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Abstract: The scalar coupling constants between protons, nitrogens, and phosphorus in the metal complex chloro-
(triphenylphosphine)bis[bis(1-pyrazolyl)methane]ruthenium(ll) chloride, [RuCKPBRM),] "Cl~ (1), were measured

with a set of specially adapted NMR experiments. The absolute sign of the coupling constants was determined by
relating the signs of the measured couplings to that of a one-bond preéobon coupling constant. A complete set

of coupling constants |0.4{ Hz was obtained with use of a single sample with 998&labeled bis-pyrazolyl ligands.

The data show that the two-boAetN—15N and3P—15N couplings across the metal center are significantly larger,

if the two metal-ligating atoms are trans rather than cis with respect to one another. Furthermore, all trans couplings
2Jpn and2Jyy are positive, while the corresponding cis couplings are negative or too small to be measured. The
conformation dependence of the scalar coupling constants supports the rapid structural characterization of catalytically
active organometallic complexes by NMR spectroscopy. The proposed set of NMR experiments includes HSQC
experiments with small flip angles, a quantitative long-rafttye-1°N correlation experiment, and DQ/ZQ experiments

for the determination of the sign and sizeJaky and Jpy coupling constants in linear spin systems.

Introduction (PPh)(BPM),]*CI~ (1).” This complex is chemically unreactive

Organometallic complexes like the tris(1-pyrazolyl)borate

2 f

complexes of I Rh? and Ré& are reactive species that can Ha,_ \flhmg(ﬂ %P
insert into C-H bonds. Many different ligand configurations He/C‘\“‘“ SN r(c‘; o

are conceivable to modify the reactivity and specificity of these “c ‘N\Q\?\‘J' - ”;‘:z S,
metal complexes. NMR provides powerful tools for a rapid b=~ \ K O}c\/
analysis of the stereochemical structure of these reactive 6  PPhy 5 ! N3 Ha

complexes. The most important NMR parameters are the
nuclear Overhauser effect and scalar coupling constants. For
example, it has been established for a number of metal
phosphine complexes that the relative sign and magnitude of
the2J(3!P 31P) and?J(*H,3'P) coupling constants across the metal
center is characteristic of the geometry of the metal coordination,
e.g.2Jp-m—p(trans)> 2Jp_y—_p(cis)#> A 2Jyn coupling constant
of 4.3 Hz was reported for a non-octahedral iron comglex,
indicating thatJyy couplings should be generally measurable.
In the present work, a complete set of magnitudes and signs of
2Jyn and 3Jyy coupling constants across a metal center was
determined. A series of improved NMR experiments for the
measurement of magnitude and signai, Jnn, Jup, andJpy
coupling constants is presented.

The compound investigated was chloro(triphenylphosphine)-
bis[bis(1-pyrazolyl)methane]ruthenium(ll) chloride, [RuCl-

0

and was chosen as a model system to establish an NMR analysis
protocol, since the bis(1-pyrazolyl)methane ligands are closely
related to the tris(1-pyrazolyl)methane ligand studied in detail
previously® The compound was fully and uniformly enriched
with 15N to facilitate the determination dfy coupling constants.
Ruthenium was used at natural isotopic abundance.

The experiments used for the measurement of signs and sizes
of the Jun, Inn, @ndJen coupling constants in tris(1-pyrazolyl)-
methan@ proved to be less efficient with the more complex
and fully *N-labeled compound. The present set of experi-
ments is based on the HS®QGather than the HMQE
experiment. In addition, novel pulse sequences were developed
specifically for the measurement of small heteronuclear coupling
constants across the metal center in organometallic complexes.
The experiments are straightforward to set up, and the results
easy to interpret. In particular, all experiments encoding the
coupling constants in E. COSY type multiplet patterns yield a
positive tilt of the multiplet fine structure if the sign of the
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tilt arises if the sign of the couplings is opposite in ffgand

F, dimension. In addition, DQ/ZQ experiments are shown to

yield the magnitudes, as well as the signs, of the coupling

constants in linear three-spin systems involving couplings across
the metal center.

Results

Resonance AssignmentsThe'H NMR spectrum ofl was
assigned from a NOESY spectrum recorded with a 1.6 s mixing
time. The'3C NMR spectrum was assigned through one-bond
correlations with the protons inl8C-HMQC experiment. The
15N signals were assigned to the individual pyrazolyl groups
by the observation dfN—1H cross peaks with all three protons
within each pyazolyl spin system in long-rang®N-HSQC
experiments recorded with a 71-ms INEPT delay and a
semiselective 18@'°N) pulse inverting either the four low-field
or the four high-field'>N resonances (see below). The tifN
resonances within the same pyrazolyl group were distinguished
by the one-bond3C/A2C isotope effect on thtN chemical shift
measured in &N-HMQC experiment witH3C half-filter 8 The
experiment showed>2-Hz upfield shifts for the nitrogen
resonances-14 in the cross peaksNHc, No—Hs, Ni.—Hp, and
Ns—Hm, if the neighboring carbon isotope w&C instead of
12C. The two-bond isotope effects measured from the cross
peaks N—Hp, No—Hg, N;—Hg, and Ns—H; were all smaller than
1 Hz. Furthermore, the coupling constahiisy between the
aromatic’3C and the'®N nuclei N; to N4 were measured to be
between about 12 and 14 Hz, while tlgy coupling constants
measured between tR&C spins at positions b, g, g, and | with
the 15N nuclei N; to N4 were about 3-4 Hz. These data agree
perfectly with the values measured in tris(1-pyrazolyl)methane
for the 1N nuclei bound to the aliphatic CH grodpThe four
resonances to highest field in thtN NMR spectrum ofl are
thus from the nitrogens bound to the methylene groupst¢N
Ng), while the four low-field signals are from the metal
coordinating nitrogens (§\to Ng).

