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Abstract: A suite of1H-detected, gradient-enhanced experiments is presented for the measurement of small1H-15N
and13C-15N coupling constants in small organic compounds, where no protons are directly bound to the nitrogens.
The experiments are based on modified HMQC pulse sequences and a novel gradient supported half-filter element.
The experiments were applied to obtain a complete set of coupling constants in tris(1-pyrazolyl)methane (1), where
6% of the aromatic ring systems were doubly enriched with15N. The absolute sign of the1H-1H, 1H-15N, 13C-
15N, and15N-15N coupling constants was determined by relating them to the sign of a one-bond1H-13C coupling
constant. The experiments also yield multiple bond13C/12C isotope effects on the15N chemical shifts. The1H-15N
and13C-15N coupling constants in1 are non-uniform, with some of the short-range coupling constants smaller than
the longer range coupling constants. In contrast, all one-bond13C/12C isotope effects on the15N chemical shifts
were observed to be significantly larger than the isotope effects mediated via two or more bonds. The one-bond
isotope effect thus provides a valuable tool for assigning15N resonances in cases where coupling constant data yield
ambiguous results.

Introduction

The measurement of coupling constants is an essential part
of the characterization of the structure of organic and organo-
metallic compounds by NMR spectroscopy. Both homonuclear
and heteronuclear coupling constants are sensitive to the
electronic structure of bonded atoms, and to the molecular
geometry in terms of dihedral angles.1,2 In organometallic
compounds the magnitude of the coupling constants can provide
information about the stereochemistry of metal complexes, as
well as the oxidation state and coordination geometry of the
central metal atom.3-6 For metal phosphine complexes it has
been established that the relative magnitude and sign of31P-
31P and1H-1H coupling constants is characteristic of the relative
position of the metal bound nuclei about the metal center,e.g.
2JP-M-P(trans)>2JP-M-P(cis) for six-coordinate iron(II) phosphine
complexes, and also the metal center itself.3-5 Less is known
about the relative sign and size of coupling constants for metal
complexes containing nitrogen donor ligands, or even the ligands
themselves.
The metal centers in naturally occurring metalloenzymes are

frequently coordinated by imidazole nitrogens. Using pyrazole
as an imidazole analogue in the synthesis of metalloenzyme
mimetics, a large number of metal complexes of poly(1-
pyrazolyl)borate and poly(1-pyrazolyl)methane ligands have
been synthesized.7,8 Tris(1-pyrazolyl)borate complexes of Ir,9

Rh,10 and Re11 have been shown to be reactive species which
will insert into C-H bonds. Current efforts focus on poly-
pyrazolylmethanes which are neutral compounds isosteric and
isoelectronic with polypyrazolylborates.
The heteronuclear coupling constants1H-15N and13C-15N

with the15N nuclei ligating the metal center are likely to contain
information about the stereochemistry of the metal complexes.
Yet, these coupling constants are difficult to measure routinely
and accurately because of the rather low magnetic moment and
low natural abundance of15N. Data on13C-15N and1H-15N
coupling constants in pyrazole derivatives are scarce and mostly
lack the sign of the coupling constants.12,13 To alleviate the
expense of15N labeling in establishing a data base of1H-15N
and 13C-15N coupling constants in metal complexes with
nitrogen containing ligands, a strategy of low-level15N enrich-
ment was adopted combined with NMR experiments developed
for the sensitive detection of the coupling constants of interest.
Of the methods for the determination of small scalar coupling

constants, two-dimensional experiments yielding E.COSY type
multiplet patterns stand out for the ease with which the coupling
constants can be read from the spectra.14 E.COSY type multiplet
patterns are observed whenever a passive spin, which is coupled
to both spins involved in the cross peak, is left unaffected by
the pulse sequence between the evolution timet1 and the
detection periodt2.14-17 With the advent of self-shielded
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gradients,18 previously difficult 1H detected heteronuclear cor-
relation experiments can be recorded routinely at natural isotopic
abundance with a very low level oft1 noise even when using
short repetition times for small organic compounds with long
relaxation times.19 In the following, several gradient enhanced
NMR pulse sequences using1H detection are presented which
were designed to yield E.COSY-type multiplet patterns for the
measurement of1H-15N and 13C-15N coupling constants in
tris(1-pyrazolyl)methane (1). The compound was doubly

labeled with15N to a level of 6%. The experiments enable the
determination of the absolute sign of the heteronuclear coupling
constants by relating them to the sign of a one-bond1H-13C
coupling and yield the one bond and multiple bond13C/12C
isotope effects on the15N chemical shift. They are quite
generally applicable to molecules with no or moderate15N
enrichment and natural13C abundance and do not require that
the nitrogen is bound to a proton.

