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Sets of specifically tailored E.COSY-type correlation experi-
ents and double-quantum/zero-quantum (DQ/ZQ) experiments

re presented which enable the determination of sign and size of
mall heteronuclear coupling constants across the metal center of
ransition metal complexes. For the octahedrally coordinated com-
lexes, [Ru(TPM)(H)(CO)(PPh3)]

1[BF4]
2 (1) and [Ir(TPM)(H)-

CO)(CO2CH3)]
1[BF4]

2 (2), 14 of 15 and 15 of 15 possible two-
ond scalar coupling constants across the metal center were mea-
ured, respectively, using 15N and 15N/13C enriched samples
TPM 5 tris(1-pyrazolyl)methane)). The reduced coupling con-
tants 2KX-M-Y 5 4p2 2J/(hgXgY) were found to be positive when the
oupled nuclei X and Y were trans with respect to the metal
enter, and negative when the coupled nuclei were in cis position.
he validity of this sign rule was verified for JCC, JNN, JPN, JPC, JCN,
HP, JHC, and JHN couplings. Idiosyncracies associated with 2D
MR spectra for the sign determination of coupling constants
ith 15N which lead to corrections for the signs of JHN, JPN, and JCN

ouplings reported previously are discussed. © 1999 Academic Press

Key Words: sign of scalar coupling constants; E.COSY-type exper-
ments; DQ/ZQ experiments; long-range correlation experiments.

INTRODUCTION

NMR provides a powerful tool for the rapid analysis of
tereochemical structure of reactive transition metal compl
he determination of the relative disposition of ligands abou
etal center is central to the determination of the structure of

omplexes. Nuclear Overhauser effects are most readily us
lucidate the relative conformation of ligands which contain

ons. When the ligands contain heteronuclei with spin 1/2 bu
r no protons, scalar coupling constants yield more easily a
ible information. For example, stereochemical informatio
ontained in the magnitude of2J coupling constants across t
etal center as2J(trans) is usually significantly larger than2J(cis)

or transition metals from the second and third rows of
eriodic system (1–6). Furthermore, the absolute signs of th
calar coupling constants are dependent on the relative dispo

1 To whom correspondence should be addressed, at: Karolinska Ins
BB, Doktorsringen 9A, S-171 77 Stockholm, Sweden. Fax:146-8-315296
-mail: gottfried.otting@mbb.ki.se.
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f ligands about the metal center being, as a rule, positive
egative for2K(trans) and 2K(cis), respectively (5, 6). K denotes

he reduced coupling constant,K 5 4p2J/(hgIgS), wheregI andgS

re the gyromagnetic ratios of the coupling spins andh is Planck’s
onstant. While this sign rule seems to hold for transition m
omplexes from the second and third rows of the periodic sy
eversed relative magnitudes and signs of2K(trans) and 2K(cis)
ouplings have been reported for metal centers from the firs
f transition metals in the periodic system (1, 2, 4–7), a situation
hich is not further discussed here.
Although the sign rule offers a useful criterion for the geom

ic disposition of ligands in a metal complex, the experime
ase for the sign rule is relatively small (5, 6). In the following,

he validity of the sign rule is demonstrated for two octa
rally coordinated transition metal complexes, [Ru(TPM)(
CO)(PPh3)]

1[BF4]
2 and [Ir(TPM)(H)(CO)(CO2CH3)]

1[BF4]
2

Fig. 1), containing1H, 31P, 13C, and15N spins in the first coor
ination sphere. Measurement of all 15 possible2J coupling
onstants between the metal-binding spins was attempted t
ut sign changes due to small deviations from octahedral co
ation. Complete sets of improved two-dimensional E.CO

ype and DQ/ZQ experiments are presented which allow
etermination of the absolute signs of the coupling constan
elating them to the known sign of a one-bond coupling cons

In a previous study of a different metal complex contain
Ru ion with15N and 31P nuclei in an octahedral coordinati

hell, we concluded that2J(trans) . 0 and2J(cis) , 0 (8).
his conclusion is shown to be erroneous. Because o
egative gyromagnetic ratio of the15N nucleus, the15N fre-
uency axis should be reversed (see the Appendix) (9), chang-

ng the signs of allJHN, JPN, and JCN coupling constant
eported in Refs. (8) and (10). The signs of all other coupling
n particular those ofJNN couplings, were correct.

In the present study, all heteronuclear correlation sp
ere plotted in the conventional way, irrespective of the s
f the gyromagnetic ratios of the nuclei involved. Con
uently, a positive tilt of an E.COSY-type13C–1H (31P–1H)
ross peak indicates identical signs ofJCX ( JPX) andJHX, where
denotes a common coupling partner not excited during

te,
1090-7807/99 $30.00
Copyright © 1999 by Academic Press
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414 OTTING, SOLER, AND MESSERLE
xperiment, whereas a positive tilt in a15N–1H cross pea
ndicates different signs ofJNX andJHX (see the Appendix).

Many of the experiments were tailored to the coup
onstants and chemical shifts encountered in the compo
sed here. A comprehensive overview is provided to illus

he underlying general strategy for the sign determination
o provide a framework for analogous work with other co
ounds. It is demonstrated that sign and size of coup
onstants less than 0.5 Hz can readily be measured.

CHEMICAL SYNTHESIS

Ru(TPM)(H)(CO)(PPh3)]
1[BF4]

2 (1)

An equimolar solution of 99%15N labeled TPM (54 mg) (10)
nd [RuH(CO)Cl(PPh3)3] (237 mg) (11) in toluene (30 ml) wa
egassed via three freeze/pump/thaw cycles and placed un
tmosphere of N2. The solution was refluxed vigorously for 3
nd subsequently allowed to cool. The toluene was rem
nder reduced pressure. A solution of NaBF4 (40 mg) in methano
25 ml) was added. [Ru(15N-TPM)(CO)(H)(PPh3)]

1[BF4]
2 (1)

recipitated while the reaction mixture was stirred for 3 h and
solated as a pale grey powder (80 mg, 47%).

