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Abstract: A suite of 'H-detected, gradient-enhanced experiments is presented for the measurement -sAshll
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)mEthaherg

6% of the aromatic ring systems were doubly enriched With The absolute sign of thtH—1H, ITH—15N, 13C—

15N, and®™N—15N coupling constants was determined by relating them to the sign of a onetHeridC coupling
constant. The experiments also yield multiple b&#2/12C isotope effects on th¥N chemical shifts. ThéH—1°N
and3C—15N coupling constants it are non-uniform, with some of the short-range coupling constants smaller than
the longer range coupling constants. In contrast, all one-B&@@?C isotope effects on th&N 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 assigathgresonances in cases where coupling constant data yield
ambiguous results.

Introduction Rh1%and Ré! have been shown to be reactive species which
. will insert into C—H bonds. Current efforts focus on poly-
tpyrazolylmethanes which are neutral compounds isosteric and

isoelectronic with polypyrazolylborates.

The heteronuclear coupling consta#its—1°N and13C—15N
with the >N nuclei ligating the metal center are likely to contain

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 angl®3. In organometallic information aboqt the stereochemls_try of the metal compk_axes.
compounds the magnitude of the coupling constants can provideYet’ these coupling constants are difficult to measure routinely
information about the stereochemistry of metal complexes, as 2nd accurately because of the rather |10W rr;?gnenclmorlrgent and
well as the oxidation state and coordination geometry of the |0W natural abundance éfN. Data on*C—*N and'H—N
central metal atord-¢ For metal phosphine complexes it has coupling constants in pyraz_ole derivatives are scarce and mostly
been established that the relative magnitude and sigiPef lack the sign of the coupling constarits® To alleviate the
31p and*H—!H coupling constants is characteristic of the relative €XPense of*N labeling in establishing a data base'sf—**N
position of the metal bound nuclei about the metal certe, and *3C—*N coupling constants in metal complexes with
23pw1—pransy” 2Ip-m—p(ais) fOT Six-coordinate iron(ll) phosphine ~ Nitrogen containing ligands, a strategy of low-le¥& enrich-
complexes, and also the metal center it3eff.Less is known ~ Mentwas adopted combined with NMR experiments developed
about the relative sign and size of coupling constants for metal for the sensitive detection of the coupling constants of interest.
complexes containing nitrogen donor ligands, or even the ligands  Of the methods for the determination of small scalar coupling
themselves. constants, two-dimensional experiments yielding E.COSY type
The metal centers in naturally occurring metalloenzymes are multiplet patterns stand out for the ease with which the coupling
frequently coordinated by imidazole nitrogens. Using pyrazole constants can be read from the spetir&.COSY type multiplet
as an imidazole analogue in the synthesis of metalloenzymepatterns are observed whenever a passive spin, which is coupled
mimetics, a large number of metal complexes of poly(1- tO both spins involved in the cross peak, is left unaffected by
pyrazolyl)borate and poly(1-pyrazolyl)methane ligands have the pulse sequence between the evolution tihend the
been synthesizet® Tris(1-pyrazolyl)borate complexes ofdr,  detection periodt,.*"1” With the advent of self-shielded
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Measurement of Small Heternuclear Coupling Constants

gradients!® previously difficult'H detected heteronuclear cor-

J. Am. Chem. Soc., Vol. 118, No. 215096

E.COSY type appearance with respect to the paséNespin.

relation experiments can be recorded routinely at natural isotopic Figure 1A shows the pulse sequence of tid HMQC-45

abundance with a very low level &f noise even when using
short repetition times for small organic compounds with long
relaxation timeg? In the following, several gradient enhanced
NMR pulse sequences usiflg detection are presented which
were designed to yield E.COSY-type multiplet patterns for the
measurement ofH—15N and 3C—'5N coupling constants in
tris(1-pyrazolyl)methane 1j. The compound was doubly
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labeled with!>N 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-bérd13C
coupling and yield the one bond and multiple bo¥€/2C
isotope effects on théN chemical shift. They are quite
generally applicable to molecules with no or moder&ts
enrichment and naturdfC abundance and do not require that
the nitrogen is bound to a proton.

Results

The 'H NMR spectrum ofl contains four'H resonances

experiment. Pulsed field gradients (PFG) are used to support
the coherence order selection and suppress the signals from
protons not coupled t¥N. Phase sensitive data representations
are obtained by recording echo and antiecho &at&he first
two gradients are of opposite sign and symmetrically placed
around a 18%*°N) refocusing pulse. The effective evolution
time for the'H—15N coupling,A, is the same before and after
t;. The sequencé-18C°(1N)—¢ is inserted after the 9QH)
excitation pulse to refocus tHél 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 structire.