Results

The 1H NMR spectrum of1 contains four1H resonances
which were unambiguously assigned by a NOESY experiment
with 1.5 s mixing time. The largest1H-1H coupling constants
observed are about 1.6 Hz between H3′ and H4′ and 2.5 Hz
between H4′ and H5′ and were measured directly from the
multiplet splitting observed in the 1D1H NMR spectrum. The
chemical shifts of the two15N resonances were measured from
a conventional15N HMQC experiment20 correlating the proton
signals via heteronuclear long-range couplings to the15N spins
(data not shown). The resonances at 210.7 and 303.4 ppm were
assigned to N1′ and N2′, respectively. This assignment was
initially based on the empirical observation that pyrazol nitro-
gens with aliphatic substituents are at lower frequency in the
15N NMR spectrum than those without substituent, in agreement
with quantum mechanical calculations.21 All subsequent1H-
15N correlation spectra were folded to obtain a good digital
resolution in the indirectly detected frequency dimension with
short recording times.
Measurement of1H-15N Coupling Constants. Most of the

1H-15N coupling constants could be measured from a straight-
forward 15N HMQC-45 experiment taking advantage of the
special labeling pattern of compound1, where 6% of the
nitrogen pairs in each pyrazolyl ring aresimultaneouslylabeled
with 15N. Like in small flip angle COSY experiments,16 the
45° pulse in the15N HMQC-45 experiment leaves passive15N
spins which are coupled to the precessing15N spin mostly
unaffected.22 The resulting cross peak multiplets have an

E.COSY type appearance with respect to the passive15N spin.
Figure 1A shows the pulse sequence of the15N HMQC-45
experiment. Pulsed field gradients (PFG) are used to support
the coherence order selection and suppress the signals from
protons not coupled to15N. Phase sensitive data representations
are obtained by recording echo and antiecho data.26 The first
two gradients are of opposite sign and symmetrically placed
around a 180°(15N) refocusing pulse. The effective evolution
time for the1H-15N coupling,∆, is the same before and after
t1. The sequenceδ-180°(15N)-δ is inserted after the 90°(1H)
excitation pulse to refocus the1H chemical shifts at the start of
data acquisition. In this way, all signals from refocused in-
phase magnetization can be phased to absorption irrespective
of the chemical shifts avoiding the long tails associated with
dispersive in-phase magnetization. The tails from dispersive
antiphase magnetization also present at the start of the acquisi-
tion time tend to be less important due to their partial
cancellation by the antiphase multiplet fine structure.27

Figure 2A shows the15N HMQC-45 spectrum obtained with
the pulse sequence of Figure 1A. The cross peaks are split in
the F1 dimension by the one-bond15N-15N coupling constant
(-13.0 Hz) and in F2 by 1H-15N as well as1H-1H couplings.
The tilted appearance of the cross peaks is due to the passive
15N spin which couples to the15N spin at the F1 frequency of
the cross peak and the1H spin at the F2 frequency of the cross
peak. Therefore, the relative displacement of the two multiplet
components in the F2 dimension, which are separated by the
15N-15N coupling in F1, corresponds to the1H-15N coupling
constant between the detected proton spin and the15N spin at
the other 15N frequency in F1. The small1H-15N coupling
constants are measured at the high resolution of the F2 frequency
axis. The tilt of the cross peaks relates the sign of the1H-15N
couplings to the sign of the15N-15N coupling. Since the
180°(15N) pulse between the first two gradients inverts both the
active and passive15N spins, a positive tilt of the cross peaks
as observed in Figure 2A, for example, for the cross peaks with
H3′, indicates that the1H-15N coupling is of opposite sign as
the 15N-15N coupling. The spectrum of Figure 2A yields six
out of eight possible15N-1H cross peaks and a corresponding
number of1H-15N coupling constants. Because of the large
spread ofJHN values, the delay∆ could not be tuned to match
1/(2JHN) for all correlations simultaneously. For the∆ value
chosen (90 ms), the1H-15N coupling constantsJ(H5′,N2′) and
J(H4′,N2′) are too small to lead to observable cross peaks in
this experiment which prevents the measurement of the cou-
plings J(H5′,N1′) andJ(H4′,N1′).
A 1H TOCSY with 15N(ω1) half-filter was recorded to

measure those1H-15N coupling constants which could not be
measured from the spectrum of Figure 2A. The half-filter
element proposed by Zerbe et al.29 was supplemented by PFGs
to support the selection of protons coupled to15N (Figure 1B).
A 90°(15N) pulse was inserted at the end of the15N(ω1)-half-
filter element to turn any unrefocused proton magnetization
which is antiphase with respect to15N into unobservable multiple
quantum coherence. In this way, the1H multiplet fine structure
in F1 is in-phase with respect to the1H-15N couplings.
Figure 2B shows selected spectral regions from the1H

TOCSY with gradient-supported15N(ω1) half-filter recorded
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using the pulse sequence of Figure 1B. A section of the
spectrum containing the diagonal peak of H3′ and the related

