfer between two diagonal peaks. Thus the 1 methyls have a cross peak
only with (and hence exchange only with) the 2 methyls; the 2 methyls exchange with
the 1 and 3 methyls; the 3 methyls exchange with the 2 and 4 methyls; and the 4 methyls
exchange only with the 3 methyls. This is the pattern expected for 1,2 shifts.

The intensity of the cross peaks depends on the rate constant for exchange. For
the case of exchange between equally populated sites lacking spin-spin coupling (for
example the two methyls of N, N-dimethylformamide, H(CO)N(CH,),), the rate con-
stant k is related to the mixing time T, the intensity of the cross peak I, and the inten-
sity of the diagonal peaks I, by eqs. 6-1 and 6-2.

LI, ~ (- ke Ykt (6-1)
ko~ U, +1) (6-2)

6-4 CARBON-CARBON CORRELATION

The 1D INADEQUATE experiment provides a method for measuring BC-1C cou-
pling constants and for determining carbon—carbon connectivity by establishing cou-
pling magnitudes that are common to two carbon atoms (see Section 5-7). In practice,
application to solving connectivity problems is complicated not only by the inherently
low sensitivity of detecting two dilute nuclei but also by the similarity of many B3C-83C
couplings. Duddeck and Dietrich have pointed out that all the one-bond carbon—carbon
couplings in cyclooctanol fail in the narrow region 34.2-34.5 Hz, except for C-1-C-2,
which is 37.5 Hz. This latter problem may be largely alleviated by translating the exper-
iment into two dimensions. The original INADEQUATE experiment (see Section 5-7)
can be adapted directly to two dimensions by incrementing the fixed time A as the 4
domain: 907 — 1/4J,... — 1805 — 14/ — 903 ~ 1, — 905 — 1,

The time period ¢, is used to encode the double quantum frequency domain. The
resulting 2D display contains a horizontal axis in v, (the normal *C frequencies) and a
vertical axis that is a double quantum domain represented by the sum of the frequen-
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Figure 6830 The 2D INADEQUATE spectrum of menthol, with the
tH4-decoupled ™C spectrum at the bottom and the "“C-coupled '*C
spectrurn at the top. (Reproduced from G.E. Martin and A.S. Zektzer,
Two-Dimensional NMR Methods for Establishing Molecular Connec-
tivity, VCH, New York, 1988, p. 362.)

Figure 6-30 illustrates the 2D INADEQUATE spectrum of menthol {(6-2). The
experiment also has been called C,C COSY, as the cross peaks represent connectivity
between two carbons. There are no diagonal peaks, which would arise from PC nuelei
with 2C neighbors, because the experiment removes single quantum signals. The diag-
onal usually is drawn in, as in Figure 6-30. At the bottom is given the normal proton-
decoupled BC spectrum. At the top the 2D procedure permits recovery of the carbon-
coupled *C spectrum through a projection of the v, dimension.

To obtain connectivity from a 2D INADEQUATE experiment, a single assign-
ment is made and the remainder of the structure is mapped. Only a gap caused by the
presence of a heteroatom, C—X—C, prevents mapping the entire skeleton. For men-
thol, the oxygen-substituted C-3 resonates at highest frequency (the far left). Hori-
zontal lines are drawn between coupled carbons in the 2D spectrum (Figure 6-30),
passing through the diagonal at their midpoints. There are two cross peaks at the C-3
frequency, corresponding to connectivities to C-2 and to C-4. Of these, the secondary
C-2 should be at lower frequency (higher field). The connectivity then may be fol-
lowed: C-2—> C-1—= C-6 (and from C-1 to the C-7 methyl) —» C-5— C-4—C-8
(and from C-4 to the original C-3) — C-9 and C-10.

The major disadvantage to this experiment is its extremely low sensitivity.
Although numerous technical refinements have been applied to 2D INADEQUATE
to ameliorate this and other disadvantages, it is unlikely that the experiment will be
widely used. Alternative connectivity experiments that utilize proton sensitivity
through relay methods or inverse detection may be preferred.
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6-5 HIGHER DIMENSIONS

The enormous complexity of spectra of large biomolecules such as proteins, polymj
cleotides, or polysaccharides has led to the development of three- and four-dimensiop:
experiments, Two independently incremented evolution periods {t; and t,) in conjunc
tion with three separate Fourier transformations of these and the acquisition period ¢
result in a cube of data with three frequency coordinates.