Figure 2A shows thé’N HMQC-45 spectrum obtained with
the pulse sequence of Figure 1A. The cross peaks are split in
the R dimension by the one-bondN—5N coupling constant
(—13.0 Hz) and in Eby TH—15N as well as’TH—1H couplings.
The tilted appearance of the cross peaks is due to the passive
15N spin which couples to th&N spin at the F frequency of
the cross peak and thel spin at the Efrequency of the cross
peak. Therefore, the relative displacement of the two multiplet
components in the Fdimension, which are separated by the
15N—15N coupling in F, corresponds to thtH—1°N coupling
constant between the detected proton spin and¥despin at

which were unambiguously assigned by a NOESY experiment ihe other 15N frequency in £. The small'lH—15N coupling

with 1.5 s mixing time. The large$H—H coupling constants
observed are about 1.6 Hz betweeg bBnd Hy and 2.5 Hz
between B and H and were measured directly from the
multiplet splitting observed in the 1BH NMR spectrum. The
chemical shifts of the twé&°N resonances were measured from
a conventionat®™N HMQC experimer® correlating the proton
signals via heteronuclear long-range couplings to'thespins

constants are measured at the high resolution of {fie§uency
axis. The tilt of the cross peaks relates the sign oftHe 15N
couplings to the sign of th@5N—N coupling. Since the
18C°(**N) pulse between the first two gradients inverts both the
active and passiv&®N spins, a positive tilt of the cross peaks
as observed in Figure 2A, for example, for the cross peaks with
Hz, indicates that théH—1°N coupling is of opposite sign as

(data not shown). The resonances at 210.7 and 303.4 ppm Wergpq 15\ —15)] coupling. The spectrum of Figure 2A yields six

assigned to N and Ny, respectively. This assignment was
initially based on the empirical observation that pyrazol nitro-

out of eight possiblé>N—1H cross peaks and a corresponding
number of'H—1°N coupling constants. Because of the large

gens with aliphatic substituents' are at Iower freq'uency in the spread ofly values, the delays could not be tuned to match
15N NMR spectrum than those without substituent, in agreement 1/(23) for all correlations simultaneously. For the value

with quantum mechanical calculatiofis.All subsequentH—

15N correlation spectra were folded to obtain a good digital
resolution in the indirectly detected frequency dimension with
short recording times.

Measurement of!H—15N Coupling Constants. Most of the
IH—15N coupling constants could be measured from a straight-
forward 15N HMQC-45 experiment taking advantage of the
special labeling pattern of compourld where 6% of the
nitrogen pairs in each pyrazolyl ring asgmultaneousiyabeled
with 1N. Like in small flip angle COSY experiment§ the
45° pulse in the!>N HMQC-45 experiment leaves passita
spins which are coupled to the precessiiy spin mostly
unaffectec®? The resulting cross peak multiplets have an

(15) Aue, W. P.; Bartholdi, E.; Ernst, R. R. Chem. Phys1976 64,
2229-2246.
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chosen (90 ms), th#H—15N coupling constantd(Hs,Nz) 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(Hs,Ny) and J(Hg,Ny).

A H TOCSY with ®N(w;) half-filter was recorded to
measure thos#H—1N coupling constants which could not be
measured from the spectrum of Figure 2A. The half-filter
element proposed by Zerbe et?&lvas supplemented by PFGs
to support the selection of protons coupledi (Figure 1B).

A 90°(**N) pulse was inserted at the end of thdl(w,)-half-
filter element to turn any unrefocused proton magnetization
which is antiphase with respectN into unobservable multiple
guantum coherence. In this way, thémultiplet fine structure

in Fy is in-phase with respect to tHel—15N couplings.

Figure 2B shows selected spectral regions from iHe
TOCSY with gradient-supportetPN(w,) half-filter recorded
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Figure 1. Experimental schemes used in the present work. Narrow
and wide bars denote 9@nd 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 thaxis unless indicated
differently. 6 denotes the duration of agradient 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 18Qulse?3?* Phase-sensitive representations of the
HMQC type spectra and improved signal-to-noise ratios are obtained
by echoe-antiecho selection (see experimental section). To support
phase-sensitive representations, the sequénrd80°—¢ is inserted in

all HMQC type experiments before the heteronucldacoupling
evolution periodA which ensures symmetric defocusing and refocusing
periods of the'H chemical shift evolution and of the heteronuclear
couplings with the protons before and after the evolution imeéA)

15N HMQC-45: The experiment yields E.COSY type multiplet patterns
with Jyy in the F; andJyy in the F, dimensions. A = 1/(2Juy). Phase
cycle: ¢ AX,—X); P2 = XXYY,—X—X~—Y,—Y; receiver =
2(x,—%,—X,X). (B) 'H TOCSY with gradient supporte®N(w1) half-
filter: The experiment yields E.COSY type multiplet patterns with
Jun in both dimensions.A = 1/(2Jun). Phase cycleig: = 4(x,—X);