TOCSY cross peaks to the resonances of H5′ and H4′ is shown.
Proton H3′ has the largest coupling constants to the nitrogens,
13.0 and 8.8 Hz, giving rise to a well-resolved doublet of
doublets on the diagonal. The TOCSY cross peaks with H5′
and H4′ display the same multiplet fine structure in the F1

dimension. The relative shifts of the four components along
the F2 frequency axis reflect the1H-15N coupling constants to
the respective nitrogens which generate the multiplet of the
diagonal peak of H3′. It is apparent that the15N spin coupled
to H3′ with JHN ) 8.8 Hz gives rise to larger displacements of
the multiplet components in the H3′-H5′ and H3′-H4′ cross peaks,
while very small displacements in F2 are observed for theJHN
coupling of 13.0 Hz. The small displacements correspond to
the small coupling constantsJ(H5′,N2′) andJ(H4′,N2′) measured
in Figure 2A. The larger displacements correspond to the
coupling constantsJ(H5′,N1′) andJ(H4′,N1′). The positive tilt
of the cross peaks indicates that the sign of the1H-15N
couplings is the same for both1H spins involved in the cross
peaks.30

Determination of the Absolute Sign of1H-15N and 15N-
15N Coupling Constants. The absolute signs of the1H-15N
coupling constants are readily determined by relating them to
the known sign of a one-bond1H-13C coupling31 in an E.COSY
type experiment. Because of the low abundance of15N and
13C, the direct correlation of1H-15N and1H-13C couplings in
a single experiment is rather insensitive. Therefore, the better
alternative is to determine first the sign of a selected1H-1H
coupling with respect to1J(1H,13C) and to relate in a second
step the sign ofJ(1H,15N) to the sign of the1H-1H coupling
constant. Figure 1C shows the pulse sequence used to relate
the sign of the1H-1H couplingsJ(H4′,H3′) and J(H4′,H5′) to
the sign of the one-bond coupling1J(H4′,C4′). The experiment
is based on a13C HMQC sequence supplemented by a selective
180° inversion pulse applied to the H4′ resonance. The
combined effect of the selective and the following nonselective
inversion pulses is a 360° rotation of the H4′ spin so that H4′
remains effectively untouched duringt1 andt2, and the time in
between. As a result, the multiple bond correlations at the F1

chemical shift of the C4′ resonance assume E.COSY type
appearances, with their multiplet components displaced by
1J(H4′,C4′) in the F1 dimension andJ(H4′,Hdet) in F2, where Hdet
denotes the detected proton spin (Figure 2C). The positive tilt
observed for the multiplet components of the C4′-H3′ and C4′-
H5′ cross peaks indicates that the signs ofJ(H4′,H3′) and
J(H4′,H5′) are the same as the sign of1J(H4′,C4′).
Once the sign of aJHH coupling has been measured in relation

to a one-bondJHC coupling, the relative sign ofJHN with respect
to JHH can be determined by the15N HMQC type pulse sequence
shown in Figure 1D. The sequence uses a selective 180°
inversion pulse applied to the same proton resonance as the pulse
sequence of Figure 1C. Selective 180°(15N) inversion pulses
applied to the passive15N spin simplify the multiplet pattern in
F1 by refocusing theJNN coupling and facilitate the spectral
interpretation. Two selective15N inversion pulses are required,
because a single selective15N inversion pulse in the middle of
t1 would reintroduce the J-coupling between the refocused
protons and the selectively pulsed15N spin duringt1. Figure
2D shows the spectral region containing the cross peaks N1′-
H3′ and N1′-H5′. The cross peaks are split in the F1 dimension
by J(H4′,N1′) and in F2 by the couplingsJ(H3′,H4′) andJ(H5′,H4′),
respectively. The positive tilt of the cross peaks indicates that
for these couplingsJHN andJHH have the same sign.
The abovementioned experiments yield the absolute sign of