Measurement of IH—15N Coupling Constants. Most Jun
couplings inl are conveniently measured from¥N-HSQC-
36N experiment. The pulse sequence is shown in Figure 1A.
The desired magnetization at the end of the INEPT delay is
proton magnetization antiphase with respect to a sitiylespin,
or HyN; in the product operator notation of Sgrensen ét al.
Since allJyn couplings inl are small, a relatively long delay
is required during whichH— H and!H—15N couplings to more
than one!®>N spin could evolve to a significant extent. In
particular, undesired doubly antiphase terms lilgdl&Ny, could
be generated due to the similar magnitudes ofdhg and3Jyy
coupling constants in the pyrazolyl rings. To avoid such loss
of magnetization, half of théyy couplings were refocused by
the use of a semiselecti¥eN inversion pulse (Figure 1A), which
inverted either thé®N resonances of N N,, N3, and N, or the
15N resonances of §Ng, N7, and \; (see Experimental Section).
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Figure 1. Pulse sequences for the measuremeritiof 1N coupling
constants. Narrow and wide bars denote® %hd 180 pulses,
respectively. Selective pulses are identified by smooth shapes. In all
experiments A = 1/(2Jun), SL denotes a spin-lock pulse of 1-ms
duration, and the ladtN pulse is a 38pulse. Here and in all subsequent
figures, all pulses are applied along thxeaxis unless indicated
otherwise. The first®N pulse is a semiselective shaped pulse inverting
a subset of thé®N resonances. (AY®N-HSQC-36N. The experiment
yields E. COSY type multiplet patterns witlyy in F1 and Juy in the
F, dimension. Furthermore, passive couplings with are observed
in both dimensions. Phase cyclen = x,—Xx; receiver= x,—x. (B)
15N-HSQC-36N with selectivé=;-scaling: The experiment yields E.
COSY type multiplet patterns witbyy andJey in F1 andJyn and Jup
in F,, where theJyn couplings are scaled (£ 2y)-fold while the Jpn
couplings remain unaffected. Phase cyale:= 2(X,—X); ¢2 = X,X,Y,Y;
receiver= x,—x,—xX. (C) *"™N-HSQC-36N with>N—1°N relay: The
experiment generates cross peaks betwemnd'H nuclei with very
small Jun couplings through resolvedly andJwn couplings with the
neighboring®®N nuclei. It results in E. COSY type multiplet patterns
with Jyn in F1 andJuy in Fo. 7 = 1/(BJw). Phase cyclegp, = 4(x,—X);
¢2 = 4(Y),4(—Y); 3 = 2(X,X%,—X,—X); receiver= 2(X,—X,—X,X).

by the end of the delas in the sequence of Figure 1A was
setto 1/14 s. In molecules with a larger spread.gf coupling
constants, the nonselective 28®) pulse in the middle of the
delay could be replaced by a selecti refocusing pulse to
refocus the most disturbindyy couplings (Figure 1A).

The last!®N pulse of the'>\N-HSQC-36N experiment (Figure
1A) has a 36 flip angle. As in small flip angle COSY: this
leads to E. COSY type multiplet fine structures through

The resulting spectra each contained only cross peaks with On€:ouplings with spins that are not effectively excited by thé 36

of the two groups of nitrogens, so that two spectra with different
frequency offsets of the selective pulse had to be recorded to
obtain all'>N—H correlations. This strategy did not result in
longer experimental times, since the sensitivity in each of the
experiments was much improved compared to a nonselective
experiment, and a narrower spectral width in Fhedimension
could be used.

TheH—'H couplings inl are all less than 3 Hz, except for
the coupling between the geminal protons of the methylene
groups, which is about 14 Hz. To avoid the presence of

pulse but scalar coupled to the spins precessing duriagd
to. With a 36 pulse, the undesired multiplet components are
suppressed to below 10% of the desired des.

Most cross peaks in théN-HSQC-36N spectrum dof show
two components that are well-separated infheimension by
the Iy coupling to the othel®N spin within the same pyrazolyl
ring. The relative displacement of the two components in the
F, dimension corresponds to thigy coupling constant between
the detectedH spin and the™N spin, which is not at thé®N

antiphase coherence between the geminal methylene protons (12) Aue, W. P.; Bartholdi, E.; Ernst, R. R. Chem. Phys1976 64,

(11) Sgrensen, O. W.; Eich, G. W.; Levitt, M. H.; Bodenhausen, G.;
Ernst, R. R.Prog. NMR Spectrosd 983 16, 163—192.

2229-2246.
(13) Griesinger, C.; Sgrensen, O. W.; Ernst, RIRChem. Physl1986
85, 6837+~6852.
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Figure 2. Selected cross peaks from tH&-HSQC-36N spectrafa 6 mM solution of1 in CDsOD recorded with the pulse sequences of Figure

1. Coupling constants measured from the relative displacements of the multiplet components are identified with the peaks. (A) CrasstHheaks N
and N—Hq from theN-HSQC-36N spectrum recorded with the experiment of Figure 1A. The overlapping cross peaks are delineated by solid and
dashed lines, respectively. Experimental parametars: 71 ms,timax = 311 ms,tzmax= 1.06 s, total experimental time 4.7 h. The selectfin

pulse was a 12.5-ms hyperbolic secant pilaeverting the spins B-Ns. (B) Same cross peaks as in part A, but from Fiescaled>N-HSQC-

36N spectrum recorded with the pulse sequence of Figure 1B. The recording and processing parameters were identical with those of the spectrum
in part A, except thatimax= 311 ms refers to the total J-coupling evolution tigge<{ 0.5), and the total experimental time was 2 h. (C) Cross peak
No—Hg recorded with thé5N-HSQC-36N experiment withPN—°N relay (Figure 1C). The coupling constahf,, is readily measured from the
relative displacement of the cross-peak components, which are separ#&teblyithe 1Jy,n, coupling constant. The negative tilt of the cross peak
indicates that the sign ol is opposite to that ofdy,n,. Experimental parametersA = 71 ms,t = 58 ms,timax = 155 MS,tomax = 1.06 s,
experimental time 3 h. The selecti¥®N pulse was a 12.5-ms hyperbolic secant pulse inverting the spinsiiN

frequency of the cross peak. The situation is more complicated and?Jpy, are resolved in th€; dimension, and their values are
for the cross peaks with ANwhich turned out to have &y readily measured from the multiplet pattern. In addition, the
coupling of 4.3 Hz to N and a?Jpy coupling of 2.9 Hz to the small coupling®Jn,ns is resolved in the multiplet pattern (see
81p spin in addition to théJyy coupling of 8.5 Hz to N. Figure below).
2A shows thlfé partially overlapping cross peaks-Nq and N— For Jyn coupling constants smaller than about 0.5 Hz, the
Ho from the >N-HSQC-36N spectrum df. At the resolution  cross peaks observed in tHiN-HSQC experiments were very
of the spectrum in thé; dimension, the components of the \yeak or absent. ASN-HSQC-36N experiment withN—15N
doublet arising from théJuy coupling constant each appear to  rejay (Figure 1C) was used to enhance these weak correlation
be split into a triplet by théJyn and?Jen couplings, with overla_p peaks. In this experiment, the resolvg coupling to alsN
between the (_:Iosest components of the two apparent tnplets.spin N, for example, is used to create the coherengdasby
The Jun couplings can be measured from the displacement of {ha end of the INEPT delag. After the spin-lock purge pulse,
the central c'ompqne.nts of.the' apparent triplets alongRhe this coherence is converted intoMy by the following 90
freqlzjency axis as indicated in Figure 2_A, but the couplidgs pulses and further into My, through the followingSN—15N
and i]SPN cannot be measured from this cross peak. relay step. The antiphase magnetizatiopNK is detected