¢2 = 4(X),4(—X); ¢3 = 2(2(x),2(—x)) added to the phases of all pulses
of the mixing sequence; receiver 4(x,—x). Quadrature detection in

F. is achieved by States-TPPapplied to the phases of all proton pulses
preceding;. (C) *3C HMQC with selective refocusing pulse on one of
the proton resonances. The experiment relates the sign ofithe
couplings to the sign of the one-boddc coupling of the selectively
pulsed proton by providing E.COSY type multiplet patterns il

in Fr andJuy in Fo. A = 1/(2J4c). Phase cycleips = 4(X,—X); ¢ =
206%YY); ¢3 = 4(X),4(y); receiver= X,—x,—xX,—XXX,—X. (D) 15N
HMQC with selective refocusing pulse on one of the proton resonances.
The experiment relates the signd#f; couplings to the sign of thén
couplings by providing E.COSY type multiplet patterns with in F1
andJyy in Fo. 13N—N decoupling during, is achieved by two selective
15N inversion pulses applied at the frequency of the passive nitrogen
spin. A = 1/(2Jun). Same phase cycle as in part C.

using the pulse sequence of Figure 1B. A section of the
spectrum containing the diagonal peak of End the related

Otting et al.

TOCSY cross peaks to the resonances gfadd Hy is shown.
Proton H 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 wigh H
and Hy display the same multiplet fine structure in the F
dimension. The relative shifts of the four components along
the R, frequency axis reflect thtH—15N coupling constants to
the respective nitrogens which generate the multiplet of the
diagonal peak of Bl. It is apparent that th&®N spin coupled
to Haz with Jyy = 8.8 Hz gives rise to larger displacements of
the multiplet components in thesHHs and Hy-Hy cross peaks,
while very small displacements in fare observed for théyy
coupling of 13.0 Hz. The small displacements correspond to
the small coupling constani#$Hs,Nx) andJ(H4,N>) measured
in Figure 2A. The larger displacements correspond to the
coupling constantd(Hs,N1) and J(H4,Ny). The positive tilt
of the cross peaks indicates that the sign of the-15N
couplings is the same for botid spins involved in the cross
peaks®

Determination of the Absolute Sign of'H—15N and 15N—
15N Coupling Constants. The absolute signs of thid—15N
coupling constants are readily determined by relating them to
the known sign of a one-bort—13C couplingin an E.COSY
type experiment. Because of the low abundancésufand
13C, the direct correlation dH—1N andH—13C couplings in
a single experiment is rather insensitive. Therefore, the better
alternative is to determine first the sign of a selecteld-H
coupling with respect t8J(*H,°C) and to relate in a second
step the sign off(*H,>N) to the sign of the!tH—H coupling
constant. Figure 1C shows the pulse sequence used to relate
the sign of thelH—1H couplingsJ(Hs,Hz) and J(H4,Hs) to
the sign of the one-bond couplifg(Hs,Cs). The experiment
is based on &C HMQC sequence supplemented by a selective
18C° inversion pulse applied to the sHresonance. The
combined effect of the selective and the following nonselective
inversion pulses is a 38Cotation of the K spin so that &
remains effectively untouched duritgandt,, and the time in
between. As a result, the multiple bond correlations at the F
chemical shift of the ¢ resonance assume E.COSY type
appearances, with their multiplet components displaced by
1J(H4,Cys) in the R dimension and(Hz,Hge) in F2, where Higt
denotes the detected proton spin (Figure 2C). The positive tilt
observed for the multiplet components of the-GHz and G—
Hs cross peaks indicates that the signs JH4,H3z) and
J(Hq,Hs) are the same as the sign {H4,Cy).

Once the sign of d4y coupling has been measured in relation
to a one-bondyc coupling, the relative sign alyy with respect
to Jun can be determined by tHeN HMQC type pulse sequence
shown in Figure 1D. The sequence uses a selectivé 180
inversion pulse applied to the same proton resonance as the pulse
sequence of Figure 1C. Selective 186N) inversion pulses
applied to the passivVeN spin simplify the multiplet pattern in
F1 by refocusing thelyny coupling and facilitate the spectral
interpretation. Two selectiveN inversion pulses are required,
because a single selecti¥® inversion pulse in the middle of
t; would reintroduce the J-coupling between the refocused
protons and the selectively pulsédN spin duringt;. Figure
2D shows the spectral region containing the cross peaks N
Hsz and N'—Hs. The cross peaks are split in thedmension
by J(H4,Ny) and in F, by the couplings(Hz,Hs) andJ(Hs,Hz),
respectively. The positive tilt of the cross peaks indicates that
for these couplingSyn and Jyy have the same sign.