1J(N1′,N2′) in 1. Because1J(H4′,C4′) is positive,31 the experiment
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Figure 1. Experimental schemes used in the present work. Narrow
and wide bars denote 90° and 180° pulses, respectively, except for the
45° pulse indicated in part A. Shaped pulses are symbolized by wider
bars of non-rectangular shape and lower amplitude. SL identifies spin-
lock pulses. All pulses are applied along thex-axis unless indicated
differently. δ denotes the duration of az-gradient including a short
delay after the gradient for the recovery of the field homogeneity. All
defocusing gradients are applied as a pair of gradients of opposite sign
separated by a 180° pulse.23,24 Phase-sensitive representations of the
HMQC type spectra and improved signal-to-noise ratios are obtained
by echo-antiecho selection (see experimental section). To support
phase-sensitive representations, the sequenceδ-180°-δ is inserted in
all HMQC type experiments before the heteronuclearJ-coupling
evolution period∆ which ensures symmetric defocusing and refocusing
periods of the1H chemical shift evolution and of the heteronuclear
couplings with the protons before and after the evolution timet1. (A)
15N HMQC-45: The experiment yields E.COSY type multiplet patterns
with JNN in theF1 andJHN in theF2 dimensions.∆ ) 1/(2JHN). Phase
cycle: φ1 ) 4(x,-x); φ2 ) x,x,y,y,-x,-x,-y,-y; receiver )
2(x,-x,-x,x). (B) 1H TOCSY with gradient supported15N(ω1) half-
filter: The experiment yields E.COSY type multiplet patterns with
JHN in both dimensions.∆ ) 1/(2JHN). Phase cycle:φ1 ) 4(x,-x);
φ2 ) 4(x),4(-x); φ3 ) 2(2(x),2(-x)) added to the phases of all pulses
of the mixing sequence; receiver) 4(x,-x). Quadrature detection in
F1 is achieved by States-TPPI25 applied to the phases of all proton pulses
precedingt1. (C) 13C HMQC with selective refocusing pulse on one of
the proton resonances. The experiment relates the sign of theJHH
couplings to the sign of the one-bondJHC coupling of the selectively
pulsed proton by providing E.COSY type multiplet patterns with1JHC
in F1 andJHH in F2. ∆ ) 1/(2JHC). Phase cycle:φ1 ) 4(x,-x); φ2 )
2(x,x,y,y); φ3 ) 4(x),4(y); receiver) x,-x,-x,x,-x,x,x,-x. (D) 15N
HMQC with selective refocusing pulse on one of the proton resonances.
The experiment relates the sign ofJHH couplings to the sign of theJHN
couplings by providing E.COSY type multiplet patterns withJHN in F1
andJHH in F2. 15N-15N decoupling duringt1 is achieved by two selective
15N inversion pulses applied at the frequency of the passive nitrogen
spin.∆ ) 1/(2JHN). Same phase cycle as in part C.
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of Figure 2C shows thatJ(H4′,H3′) is positive; becauseJ(H4′,H3′)
is positive, the experiment of Figure 2D shows thatJ(H4′,N1′)
is positive and thus, by virtue of the experiment of Figure 2A,
1J(N1′,N2′) is negative in accordance with literature.32,33

Measurement of 13C-15N Coupling Constants and12C/
13C Isotope Effects on the15N Chemical Shifts. To explore
the possibility of assigning the15N resonances in1 via one bond
JCN couplings and/or13C/12C isotope effects on the15N chemical
shifts, novel pulse sequences were developed which yield
E.COSY type multiplet patterns relating theJCN coupling
constants to the one bondJHC couplings. Figure 3 shows the
pulse sequences used. The sequences are based on15N HMQC
experiments with the13C satellites of the proton signals. Since
the13C spins are not pulsed either during the evolution time or
during the detection period or between the two, E.COSY type
multiplet patterns are obtained with respect to the13C spins,
where the multiplet components are separated by the one-bond
JHC coupling constant of the detected proton spins in the F2

dimension and by theJCN coupling of the indirectly detected

15N spin in the F1 dimension. A positive tilt of the cross peaks
indicates that the sign of theJCN coupling constant is the same
as for theJHC coupling. The magnetization from the13C-bound
protons is selected by a13C half-filter, where the half-filter
element ends with a spin-lock purge pulse of about 2-ms
duration to suppress the signals from12C-bound protons.34 The
selection of13C-bound protons is further supported by the phase
cycle of the phaseφ1 yielding effective 0° and 180° pulses
together with the preceding 90°(13C) pulse. The pulse sequences
of Figure 3 employ selective 180°(15N) inversion pulses to
enhance the sensitivity by refocusing passive1H-15N and15N-
15N couplings during theJ-evolution delay∆ and duringt1,
respectively. The use of the additional selective pulses improved
the sensitivity of the observed1H-15N correlations by more
than two-fold over experiments performed without the selective
pulses. The improved resolution and the sensitivity advantage
more than outweighs the disadvantage that correlations with only
a single15N resonance can be observed at a time in the presence
of the selective 180°(15N) pulses.
Figures 4A and 4C show the spectral regions from two15N

HMQC experiments with13C half-filter. The spectra were
(32) Berkhoudt, T.; Jakobsen, H. J.J. Magn. Reson. 1982, 50, 323-

327.
(33) Kuroda, Y.; Fujiwara, Y.; Matsushita, K.J. Chem. Soc., Perkin

Trans. 21985, 1533-1536. (34) Otting, G.; Wu¨thrich, K.Q. ReV. Biophys. 1990, 23, 39-96.