A PN-HSQC-36N experiment Wlthzselect!\l“q scalingwas  §yring the acquisition time. THEN—15N relay step intermit-
used to resolve the 'coup'hn@‘.i,\.,.q and“Jen (Figure 1B). The tently generates the term,N, Ny after the fourtht>N pulse of
pulse sequence is identical with that of tm‘l'HSQC'SGN the pulse sequence. The following delay (Figure 1C) serves to
experiment, except that the evolution time for fyq couplings  af5c5 thelSN—25N coupling. In principle, the experiment
IS |ncrea§ed (B 2y)-fold, while it remains unqhaﬂged for the  could also be recorded without this refocusing delay, using the
Jen couplings. In contrast to nonselectig scaling,” selective evolution timet; for refocusing. The only inconvenience would
F1 scaling results in an altered multiplet fine structure inFhe be that the FID recorded with = 0 would contain no signal
dimension. F|gure_ 2B shows theSSame cross peaks asin F'guresince the resulting cross peaks would be antiphase with respect
2A, but recorded with they-scaled N-HSQC-36N experiment. ;) yo 15y 15y coupling. The observation of the cross peaks
All eight multiplet components due to the couplifdg,n,, 2InNg in the 15N-HSQC-36N experiment witFN—15N relay depends

(14) Brown, L. R.J. Magn. Reson1984 57, 513-518. on the presence of a finite coupling between spins H apd N
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Figure 3. Pulse sequences relating the signlgf to that of\Juc. In B ppm
both experiments, the ladH pulse is a 36 pulse. (A)1*C-HSQC- N 7] b L 170
36H: The experiment relates the sign®df to that of 1Juc through 1 ' ) B
an E.COSY type multiplet pattern witdyc in F1 and3Juy in the F, N2 .
dimension.A = 1/(22J4c). Phase cycle:igp: = 4(X,—X); ¢2 = 2(XX, N 9 b -168
—x,—X); 3 = 4(x),4(—x); receiver= 2(x,—x),2(=xx). (B) *N-HSQC- 3 :
36H with F; scaling. The experiment relates the signlg§ to that of --166
3Jun through E.COSY type multiplet patterns wifly in F1 and 33
in Fo. A = 1/(Jun). Selective pulses: 1, 18@°N) inversion pulse N4 b ——164
inverting a subset of thEN resonances; 2, 18@°N) refocusing pulse v 15
acting on the same subset BN spins; 3, 186(*H) inversion pulse : | | | N(F1)

8.4 8.3 8.2

acting on the protons for which thin couplings with the'>N spins
refocused by the selective pulse 2 are to be scaled iRtdenension.
Phase cycleip:s = 4(x,—X); ¢2 = 2(X,X,y.y); ¢3 = 4(x),4(—X); receiver

HF,) ' ppm
Figure 4. Selected spectral regions froffC-HSQC-36H andN-

= 2(%, =X, =XX). HSQC-36H spectra recorded with the pulse sequences of Figure 3 and

o o . . the sample of Figure 2. (AFC-HSQC-36H cross peaks betweep-C
but their intensities are much improved over the experiment y_ c,—H;, C,~H,, and G—Hn, respectively. The positive tilt of the

without *>N—**N relay, since the experiment does not rely on cross peaks shows that the couplit@s,,, I, g and I,
the evolution of smallyn couplings during the delagx. To have the same sign a8u,c, "Jncy Jnc, andng, respectively.
measurelyy couplings with high accuracy, long acquisition Experimental parametersA = 100 ms,timax = 256 mMS,tamax = 530
timestamaxhave to be chosen anyway. During a long acquisition ms, total experimental time 4 h. (B) Cross peaks-Np, No—Hi, Ng—
time, antiphase magnetization can refocus into observable in-Hm and Ni—Hc from a**N-HSQC-36H spectrum witl, scaling. In
phase magnetization also through sndal couplings. addition, the cross peak:NH; is c_)bserved. The positive tilt of the
Determination of the Absolute Signs of the Homo- and ~ C/0SS Peaks shows thatthe couplidgg, Jugz; Juns, andJiy, have

. . the same sign as$dp, *Jugn *Jum,, and Jup. Experimental
Heteronuclear Coupling Constants. The absolute signs of the _ parameters:A = 71 ms.timee = 311 ms (including the-evolution

spalar coupling constants can be determined by relgting the'rperiod 2t With 7 = 1.5), tzmax = 1.06 s, total experimental time 45
signs to the sign of a positive one-bofd—*3C coupling*® min. Selective pulses used: 1, hyperbolic secant of 12.5-ms duration
The3C-HSQC-36H experiment (Figure 3A) was used to relate selectively inverting nitrogens—4; 2, RE-BURP pulsé of 10-ms

the sign of thé®Jy, 11, coupling to the sign of th&ly,c, coupling. duration selectively refocusing nitrogens-4; 3, G pulsé”’ of 23-ms

The experiment also relates the signs of the corresporiding duration selectively inverting the sping,Hg, Hq, and H.

andJyc couplings in the other pyrazolyl spin systems to each
other (Figure 4A). As in a regulal’C-HSQC experiment, 7 i > '
homonucleatH—H couplings do not contribute to the multiplet ~ PUISE’ selectively inverting théH resonances # Hg, Hg, and
fine-structure in theés; dimension. Joy andJuy couplings are  Hi- With y = 1.5, aJun coupling of 5 Hz appears as a 20-Hz
effectively decoupled by respectively the 286N) pulse during coupling, which is significantly Iarggr than tHéNN .coupllngs

t, and 15N broadband decoupling duririg The positive tilt of that are of the order of 8 to 9 Hz. It is then sufficient to record

the cross peaks shows that tHey couplings have the same the exp_eriment with only moderate digita_l resolution in e
sign as theJuc couplings. dlmen5|qn to o.bserve the E.COSY type tilt of the cross peaks.
The signs of thelyn couplings can be related to the signs of 1 he Positive tilt observed for the cross peaks in Figure 2
the3J.4 couplings by an analogous experiment performed with |n_d|cates that the sign of thbm couplings is positive like t_he
15\ instead of3C in the indirectly detected frequency dimen- SIgN of the®Juy couplings. Since the NH cross peaks with
sion. Since thé couplings are smaller than or of comparable the protons K Hr, Hy, and Hn show negative tilts in théN--
size to thelJyn couplings, anFi-scaled version of théSN- HSQC-36N experiment, théJyy couplings are negative, in
HSQC-36H experiment was designed to selectively scale theaccordance with literaturg8 'I_'hls experiment also_determlnes
Jun couplings without scaling théww couplings. The pulse the sign of all ptheﬂHN coupllngs thgt have not directly been
sequence is shown in Figure 3B. The selective scaling of the 'élated to the sign of & coupling, since they were correlated
Jun couplings is achieved by the elemepti—18C°(*H,15N)— to thg sign of thelnn couplings by thelSN-HSQC-36N
yt1, where the 18%('5N) pulse is a selective refocusing pulse €XPeriments.
and the 18Q('H) pulse a selective inversion pulse. The (17) Emsley, L.; Bodenhausen, Ghem. Phys. Lettl99Q 165, 469

spectrum of Figure 4B was recorded with a RE-BURP pilse 476.

(18) Berkhoudt, T.; Jakobsen, H. J. Magn. Reson1982 50, 323—
327. Kuroda, Y.; Fujiwara, Y.; Matsushita, K. Chem. Soc., Perkin Trans.
21985 1533-1536.

selectively refocusing thEN resonances of No Ny, and a G

(15) Kowalewski, JProg. NMR Spectrosd 977 11, 1-78.
(16) Geen, H.; Freeman, R. J. Magn. Resb®91, 93, 93—141.
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Figure 5. Pulse sequence of dh-decoupled®N-HSQC experiment.