The abovementioned experiments yield the absolute sign of
1J(Ny,N2) in 1. BecauséJ(H4,Cy) is positive3! the experiment

(30) Montelione, G. T.; Winkler, M. E.; Rauenbuehler, P.; Wagner, G.
Magn. Reson1989 82, 198-204.
(31) Kowalewski, JProg. NMR Spectrosd 977 11, 1-78.
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Figure 2. Selected spectral regions from the HMQC spectra of a 200 mM solutiénro€DCl; 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 spedtiarplofted at the top of each spectrum. (A)

15N HMQC-45: A = 90 ms,timax= 576 ms, 2 scans/FID, total recording time 7 min. For improved spectral representation, magnitude data were

calculated in thd=; dimension after a phase sensitive 2D Fourier transform. Each cross peak consists of two main components separated by
F1 and Jun in F2, whereJuy is the coupling constant between the detected proton resonance and the paésip:n which isnot at the Fy
frequency of the cross peak. (B)) TOCSY with gradient-supportetiN(w,) half-filter. A = 75 ms, TOCSY mixing time (MLEV-17§ 100 ms,
timax= 420 ms, 8 scans/FID, total recording time 1 h. The diagonal peals @ Bhown together with its cross peaks te &hd H,. The four main
multiplet components of K reflect its relatively largelun couplings to both>N spins. TheJun couplings of H and Hy can be read from the
displacements of the four multiplet components of the-Hs and Hy—H,4 cross peaks in thE, dimension. Magnitude data were calculated in the
F, dimension after phase-sensitive Fourier transform.*(C)HMQC with selective refocusing pulse on thg kesonanceA = 50 ms,timax = 29

ms, 2 scans/FID, total recording time 12 min. The cross peaksHz and G:—Hg are shown. The cross peaks are spliFinby *J(Hs,Cy) and

in F2 by J(Hs,Hs) andJ(H4,Hs), respectively. (D}*N HMQC with selective refocusing pulse on the esonanceA = 90 ms,timax= 384 ms,

2 scans/FID, total recording time 7 min. The cross peaks Ny and N-—Hs are shown. The cross peaks are spliFinby J(H4,Nv) and inF;

by J(H4,Hz) and J(H4,Hs), respectively.

of Figure 2C shows thal(H4,Hz) is positive; becaus&H4,Hs)

is positive, the experiment of Figure 2D shows thgt,,N;)

is positive and thus, by virtue of the experiment of Figure 2A,

1J(Ny,N2) is negative in accordance with literati#e?
Measurement of 13C—1N Coupling Constants and2C/

13C Isotope Effects on the!>N Chemical Shifts. To explore

the possibility of assigning theN resonances ifi via one bond

Jen couplings and/ot3C/A2C isotope effects on théN chemical

15N spin in the i dimension. A positive tilt of the cross peaks
indicates that the sign of thizy coupling constant is the same
as for thedyc coupling. The magnetization from tA&C-bound
protons is selected by ¥C half-filter, where the half-filter
element ends with a spin-lock purge pulse of about 2-ms
duration to suppress the signals fré#-bound protons? The
selection ofl3C-bound protons is further supported by the phase
cycle of the phase yielding effective 0 and 180 pulses

shifts, novel pulse sequences were developed which yield together with the preceding 9@°C) pulse. The pulse sequences

E.COSY type multiplet patterns relating thizn coupling
constants to the one borddc couplings. Figure 3 shows the
pulse sequences used. The sequences are baddd dMQC
experiments with thé3C satellites of the proton signals. Since
the 13C 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 @ spins,

of Figure 3 employ selective 183°N) inversion pulses to
enhance the sensitivity by refocusing pasdite-15N and'>N—

15N couplings during thel-evolution delayA and duringty,
respectively. The use of the additional selective pulses improved
the sensitivity of the observetH—15N correlations by more
than two-fold over experiments performed without the selective
pulses. The improved resolution and the sensitivity advantage

where the multiplet components are separated by the one-bondnore than outweighs the disadvantage that correlations with only

Jnc coupling constant of the detected proton spins in the F
dimension and by thdcy coupling of the indirectly detected

(32) Berkhoudt, T.; Jakobsen, H. J. Magn. Reson1982 50, 323—
327.

(33) Kuroda, Y.; Fujiwara, Y.; Matsushita, K. Chem. Soc., Perkin
Trans. 21985 1533-1536.

a single’™N resonance can be observed at a time in the presence
of the selective 18Q*°N) pulses.