From a study by van de Ven, Figure 6-31 illustrates the complexity of the 2D NOESY
spectrum of a DNA-binding protein of phage Pf3, consisting of 78 amino acids. The vert;
cal line at § 9.35 highlights the problems at a single resonance position in the NH region
The NH proton in a given peptide unit —CHR'~—~CO~~NH—CHR—CO— could have
one cross peak with its own CHR proton and another with the neighboring CHR' protein,
but the NOESY spectrum contains more than a dozen cross peaks at the one frequency at
6 9.35. Thus more than one NH must be generating cross peaks at this frequency.

The nitrogen HMQC experiment provides connectivity information about nitro-
gens and their attached protons. For proteins, use of HMQC normally requires isotopic
enrichment of N, which is obtained by growing an organism in a medium containing
a single nitrogen source such as NH,Cl (similarly, 3C enrichment may be obtained
by use of a medium containing C-labeled glucose). The normal 2D HMQC spectrum
(N vs.1H) for this same protein is given in Figure 6-32, and two connectivities are seen
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Figure 6-31 A portion of the NOESY spectrum of a DNA-binding
protein of phage Pf3 containing cross peaks between NH and
aliphatic protons. {Reproduced from F.J.M. van de Ven, Multidimen-
sional NMR in Liquids, VCH, New York, 1995, p. 296.)
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Figure 6-32 The 'H,"*N HMOC spectrum of N-labeled Pf3. The
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if there are coincidences) at & 9.35.

The 3D experiment takes the 2D experiments in Figures 6-31 and 6-32 into an
additional dimension. The 3D procedure illustrated in Figure 6-33 labels each NOESY
peak with the 5N frequency through the HMQC method, thus combining NOESY and
HMQC data. The pulses and time delays comprise the standard NOESY sequence
through the third 90° !H pulse. The pulses and delays thereafter are the standard
HMQC sequence, which ends with inverse detection of N at the 'H frequencies in z,
The totality of data requires a cube for representation, as diagrammatically in Figure
6-34, in which the flat dimensions are the NOESY data in 'H frequencies and the ver-
tical axis is the 15N frequencies from HMQC. In practice, horizontal planes (single N
frequencies) are selected for analysis, as in Figure 6-35 for 8 120.7 and 124.9 (see the
arrows labeled a and b in Figure 6-32). The vertical lines at § 9.35 each show two dom-
inant cross peaks for the NH NOE:s to the inter- and intraresidue CHR. Note that both
15N frequencies show a cross peak for 3 9.35 at a CHR frequency of 8 5.2, so that indeed
there is overlap in Figure 6-32.

This type of heteronuclear 3D experiment is called NOESY-HMQC (in Figure
6-34 there are two 'H dimensions and one N dimension). Most 3D experiments use
high-sensitivity methods and displays that are particularly effective for large
molecules. Thus COSY is not often used, but TOCSY-BEMQC is a useful method