Ir(TPM)(H)(CO)(CO2CH3)]
1[BF4]

2 (2)

Compound2, [Ir(TPM)(H)(CO)(CO2CH3)]
1[BF4]

2, was pre
ared using a modification of the procedure described by

FIG. 1. Chemical structure and coupling constants (in Hz) across
etal center of (a) compound1, [Ru(TPM)(CO)(H)(PPh3)]

1[BF4]
2, and (b)

ompound2, [Ir(TPM)(H)(CO)(CO2CH3)]
1[BF4]

2. The magnitudes and a
olute signs of the scalar coupling constants are the result of this work
ds
te
d

-
g

r an

ed

s

ro

t al. (12). Ninety-nine percent15N labeled TPM (48 mg, 0.2
mol), [Ir(1.5-cyclooctadiene)Cl]2 (714 mg, 0.106 mmol), an
aBF4 (26 mg, 0.23 mmol) were added to a solution
ethanol (10 ml) and hexane (3 ml). The reaction mixture
egassed via three freeze/pump/thaw cycles, placed und
tmosphere of 100%13C labeled CO, and stirred for 72 h
oom temperature. The solvent was removed under red
ressure and the residue was rinsed well with hexane to

he product, [Ir(15N-TPM)(H)(13CO)(13CO2CH3)]
1[BF4]

2 (2),
s a pale grey powder (125 mg, 98% yield).

SPECTRAL DATA

ata for Compound1, [Ru(TPM)(H)(CO)(PPh3)]
1[BF4]

2

Chemical shifts (in ppm) (1H, solvent d6-acetone): 9.8
H19], 8.68 [H5C], 8.62 [H5A], 8.57 [H5B], 8.34 [H3A], 7.70
HPh

para], 7.61 [HPh
ortho], 7.55 [HPh

meta], 7.18 [H3C], 6.86 [H3B], 6.77
H4A], 6.63 [H4C], 6.37 [H4B], 212.10 [Hhydride]; ( 13C, solven

6-acetone): 148.4 [C3A], 148.3 [C3B], 146.8 [C3C], 135.2 [C5C],
35.0 [C5B], 134.7 [CPh

meta], 134.7 [C5A], 131.7 [CPh
para], 129.6

CPh
ortho], 109.4 [C4A], 109.1 [C4C], 108.8 [C4B], 77.2 [C19]; ( 13C,

olventd8-THF): 206.4 [CO]; (31P, solventd6-acetone): 64.
PPh3]; ( 15N, solventd6-acetone, referenced to liquid ammo
13)): 246.6 [N2C], 242.4 [N2B], 233.9 [N2A], 208.3 [N1C], 207.8
N1A], 207.1 [N1B].

Coupling constants (in Hz) not shown in Fig. 1a (for vis
larity, one of the coupling partners is identified by underlini
H3AH4A u2.1u, JH3BH4B u2.3u, JH3CH4C u2.1u, JH4AH5A u2.4u, JH4BH5B u2.7u,
H4CH5C u2.5u, JH3AN1A 27.5, JH3BN1B 27.6, JH3CN1C 27.8, JH4AN1A

6.1, JH4BN1B 26.1, JH4CN1C 26.2, JH5AN1A 25.6, JH5BN1B 25.8,
H5CN1C25.7,JHN1A ,u0.2u, JHN1B 0.3,JHN1C 0.7,JH3AN2A 10.9,JH3BN2B

10.4,JH3CN2C 211.1,JH4AN2A 22.1, JH4BN2B 22.6, JH4CN2C 22.2,
H5AN2A 21.2, JH5BN2B 21.4, JH5CN2C 21.0, JN1AN2A 210.0,JN1BN2B

10.1,JN1CN2C 210.8,JH3AP 0.9,JH4AP 0.8,JH5AP 0.9,JPN1A 21.4.

ata for Compound2, [Ir(TPM)(H)(CO)(CO2CH3)]
1[BF4]

2

Chemical shifts (in ppm) (1H, solventd8-THF): 9.89 [H19],
.65 [H5C], 8.65 [H5A], 8.60 [H5B], 8.42 [H3B], 8.23 [H3C], 8.18

H3A], 6.66 [H4C], 6.64 [H4B], 6.64 [H4A], 3.60 [H29], 216.76
Hhydride]; ( 13C, solventd8-THF): 165.6 [C1], 157.1 [C2]; ( 13C,
olvent d6-acetone): 148.8 [C3C], 148.7 [C3B], 147.1 [C3A],
36.1 [C5B], 135.9 [C5C], 135.4 [C5A], 110.1 [C4A], 109.9 [C4C],
09.5 [C4B], 78.5 [C19], 51.9 [CH3]; ( 15N, solventd6-acetone
eferenced to liquid ammonia (13)): 222.6 [N2C], 208.8 [N2A],
06.8 [N2B], 205.5 [N1A], 205.2 [N1C], 204.5 [N1B].
Coupling constants (in Hz) not shown in Fig. 1b (for vis

larity, one of the coupling partners is identified by underlini
H3AN1A 27.1, JH3BN1B 26.9, JH3CN1C 27.2, JH4AN1A 26.1, JH4BN1B

6.0, JH4CN1C 25.9, JH5AN1A 25.5, JH5BN1B 25.7, JH5CN1C 25.2,
H3AN2A 210.2,JH3BN2B 28.5, JH3CN2C 29.9, JH4AN2A 22.7, JH4BN2B

3.2, JH4CN2C 22.6, JH5AN2A 21.6, JH5BN2B 22.0, JH5CN2C 21.5,
N1AN2A 28.8,JN1BN2B 27.8,JN1CN2C 28.8, uJC1N1Bu 0.5, uJC2N1Au 0.5.

e
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415MAGNITUDE AND SIGN OF COUPLING CONSTANTS
RESULTS

ompounds and Spin Systems

The compounds investigated in the present study, [Ru(T
H)(CO)(PPh3)]

1[BF4]
2 and [Ir(TPM)(H)(CO)(CO2CH3)]

1[BF4]
2,

re shown in Fig. 1, together with an overview over the coup
onstants measured across the metal centers. The tris(1
olyl)methane (TPM) ligand was uniformly enriched with15N.
n addition, both carbonyl carbons in compound2 were labeled
ith 13C. None of the ruthenium or iridium isotopes carrie
pin 1/2. Consequently, the presence of metal spins cou
isregarded in the present study.
All coupling constants between nuclei intransposition with

espect to the metal center are larger than 10 Hz and
eadily measured (Fig. 1). In contrast,cis couplings involving

15N are at most 1.5 Hz. Quite generally, the coupling cons
ith 15N tend to be relatively small. For example,2JHP(cis) in
ompound1 is larger than2JHN(trans).