The pulse sequence generates an E. COSY type multiplet pattern from

which Jup, Jen, and their relative signs can be measureds 1/(Jun).
Selective'®N pulses: 1, 18Dpulse inverting either the metal ligating
or the remoté®N spins; 2, 180 refocusing pulse selective for a single
one of the group of®N spins excited by the selective pulse 1. The
selective >N refocusing pulse provides effective homonucldak
decoupling duringt;. Phase cycle:g: = 2(X,—X); ¢2 = 2(X),2(y);
receiver= X,—X,—X,X.

Determination of 'H—31P and 3P—15N Coupling Con-
stants. Besides splittings due tdyn, the cross peaks in the
I5N-HSQC experiments are split by passive couplings with
respect t¢!P yieldingJpny andJyp in the F; andF, dimensions,
respectively. Thdpy andJyp coupling constants are most easily
measured from &;-decoupled®N-HSQC experiment (Figure
5). F1decoupling is achieved by the combination of a selective
180°(*N) refocusing pulse together with a nonselective 180
(*>N) pulse in the middle of the evolution tintg. Similar to
Fi1-decoupled NOESY experimerifsthe homonuclear couplings

between the selectively refocused nitrogen and the other

nitrogens are effectively decoupled in thefrequency dimen-
sion. Selective refocusing of a sindgf resonance retains the
Jpn couplings as the only couplings in the dimension. Since
1P is not pulsed during the experiment, an E. COSY type
multiplet pattern results from which the coupling constalats
andJyp can be read in th&; andF, dimension, respectively.

Eight differentF;-decoupled!>N-HSQC experiments were
recorded with the selective 188°N) refocusing pulse applied
to each of the eight individudPN resonances df. The 180-
(*>N) inversion pulse (1, Figure 5) was selectively applied to
all of the resonances;No N4 to achieve efficient magnetization
transfer during the INEPT step, while the 280N) refocusing
pulse (2, Figure 5) selected each of these féNrspins in turn.

In addition, the 189(*°N) inversion pulse (1, Figure 5) was
selectively applied to all of the resonancestdl Ng, while the
180°(15N) refocusing pulse (2, Figure 5) selected each of the
four 1N spins N, Ng, N7, and Ny in turn. Jpy couplings could

be resolved for thé®N signals of N, Ns, Ne, N7, and N; (e.g.
Figure 6A). NoJpy splitting could be resolved for the other
15N resonances which, at the resolution of the experiments,
places an upper limit 0f0.4 Hz to their couplings with the
phosphorus.

The Jup couplings were also determined from tte-
decoupled®N-HSQC experiment (Figure 5) and confirmed by
the analysis of the multiplet fine structure of tHf&—1H cross
peaks in the undecouple@N-HSQC-36N experiments (e.g.

J. Am. Chem. Soc., Vol. 119, No. 234297

Figure 6. Selected cross peaks from tike-decoupled!>N-HSQC
experiment and from #P-HSQC spectrum. Same sample as in Figure
2. (A) Cross peak N-H;, from theF;-decoupled®N-HSQC experiment
recorded with the sequence of Figure 5. The couplifigs and Ju.p

are read from the displacements of the multiplet components iRithe
andF; dimension, respectively. The positive tilt of the cross peak shows
that Jen, and Ju,r have the same sign. Experimental parametéyss=

71 mS,timax = 768 mMS,tomax = 1.06 ms, experimental time 30 min.
Selective®™N pulses: 1, 12.5 ms hyperbolic secant péfiseverting
Ns—Ns; 2, 70 ms RE- BURP puldacting on N. (B) Cross peak
between the®P resonance and ¢Hin the 3P-HSQC spectrum.
Experimental parameters: total duration of the INEPT delay: 100 ms,
timax = 426 ms,tzmax = 1.06 s, total experimental time about 16 h.

above). Othedpy couplings are much smaller and difficult to
resolve in this experiment, because of the relatively régd
relaxation. The positive tilt observed in the cross peak of Figure
6B within each of the multiplet components of the doublet made
by theJen, coupling originates from the couplingsn, andJus,,
which were more accurately determined from fs-HSQC
experiments. ThéP-HSQC experiment yielded cross peaks
with Hs, Hg, Hn, Hn, and H, identifying these as the protons
with the largest coupling constants to tH#e spin.

Figure 2B). These experiments also determine the relative sign Determination of Small *®N—15N Coupling Constants. The

of the Jup and Jpy couplings. The absolute sign of tRésn,
coupling was determined by a simpl&-HSQC experiment
recorded with an INEPT delay of 100 ms. No pulses were
applied at thel>N frequency, resulting in E. COSY type
multiplets with respect to the largéen, coupling inF; and the
respectivelyn, coupling in theF, dimension. Figure 6B shows
the cross peakPH; from the31P-HSQC spectrum. Ty,
coupling constant is 43.3 Hz and easily resolved in Fhe
dimension. The poorly resolved, positive tilt of the cross peak
shows that the sign of théy, coupling is the same as that of
the Jung coupling, which had been determined as positive (see

(19) Brischweiler, R.; Griesinger, C.; Sgrensen, O. W.; Ernst, RL.R.
Magn. Reson1988 78, 178-185. Otting, G.; Orbons, L. P. M.; Wiarich,
K. J. Magn. Reson199Q 89, 423-430.

15N-HSQC-36N experiment with selectiig; scaling clearly
reveals two furtherdyy couplings besides th&yn coupling
(Figure 2B). The assignment of thedgn couplings was
achieved by a quantitative long-rangf®—1°N (LRNN) cor-
relation experiment. As in the original experiments developed
for J-coupling measurements in isotope enriched prot®itise
LRNN correlation experiment is an “out-and-back” experiment,
where the magnitudes of tligy coupling constants are encoded
in the cross-peak intensities. Figure 7A shows the pulse
sequence of the quantitative LRNN correlation experiment. First,