Figure 2. Selected spectral regions from the HMQC spectra of a 200 mM solution of1 in CDCl3 at 25°C in a 5 mmsample tube using the pulse
sequences of Figure 1. Positive and negative levels are plotted without distinction. The 1D spectrum of1 is plotted at the top of each spectrum. (A)
15N HMQC-45: ∆ ) 90 ms,t1max ) 576 ms, 2 scans/FID, total recording time 7 min. For improved spectral representation, magnitude data were
calculated in theF2 dimension after a phase sensitive 2D Fourier transform. Each cross peak consists of two main components separated byJNN in
F1 and JHN in F2, whereJHN is the coupling constant between the detected proton resonance and the passive15N spin which isnot at theF1
frequency of the cross peak. (B)1H TOCSY with gradient-supported15N(ω1) half-filter. ∆ ) 75 ms, TOCSY mixing time (MLEV-17)28 100 ms,
t1max) 420 ms, 8 scans/FID, total recording time 1 h. The diagonal peak of H3′ is shown together with its cross peaks to H5′ and H4′. The four main
multiplet components of H3′ reflect its relatively largeJHN couplings to both15N spins. TheJHN couplings of H5′ and H4′ can be read from the
displacements of the four multiplet components of the H3′-H5′ and H3′-H4′ cross peaks in theF2 dimension. Magnitude data were calculated in the
F2 dimension after phase-sensitive Fourier transform. (C)13C HMQC with selective refocusing pulse on the H4′ resonance.∆ ) 50 ms,t1max) 29
ms, 2 scans/FID, total recording time 12 min. The cross peaks C4′-H3′ and C4′-H5′ are shown. The cross peaks are split inF1 by 1J(H4′,C4′) and
in F2 by J(H4′,H3′) andJ(H4′,H5′), respectively. (D)15N HMQC with selective refocusing pulse on the H4′ resonance.∆ ) 90 ms,t1max ) 384 ms,
2 scans/FID, total recording time 7 min. The cross peaks N1′-H3′ and N1′-H5′ are shown. The cross peaks are split inF1 by J(H4′,N1′) and inF2
by J(H4′,H3′) andJ(H4′,H5′), respectively.
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recorded using the pulse sequence of Figure 3A with the
selective 180°(15N) pulses applied to either N2′ (Figure 4A) or
N1′ (Figure 4C). Seven out of eight possible correlations are
observed showing the expected E.COSY type multiplet fine
structure. Because of the large one-bondJHC couplings, the
cross peaks are well separated from thet1 noise bands at the F2
chemical shifts of the incompletely suppressed signals from12C-
bound protons. Reference spectra recorded with identical
parameters but without13C half-filter are plotted in Figures 4B
and 4C below the corresponding spectra recorded with13C-
half-filter. The 15N-1H cross peaks in the reference spectra
are with12C-bound protons. The15N chemical shifts observed
in the F1 dimension of the spectra recorded with13C half-filter
(Figures 4A and 4C) deviate from the chemical shifts observed
in the corresponding reference spectra (Figures 4B and 4D)
because of13C/12C isotope effects on the15N chemical shifts.
The experiment of Figure 3A enables the measurement of

JCN coupling constants only, if the13C spin is bound to a proton
with resolvedJHN coupling to the15N spin of interest. Since
the couplingJ(H5′,N2′) is as small as-0.1 Hz, the corresponding
15N-1H cross peak could not be detected in the experiment of

Figure 4C. To obtain the missing correlation N2′-H5′ in an
experiment suitable for the determination of the coupling
constantJ(C5′,N2′), the coherence between H5′ and N2′ was
created by evolving antiphase coherence between H5′ and N1′
(J(H5′,N1′) ) 4.5 Hz), followed by a15N-15N relay step from
N1′ to N2′. After frequency labeling duringt1, the coherence
was refocused by a15N-15N relay step from N2′ to N1′ and
refocusing of the coherence between H5′ and N1′. Finally, the
spin H5′ was detected. Together with a13C half-filter, the
experiment yields cross peaks of identical appearance as the
pulse sequence of Figure 3A. A reference spectrum without
13C satellite selection yields the15N chemical shifts of the
correlations with12C-bound protons. The pulse sequence is
shown in Figure 3B. Selective 180°(15N) inversion pulses were
applied on the spin N2′ during the delays∆ and on N1′ during
t1 to enhance the sensitivity and resolution of the desired

Figure 3. (A) 15N HMQC with 13C half-filter. The experiment
correlates13C-bound protons to15N spins providing E.COSY type
multiplet patterns withJCN in F1 andJHC in F2. 13C/12C isotope effects
on the15N chemical shifts are obtained by comparison of the observed
15N chemical shifts with the15N chemical shifts measured by a related
pulse sequence, where the13C half-filter is replaced by a 90°(1H) pulse
with the phaseφ1. To enhance the sensitivity and resolution, selective
inversion pulses are applied to one of the two15N spins during the
delays∆ andt1. The experiment yields the correlations to the15N spin
not affected by the selective pulses. The correlations to the second15N
spin are obtained in a second spectrum recorded with the selective pulses
applied to the first15N resonance.τ ) 1/(4JHC), ∆ ) 1/(2JHN). δ )
duration for a pulsed field gradient. Phase cycle:φ1 ) 4(x,x,-x,-x);
φ2 ) 8(x,-x); φ3 ) 4(x),4(y),4(-x),4(-y); receiver) 2(x,-x,-x,x,-
x,x,x,-x). (B) 15N HMQC with 13C half-filter and15N-15N relay. The
experiment yields15N-1H cross peaks with the same E.COSY type
appearance as the sequence in (A) enabling the measurement of sign
and size ofJCN couplings. The desired1H-15N coherence duringt1 is
established through1H-15N coherence with another15N spin and a
15N-15N relay step. After the evolution timet1, the magnetization is
refocused following the same pathway in reverse. To enhance the
sensitivity and resolution of correlations with nitrogen 1, selective
inversion pulses are applied to nitrogen 1 during∆ and to nitrogen 2
during t1. 1H-1H decoupling duringt1 is achieved by replacing the
nonselective 180°(1H) pulse of the15N HMQC schemes in Figures 1
and 3A by a selective proton refocusing pulse acting on the1H spins
involved in the desired15N-1H correlation. As in part A,13C/12C isotope
effects on the15N chemical shifts are obtained by comparison of the
observed15N chemical shifts with the15N chemical shifts measured by
a related pulse sequence, where the13C half-filter is replaced by a
90°(1H) pulse with the phaseφ1. τ ) 1/(4JHC), ∆ ) 1/(2JHN), ∆′ )
1/(4JNN). Phase cycle:φ1 ) 4(x,x,-x,-x); φ2 ) 8(x,-x); φ3 ) 8(y,
-y); φ4 ) 4(x),4(y),4(-x),4(-y); receiver) 2(x,-x,-x,x,-x,x,x,-x).