2JHN and 3JHN coupling constants in the pyrazol rings of
ree TPM ligand were measured earlier (10). They are large
han 5 Hz, both in the complexed and in the uncomple
igand. The1JNN coupling in TPM varies between27.5 and

13.0 Hz, depending on the state of ligation and the trans
etal in the complex (8, 10, 14, 15). The negative sign of th

1JNN coupling was confirmed by a series of E.COSY-t
xperiments in free TPM as well as in a bis(1-pyralo
omplex with Ru, by relating them to the sign of a one-b

1H–13C coupling which can be assumed to be positive (8, 10).
ince the magnitudes of the intrapyrazolylJHN and JNN cou-
ling constants are comparable in1 and2 to those previousl
bserved in free TPM and in the Ru bis(1-pyrazolyl) comp
8, 10), it can be assumed that the1JNN couplings in TPM ar
lso negative in1 and2. In the present work, the absolute sig
f the coupling constants across the metal center were obt
y relating them to the sign of the1JNN couplings.

xperiments Used for Analysis of Compound1,
[Ru(TPM)(H)(CO)(PPh3)]

1[BF4]
2

The 15N chemical shifts in1, [Ru(TPM)(H)(CO)(PPh3)]
1[BF4]

2,
luster into two groups, comprising N1A–N1C and N2A–N2C,
espectively, with a larger chemical shift dispersion betw

2A, N2B and N2C (see Spectral Data). It was thus possibl
electively excite each group of spins separately. Furtherm
ith a more selective pulse, a single one of the spins N2A–N2C

ould be excited. Similarly, the hydride resonance is
eparated from the rest of the1H NMR spectrum, allowing th
elective excitation of the hydride without disturbing any of
ther proton resonances and vice versa. Selective pulses
sed to reduce the spectral widths in the indirect frequ
imension and to refocus homonuclear couplings. Tab
resents a survey over the experiments recorded and

nformation content.
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15N–HSQC–36N

15N–HSQC–36N spectra yield15N–1H cross peaks with a
.COSY-type appearence, correlating the sign of passivJNN

ouplings in theF 1 frequency dimension with the sign ofJHN

ouplings in theF 2 dimension (10). In the same way, coupling
ith passive spins like31P lead to additional E.COSY-typ
ultiplet splittings. The use of a15N inversion pulse selectiv

or either the N1 or N2 spins, respectively, prevented
eneration of unproductive three-spin terms like HxN1zN2z, by
estricting the evolution of the pyrazolyl protons during
NEPT period to a single intra-pyrazolylJHN coupling. In this
ay, all possible intra-pyrazolyl1H–15N cross peaks we
bserved in two experiments, with the selective15N pulse set to

nvert either N1A–N1C or N2A–N2C (data not shown).
The three cross peaks observed between N2A–N2C and the

ydride (denoted H) show that the sign of thetrans coupling
N2AP is opposite to that of thecis couplingsJN2BP and JN2CP

Fig. 2a). Furthermore, thecis couplingsJN2BN2C an JN2AN2C

ave the same sign asJHN2C, as measured from the N2B–H and
2A–H cross peaks. Since the sensitivity of the N2A–H cross
eak was low because of the smallJHN2A coupling, the mea
urement ofJN2AN2C was double checked later by DQ/ZQ a
ong-range15N–15N (LRNN) experiments (see below).

JHN1C (measured from the cross peak N2C–H, Fig. 2a) was th
nly sizable coupling between the hydride and any of the1

pins which could be determined with confidence from
15N–HSQC–36N spectrum. Using an INEPT delay of 150
he cross peak N1C–H could be observed (Fig. 2b). The ne
ive tilt of the cross peak shows thatJHN2C has the same sign
N1CN2C; i.e., JHN2C is negativeand, consequently,JN2BN2C and
N2AN2C are negative. Since N1A–H and N1B–H cross peak
ould not be observed in15N–HSQC–36N experiments ev
fter 12 h recording time, different experiments were requ

o obtain the sign information for the other two H–N2 cou-
lings across the metal center.

15N–HSQC–36N with15N–15N Relay

The cross peak N1B–H was generated by transferring
agnetization from H to N2B ( JHN2B 5 1.3 Hz) and furthe

o N1B via a 15N–15N relay step (JN2BN1B 5 210.1 Hz),
onverting N2ByH z via the operators N2BxN1BzH z and
2BzN1BxHz into N1ByHz before the evolution timet 1. The
ross peak (Fig. 2c) shows thatJHN2B has the opposite sig
f JN1BN2B; i.e., JHN2B is positive. The cross peak N1A–H
ould not be observed with this experiment, probably
auseJHN1A is too small to allow the refocusing of N1AzHy

nto observable magnetization.

31P–HSQC

The cross peak P–H recorded in a conventional31P–
SQC spectrum relates the signs ofJPN2A andJPN2C to those



TABLE 1
Experimental Schemes for the Determination of the Sizes and Relative Signs of Coupling Constants in Compound 1,

[Ru(TPM)(H)(CO)(PPh3)]
1[BF4]

2
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417MAGNITUDE AND SIGN OF COUPLING CONSTANTS
f JHN2A andJHN2C, respectively (Fig. 2d). The couplings
and H with N2B are both small and therefore unresolv

he negative tilt of the cross peak shows thatJPN2C is
ositive, sinceJHN2C is negative. The N2C–H cross peak i

he 15N–HSQC–36N spectrum showed that the sign ofJHP is
pposite to that ofJPN2C; i.e., JHP is negative. If JHP is

TABLE 1

a Narrow and wide bars represent 90° and 180° pulses, respectively. S
r rounded shape represent selective 180° pulses with a rectangular or m
ulses are applied with phasex, unless indicated differently. Pulses which
ame numbers are shown with the receiver phase, if the receiver phase
ycle of the15N–HSQC–36N experiment with15N–15N relay is 1st 90°(15N) 5

2(x, 2x, 2x, x). E.COSY-type spectra were recorded with States–T
he resonances participating in the mixed DQ/ZQ coherence.

b Bold lines connect the nuclei defining the chemical shifts of the cros
RNN experiment are described by arrows pointing from the parent spin

he JNN coupling between the two15N spins. Circles identify the pairs of s
c For improved clarity, coupling constants are denoted with underlini

onstants can be swapped. For example,JN2CP andJPN2C denote the same co
d Cartesian product operators (28) without signs or normalization factors
e See Ref. (8). Shaped pulse: 4 ms hyperbolic secant (29) inversion pulse,

ime 3 h. In the experiment, where the selective pulse excited N1A–N1C: t 1max
f Shaped pulse: 10 ms pulse with the shape of a Seduce element (30), acting on N2
g See Refs. (31, 32). D 5 18.6 ms,t 1max 5 200 ms,t 2max 5 1.19 s, total e
h See Refs. (8, 17, 18, 33). D 5 50 ms,t 5 300 ms,t 1max 5 97 ms,t 2max 5
i Shaped pulse 1: 1 ms hyperbolic secant inverting all protons but the