(20) Bax, A.; Max, D.; Zax, DJ. Am. Chem. Sod992 113 6924
6925. Vuister, G. W.; Yamazaki, T.; Torchia, D. A.; Bax, A. Biomol.
NMR 1993 3, 297—-306. Vuister, G. W.; Bax, AJ. Magn. Reson. B993
102 228-231.
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Figure 7. Pulse sequences for the measurement of size and sidtafouplings, and the sign afn couplings. (A) Quantitative long-range
IN—15N (LRNN) correlation experiment. The experiment is an “out-and-back” experiment with the magnetization trgrsféf,Nay — H;NaNox
and back. The coupling constaiiy is measured from the relative peak intensities of the-l and N,—H cross peaks:(Ny—H)/I(Na—H) =
sirf(zrJr)/co$(nr). All selective 1N pulses are 180inversion pulses. The selective pulse 1 acts on the four low-fildresonances, if the
selective pulse 2 acts on the four high-fiéitll resonances, or vice versa. The selectivity of these pulses helps to diréidtrtegnetization to the
nitrogens of interest in the INEPT step and to refocus'fhg couplings during the relay perioda. = 1/(2Jun), T = 1/(23nn). Phase cycleip, =
32(%,—X); ¢2 = 16(y,y,—Y,—Y); ¢z = 32(X),32(—X); ¢a = 8[4(Y),4(=Y)]; ¢s = 4[8(X),8(—X)]; ¢ = 2[16(X),16(—X)]; receiver= 2[4(X,—X),8(—X,x),4-
(%,—x)]. (B) DQ/ZQ-PN experiment. The experiment generates mixed DQ/ZQ coherence bétvea®'P via the magnetization transfer pathway
Hx — HNy, — H,NiP,. The selectivé®N pulses are the following: 1, 180nversion pulse acting on the metal coordinatiily spins; 2, 180
refocusing pulse acting on a single one of tfé spins excited by the selective pulse 1; 3, 18Wersion pulse for the group of fodfN spins
remote from the metal coordination sphefe= 1/(3Jun), T = 1/(3Jen). Phase cycleip: = 32(x,—X); ¢ = 16(X,X,Y,Y); ¢s = 8[4(X),4(—X)]; ¢a =
4[8(X),8(Y)]; ¢s = 2[16(x),16(—X)]; ¢s = 32(X),32(—X); receiver= X,—X,—X,%2 (=X, %X, = X),X,—X,=X,X, 2[=X,X, %, =X, 2 (X,—X,—X,X), = X,X,X,—X], X,— X,
—X%X,2(—X%.X.X,—X),X,—X,—X,X. Numbers in circles indicate the time points for which the product operator terms are discussed in the text. (C) DQ/
ZQ-NN experiment. The experiment generates mixed DQ/ZQ coherence betwethltspins via the magnetization transfer pathwayHH Nay

— H;NaPy — HNaPyNp, — H,NayP.Npy. The selectivé®N pulses are the following: 1, 18@nversion pulse acting on the metal coordinatifly
spins; 2, 180 inversion pulse acting on a single one of the exci@tspins (N). A = 1/(una), 71 = 1/(BJeng), T2 = 1/(Jeny). Phase cycleips =
16(X,—X); ¢2 = 4[4(X),4(—X)]; ¢d3 =2[8(Y),8(—Y)]; P2 = 8(X.X,—X,—X); ¢p5 = 16(X),16(—X); receiver= 2[X,—X,X,—X,2(—X,X,—X,X),X,—X,X,—X].

antiphase coherence is created with respect to one dffthe  in the LRNN correlation experiment. Parent and relayed peaks
spins coordinating the metal ion. This coherence is relayed are of opposite sign, because the relayed peak originates from
throughJyn couplings to any of the othéPN spins, frequency magnetization that is defocused and refocused by Jhe
labeled during;, and relayed back through the same pathway. coupling according to B — NaNp; — —Nax While the

Denoting the proton and nitrogen spins as H, Bnd N, magnetization of the parent peak represents that part of the
respectively, the relevant product operator terms immediately magnetization that did not evolve with tldgy coupling. The
preceeding the 90*°N) pulse beford; are HNay and HNaNp,. relayed peaks in Figure 8A clearly demonstrdig couplings

The 90(*>N) pulse converts these terms into,Ngd, and between Nand N, Ns and N, and N; and Ns, but not between
HNaNpx, which subsequently precess duritg with the Ns and Ns or N; and Ns. The spectrum of Figure 8A was
frequencies of Band N,, respectively. The cross peakg recorded with a®®N—15N relay delay of 250 ms for which a

H and N, — H identify the nitrogen spins connected through Jyn coupling of 2 Hz would lead to complete magnetization
Jun. Their intensities depend on the relay delays preceeding transfer. Evaluating the relative intensities of relayed and parent
and following the evolution time; with cog(zJr) and sii- peaks, we determinegdng,| = 4.3 Hz, |Ingn,| = 0.3 Hz, and
(7Jr), respectively. Assuming identical relaxation of both terms, |Ingngl = 0.2 Hz, while|Ingn,| @and|JInngl must be smaller than
the coupling constant can readily be calculated from the relative 0.2 Hz. The sign of the cis couplindgn, andJngs iS negative,
volume of the two cross peakg. as revealed by the negative tilt of the multiplet fine structures
Figure 8A shows a few spectral regions of the LRNN of the N—H, and Ns—Hg cross peaks in tht®N-HSQC-36N
correlation experiment. The most intense cross peaks are thespectrum withF; scaling (Figure 2B). The sign of the trans
“parent peaks” that also occur in reguf@N-HSQC spectra. coupling Iy, could not be determined from tH&N-HSQC-
The weaker cross peaks are the relayed peaks that occur onl\86N spectra, since none of the proton spins has resolved
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Figure 8. Selected spectral regions from the quantitative long-rafge >N (LRNN) correlation experiment, the DQ/ZQ-PN experiment and the
DQ/ZQ-NN experiment recorded with the pulse sequences of Figure 7. Same sample as in Figure 2. (A) LRNN correlation spectrum. The resonance
assignments are indicated. The most intense peaksHN Ns—Hc, Ne—Ha, N7—H;, and Ns—Hy) are direct correlations. The relayed cross peaks
between them indicate sma&lyy couplings across the metal center. Arrows point from the direct correlation peaks to the relayed cross peaks.
Experimental parameters\ = 58 ms,7 = 250 ms,timax= 30 mS,tzmax = 1.06 s, total experimental time 6 h. (B) DQ and ZQ cross peaks from
the DQ/ZQ-PN experiment. The DQ and ZQ frequencies and the splitting diig ®nd Jen couplings are identified. Experimental parameters:
A =71 ms,7 = 170 mS,timax= 240 mMs,tomax = 1.06 s, total experimental time about 11.5 h. Selectiepulses: 1, 12.5 ms hyperbolic secant
pulsé® applied to N to N7; 2, 60 ms RE-BURP puld&applied to N; 3, 12.5 ms hyperbolic secant pulse applied totdNN,. The first 21 points
in thet; dimension were generated by linear prediction to account for the delayed acquisition caused by the $®leictirezsion pulse in the
middle oft;. (C) DQ and ZQ cross peaks from the DQ/ZQ-NN experiment. The multiplet splittings ditg twuplings in them; dimension are
identified. Experimental parameter& = 71 ms,7; = 11 ms,7, = 100 MS,timax = 266 Ms,tzmax = 1.06 s, total experimental time about 14.3 h.
Selective!™N pulses: 1, 12.5 ms hyperbolic secant pulse centered at the frequengyf38 ms G pulsé’ applied to N. TheF; frequency axes
in (B) and (C) are labeled with respect to the carrier frequency.

couplings to both nitrogens simultaneously. This sign was No cross peaks were observed between remote nitrogen spins

determined from a DQ/ZQ experiment (see below). in this experiment, placing an upper limit of 0.3 Hz on the
The spectrum of Figure 8A was recorded with semiselective magnitude of any of th&lyy couplings across the metal center.