Figure 4. Selected spectral regions from15N HMQC spectra with13C
half-filter recorded with the pulse sequence of Figure 3A. The cross
peaks are antiphase with respect to theJHC coupling. Positive and
negative levels were plotted without distinction. The multiplet com-
ponents are displaced by the coupling constantsJCN andJHC in theF1
andF2 dimension, respectively. The horizontal line indicates the15N
chemical shift from the reference spectrum recorded without13C half-
filter. The cross peaks are displaced from the reference line by the
13C/12C isotope effects on the15N chemical shifts. (A)15N HMQC with
13C half-filter. The selective inversion pulses (Figure 3A) were applied
at the frequency of N2′. The insert shows the cross peak N1′-H3′ which
is visible only at lower plot levels.τ ) 1.35 ms,∆ ) 90 ms,t1max )
576 ms, 128 scans/FID, total experimental time 9.5 h. (B) Reference
spectrum for part A recorded under identical conditions with a 90°(1H)
pulse instead of the13C half-filter element. Two scans/FID, total
recording time about 9 min. (C) Same as part A, except that the selective
inversion pulses (Figure 3A) were applied at the frequency of N1′. (D)
Reference spectrum for part C recorded with a 90°(1H) pulse replacing
the 13C half-filter element in Figure 3A.
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N2′-H5′ cross peak. With the high resolution necessary for the
measurement of small13C-15N coupling constants in the F1
frequency dimension, small1H-1H couplings evolving during
the evolution timet1 would be a major cause for line broadening
(see,e.g., the cross peaks N1′-H5′ and N1′-H4′ in Figure 4A). To
improve the resolution and sensitivity of the N2′-H5′ cross peak,
the coupling J(H4′,H5′) was refocused by a semiselective
180°(1H) refocusing pulse in the middle oft1, which acted on
all protons except for proton H4′. Refocusing of the couplings
between H5′ and the other protons was not attempted, since none
of these couplings is larger than 1.6 Hz and a more selective
inversion pulse would have had to be much longer.
Figure 5A shows the cross peak N2′-H5′ in the 15N HMQC

experiment with13C half-filter and15N-15N relay recorded with
the pulse sequence of Figure 3B. The reference spectrum
recorded without13C half-filter is plotted below (Figure 5B).
The negative tilt observed for the two13C satellites indicates
that the sign of the coupling constantJCN is the opposite as for
the one-bond couplingJHC.
The measurements with partially15N labeled compound1

cannot distinguish between couplings within the same pyrazolyl
ring or between two nuclei located in different pyrazolyl rings
across the methine bridge. Therefore, a sample of 99%15N
enriched compound1 was prepared and a conventional13C
HSQC spectrum35,36 recorded. Since15N nuclei are passive
spins in this experiment, E.COSY type multiplet patterns were
obtained with the13C-15N couplings in the F1 dimension and
the 1H-15N couplings in the F2 dimension. With a single
exception, the observed cross peaks showed no multiplicities
beyond those expected for the couplings measured with the 6%
15N labeled sample. The exception is C5′ which showed a line
width of 1.6 Hz in the F1 dimension while all other13C
resonances had a line width of 0.8 Hz. This indicates unresolved
13C-15N couplings of the order of 0.4 Hz between C5′ and the
15N resonances in the other two pyrazolyl rings. Similarly, no
further1H-15N couplings were resolved in the1H multiplet fine-

structures. The1H-15N and 13C-15N coupling constants
measured from the13C HSQC spectrum of the 100%15N labeled
sample agreed within the digital resolution with the coupling
constants obtained independently from the spectra recorded with
the 6%15N enriched sample (Figures 2, 4, and 5). The only
exception wasJ(C4′,N2′), which was measured as-1.0 Hz from
the experiment of Figure 4C, but was found to be-2.3 Hz in
the 13C HSQC experiment. The reason for the discrepancy is
probably the low signal-to-noise ratio obtained for the N2′-H4′
cross peak in the experiment of Figure 4C.