3.6 ms,t 1max 5 1.28 s,t 2max 5 1.15 s, total experimental time 2.3 h.
j Shaped pulses as in the DQ/ZQ–HN(P) experiment (footnotei). D 5 27.7
k D 5 58 ms,d 5 1.1 ms,t 1max 5 480 ms,t 2max 5 341 ms, total experime

even scans), 1 ms duration each, sine-shaped.
l Selective pulse 1: 77ms rectangular pulse inverting all protons but the
5 27 ms,t 5 58 ms,d 5 1.1 ms,t 1max 5 128 ms,t 2max 5 983 ms, total
.
egative,JPN2A is negativeand JPN2B is positive (from the
2A–H and N2B–H cross peaks in Fig. 2a, respectively). T
orrelation betweenJPN2A andJHN2A in the 31P–HSQC spec
rum shows thatJHN2A is positive. Thus, all 2JHN(cis) and

2JPN(cis) couplings are positive, whereas2JHN(trans) and
2JPN(trans) are negative.

ontinued

enotes a spin-lock pulse of 1 ms duration. Boxes with lower amplitude olar
complicated shape, respectively. Broadband decoupling sequences arbeled “dec.”
phase alternated in the phase cycle are numbered and identified by6 signs. The
alternated together with the respective pulse phases. For example, theit phase
, 2x); 2nd 90°(15N) 5 4(y), 4(2y); 908( 1H) 5 2(x, x, 2x, 2x); receiver

I (. DQ/ZQ experiments were recorded with the carrier frequency high fie

aks in theF 1 andF 2 dimensions of 2D correlation experiments. Cross peaks o
olving during the delayt to the spin to which antiphase magnetization is create
precessing as DQ and ZQ coherences duringt 1 in DQ/ZQ experiments.

one of the two nuclei involved in the coupling. Note that indices of theg
ling.

used to describe coherences.
ng on N2A–N2C. D 5 150 ms,t 1max 5 448 ms,t 2max 5 1.25 s, total experiment
56 ms, total experimental time 1.5 h.
5 150 ms,t 5 50 ms,t1max 5 195 ms,t2max 5 1.18 s, total experimental time 8

rimental time 0.5 h.
36 s, total experimental time 3.5 h.
ride; shaped pulse 2: 4 ms hyperbolic secant inverting N1A–N1C. D 5 18.6 ms,t 5

s,t 1max 5 1.75 s,t 2max 5 1.15 s, total experimental time 3.5 h.
l time 6.4 h. Gradients: 2.5,22.5, 5.0 G/cm (odd scans) or22.5, 2.5, 5.0 G/cm

dride; selective pulse 2: 441ms rectangular pulse inverting N1A–N1C but not N2C.
erimental time 5.4 h. Gradients as in the13C–HMBC experiment (footnotek).
—C

L d
ore
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RNN
All 2JNN couplings across the metal center are 0.5 H

maller. Their magnitude was measured using a quantit
ong-range15N–15N (LRNN) correlation experiment, whe

FIG. 2. Selected spectral regions from experiments recorded to dete
, [Ru(TPM)(CO)(H)(PPh3)]

1[BF4]
2. The corresponding pulse sequences

dentified by lines which are labeled by the coupling constants responsib
n the indirect frequency dimension are listed before the slash, those
istinguished by plotting all contour levels or only the lowest one. In the q
y solid and dashed lines. For reference, the chemical structure of1 is shown
MR spectrometer, using a 66 mM solution of1 in d8-THF for the 13C–HM
ll other spectra. (a) and (b)15N–HSQC–36N. The spectrum was folded in

5N pulses selective for N2A–C and N1A–C, respectively (Table 1). (c)15N–HS
1P–HSQC. (e) LRNN.uJN1AN1Bu 5 0.3 Hz, uJN1AN1Cu 5 0.5 Hz, anduJN1BN1Cu 5
ields two independent measurements for eachJNN coupling. (f) DQ/ZQ–HN
z. (h) 13C–HMBC. The multiplet fine structure is antiphase with respect t

o an odd integer multiple of1/(2JHP). (i) DQ/ZQ–CN.FC 5 2106 Hz,FN2C
r
ve

he size of the coupling constant is encoded in relative c
eak intensities (10, 16 –19). The experiment is an “out-an
ack” experiment with the magnetization transfer Hy 3
zNay 3 HzNazNbx and back (Table 1). The coupling co

e the absolute sign of the2J coupling constants across the metal center in comp
e shown in Table 1. Tilts of E.COSY-type cross peak multiplet fine stru
r the peak displacements; coupling constants measured from the peakplacement

asured in the detection dimension after the slash. Positive and negatks are
titative long-range15N–15N (LRNN) correlation spectrum (e), the distinction is ma
ith selected nuclei. The spectra were recorded at 25°C on a Bruker DM
and DQ/ZQ–CN experiments, and a more dilute solution ind4-methanol for
e1 frequency dimension. The two spectral regions shown were recorded
–36N with15N–15N relay. JHP was decoupled for improved sensitivity.
Hz were calculated from the relative peak intensities. Note that the spe

FN2A 5 120 Hz,FH 5 251 Hz. (g) DQ/ZQ–HN.FN2C 5 109 Hz,FH 5 249
eandJHP couplings, because the coupling evolution delayD used corresponde
37 Hz.
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419MAGNITUDE AND SIGN OF COUPLING CONSTANTS
tantJNN is measured from the relative peak intensities
irect (Na–H) and relayed (Nb–H) cross peaks:I (Nb–H)/
(Na–H) 5 sin2(pJt)/cos2(pJt), wheret is the delay durin
hich Na partially evolves into antiphase magnetizat
ith respect to Nb. To avoid reduced peak intensities fro
volution under1JNN couplings, t was set to an integr
ultiple of 1/1JNN. The experiment yieldeduJN2AN2Bu 5 0.5
z and uJN2BN2Cu 5 0.3 Hz. Furthermore, the experime
emonstrated small couplings between the N1 spins of dif-

erent pyrazolyl rings which are presumably mediated by
19 methine group (Fig. 2e).