H 90° —t, —90° -1, —90° - 180° -~ t,
15y 180° - A —90° —t, — 90° — A — Decouple
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77
. p A
rod 777
P 77
T
Figure 6-34¢ Diagram of the 3D 'H,/SN ,44 ,-f/ E
NOESY-HMQC spectrum of Pf3 in three Fo 2555557 1
frequency dimensions: F,, Fpr Fy (v4, Vo Val 1y S g H
{Reproduced from F.J.M. van de Ven, Mul- e
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Figure 6-35 Two v,-v, (F~F,) planes taken from the 3D 'H,"N
NOESY-HMQC spectrum of Pf3, corresponding to the frequencies
indicated by arrows in Figure 6-32. (Reproduced from F.J.M. van de
Ven, Multidimensional NMR in Liguids, VCH, New York, 1985, p. 300.)
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to separate 'H-H coupling connectivities into a 3C or 1N dimension. The homon
clear 3D experiment NOESY-TOCSY (all three dimensions are 'H) separates:
through-space connectivities from coupling connectivities by the simple pulse sequence
90° — £, - 90° ~ 1~ £, — (spin lock) —t,. The three dimensions may each represent a dif. -
ferent nuclide, as in IH/3C/5N, and are considered as variants of the HETCOR exper-
iment. The nuclides usuaily are selected to explore specific connectivities in
biomolecules. The H-N-CO experiment looks at the connection TH—"N—(C)—
3C==0 in the peptide unit —NH—CHR—CO— and requires double labeling of 15N
and 1*C to provide sufficient sensitivity in proteins. The 3D cross peaks connect the HN
proton in the first dimension, the HN nitrogen in the second, and the intraresidue car-
bonyl carbon in the third. An analogue in nucleotide analysis is the H~C-P experi-
ment, in which the third dimension is *'P. Numerous variations of these triple reso-
nance experiments exist. In particularly complex cases a fourth time domain ¢, may be
introduced to produce 4D experiments.

‘These higher dimensions of NMR require a computer with powerful storage and
graphics capabilities. When through-bond connectivity experiments are combined with
the spatial information from buildup rates of NOESY cross peaks, proton-proton dis-
tances can be obtained by referencing to known bond lengths. The result can be the
complete three-dimensional structure of biomolecules. Such solution-phase structures
complement solid-phase information from X-ray crystallography. In this way, NMR
spectroscopy has become a structural tool for obtaining detailed molecular geometries
of complex molecules.

Field inhomogeneity has been mentioned as the primary contributor to transverse
relaxation (7,) (Sections 2-3 and 5-1). Transverse (xy) magnetization arises because the
phases of individual magnetic vectors became coherent rather than random (respec-
tively, Figures 2-10 and 2-11). In a perfectly homogeneous field, this coherence would
relax only through spin—spin interactions. In an inhomogeneous field, however, the exis-
tence of slightly unequal Larmor frequencies permits vectors to move faster or more
slowly than the average, thereby randomizing their phases and destroying transverse
magnetization, as described in Section 2-3.

There are several instances in which transverse magnetization is unwanted and
may be eliminated by application of a pulsed field gradient (PFG) (also called a gradi-
ent pulse). An example of a PFG is illustrated in Figure 6-36. This gradient is along the
direction (z) of the B, field. On application, nuclei with different positions in the sam-
ple (different z coordinates) resonate at different frequencies. Such spatial encoding of
frequency information is the fundamental principle of magnetic resonance imaging
(MRI). For the present context, it may be viewed as a method for inducing transverse
relaxation very quickly by rapid dephasing. In a typical 2D pulse sequence, a delay time
is necessary between repetitions of the pulse sequence in order for relaxation to occur.
If repetition occurs before transverse magnetization has relaxed to zero, artifacts may
oceur in the 2D spectrum. Consequently, application of a PFG at the beginning of the
sequence avoids this problem. For the NOESY experiment, the following pulse
sequence may be used: G1 — 90° — £, — 90° — 7, G2 - 90° —¢,.

o it kR

Bo(z) Field Strength

Figure 6-36 Diagram of a B, field gradient
along the z direction. (Reproduced from




Figure 6-37 Editing of the 'H spectrum of brucine (6-3) into subspec-
tra for CH,, CH,, and CH (top to bottorn). The complete 'H spectrum is
given at the bottom. {Reproduced with permission from T. Parela, F.
Sanchez-Ferrando, and A. Virgili, J. Magn. Reson. A, 117, 80 [1995]).

The first PFG (G1) destroys residual transverse magnetization from prior pulses
by dephasing the magnetic vectors. A second PFG (G2) is applied during the mixing
period 7. Only the effects on longitudinal (z)} magnetization are of interest during this
period. Application of the PFG eliminates false cross peaks that can arise from trans-
verse magnetization.