15N inversion pulses applied to;No N, during the relay delays ~ The absence of sizabfyn couplings is independently con-

to avoid the generation of relayed peaks viathg couplings. firmed by the absence of further multiplicity in tAeN NMR

To check for 3Jyn couplings across the metal center, a signals (e.g. Figure 2B).

quantitative LRNN correlation experiment was also recorded The double quantum/zero quantum (DQ/ZQ) experifient

without these selective 180°N) inversion pulses to enable the  relates the sign of the couplingm to the sign of the coupling

evolution of antiphase coherence of tH&l spins of N, N, Jux in a linear 3-spin systemAM—X, whenJax = 022 Using

N7, and N with respect to the spins ofiNNz, N3, and N,. The (21) Rexroth, A.; Schmidt, P.; Szalma, S.; Geppert, T.; Schwalbe, H.;

trivial transfer of coherence through the lardn couplings  Griesinger, C.J. Am. Chem. Socl995 117, 10389-10390. Jarvet, J..
was minimized by choosing a relay delay of 118 md/*J\n. Allard, P. J.J. Magn. Reson. B996 112 240-244.
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the DQ/ZQ-PN experiment of Figure 7B, the unknown sign of
Jnen, Was related to the sign of the couplid@n,, which in
turn was related to the known sign of the couplfdgn, by the
DQ/ZQ-NN experiment of Figure 7C.

Otting et al.

that relate the signs &py, or 2Jpn,, respectively, to the sign
of 2Jpy,. In this way it was confirmed that the sign &fpn,,
too, was opposite to the sign &fpn,.
The DQ/ZQ experiments complete the chain of experiments

The pulse sequence of Figure 7B generates the coherencéo determine the absolute sign of the trédgy coupling across

HaNexPy through the magnetization transfer pathway at the
time points indicated in the Figure: Jd1) — HayNsA(2) —
HaNey(3) — HaNexP2(4) — HaNexPy(5). This magnetization
transfer was optimized by the use of selective°{8N) pulses
(labeled 1 and 2 in Figure 7B) that were applied to-N; and
Ne, respectively. The coherencesMNe,Py is mixed DQ and
ZQ coherence, which evolves during the evolution timeith
the sum and the difference of theN and3'P frequenciefy,
andQp with respect to thé>N and3!P carrier frequencies. The
coherence ENexP, present at the end of the evolution tire
is refocused via ENexP,(6) and HNey(7), and the antiphase
magnetization ENe(8) is detected during the acquisition time.
The DQ and ZQ components of the coherenggNiLP, evolve
with the sum and the difference of the couplings afahd P
with the common coupling partner;N Couplings with N—
N4 were refocused by a selective 286N) inversion pulse
applied to N—N4 (labeled 3 in Figure 7B).

The identification of the DQ and ZQ peaks is not complicated
by the absolute signs of the magnetogyric ratios of'theand
31p spins, since current NMR spectrometers operate with linear
as opposed to circular radio frequency fields, measuring the
absolute value of the precession frequencies relative to the carrie
frequency without distinction between positive and negative
Larmor frequencies. Placing the respective carriers at the high-
field ends of the"®N and3!P resonances consistently results in
larger frequencies for the DQ coherence than for the ZQ
coherence.

Figure 8B shows the spectrum recorded with the DQ/ZQ-

the metal center2Jy,, is positive, since it was determined to
be of opposite sign fromJey, by the DQ/ZQ-PN experiment.
2Jen, (like all other cisJpy couplings inl) is negative because
its sign is opposite to that dlpn, as determined by the DQ/
ZQ-NN experiment. 2Jpy, is positive because th&P-HSQC
experiment shows that it has the same sigd-ag (Figure 6B).
JniNg IS positive because it has the same sigﬁ\b@g, which
has the same sign &8y c, by the 1®N-HSQC-36H and-*C-
HSQC-36H experiments of Figure 4.

Discussion

Figure 9 summarizes the scalar coupling constants measured
for 1. The signs and sizes of all two-bond coupling constants
between the metal ligatiffN and3!P spins were determined,
except for the vanishingly small cfdyn couplings between
nitrogens of the two different bis-pyrazolyl ligand4. is the
first example wheréJyn coupling constants across a metal
center with octahedral coordination have been measured. As
with similar couplings betweetH, 13C, and®!P spins, the trans-
2Jun coupling is much larger than the cdidw coupling.
Interestingly, all cisiJpy and cis2Jyy couplings measured ih

ere negative, while the trafdpy and transiJyn couplings
were positive. The absolute signs of homonuclear and hetero-
nuclear coupling constants have only been established for a
limited number of organometallic complexe¥?4 However,
the same sign rule has been observed for the corresponding
couplings betweeriH, 3P, and3C spins in a number of
octahedrally coordinated metal complexes (see, e.g. refs 4, 5,

PN experiment of Figure 7B. Cross peaks are observed at they 4 24). The present results show that coupling§iio which

F, frequencies of Hand Hy, which are the protons with the
largest coupling constants withgN9.7 and 4.2 Hz). The
multiplet fine structure of the cross peaks in fhedimension
is dominated by the largéJen, coupling. In addition, the
splitting due tc?Jen, — JIngn, IS Observed for the zero-quantum
cross peaks &y, — Qp, While the splitting2Jen, + Inen, IS
not resolved for the double-quantum cross peal@nat+ Qp.
This shows thatJen, and Iy, are of opposite sign.

The magnitudes of the c&py couplings range between 2.7
and 2.9 Hz. Their absolute sign was determined by the DQ/
ZQ-NN experiment of Figure 7C. It generates the coherence
Ha:NsyP-Nsy by the pathway k(1) — HayNsz(2) — HaNsy(3)

— HaNeP2(4) — HdzNSZPy(S) — HaNgP«NsA6) — HdzNSyP zN5y'

(7). This magnetization transfer was optimized by the use of
selective 180(1°N) pulses (labeled 1 and 2 in Figure 7C), which
were applied to Bland N;, respectively. The experiment yields
at the same time the corresponding coherence wijtimstead

of Hg. HaNe/PNsy represents mixed DQ/ZQ coherence
between spins Nand Ns, which evolves during the evolution
time t; underJpy andJyy couplings. The phosphorus spin is a
common coupling partner for bothsNind N;, and the sign of
2Jpng is known from thel!P-HSQC experiment. The spectrum
of Figure 8C shows that the sum of the couplirfdsy, and
2Jpn leads to a smaller splitting in the DQ cross peaks than the
difference of the couplings observed in the ZQ cross peaks.
Consequently2Jpy, and?Jey, are of opposite sign. Besides the
multiplet splittings due toJpn, splittings by the largetdun
couplings of N and N; are also resolved in the DQ and ZQ
cross peaks of Figure 8C.

Placing the second selective 286N) pulse (labeled 2 in
Figure 7C) at the frequencies ofsr Ny yields experiments

(22) Otting, G.J. Magn. Resonl987 124, 503-505.

has a negative gyromagnetic ratio, are no exception from this
rule.