Q/ZQ–HN(P)

JN2AN2B was determined from a DQ/ZQ experiment, wh
and N2A constituted the mixed DQ/ZQ coheren

FIG. 2—
f

e

yN2AyPz which was generated via the intermediate te
xPz, HzPx, and HzN2AzPy. The relay via the phosphorus w

avorable because the coupling constantsJHP and JPN2A are
elatively large (Fig. 1). The DQ (ZQ) coherence evol
ith the sum (difference) of the couplingsJHN2C andJN2AN2C.
inceJHN2C is large, the sign and size of the smallJN2AN2C

oupling could be measured readily (Fig. 2f). In additi
he cross peaks were split by the sum (difference) of
ouplingsJHN2B andJN2AN2B. A selective 180°(15N) pulse was
pplied to the group of N1 resonances to prevent additio

ine splitting by 1JN1AN2A. Similarly, the 180°(31P) pulse in
he middle oft 1 prevented the evolution underJN2AP andJHP.
o refocusJHP andJHN couplings, the 180°(1H) pulse in the
iddle of t 1 was applied as a semi-selective pulse, inver
ll proton spins except for the hydride. Since the hyd

ntinued
Co



TABLE 2
Experimental Schemes for the Determination of the Sizes and Relative Signs of Coupling Constants in Compound 2,

[Ir(TPM)(H)(CO)(CO2CH3)]
1[BF4]
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421MAGNITUDE AND SIGN OF COUPLING CONSTANTS
esonance appears as a singlet in the presence of15N and 31P
ecoupling, refocusing of the transverse proton magne

ion was not necessary to obtain a purely absorptive1H
ignal. The spectrum (Fig. 2f) shows that the sum ofJHN2B

nd JN2AN2B is smaller than the difference, showing t
N2AN2B , unlike JHN2B , is negative. In contrast, the sum o
HN2C and JN2AN2C is larger than the difference, showing t
N2AN2C , like JHN2C, is negative.

TABLE 2

a–d For a definition of the symbols and conventions used, see the cor
e See Ref. (8). D 5 62.5 ms,t 1max 5 256 ms,t 2max 5 2.46 s, total experim
f D 5 17.9 ms,t 5 35.8 ms,t 1max 5 164 ms,t 2max 5 285 ms, experimental

f H3C without exciting H5C, selective pulse 2: 1.2 ms rectangular 180° p
g D 5 25 ms,t 5 122 ms,t 1max 5 205 ms,t 2max 5 570 ms, experimenta
h See Ref. (8). D 5 35.7 ms,t 1max 5 512 ms,t 2max 5 1.7 s, experimental
i See Refs. (31, 32). D 5 62 ms,t 1max 5 512 ms,t 2max 5 2.9 s, experime
j D 5 9 ms,t 5 27.5 ms,t 1max 5 2.05 s,t 2max 5 570 ms, experimental tim

ith C1 and C2 were obtained in separate experiments with the selective
k D 5 55.0 ms,t 5 27 ms,d 5 125 ms,t 1max 5 2.05 s,t 2max 5 570 ms, e

nversion of C1, selective pulse 2: 994ms rectangular 180° pulse for selec
l See Ref. (18). D 5 55 ms,t 5 262 ms,t 1max 5 128 ms,t 2max 5 524 ms,

ulse. Correlations with C1 and C2 were obtained in separate experiments w
ith C2 were measured in 2 h on amore dilute sample. The phases of all13C
cheme (20).

m D 5 55 ms,t 5 125 ms,t1max 5 1 s, t2max 5 570 ms, experimental time 9
a-

t

Q/ZQ–HN

The sign ofJN2BN2C was determined from a DQ/ZQ–H
xperiment, where mixed DQ/ZQ coherence was prep
etween H and N2C. Couplings to N1 spins were refocuse
y a selective 180°(15N) pulse inverting the N1 spins, and
ouplings to protons other than the hydride were refoc
y a selective 180°(1H) pulse applied to all protons exce

ontinued

ponding footnotesa–d of Table 1.
tal time 1.1 h.
e 2.5 h, selective pulse 1: 4.81 ms rectangular 180° pulse for selective i

for selective refocusing of N2C without exciting N1C.
e 0.5 h.

e 1.2 h.
time 14 h.
1 h, selective pulse: 10 ms hyperbolic secant 180° inversion pulse. Cor
0°() pulses applied to C1 and C2, respectively.

time 5.7 h, selective pulse 1: 10 ms hyperbolic secant 180° pulse for s
inversion of C1 without exciting C2.
erimental time 0.5 h, selective pulse: 10 ms hyperbolic secant 180° in
the selective 180°(13C) pulses applied to C1 and C2, respectively. The correlatio

15N pulses precedingt 1 were simultaneously incremented by the States–T

selective pulse: 10 ms hyperbolic secant 180° pulse for selective inversio1.
—C
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422 OTTING, SOLER, AND MESSERLE
he hydride resonance. Together with31P broadband deco
ling, the couplings to N2A and N2B were the only unrefo
used couplings. Therefore, the DQ peak is split both
N2CN2B 1 JHN2B and JN2CN2A 1 JHN2A, and the ZQ peak b
N2CN2B 2 JHN2B and JN2CN2A 2 JHN2A. The signs and magn
udes of all these couplings are known, except for the
f JN2CN2B. Although the couplings are incompletely resolv

n the experimental cross peaks (Fig. 2g), the separ
etween the outermost multiplet components is clearly
er for the ZQ than for the DQ cross peak. Thus,uJN2CN2A 2

HN2A 1 JN2CN2B 2 JHN2Bu . uJN2CN2A 1 JHN2A 1 JN2CN2B 1

HN2Bu or uJN2CN2B 2 3.0 Hzu . uJN2CN2B 1 2.6 Hzu. According
o the LRNN experiment, the magnitude ofJN2CN2B is 0.3 Hz.
hus, JN2CN2B is negative, like all the other2JNN couplings
cross the metal center of compound1.

13C–HMBC

Coupling constants with the carbonyl carbon were meas
t natural isotopic abundance. A13C–HMBC spectrum (Fig
h), recorded with pulsed field gradients for coherence s

ion, shows thatJCN2B is negative (negative tilt and positiv
HN2B), JCP is negative(positive tilt and negativeJHP), andJCN2C

s positive(negative tilt and negativeJHN2C). The magnitude o
he active couplingJHC is 9.6 Hz, but its sign cannot b
etermined from this experiment.

Q/ZQ–CN

This experiment determined the sign ofJHC by relating it to the
ign ofJHN2C (Fig. 2i). The mixed DQ/ZQ coherence involved

13C spin of the carbonyl and the15N spin of N2C. Couplings to N1

pins were refocused by a selective 180°(15N) pulse inverting th
1 spins and couplings to protons other than the hydride

efocused by a selective 180°(1H) pulse applied to all proton
xcept the hydride resonance. The remaining couplings i

ndirect frequency dimension include couplings to H, P, N2A, and
2B. JCN2A and JN2CN2A are both small and not resolved in
ultiplet fine structure (Fig. 2i). The couplings to31P are resolve

n an E.COSY-type displacement of the multiplet fine structu
he DQ and ZQ cross peaks. The remaining couplings to H

2B give rise to a doublet of doublets. The largest splitt
epresentingJCH 1 JN2CH, is observed for the DQ cross peak. Si
N2CH is negative,JCH is negative.

ompleteness of J-Coupling Measurements in Compoun1,
[Ru(TPM)(H)(CO)(PPh3)]