In addition to dephasing transverse magnetization, PFGs are used to select coher-
ence order. Use of phase cycling to select coherence order inevitably involves multiple
scans, by which pulse sequences move through 4 or 16 or 64 variations with switching of
x, —x, ¥, and —y, for example. Full exploitation of phase cycling thus is time consuming.
The development of zero, single, or double quantum coherence depends on the rate of
various dephasing processes. Proper use of PFGs permits selection of coherence order
without the repetitive scans of phase cycling. For example, in the inverse detection
HETCOR experiment, the single quantum coherence signal for protons attached to 1?C
(or ¥N) must be suppressed while selecting the double quantum coherence signal for
protons attached to 13C (or ’N). By phase cycling, this selection is achieved by measur-
ing the difference between two strong signals. The PFG method selects and measures
the small signal directly in a single scan.

PFG procedures have been developed to implement most of the 1 and 2D exper-
iments discussed in the last two chapters. They may be used for solvent suppression,
INADEQUATE, all common 2D experiments, and spectral editing. A PFG combination
of DEPT and HMQC results in editing of proton spectra according to carbon substitu-
tion patterns. A PFG-based multiple quantum filtration leads to evolution of double,
triple, or quadruple quantum coherence, respectively leading to proton spectra contain-
ing only CH, CH,, or CH, resonances. Broadband decoupling removes coupling to °C,
while proton-proton couplings remain. Figure 6-37 illustrates the result for brucine (6-3).

i
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There is a bewildering array of two-dimensional methods available to the NMR spectro-
scopist today. This chapter has described a number of the most widely used experiments A
routine structural assignment begins with recording the one-dimensional ’H and 13C spec
tra. Many resonances may be assigned according to the principles outlined in Chapters 3
and 4 on chemical shifts and coupling constants. Normally recourse is made to 2D methods
only if this traditional approach is insufficient. Some type of spectral editing for determin-
ing the number of protons attached to each carbon, such as DEPT, is helpful in completing *
the BC assignments (Section 5-5). The HETCOR experiment then provides correlations
between the 1*C and 'H resonances, possibly with completion of the 'H assignments,

+ Further 2D methods are necessary if the structure is not solved in the process of
making spectral assignments for hypothetical or expected structures, The COSY exper-
iment lays the groundwork for structure determination through "H-'H connectivities
based on J couplings. For small molecules, there may not be enough vicinal or geminal
couplings for the method to be useful. For molecules of medium complexity, COSY may
be sufficient to provide the entire structure by confirming expected !H~"H connectivi-
ties based on vicinal and geminal couplings. The analogous experiment based on long
range couplings (LRCOSY) may be necessary to assign connections between molecu-
lar pieces that do not involve vicinal protons, for example between two rings, for sub-
stituents on a ring, or over a heteroatom or carbonyl group.

Additional 2D experiments may be necessary for larger molecules. As peaks accu-
mulate along the diagonal, the COSY45 or DQF-COSY experiment may be used to
simplify that region and uncover cross peaks that are close to the diagonal. For even
larger molecules, the TOCSY or relayed COSY experiments may be necessary. Further
connectivities between protons and carbons may be explored through long range cou-
plings (COLOC). The HMQC experiment may replace HETCOR if higher sensitivity
is required or if "H-3C couplings are needed. If *H~1H couplings need to be measured,
either the J-resolved method or phase sensitive COSY may be carried out.

The NOESY experiment provides information about the proximity of protons
and hence is used primarily for distinguishing structures that have clear stereochemical
differences. For larger molecules the ROESY experiment may offer some advantages
because of its lower tendency to exhibit spin diffusion. The related EXSY experiment
1s used only when chemical exchange is being investigated. .

The 2D INADEQUATE experiment requires additional spectrometer time, It
may be an experiment of last resort, although specific structures may be particularly
amenable to this technique, as for example when there are several quaternary carbons
that prevent COSY analysis.
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For a large selection of relatively straightforward 2D spectra, refer to the early examples of the

Integrated Problems (see Chapter 16). The following problems involve molecules of medium to

high complexity, although none is so complex as to require 3D methods.