All the pulse sequences previously used for the analysis of
coupling constants in tris(1-pyrazolyl)meth&neere based on
the HMQC experiment, which is insensitivetd—H coupling
evolutions during the relatively long constant delays needed to
build up antiphase coherence with respect to the heteronuclear
spins. When applied th, however, théH—H couplings that
evolve during the evolution time obstructed the high resolution
needed to resolve the additional multiplicity of tH& NMR
signals due to smallpy and additionaldyy couplings. Fur-
thermore, théH—1H coupling evolution in the HMQC experi-
ments resulted in mixed phases in the acquisition dimension of
the spectra, calling for spectral representations in magnitude
mode. The evolution ofH—!H couplings in HMQC experi-
ments can in principle be suppressed by the usef apin-
lock pulse during the evolution tinf8. However, experiments
using this approach gave poor signal-to-noise ratios in our hands
when using long evolution times for high-resolution spectra.

HSQC pulse sequences have several advantages over HMQC
experiments: (1) HSQC experiments offer the possibility of
applying spin-lock purge puls&s” or pulsed field gradient’
to select the desired heteronuclear antiphase magnetization and

(23) Pregosin, P. S.; Kunz, R. WNMR Basic Princ. Prog1979 15,
28, 34, and 86 and references therein. Verkade, £dbrd. Chem. Re
1972/739, 1-106. Goodfellow, R. J.; Taylor, B. B. Chem. Soc., Dalton
Trans.1974 1676-1684. Pankowski, M.; Chodkiewicz, W.; Simonnin, M.
Inorg. Chem1985 24, 533-541. Hyde, E. M.; Kennedy, J. D.; Shaw, B.
L.; McFarlane, WJ. Chem. Soc., Dalton Trans977, 1571-1576. Bowers,
C. R.; Weitekamp, D. PJ. Am. Chem. S0d.987 109 5541-5542.

(24) Partridge, M. G.; Messerle, B. A.; Field, L. @rganometallics
1995 14, 3527-3530.

(25) Grzesiek, S.; Bax. Al. Biomol. NMR1995 6, 335-339.

(26) Otting, G.; Withrich, K. J. Magn. Resonl988 76, 569-574.
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Figure 9. Overview over the coupling constanisy (A and B), Jup
and Jey (C), andJuy (D). In part A and B, only intra-pyrazolyluy
couplings with the circled®N spins are indicated. Furthermore, intra-
bis-pyrazolylJun couplings with the methylene protons are indicated,
with arrows identifying théN spin involved in theluy coupling. The
values are plotted at the locations of the hydrogens involved ididhe
couplings. No inter-bis-pyrazolyln coupling across the metal center
could be resolved. In part C, tlige couplings with the singlé'P spin
are indicated at the locations of the hydrogens involved. Arrows identify
the 15N spins involved in thelpy couplings. In part D, single headed
arrows identifyJyy couplings. Double headed arrows identffn
couplings. No inter-bis-pyrazolyIyn or 23Jyn couplings across the metal

center other than the ones indicated in part D could be detected, placing

upper bounds 0f0.2 and|0.3 Hz, respectively, on these couplings.

J. Am. Chem. Soc., Vol. 119, No. 234397

1H decoupling during;, since the'H spin terms are along the
z-axis? Exceptions occur whetH—1H couplings evolve into
antiphase magnetization during the INEPT delay and are
converted into zero-quantum coherence by the secon@H0
pulse?’” Zero-quantum coherences evolve durihgunder
homonucleatH—H coupling. Therefore, the spectrabivere
recorded so that the large gemirdaly coupling between the
methylene protons was refocused by the end of the INEPT delay
A. In this particular compound, the evolution of otRer—1H
couplings could be neglected, since they were all smaller than
3 Hz. For measurements of compounds with a larger spread
of 'H—1H coupling constants, it may be advantageous to replace
the 180(*H) refocusing pulse in the middle of the INEPT delay
of the HSQC experiments by a selective 1@88) refocusing
pulse, which effectively decouples the set of refocused protons
from all other protons. Clearly, the use of a selective°{84)
pulse during the delax would require the recording of different
experiments with different frequencies of the selective®180
(*H) pulse to obtain cross peaks with all protons. Yet, this
approach may well be worthwhile, since it not only improves
the resolution in thé=; dimension but also channels mdite
magnetization into the desired coherence transfer pathway,
resulting in enhanced sensitivity.

Several selective experiments do not necessarily require more
time to record than a single nonselective experiniénEor
example, eight differerfe;-decoupled>N-HSQC experiments
(Figure 5) were recorded here to determine Jhg coupling
with each of the eight individudPN resonances. Each of these
selective experiments could be recorded in a very short time,
since each spectrum contained #¥&—H cross peaks with
only a single'®N resonance, allowing a very narrow spectral
width in the F; dimension. Since the decoupling of thgy
couplings improves the signal-to-noise ratio, the shortened
experimental time per spectrum does not necessarily compro-
mise the sensitivity compared to a nonselective experiment. In
practice, it suffices to change the frequency of the selectivé-180
(*5N) refocusing pulse (Figure 5) between the different experi-
ments. Although this may lead to multiple folding of the signals
in theF;, dimension, the tilt of the E.COSY type multiplet pattern
is unaffected when using the Statd¢saberkorr-Ruber! or
States-TPPP2 scheme for quadrature detection.

In principle, the relative signs of the smalky and Jpn
couplings inl could also be determined by E.COSY type

The uncertainties of the coupling constants are estimated to be less€XPeriments. Since none of the protonsliris a common

than 0.2 Hz.Jcn coupling constants of £214 Hz were measured for
CJ/Ng4, Gi/N2, CJ/Ni, and Gy/Nsz with an accuracy of about 1 Hz.
Similarly, Jen couplings of 3-4 Hz were measured fory@s, Cy/No,
Cy/N1, and G/Ns. Isotope effect®!>N(**C) — 6*N(*2C) were>2 and

<1 Hz for the one-bond and two-bond effects, respectively, for the
C/N pairs for whichJcn couplings were measured.

suppress thg noise from unwanted coherences. A single spin-
lock purge pulse was sufficient to obtain clean spectra Wwith

(2) When a purging scheme by spin-lock pulses or pulsed field
gradients with an HSQC experiment is used, the spectral quality
is usually acceptable without additional coherence order selec-

tion by pulsed field gradients during the evolution titpe The

recording of conventional phase-sensitive experiments improves

the signal-to-noise ratio bﬁ compared to experiments using

coherence selection by pulsed field gradients during the evolu-

tion time. (3) For the long-range correlations needed Wjth

phase-sensitive spectra are automatically obtained with the

HSQC experiments without the need for additional purging
sequence® (4) The HSQC experiments offer effectiviel—

(27) Mattila, S.; Koskinen, A. M. P.; Otting, G. Magn. Reson. B995
109 326-328.
(28) Brthwiler, D.; Wagner, GJ. Magn. Reson1986 69, 546-551.

coupling partner for nitrogens located in different bis-pyrazolyl
ligands and mosty couplings are below 1 Hz, it is not possible
to correlate, e.g., & N7, and a proton, or N P, and a proton
in any simpletH-detected E.COSY type experiment. By using
the mutually coupled spinsg\N7, and P, suitable E.COSY type
31p—15N or 15N —15N cross peaks could be generated, where the
Jun and Jpn couplings of interest appear as passive couplings.
However, these experiments would necessarily be three-
dimensional experiments, #H detection is to be used for
sensitivity enhancement. The DQ/ZQ-PN and DQ/ZQ-NN
experiments yield the sign information of thlyy and Jen
couplings in straightforwardH-detected two-dimensional ex-
periments that are reasonably quick to record.