1[BF4]
2

JCN2A was the only two-bond coupling across the m
enter which was not determined by the present se
xperiments. From the13C linewidth in the 13C–HMBC
pectrum of Figure 2h,uJCN2Au was estimated to be smal
han 1.5 Hz. In principle,JCN2A could be measured by
Q/ZQ–PC experiment, where13C and 31P constitute th
Q/ZQ coherence evolving during the evolution time. T
y

n

n
-

ed

c-

re

he

f
nd
,

l
of

xperiment would correlate the smallJCN2A coupling with
he large JPN2A coupling. Starting from the hydride, th
oherence PyCyHz can easily be generated by simultane
volution of H under the relatively large couplingsJHP and
HC. In practice, the experiment failed because of signa
oise limitations imposed by the low natural abundanc

13C and the rapid transverse relaxation rate of the31P spin.
he problems from31P relaxation could be alleviated by t
se of the DQ/ZQ–HN(P) experiment (Table 1), where31P
volves only during relatively short relay periods. In t
xperiment,JN2AC would be correlated withJHC, but the
ensitivity was insufficient to perform this experiment
atural 13C abundance.

xperiments Used for Compound2,
[Ir(TPM)(H)(CO)(CO2CH3)]

1[BF4]
2

In contrast to compound1, [Ru(TPM)(H)(CO)(PPh3)]
1[BF4]

2,
he 15N chemical shifts of N1A–N1C and N2A–N2C in compound
, [Ir(TPM)(H)(CO)(CO2CH3)]

1[BF4]
2, did not cluster into

wo groups which could have been selectively excited
imple way (see Spectral Data). Furthermore, the2JHN(cis)
ouplings were smaller in2 than in 1, so that only a singl

15N–1H correlation peak could be generated with the hyd
esonance (which is well resolved at216.76 ppm) in15N–
SQC experiments. On the other hand, both carbonyl gr
ere labeled with13C, extending the range of possible exp

ments. Thus, the sign and size of all 152J coupling constant
cross the metal center could be determined. Table 2 pre
survey over the experiments recorded and their inform

ontent.

15N–HSQC–36N

The signs of the large couplingsJHN2C, JC1N2B, and JC2N2A

cross the metal center were determined by relating the
hose of the intra-pyrazolyl2JH3N2 couplings. The signs of th

2JH3N2 couplings were in turn related to the signs of the1JN1N2

ouplings by a15N–HSQC–36N spectrum recorded with
oupling ofJCN couplings. The negative tilt of the cross pe

n Fig. 3a shows that the2JH3N2 (and 3JH3N1) couplings are
egative for all pyrazolyl rings, because they are of the sa
ign as1JN1N2.

Q/ZQ–HH(N)

The sign ofJHN2C was determined from a DQ/ZQ–HH(N
xperiment, where the hydride and H3C proton were involved i

he mixed DQ/ZQ coherence HyH3CyN2Cz. This coherence wa
repared starting from magnetization of the hydride, via

ntermediate terms Hy, HxN2Cz, HzN2Cy, and HzH3CzN2Cx. Dur-
ng the relay periodt, couplings between N2C and H5C were
efocused by a selective 180°(1H) inversion pulse acting on H3C

ut not on H5C or the hydride.JN2CN1C was refocused by
elective 180°(15N) refocusing pulse acting on N2C but not on
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423MAGNITUDE AND SIGN OF COUPLING CONSTANTS
1C. JHN2C is the largestJHN coupling with the hydride reso
ance and all intra-pyrazolylJHH couplings are small. Figu
b shows thatJHN2C has the same sign asJH3CN2C; i.e., JHN2C is
egative.

Q/ZQ–HC(N)

The sign of the other twotrans metal couplings,JN2AC2

ndJN2BC1, was determined by a DQ/ZQ experiment, wh
he carbonyl carbons C1 and C2 formed a DQ/ZQ coherenc
ith the H3 proton from the pyrazolyl group on the oppos
ide of the metal center. The coherence H3AyC2yN2Az was
repared starting from H3A magnetization, H3Ay, via the

ntermediate terms H3AxN2Az, H3AzN2Ay, and H3AzC2zN2Ax. The
orresponding pathway starting from H3B yielded DQ/ZQ
oherence between H3B and C1. The relay periodt was set to
/1JNN to avoid defocusing of the N2 magnetizations wit
espect to the N1 spins. Figure 3c shows thatJC2N2A ( JC1N2B)
nd JH3AN2A ( JH3BN2B) have the same sign. Thus,JC2N2A and
C1N2B are negative.

13C–HSQC–36C

Both C1 and C2 yielded cross peaks with the hydride re
ance in a13C–HSQC spectrum. In the absence of15N decou-
ling, E.COSY-type cross peaks were obtained with respe
ouplings with 15N. With a 36°(13C) pulse at the end of th
volution timet 1, JCC andJHC couplings result in E.COSY-typ
ultiplet splittings, too (8, 10). The spectrum shows thatJC2N2C

ndJC1N2C have the opposite sign fromJHN2C; i.e., JC2N2C and
C1N2C are positive(Fig. 3d). Furthermore,JHN2A and JHN2B are
ositive,as their correlation with the negativeJC2N2A andJC1N2B

ouplings resulted in a negative tilt in the multiplet fine str
ures of the respective cross peaks.

15N–HSQC

A simple 15N–HSQC spectrum yields a single cross p
ith the hydride resonance, withJHN2C as the active coupling

n the absence of13C decoupling and with a 90°(15N) pulse
fter the evolution timet 1, an E.COSY-type multiplet fin
tructure is observed with respect to the13C spins (Fig. 3e). Th
ilts in the cross peak show that the signs ofJHC1 andJHC2 are
pposite to those ofJN2CC1 and JN2CC2, respectively; i.e.,JHC1

nd JHC2 are negative.