Discussion

All coupling constant and isotope shift data obtained here
were measured from high-resolution1H detected 2D NMR
experiments, where the information is encoded in E.COSY type
cross peak multiplets.1H-15N coupling constants are read from
the displacement of cross peak components in the F2 dimension.
15N-15N and13C-15N coupling constants cannot be read from
the detected proton signals and therefore have to be measured
in the F1 frequency dimension. High digital resolution in the
F1 dimension was readily obtained by folding the spectra. With
the resulting large time increments between subsequentt1 data
points, the total recording time per spectrum could be kept as
short as a few minutes. In addition, phase correction of the
spectra in the F1 dimension was straightforward even in the
presence of selective pulses in thet1 evolution time which are
a few milliseconds long and delay the initialt1 sampling point.
With two exceptions, the experiments of Figures 1 and 3 are

also suitable for the measurement of heteronuclear coupling
constants in compounds containing single nitrogens. The
exceptions are the experiments of Figures 1A and 3B which
depend on the presence of two15N spins linked by a resolved
15N-15N coupling constant.
The accuracy of the measured coupling constants is mainly

determined by the digital resolution. In principle, the coupling
constants measured from E.COSY type multiplet patterns tend
to be biased systematically to small values because antiphase
coherence with respect to a passive spin relaxes more rapidly
than in-phase magnetization.30 Yet, this relaxation effect
becomes important only for larger molecules withT1 relaxation
times comparable to the duration of the pulse sequence.
Figure 6 summarizes the1H-15N, 15N-15N, and 13C-15N

coupling constants together with the13C/12C isotope effects on
the 15N chemical shift measured for1. There is a remarkable
spread among the short-range coupling constants, with2JHN
ranging from-1.2 to 13.0 Hz and1JCN ranging from-0.5 to
18.0 Hz. Yet, except for H1, two-bondJHN couplings are larger
than three-bondJHN couplings with the same proton spin.
Except for C3′, one-bondJCN couplings are larger than two-
bondJCN couplings with the same carbon spin. Interestingly,
all JCN couplings within the pyrazol ring are positive with N1′
but negative with N2′. While the magnitudes of the couplings
agree closely with literature data,12,13the spread in size prohibits
their use for assigning the15N resonances, when1 is bound as
a ligand in metal complexes. For example, a heteronuclear
INADEQUATE type experiment37 attempting to pick13C-15N
connectivities via presumably large one-bond13C-15N couplings
would fail totally in the spin system represented by1. In this
situation, the13C/12C isotope effects on the15N chemical shift
turn out to be the safest way of assigning the15N resonances,
since the one-bond effects are always clearly larger than the
multiple bond effects (Figure 6C).

(35) Bodenhausen, G.; Ruben, D.J. Chem. Phys. Lett. 1980, 69, 185-
189.

(36) Otting, G.; Wu¨thrich, K. J. Magn. Reson. 1986, 76, 569-574.
(37) Bax, A.; Freeman, R.; Kempsell, S. P.J. Am. Chem. Soc. 1981,

103, 2102-2105.

Figure 5. (A) 15N HMQC with 13C half-filter and 15N-15N relay
recorded with the pulse sequence of Figure 3B. The selective15N
inversion pulses during∆ and t1 were applied to N2′ and N1′,
respectively. The selective 180°(1H) refocusing pulse acted on all
resonances except H4′. The two main multiplet components of the cross
peak are displaced byJ(C5′,N2′) in F1 andJ(H5′,C5′) in F2. The horizontal
line indicates the15N chemical shift from the reference spectrum. The
cross peak is displaced from the reference line by the13C/12C isotope
effect on the15N chemical shift.τ ) 1.35 ms,∆ ) 110 ms,∆′ ) 19
ms, t1max ) 576 ms, 256 scans/FID, total experimental time 20 h. (B)
Reference spectrum for part A recorded with a 90°(1H) pulse instead
of the 13C half-filter element. Two scans/FID, 10 min total recording
time.
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Conclusion

The level of15N labeling of the compound and the concentra-
tion of the sample yielded unacceptable signal-to-noise ratios
when attempting to record a 1D15N spectrum with direct15N
detection using 12 h of measurement time. Therefore,1H
detection was a prerequisite for the measurement of the data
presented here. As demonstrated earlier, the use of gradients
suppressest1 noise from protons not correlated to heteronuclei
in spectra recorded at natural isotopic abundance.19,26 The
examples shown here demonstrate that with the help of gradients
and a spin-lock purge pulse the measurement of13C-15N
coupling constants is possible at natural13C isotope abundance
and15N enrichment at a level of only 6%. Clearly, the spectral
quality would be sufficient to measure13C-15N coupling
constants also without any isotope enrichment, since overlap
of the desired cross peaks with the most intense residualt1 noise
bands is avoided by detecting the13C satellites. To date, few
data are available on multiple-bond13C-15N coupling constants
in organic molecules. Usually, the absolute signs of the
couplings are left undetermined. There are virtually no data
on 13C/12C isotope effects on15N chemical shifts. With the
experimental schemes presented here, the measurement of these
parameters becomes possible without taking recourse to expen-
sive isotope enrichment. On this basis, the efficient buildup of
a data base with heteronuclear coupling constants and isotope
effects can be envisaged.