The experiments presented in this work produce antiphase
multiplet fine structures in the acquisition dimension. He
decoupled>N-HSQC experiment of Figure 5 and the LRNN

(29) Mackin, G.; Shaka, A. J. Magn. Reson. A996 118 247—255.

(30) Cavanagh, J.; Waltho, J. P.; KeelerJJMagn. Reson1987, 74,
386-393.

(31) States, D. J.; Haberkorn, R. A.; Ruben, Dl.MMagn. Resorl982
48, 286-292.

(32) Marion, D.; Ikura, M.; Tschudin, R.; Bax, A. Magn. Resor1989
85, 393-399.



5434 J. Am. Chem. Soc., Vol. 119, No. 23, 1997 Otting et al.

correlation and DQ/ZQ experiments of Figure 7 could be Experimental Section
extended by a refocusing sequerid@—180°(*H,>N)—A/2 and

**N broadband decoupling during acquisition. This modification .o e1thenium(il) Chioride, [RUCI(PPh )(BPM),] CI- (1). The
would Improve the, ?Pe""a,' resolytlon In tﬁ@dlmer!5|on, but 99%15N-labeled ligand bis(1-pyrazolyl)methane was synthesized with
the potential sensitivity gain achieved by decoupling would at yse of 99%5N-labeled hydrazine sulfaté® The 99%35N-labeled
least in part be compromised by relaxation and by the phasemetal complex1 was synthesized from 99%SN-labeled bis(1-
distortions arising from the evolution df;4 couplings during pyrazolyl)methane and RufPPh)3,%* following a previously described
the refocusing delay. method’

In principle, the appearance of the DQ/ZQ-NN experiment ~ NMR chemical shifts:*H (400 MHz; solvent CROD, referenced
of Figure 8C could have been improved by decoupling the large against residual solvefiti signal as 3.50 ppm)o 8.46 [H], 8.43 [H],
homonucleattdyy couplings duringt; by the use of a semi- ~ 8:25[H], 8.23[Hd, 8.21 [Hy], 8.17 [Hv], 7.55-7.21 [aromatics], 7.54
selective 18¢(15N) inversion pulse applied to NNy in the [Ha], 6.99 [H], 6.74 [H], 6.69 [Hol. 6.52 [Hy], 6.47 [H], 6.41 [Hy],
middle of t; as in the DQ/ZQ-PN experiment of Figure 7B. 6.04 [H, 5.86 [Hi], 5.72 [H] *C (100 MHz, solvent (_:EDD’
However. the long selective pulse would have delaved the referenced against the solvefi€ resonance as 49.3 ppmy: 151.6

ever, g s€ ' P / yed e (1 148.8[G], 147.1 [G], 144.2 [G], 137.0 [G], 136.4 [Gy, 136.0

acquisition in thet; dimension, mgl_«ng a phase-gensmve [Cg], 134.6 [G], 134.6-128.8 [PPH|, 110.0 [G], 109.4 [GJ, 109.1
recording difficult. The phase-sensitive representation of the [c,] 108.9 [G], 64.3 [Cid, 63.4 [God. N (60 MHz; solvent C3-
DQ/ZQ-PN spectrum of Figure 8B was obtained by linear back- oD, referenced against external nitromethand):—170.13 [N],
prediction of the first 21 points in thig dimension. Yet, some  —167.90 [N], —167.34 [N], —163.51 [Nj], —153.70 [N, —151.15
artifactual peak intensity in the center of thg, multiplet of [Nel, —149.40 [N], —128.21 [N]. *P (162 MHz, solvent CEDD,
the ZQ cross peak was observed (Figure 8B). With a semise-referenced against external neat trimethyl phosphite taken as 140.85
lective 15N inversion pulse in the middle @f, many more data ~ PPM): 0 49.3.

points would have had to be predicted for the DQ/ZQ-NN Two-Dimensional NMR Experiments. The semiselective’®N
experiment of Figure 8C, because the increment in tihe inversion pulse applied in the middle of the INEPT delay in any of the
dimension was much SmZa{IIer experiments described here was a hyperbolic secant®puité2.5-

ms duration. This pulse was suitable for the simultaneous selective

inversion of N, N, N3, and N.. While the!>N resonances of §)l N,

and N, were close to each other in frequency, the resonance ofas
Literature data on organometallic compounds show that the further separated. To obtain good simultaneous inversions &6 N

two-bond couplings betweetH, 3P, and!3C spins across a  Without affecting the resonances % N4, a 12.5-ms hyperbolic secant

metal center are commonly an order of magnitude larger, if the Pulse was used, which was modulated by a cosine function to produce

spins ligated to the metal are positioned trans rather than cistwo simultaneous excitation ranges, one centered on the resonances

with respect to one another. The present data extend this resulf\s {7 and the other on the frequency o NThis pulse was applied
2 5 . ;. . with an offset placing its effective frequency half-way betweentthie
to 2Jpny andZJyn couplings. In addition to the magnitudes of

) ) : frequencies of Bto Nz, and N.. With the exception of the DQ/ZQ
the scalar couplings, the absolute sign of the scalar couplingseyperiments, quadrature detection in the indirect frequency dimension

was measured. The sign of the trédsy and transinn was achieved by incrementing the phases of'@l or 13C pulses
couplings was found to be positive, while the sign of the preceding the evolution timgin the States TPPF2manner. The DQ/
corresponding cis couplings was negative. This, too, coincides ZQ experiments were recorded without quadrature detection iRthe
with earlier results obtained for homo- and heteronuclear dimension. Instead, the carrier frequencies were placed at the high-
coupling constants measured between spins other'thaim a field end and the; data Fourier transformed with a cosine FT. The
variety of different metal complexes, where the cis and trans spectral repres_entatipns_in Figure 8W§re obtained by setting the reverse
couplings are opposite in sign. Althoudby couplings are flag for theF, d|me_n3|on in the processing s_oftware of the s_pectrometer
significantly smaller thaRdyp, 2Jer, or 2Jpy couplings, they are manufacturer (xwin-nmr1.2). Before Fourier transformation, the data

il dil d and theref ful \vtical tool f were multiplied by a cosine window function in both dimensions. To
stlf readily measured an erefore a uselul analylical tool 101 jeyiate the linebroadening effect of the window multiplication in the

the conformational analysis of organometallic complexes. In g gimension, the, data were extended by linear prediction with use
summary 23sy—ru-x(is) < 0; 2I5N—ru-X(rans) > 0; [2J5N—Ru-X(rans) of the algorithm provided in xwin-nmr.
> |2y_ru-x(cis)l, X = 3P, 15N.
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