FIG. 3. Selected spectral regions from experiments recorded to dete
, [Ir(TPM)(H)(CO)(CO2CH3)]

1[BF4]
2. The same labeling conventions as

n cross sections along the indirect frequency dimension, (f), (g), (h), an
igher in the DQ/ZQ–CN and DQ/ZQ–CN(C) experiments and lower in th
00 NMR spectrometer, using a 15 mM sample of2 in THF-d8 at 27°C. (a)15N–

H3C 5 210247 Hz,FH 5 2257 Hz. (c) DQ/ZQ–HC(N).FH3A 5 288 Hz,F
he zero-quantum peaks is not resolved. (d)13C–HSQC–36C. The spectrum
9 Hz,FC1 5 232 Hz. (g) DQ/ZQ–CN.FN2C 5 69 Hz,FC2 5 246 Hz. (h) D
LRCN) correlation experiment with C1. The labeling of theF 1 frequency axis
he correlations with C2. The spectrum was recorded at 600 MHz1H frequen
-

to

-

k

Q/ZQ–CN

The 13C–HSQC–36C spectrum showed thatJHC1 andJHC2

ave the same sign asJC1C2 (Fig. 3d). The absolute sign
C1C2 is determined by a DQ/ZQ–CN experiment, where1
nd N2C constitute the mixed DQ/ZQ coherence. The ex

ment differs from the DQ/ZQ–CN experiment used
ompound1 (Table 2) mainly by the absence of gradi
ulses and the use of selective 180°(13C) pulses to restric

he evolution toJHC1 during the INEPT periods. Startin
rom magnetization of the hydride, Hy, the term HyN2CzC1z is
enerated and converted into the mixed DQ/ZQ coher
2CyC1yHz. This coherence evolves duringt 1 underJNN, JCC,
ndJCN couplings. The cross peaks observed atF N2C 6 F C1

how thatJC1C2 is opposite in sign toJN2CC2; i.e., JC1C2 is
egative (Fig. 3f). Furthermore, the cross peaks show
N2CN2B has the same sign asJC1N2B. SinceJC1N2B is negative
N2CN2B is negative.
In a completely analogous way, a DQ/ZQ–CN experim
ith C2 instead of C1 in the mixed DQ/ZQ coherence sho

hat JN2CN2A is negative, too (Fig. 3g). At this point, allcis
ouplings exceptJN2AN2B, JC1N2A, andJC2N2B have been measur
nd their signs determined.

Q/ZQ–CN(C)

The sign ofJN2AN2B was determined by a DQ/ZQ experime
here C2 and N2B precessed in the mixed DQ/ZQ cohere
2yN2ByC1zHz. This coherence was generated starting from m
etization of the hydride, Hy, with the intermediate terms HxC1z,
zC1y, HzC1yC2zN2Bz (Table 2). For optimum magnetization tra

er, a selective 180°(13C) inversion pulse was applied to C1 during
he delayD. JNN andJCN were active couplings during the evo
ion timet1. JC1C2 was refocused by a selective 180°(13C) inversion
ulse applied to C1 in the middle oft1. The spectrum shows th
N2BN2A has the same sign asJC2N2A (Fig. 3h). SinceJC2N2A is
egative,JN2BN2A is negative.

RCN

The size ofJC1N2A and JC2N2B was readily determined b
uantitative long-range13C–15N (LRCN) correlation exper
ents, which encode the magnitude of the coupling cons

n relative cross peak intensities (10, 16–19). The experimen

e the absolute sign of the2J coupling constants across the metal center in comp
e in Fig. 2 were used. The frequency axis of DQ/ZQ cross peaks, which
), displays only the double-quantum frequencies (the zero-quantum frequencies ar
Q/ZQ–CC experiment). All but one of the spectra were recorded on a B
QC–36N. The N2C signal is folded (d(N2C) 5 222.6 ppm). (b) DQ/ZQ–HH(N
238 Hz; FH3B 5 2880 Hz,FC1 5 2190 Hz. The doublet fine structure

s folded in theF 1 frequency dimension. (e)15N–HSQC. (f) DQ/ZQ–CN.FN2C 5
Q–CN(C).FN2B 5 77 Hz,FC2 5 235 Hz. (i) Quantitative long-range13C–15N
rtains only to the15N chemical shifts. (j) LRCN correlation experiment show
(k) DQ/ZQ–CC.FC1 5 2880 Hz,FC2 5 235 Hz.
rmin
thos
d (k
e D
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FIGURE 3
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FIG. 3—Continued
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426 OTTING, SOLER, AND MESSERLE
sed for measuring the smallJCN couplings with C1 was
erformed using the magnetization transfer Hy 3 HxC1z 3
zC1y3 HzC1xNz3 HzC1zNy and back. Magnetization whic
as not evolved during the delayt with respect toJCN cou-
lings continues to precess duringt 1 as HzC1y. The coupling
onstantJC1N2A was measured from the relative peak intens
f the direct (C1–H) and the relayed (N2A–H) cross peaks
(C1–H)/I (N2A–H) 5 sin2(pJt)/cos2(pJt). To avoid reduce
eak intensities from evolution underJC1C2 andJC1N2B, t was se
lose to 1/JC1C2 ' 3/JC1N2B. The experiment yieldeduJC1N2Au 5
.4 Hz anduJC1N1Bu 5 0.5 Hz, and confirmed the size ofJC1N2C

Fig. 3i). The corresponding LRCN experiment for measu
CN couplings with C2 was obtained by applying the select
80°(13C) inversion pulse to C2 instead of C1 (Fig. 3j). The
xperiment yieldeduJC2N2Bu 5 0.5 Hz anduJC2N1Au 5 0.5 Hz.

Q/ZQ–CC

The sign of the couplingsJC1N2A andJC2N2B was determine
rom a DQ/ZQ–CC experiment, with C1 and C2 constituting
he mixed DQ/ZQ coherence. The coherence C1yC2yHz was
enerated by evolution of the magnetization of the hydridey,
nder the couplingsJHC1 andJHC2, yielding HyC1zC2z at the end
f the delayt. SinceJHC1 is significantly larger thanJHC2, a
elective 180°(13C) inversion pulse was applied to C1 during
he delayt to shorten the effective defocusing period forJHC1.

ith t 5 1/(2JHC2) and D 5 1/(2JHC1), Hy evolves into
yC1zC2z with optimum efficiency. The DQ/ZQ coheren
volves duringt 1 with respect toJCN couplings. SinceJC1N2B

nd JC2N2A are very similar and all otherJCN couplings are

FIG. 4. Two alternative magnetization transfer pathways for the ge
ion of DQ/ZQ coherence suitable for the determination of the relative sig

AB andJBC in a linear spin system A–B–C. The pathways are indicated
artesian product operators (28). 90° pulses are assumed to be non-selec
denotes a coupling evolution delay. The term 4AxBzCx represents the desir
ixed DQ/ZQ coherence between the spins A and C, precessing under

ouplings to the common coupling partner B. Measurement ofJAB and JBC

rom the DQ/ZQ cross peaks is simplified, if one of the coupling consta
arge (22). In many of the DQ/ZQ experiments of Tables 1 and 2, DQ
oherences between spins A and C are generated via relatively large co
ith spins outside the A–B–C spin system, allowing the sensitive measur
f very smallJAB or JBC couplings.
s

g

mall, the resulting multiplet fine structures of the DQ and
ross peaks appear as triplets (Fig. 3k). The separation
uter components is (JC1N2B 1 JC2N2B) 1 ( JC2N2A 1 JC1N2A) 5
37.1 Hz for the DQ cross peak and (JC1N2B 2 JC2N2B) 1

JC2N2A 2 JC1N2A) 5 238.9 Hz for the ZQ cross peak. T
ifference in the total multiplet splitting is 2(JC2N2B 1 JC1N2A)
1.8 Hz. Since the sizes of these two couplings are 0.5 an

z, respectively, according to the LRCN spectra,JC1N2A and
C2N2B are both positive.