Figures 4A and 4C show the spectral regions from o
HMQC experiments with'3C half-filter. The spectra were

(34) Otting, G.; Withrich, K. Q. Re. Biophys 199Q 23, 39-96.
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Figure 3. (A) ®™N HMQC with 3C half-filter. The experiment ppm 8’0 75 70 65 1
correlatest®C-bound protons tdSN spins providing E.COSY type H(F,)
multiplet patterns withlcy in F1 andJuc in Fa. 13C/A2C isotope effects H H.. Hy
on the!®N chemical shifts are obtained by comparison of the observed Hy 3 5
15N chemical shifts with théN chemical shifts measured by a related J
pulse sequence, where tH€ half-filter is replaced by a 9¢*H) pulse af—
with the phasep,. To enhance the sensitivity and resolution, selective (©) ’—‘\JH c L 1 JH c 10
inversion pulses are applied to one of the tifid spins during the : L | l ] 4"ij BN(F,)
delaysA andt;. The experiment yields the correlations to th¥ spin NoJi - ] N L 0 B
not affected by the selective pulses. The correlations to the séednd 2] ‘ \ B Jo. I\I ‘ !
spin are obtained in a second spectrum recorded with the selective pulses Jeo N { 2 Hz
applied to the firstSN resonancer = 1/(4Juc), A = 1/(2Jn). 6 = T2 \
duration for a pulsed field gradient. Phase cyafe:= 4(x,x,—X,—X); (D) 10
P2 = 8(X,—X); ¢z = 4(X),4(y),4(—X),4(=Y); receiver= 2(X,—X,—X,X,— |
X%%—X). (B) 1N HMQC with 3C half-filter and**N—N relay. The Ny|— I Lo
experiment yields$N—!H cross peaks with the same E.COSY type ’
appearance as the sequence in (A) enabling the measurement of sign
and size oflcy couplings. The desiretH—N coherence duringy is , . . . ; Hz
established throughH—15N coherence with anothéfN spin and a ppm 8.0 7.5 [ERTI IR

I5N—15N relay step. After the evolution timi, the magnetization is i ) ]
refocused following the same pathway in reverse. To enhance the Figure 4. Selected spectral regions frofiN HMQC spectra with*C
sensitivity and resolution of correlations with nitrogen 1, selective nalf-filter recorded with the pulse sequence of Figure 3A. The cross
inversion pulses are applied to nitrogen 1 durih@nd to nitrogen 2 peaks are antiphase with respect to the coupling. Positive and
during t;. *H—H decoupling during; is achieved by replacing the ~ negative levels were plotted without distinction. The multiplet com-
nonselective 18@H) pulse of the!>N HMQC schemes in Figures 1 Ponents are displaced by the coupling constdatsandJic in the F,

and 3A by a selective proton refocusing pulse acting ontithepins and Fa d|men3|on, respectively. The horizontal line |nd!cateslﬂhe
involved in the desire$N—1H correlation. As in part ABC/2C isotope chemical shift from the reference spectrum recorded withtlihalf-
effects on theé">N chemical shifts are obtained by comparison of the Illter. The cross peaks are displaced from the re;ference line by the
observedsN chemical shifts with théN chemical shifts measured by 13C/12C isotope effects on theN chemical shifts. (A}*N HMQC with

a related pulse sequence, where @ half-filter is replaced by a 3C half-filter. The selective inversion pulses (Figure 3A) were applied

90°(*H) pulse with the phasey. 7 = 1/(4duc), A = 1/(2n), A’ = at the frequency of N The insert shows the cross peak-NHz which
1/(43wn). Phase cycleipr = 4(X.X,—%,—X); ¢2 = 8(X,—X); ¢3 = 8(y, is visible only at lower plot levelsr = 1.35 ms,A = 90 mS,timax =
—V); da = 4(X),4(y),4X),4(—Y): receiver= 2(x,—X,—X.X,—XxX,—X). 576 ms, 128 scans/FID, total experimental time 9.5 h. (B) Reference

spectrum for part A recorded under identical conditions with %80
pulse instead of thé3C half-filter element. Two scans/FID, total

recorded using the pulse sequence of Figure 3A with the recording time about 9 min. (C) Same as part A, except that the selective

. 15 . . .
selective 188(™N) pulses applied to eitheraN(Figure 4A) or inversion pulses (Figure 3A) were applied at the frequencyof(&)

Ny (Figure 4C). Seven out of eight possible correlations are peoference spectrum for part C recorded with &39) pulse replacing
observed showing the expected E.COSY type multiplet fine e 13¢c hal-filter element in Figure 3A.