6-1 Below is the 300 MHz COSY spectrum’ of a molecule with the formula C,;H,,0,, The 1D
spectrum is given on either edge. In addition to the illustrated resonances, the 'H spectrum
contains a broad singlet at 8 7.3 with integral 5. What is the structure? Show your reasoning.
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On the following page are the 360.1 MHz 'H spectrum! of the product and the COSY spectrum
(with a blow-up of the § 7.8-8.2 region) in DMSO-d,. The signal marked * is an impurity. The
'H signals are labeled A to N. Signals A to D were removed with the addition of D,O. Signal A
is a broad peak at the base of B. The following 1D NOE results were obtained. Irradiation of B
affected F/G and N. Irradiation of C and D affected M and L, respectively. Irradiation of F/G
affected B.

*Reproduced with permission from $.E. Branz, R.G. Miele, R.K. Okuda, and D.A. Straus, J. Chem. Educ.,
72, 639-661 (1995). Copyright 1995 American Chemical Society.

11.G. Mackintosh, A.R. Mount, and D. Reed, Magn. Reson. Chem., 32, 559-560 (1994). Reproduced with
permission from John Wiley & Sons Ltd.
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(a) From the overall appearance of the spectrum, is the trimer I or 112 Explain.
(b) Using peak multiplicities, the NOE experiments, and the COSY spectrum, assign all
the resonances. Discuss your reasoning in a step-by-step fashion. You shouid end up
with an assignment of peaks A to N to specific protons.
6-3 The 500 MHz 'H spectrum of the illustrated sugar derivative (extracted from a bean) is
given below, aside from hydroxy resonances.
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(a) The complete COSY spectrum’ is given below with the assignment of one resonance. Com-
plete the assignment for protons in the sugar ring.
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(b) A slightly expanded version of the low-frequency portion of the COSY spectrum is given
below, again with the assignment of one resonance. Complete the assignment for the protons
of the piperidine ring. First, it is advisable to draw out the chair conformation.
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*A E. Derome, Modernt NMR Techniques for Chemistry Research, Pergamon Press, Oxford, UK, 1987, pp.
191-194.
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6-4 Given below is the 600 MHz COSY45 spectrum” for a mixture of 3-endo- and 3-exo-flug
rocamphor. The two high-frequency peaks are from the 3 protons respectively on the exq
Fisomer (“3n,” an endo proton} and the endo-F isomer (“3x,” an exo proton). The remain
ing protons have been assigned to position but not to isomer. Using the COSY43 spectrumy
indicate which peaks come from the exo and which from the endo isomer. Show your rea
soning by drawing lines on the spectrum.

6-5 (a) From the following 300 MHz 'H spectrum' of phenanthro[3,4-b]thiophene, identify

the resonances of H-1 and H-11, as a pair. How are these distinguished from the
remnaining resonances?
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(b) From the 300 MHz COSY spectrum? given below, how would you distinguish H-1 and
H-11? Assign resonances to H-2, H-8, H-9, and H-10.
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COSY45 Spectrum for Problem 6-4 COSY Spectrum for Problem 6-5b

“C.R. Kaiser, R. Rittner, and E.A. Basso, Magn. Reson. Chem., 32, 503-508 (1994). Reproduced with per-
mission of John Wiley & Sons Ltd.

tReproduced from G.E. Martin and A.S. Zektzer, Two-Dimensional NMR Methods for Establishing Con-
nectivity, VCH, New York, 1988, pp. 75-78.
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6-6 With only the 2D INADEQUATE carbon spectrum’ given below, derive the structure of
the unknown. You will have to suggest a functionality attached to the highest frequency car-
bon, marked with an a in the spectrum.
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6-7 Upjohn scientists isolated a potent inhibitor of the cholesteryl ester transfer protein, U-
106305. The high-resolution mass spectrum indicated the formula to be C,gt,,NO, and the
13C spectrum had 27 .distinct resonances (including one pair of equivalent carbons at &
20.02). DEPT spectra indicated the multiplicities given in the table below.

(a) The infrared spectrum showed intense bands at 1630 and 1558 em™!. What functional
group is suggested? What NMR peak confirms this assignment?