Experimental Section

NMR Experiments. Experimental parameters pertinent to all
experiments were as follows: 600-MHz1H frequency,t2max ) 1.3 s,
total relaxation delay between two scans 2.3 s, GARP decoupling38

during data acquisition, and Bruker DMX-600 NMR spectrometer
equipped with a triple-resonance probehead with self-shielded gradients.
The gradient pulses used were “semi-sine” shaped, where each shape
is represented by a histogram of 200 points with a sine-shaped rise
over 32 points followed by a plateau of 136 points and a sine-shaped
decay of 32 points.24 All gradients were applied with a duration of 1
ms and at least a 200µs recovery delay after each gradient resulting in
δ ) 1.2 ms. For each of the HMQC type spectra, two FIDs
corresponding to N and P type signals were recorded using gradient
strengths of 11,-11, 2.23 G/cm and-11, 11, 2.23 G/cm, respectively,
in the 1H-15N correlation experiments, and 11,-11, 5.54 G/cm and
-11, 11, 5.54 G/cm for the N and P type FIDs in the1H-13C correlation
experiment. The time-domain data were combined to yield phase
sensitive data representations.39-41 G3 pulse cascades42 of 4.6-ms
duration were used for all selective 180° inversion and refocussing

pulses. All spectra were folded in the F1 dimension to reduce the total
recording time.
Synthesis of Tris(1-pyrazolyl)methane (1).The tridentate ligand

(doubly labeled to 6% with15N) was synthesized using a mixture of
unlabeled and 99% labeled15N pyrazole.
(a) Synthesis of 99%15N Pyrazole.43 Ethanol (35 mL) and water

(55 mL) were added to 99%15N-labeled hydrazine sulfate (2.14 g, 16
mmol) and the solution was stirred and heated at 75°C for 1.5 h until
the hydrazine fully dissolved. Malonaldehyde bis(dimethylacetal) (2.7
g, 16.4 mmol) was added dropwise and the solution was stirred and
heated at 75°C for 2 h. It was then stirred for 24 h at room temperature.
The ethanol was removed under reduced pressure and the solution was
neutralized with CaCO3. After addition of water the solution was
filtered through celite. The eluant was extracted with ether (2× 25
mL, 25× 10 mL), and the ether solution was dried over K2CO3 and
filtered again through celite. The volume of ether was reduced by
distillation and long needle-like crystals of 99%15N pyrazole were
formed (1.12 g, yield: 96.3%).
(b) Synthesis of 6%15N-Labeled Tris(1-pyrazolyl)methane (1).44

Chloroform (50 mL) was added to a mixture of 99%15N pyrazole (0.11
g, 1.58 mmol), unlabeled pyrazole (1.70 g, 30 mmol), tetrabutyl-
ammonium sulfate (0.45 g, 1.3 mmol), and potassium carbonate (18.2
g, 132 mmol) and stirred and refluxed under N2 overnight. The solution
was filtered and the residue was washed with hot CHCl3 (2× 30 mL).
The organic solvent was removed under reduced pressure. The crude
product was purified using flash silica and a 50:50 ethyl acetate-ether
solution. Removal of the eluant by reduced pressure yielded the product
as yellowish crystals (0.51 g, yield: 26.5%).

1H NMR (CDCl3) δ 8.45 (H1), 7.65 (H3′), 7.55 (H5′), 6.35 (H4′). 13C
NMR (CDCl3): δ 141.8 (C3′), 129.6 (C5′), 107.3 (C4′), 83.2 (C1). 15N
NMR (CDCl3): δ 303.4 (N2′), 210.7 (N1′). The15N and13C chemical
shifts were referenced against liquid ammonia45 and internal TMS,
respectively.
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Figure 6. Overview over the coupling constants1H-15N (A) and 13C-15N (B) and the13C/12C isotope effects on the15N chemical shifts (C)
observed in1. All values given in Hz. Some coupling constants were measured but not indicated in the figure:1J(15N,15N) ) -13.0 Hz,3J(H3′,H4′)
) 1.6 Hz, 3J(H4′,H5′) ) 2.5 Hz. The error resulting from the limiting digital resolution in theF1 andF2 dimensions is(0.5 Hz for 15N-15N,
13C-15N coupling constants and13C/12C isotope effects, and(0.1 Hz for1H-15N coupling constants. The isotope shift value in brackets is uncertain
because of the low signal-to-noise ratio of the corresponding N2′-H4′ cross peak in Figure 4C.
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