structure. Because of the large one-balyd couplings, the

cross peaks are well separated fromtiheoise bands at the,F Figure 4C. To obtain the missing correlation#Ms in an

chemical shifts of the incompletely suppressed signals ffgn experiment suitable for the determination of the coupling

bound protons. Reference spectra recorded with identical constantJ(Cs,N2), the coherence betweensHand N> was

parameters but withod®C half-filter are plotted in Figures 4B created by evolving antiphase coherence betwegmht N

and 4C below the corresponding spectra recorded With (J(Hs,Ny) = 4.5 Hz), followed by al>N—15N relay step from

half-filter. The 1°N—1H cross peaks in the reference spectra Ny to Ny. After frequency labeling duringy, the coherence

are with'2C-bound protons. Th¥N chemical shifts observed  was refocused by &N—N relay step from N to Ny and

in the R, dimension of the spectra recorded WiiT half-filter refocusing of the coherence betweeg &d N.. Finally, the

(Figures 4A and 4C) deviate from the chemical shifts observed spin Hs was detected. Together with "C half-filter, the

in the corresponding reference spectra (Figures 4B and 4D)experiment yields cross peaks of identical appearance as the

because ot3C/12C isotope effects on th¥®N chemical shifts. pulse sequence of Figure 3A. A reference spectrum without
The experiment of Figure 3A enables the measurement of 13C satellite selection yields th&N chemical shifts of the

Jen coupling constants only, if t€C spin is bound to a proton  correlations with2C-bound protons. The pulse sequence is

with resolvedJyn coupling to the!™N spin of interest. Since  shown in Figure 3B. Selective 18@N) inversion pulses were

the couplingd(Hs,N2) is as small as-0.1 Hz, the corresponding  applied on the spin Nduring the delays\ and on N' during

I5N—1H cross peak could not be detected in the experiment of t; to enhance the sensitivity and resolution of the desired
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H... H structures. The!H—15N and 13C—15N coupling constants
3 5 measured from th&C HSQC spectrum of the 100%N labeled
sample agreed within the digital resolution with the coupling
A) I NG constants obtained independently from the spectra recorded with
. 17 |, the 6%15N enriched sample (Figures 2, 4, and 5). The only
Hg.Co exception was(Cs,N2), which was measured asl.0 Hz from
w @ i the experiment of Figure 4C, but was found to-b2.3 Hz in
Ny~ ; JCS.,NZ- '3 the 13C HSQC experiment. The reason for the discrepancy is
(B) z probably the low signal-to-noise ratio obtained for the-NH,
" cross peak in the experiment of Figure 4C.
Ny @ Lo Discussion
ppm 77 76 75 74 HE All coupling constant and isotope shift data obtained here
2

were measured from high-resolutidhl detected 2D NMR
Figure 5. (A) *N HMQC with **C half-filter and *N—**N relay experiments, where the information is encoded in E.COSY type
recorded with the pulse sequence of Figure 3B. The seleéiNe cross peak multipletstH—15N coupling constants are read from

inversion pulses duringA and t, were applied to M and N, the displacement of cross peak components in grairfiension.
respectively. The selective 188H) refocusing pulse acted on all 15\ —15N and3C—15N coupling constants cannot be read from

resonances exceptHThe two main multiplet components of the cross he d d . | d theref h b d
peak are displaced BYCs,Nz) in F; andJ(Hs,Cs) in F». The horizontal "€ detected proton signals and therefore have to be measure

line indicates théN chemical shift from the reference spectrum. The in the R frequency dimension. High digital resolution in the
cross peak is displaced from the reference line by #6#2C isotope F1 dimension was readily obtained by folding the spectra. With
effect on the'>N chemical shiftz = 1.35 ms,A = 110 ms,A’ = 19 the resulting large time increments between subseduelatta

ms, timax = 576 ms, 256 scans/FID, total experimental time 20 h. (B) points, the total recording time per spectrum could be kept as
Reference spectrum for part A recorded with &(8) pulse instead  short as a few minutes. In addition, phase correction of the
Qf the 13C half-filter element. Two scans/FID, 10 min total recording spectra in the Edimension was straightforward even in the
time. presence of selective pulses in the@volution time which are

a few milliseconds long and delay the initialsampling 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
improve the resolution and sensitivity of the#s cross peak, ?Sepe?sd on the presence of t4 spins linked by a resolved
the coupling J(Hs,Hs) was refocused by a semiselective NN coupling constant.
18C°(*H) refocusing pulse in the middle ®f, which acted on The accuracy of the measured coupling constants is mainly
all protons except for proton4 Refocusing of the couplings ~ determined by the digital resolution. In principle, the coupling
between K and the other protons was not attempted, since none constants measured from E.COSY type multiplet patterns tend
of these couplings is larger than 1.6 Hz and a more selectiveto be biased systematically to small values because antiphase
inversion pulse would have had to be much longer. coherence with respect to a passive spin relaxes more rapidly