(b) What substructures are suggested by the *C peaks at 81201507 :

(c) The HETCOR spectrum gave full 'H assignments (see table below). From the 'H res-
onance correlated with the § 120150 13C peaks, what else can you tell about the sub-
structures from (b)? Use the magnitudes of J (values in parentheses), the values of the
four 'H and 1*C chemical shifts, and the proton multiplicities. In particular, note that &
120 is d rather than dd.

(d) The UV-vis spectrum showed a strong band at 215 am. Using the functional groups you
have already deduced, what is the chromophore?

{e) Note the six low-frequency *C triplets. Each is correlated with a very low frequency

(high field) pair of protons (§ < 0.7). What grouping is suggested here that is present

six times?

*Reproduced with permission from N.C. Nielsen, H. Thegersen, and O.W. Sgrensen, J. Ant. Chem. Soc,,

117, 11365-11366 (1993). Copyright 1995 American Chemical Society.

WC Chemical Shift 1 Chemical Shift ¢ Chemical Shift T Chemical Shift
and Multiplicities and Coupling Constants and Muiltiplicities and Coupling Constants
7.6 (T) 0.07, 0.08 {(dt: 8.43, 4.85) 20.0 (D) 1.00 (m)
7.6 (T) 0.12, 0.16 {dt: 8.39, 4.90) 20.02 (Q} 0.90 {d: £.8)
8.0{T 0.08 {not first order) 20.7 (D} 1.29 {m}
11.4(T) 0.32, 0.34 (dt: 8.20, 4.77) 21.8 (D} 0.68 (m}
13.4(T) 0.65 (dt: 8.59, 4.87) 22.4 (D} 0.84 {m}
14.8 {T) 0.34, 0.43 (dt: 8.33, 4.60) 24.0 (D} 1.01 (m)
14.8 (D) 0.63 (m) 28.5 (D} 1.77 (h: 6.8)
17.9 (D) 0.57 {dq: 13.27, 4.83) 46,7 (T) 3.20 (d: 6.8}
18.0 (D) 0.58 {m) 120.0 (D) 591 (d: 15.2}
18.2 (D) 0.49 {m) 130.4 (D) 4.98 (dd: 18.5, 7.2}
18.2 (D) 0.51 {m) 131.0 (D) 4,98 {dd: 15.5, 7.7}
18.4 (D) 0.53{m) 148.8 (D) 6.24 {dd: 15,2, 9.8}
18.41(Q) 1.02 {d: 6.0} 166.0 (S}
18.8 (D) 0.60 (m)
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Also see general texts referenced in previous chapters.
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{f) Now count up your unsaturations. You should have accounted for them all. Ennme
ate them.

(g} The DQF-COSY spectrum was given by the authors for one substructure as follg
the integral-6 1H resonance at 8 0.90 (d: 6.8) was linked to the integral-1 resonance
1.77 (heptet: 6.8), which was linked to the integral-2 resonance at 8 3.20 {d: 6.8). Wha
substructure is snggested by this 2D evidence? '

(h) How is this substructure linked to a previously determined functionality? Look at the
chemical shifts.

(i) You actually have almost all the structure now. The remaining unassigned *C rego.
nances are twelve doublets and one quartet. Locate these carbons (without specific
assignment) on your previous substructures and comment on the chemical shifts of the
attached protons.

(j» These protons are all found in the DQF-COSY spectrum, except for the & 1.29 reso- .
nance. Even at 600 MHz, there is severe overlap, so here are the connectivities derived
from this experiment.

5102 —= 3063 — 3094 —> 5498 (15.5,7.7)

N /

5034 — 043
50.65 5012-016 §0.07 — 0.09

7N 7N 7N

§129 — 5101 —> 5057 —> 80.60 — 5049 —= GO.SD

8498 (155,72) <— 5100 <—— 5068 <«— 30.51 <«— 3053

§0.32 — 0.34 §0.08
Write out the entire structure. Some stereochemistries are not set.

(k) Look at the available multiplicities and J values for the protons associated with the six
high frequency triplets (all are dt with J either ~8.4 or ~4.8 Hz). This information sets
the final stereochemistries. Give the full structure.
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