Figure 5A shows the cross peakMis in the 1°N HMQC than in-phase magnetizatih. Yet, this relaxation effect
experiment witH3C half-filter and!SN—15N relay recorded with ~ becomes important only for larger molecules witrelaxation
the pulse sequence of Figure 3B. The reference spectrumtimes comparable to the duration of the pulse sequence.
recorded without3C half-filter is plotted below (Figure 5B). Figure 6 summarizes thH—15N, 1°N—15N, and 13C—15N
The negative tilt observed for the twdC satellites indicates  coupling constants together with th/22C isotope effects on
that the sign of the coupling constaly is the opposite as for  the 15N chemical shift measured fdr There is a remarkable
the one-bond couplingc. spread among the short-range coupling constants, Witk

The measurements with partiallyN labeled compound ranging from—1.2 to 13.0 Hz andJcy ranging from—0.5 to
cannot distinguish between couplings within the same pyrazolyl 18.0 Hz. VYet, except for H two-bondJuy couplings are larger
ring or between two nu_clei located in different pyrazolyl rings than three-bondlyy couplings with the same proton spin.
across the methine bridge. Therefore, a sample qf 99% Except for G, one-bondJcy couplings are larger than two-
enriched compound was prepared and a conventiorfdC bondJcn couplings with the same carbon spin. Interestingly,
HSQC spectruf?=® recorded. Sincé®N nuclei are passive  g| 3o\ couplings within the pyrazol ring are positive withN
spins in this experiment, E.COSY type multiplet patterns were ¢ negative with 4. While the magnitudes of the couplings
obtained with the*C—1*N couplings in the Fdimension and  5gree closely with literature datal3the spread in size prohibits

14 —15 i i i I 1 i . . . .
the "H—"N couplings in the b dimension. With a single  hejr yse for assigning tHéN resonances, whehis bound as
exception, the observed cross peaks showed no multiplicities 5 ligand in metal complexes. For example, a heteronuclear

beyord hose expecod o he coupigs measured wih 1 SINADEQUATE type expermer atempting o pckCN
width of 1.6 Hzp iﬁ the E din?ensioi while all other3C connectl\_ntles wa_presuma_bly large one-bdf@—1°N coupllngs
: - ; A would fail totally in the spin system represented by In this
igcs:cirlgnces had a line width of 0.8 Hz. This indicates unresolvedgjy ation, thel3C/22C isotope effects on th&N chemical shift
N couplings of the order of 0.4 Hz betweeg @nd the turn out to be the safest way of assigning A resonances,

"N resonances in the other two pyraquyl rings. _Similgrly, M0 since the one-bond effects are always clearly larger than the
further'H—1N couplings were resolved in thel multiplet fine- multiple bond effects (Figure 6C)

N2-Hs cross peak. With the high resolution necessary for the
measurement of smalfC—15N coupling constants in the;F
frequency dimension, smalH—'H couplings evolving during
the evolution time; would be a major cause for line broadening
(seee.q, the cross peaksNHs and Ni-Hy in Figure 4A). To

(35) Bodenhausen, G.; Ruben, D.Chem. Phys. Letl98Q 69, 185~
189 (37) Bax, A.; Freeman, R.; Kempsell, S. . Am. Chem. Sod 981

(36) Otting, G.; Wihrich, K. J. Magn. Resan1986 76, 569-574. 103 2102-2105.
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Figure 6. Overview over the coupling constartid—*>N (A) and 3C—5N (B) and the!3C/*’C isotope effects on th&®N chemical shifts (C)
observed irl. All values given in Hz. Some coupling constants were measured but not indicated in the fig(&s;°N) = —13.0 Hz,3J(Hz,Hz)

= 1.6 Hz,3)(Hs,Hs) = 2.5 Hz. The error resulting from the limiting digital resolution in the and F, dimensions ist0.5 Hz for 15N—15N,
13C—15N coupling constants arldC/*?C isotope effects, andt0.1 Hz for'*H—N coupling constants. The isotope shift value in brackets is uncertain
because of the low signato—noise ratio of the correspondingzNH4 cross peak in Figure 4C.

Conclusion pulses. All spectra were folded in the dimension to reduce the total

The level oft5N labeling of th dand th fra. "ecOrding time.
elevelo abeiing ot the compound an € concentra- Synthesis of Tris(1-pyrazolyl)methane (1). The tridentate ligand

tion of the sar_nple yielded unacceptable Signal'to'_nOise ratios (doubly labeled to 6% with®N) was synthesized using a mixture of
when attempting to record a 1BN spectrum with direct®N unlabeled and 99% labeléN pyrazole.

detection using 12 h of measurement time. Therefére, (a) Synthesis of 99%!*N Pyrazole#? Ethanol (35 mL) and water
detection was a prerequisite for the measurement of the data(55 mL) were added to 99%N-labeled hydrazine sulfate (2.14 g, 16
presented here. As demonstrated earlier, the use of gradientsnmol) and the solution was stirred and heated at@%or 1.5 h until
suppressef noise from protons not correlated to heteronuclei the hydrazine fully dissolved. Malonaldehyde bis(dimethylacetal) (2.7

in spectra recorded at natural isotopic abunddfée. The g, 16.4 mmol) was added dropwise and the solution was stirred and
examples shown here demonstrate that with the help of gradienté“eated at 78C for 2 h. It was then stirred for 24 h at room temperature.
and a spin-lock purge pulse the measurement3gf15N The ethanol was removed under reduced pressure and the solution was

neutralized with CaC@ After addition of water the solution was

coupling constants is possible at natufél isotope abundance filtered through celite. The eluant was extracted with ethex (25

and1_5N enrichment at a It_evel of only 6%. Clezlisrly, the spectral mL, 25 x 10 mL), and the ether solution was dried oved0; and

quality would be sufficient to measur_@C— N coupling filtered again through celite. The volume of ether was reduced by

constants also without any isotope enrichment, since overlap gistillation and long needle-like crystals of 99 pyrazole were

of the desired cross peaks with the most intense resigoalse formed (1.12 g, yield: 96.3%).

bands is avoided by detecting thR€ satellites. To date, few (b) Synthesis of 6%!5N-Labeled Tris(1-pyrazolyl)methane (1)*

data are available on multiple-bo®—15N coupling constants  Chloroform (50 mL) was added to a mixture of 998 pyrazole (0.11

in organic molecules. Usually, the absolute signs of the g, 1.58 mmol), unlabeled pyrazole (1.70 g, 30 mmol), tetrabutyl-

couplings are left undetermined. There are virtually no data ammonium sulfate (0.45 g, 1.3 mmol), and potassium carbonate (18.2

on 13CAA%C isotope effects oA°N chemical shifts. With the g, 132 mmol) and stirred and refluxed underdVernight. The solution

experimental schemes presented here, the measurement of thegg@s filtered and the residue was washed with hot GHZk 30 mL).

parameters becomes possible without taking recourse to expen- ¢ 0rganic solvent was removed under reduced pressure. The crude
N - . . e . product was purified using flash silica and a 50:50 ethyl| acetetieer

sive isotope enrichment. On this basis, the efficient buildup of

. ) . solution. Removal of the eluant by reduced pressure yielded the product
a data base with heteronuclear coupling constants and isotope,q yellowish crystals (0.51 g, yield: 26.5%).

effects can be envisaged. 1H NMR (CDCL) 6 8.45 (H,), 7.65 (Hy), 7.55 (H), 6.35 (H). 1°C
. . NMR (CDCL): ¢ 141.8 (G), 129.6 (G), 107.3 (G), 83.2 (G). N
Experimental Section NMR (CDCh): 6 303.4 (Ns), 210.7 (N). ThesN and*C chemical
NMR Experiments. Experimental parameters pertinent to all shifts were referenced against liquid ammdhiand internal TMS,
experiments were as follows: 600-MHE frequency,tomax= 1.3 s, respectively.

total relaxation delay between two scans 2.3 s, GARP decodpling

during data acquisition, and Bruker DMX-600 NMR spectrometer ~ Acknowledgment. Helpful discussions with Dr. P. E.
equipped with a triple-resonance probehead with self-shielded gradients.Hansen and Dr. L. D. Field are acknowledged. G.O. thanks
The gradient pulses used were “semi-sine” shaped, where each shap¢he Swedish Natural Research Council (Project 10161) and the
is represented by a histogram of 200 points with a sine-shaped rise\Wallenberg foundation for financial support. B.A.M. and L.P.S.
over 32 points followed by a plateau of 136 points and a sine-shaped thank the Australian Research Council for support and the

decay of 32 point&? All gradients were applied with qduration _of 1 University of Sydney for a Gritton Scholarship.
ms and at least a 2Qs recovery delay after each gradient resulting in
0 = 1.2 ms. For each of the HMQC type spectra, two FIDs JA9540177
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~11, 11,554 G/cm for the N and P type FIDs in the-15C correlation 1083 3 ara apg o " C1esian € Holaic T, 4. Blomol. NMR

experiment. The time-domain data were combined to yield phase  (42) Emsley, L.; Bodenhausen, Ghem. Phys. Lettl99Q 165 469—

sensitive data representatiofis’* G® pulse cascadésof 4.6-ms 476.
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