DISCUSSION

The two-bond coupling constants measured across the
enter of both compounds investigated here obey the sign

2K(trans) . 0 and2K(cis) , 0 (Fig. 1). The sign rule hold
ikewise for the Ru complex investigated earlier (10). The rule
ould be verified for couplings between1H, 15N, 13C, and31P
pins in different configurations and was found to hold eve
ery smallJNN(cis) andJCN(cis) couplings. The absolute sig
f the coupling constants across a metal center is thus a u
arameter for the identification of ligand conformations

ransition metal complexes.
The E.COSY-type and DQ/ZQ experiments presented

acilitate the measurement of the absolute signs of cou
onstants. Traditionally, such measurements have been
ormed by INDOR-type double resonance experiments6),
hich can be difficult to perform for small coupling consta
lthough the present study exclusively used 2D NMR data
oupling constant measurements, the total experimental
or each compound amounted to less than 2 days.

E.COSY-type spectra usually contain more than a si
ross peak, allowing the measurement of several cou
onstants from the same data set. In the present study, m
he E.COSY-type spectra were folded in the indirect frequ
imension to combine high resolution with short record

imes. The States–TPPI scheme was used for quadratu
ection (20) to make sure that the apparent tilt of the E.CO
ype cross peaks was not affected by folding. The main d
ack of E.COSY spectra is that they cannot provide

nformation for coupling constants in linear spin systems.
The problem of determining the relative signs of coup

onstants in a linear spin system is resolved by DQ/ZQ ex
ents (21). Although DQ/ZQ experiments tend to require tailo
D NMR experiments for each pair of selected coupling cons
hich are to be related to each other, a set of tailored experim
ay be faster to record than a single non-selective experi

ince the desired line splitting can usually be observed in
eaks with fewer peaks in the multiplet fine structure. The ad

age of DQ/ZQ experiments over E.COSY-type experiments
mall active couplings is demonstrated by the determination o
igns of the large2J(trans) couplings across the metal cente
ompounds1 and2: trying to generate15N–HSQC cross peaks v
he small three-bond coupling constants between the hydrid
he N1 spins of TPM in1 (Table 1, Fig. 2) was much mo
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ifficult than to obtain DQ/ZQ cross peaks correlating
2J(trans) couplings with large intra-TPMJHN couplings in 2
Table 2, Fig. 3). As a further advantage, DQ/ZQ experim
end to yield more accurate coupling constant measurement

FIG. 5. Energy level diagrams and schematic representations of 1
a) Energy level diagrams of two-spin systems13C–1H and 15N–1H. The fi
he second character that of the X spin. Arrows indicate the way in w
ystem is increased when the spin angular momenta are parallel, and
ransitions, the energy difference is larger for1H in spin stateb than for 1

or 1H in spin stateb than for 1H in spin statea, leading to the spectral
n absolute scale with Larmor frequenciesv increasing from left to right
g, gyromagnetic ratio;B0, magnetic field) (9). Low-field and high-field
yromagnetic ratios. The directions of the respective ppm scales d
ompound (e.g., tetramethylsilane), are shown as well. The 1D NMR
o J coupling to a second spin 1/2 (spin X). The labelsa andb above the
as angular momentum11/2 in the direction of the field as in (a). The
bsolute representation shown here (9). (c) Schematic E.COSY-type cro
ouple withJ . 0 to a third spin 1/2 (spin X) for which the spin state
bsolute frequencyF 5 V/ 2p 5 (v 2 v 0)/ 2p are indicated with arrowsv
yromagnetic ratio, the sense of the absolute frequency axisF is reversed c
orrelation spectra, identical signs ofJHX andJNX lead to a positive tilt of
orresponds to the same state of spin X). The tilt of the cross peak
ts
an

.COSY or small flip-angle COSY experiments, when the
ling constants are small compared to the linewidth (22–24).
Large time increments can be used with DQ/ZQ exp
ents, when two different spin types are involved in the m

MR spectra and 2D cross peaks on absolute and conventional frequ
character on each energy level denotes the spin state of the13C (15N) spin,
h the energy levels change for a positiveJ coupling, i.e., the energy of the sp
decreased, when the spin angular momenta are opposite (9). Note that for the13C
spin statea, whereas for15N transitions the energy difference is sma
resentation shown in (b). (b) 1D NMR spectra of1H, 13C, and15N spins on
te that1H and 13C NMR spectra are at negative frequencies, asv 5 2gB0

ectral regions are indicated separately for spins with positive and n
ed byd 5 (v 2 v ref)/v ref, wherev ref is the Larmor frequency of a referen
ectra of the different spins are represented by doublets (not drawn t
blet components denote the spin state of spin X ifJ . 0, where thea state

nventional representation of15N NMR spectra is the quadrature image of
peaks in13C–1H and 15N–1H correlation spectra. Both spins are assume
nchanged during the pulse sequence. The directions of the ppm sca
armor frequency;v0 , carrier frequency). Note that for nuclei with posit
pared to usual plotting conventions. In the absolute representation of15N–1H
cross peak (the doublet component at high frequencies in both dim

eversed in the conventional representation of15N–1H correlation spectra.
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Q/ZQ coherence, since the carrier frequencies can b
lose to the respective nuclei. Large increments make it
ible to place relatively long selective inversion pulses in
iddle of the evolution timet 1 in order to refocus some of th

ouplings, simplifying the multiplet fine structure. It also
ossible to separate DQ and ZQ cross peaks into diff
ubspectra by appropriate phase cycling which makes it
ible to place the carrier at the midpoint of the frequencie
he respective nuclei (22, 25). In the present study, we record
oth cross peaks in a single spectrum with the carrier frequ
t the side to avoid any possible confusion about the ident

he DQ and ZQ cross peaks.
All DQ/ZQ experiments presented here are out-and-

xperiments; i.e., the coherence transfer pathway reconv
he DQ/ZQ coherence into observable magnetization is a
or image of the pathway generating the DQ/ZQ coher
rom proton magnetization. Although DQ/ZQ experime
ould be designed, where the starting spin differs from the
recessing during the detection periodt 2, out-and-back expe

ments are simpler to design: if the desired coherence ca
enerated by a particular pulse sequence before the evo

ime t 1, the corresponding pulse sequence will also work
he reconversion of the DQ/ZQ coherence into observ
agnetization.
As in biomolecular NMR spectroscopy, it is worthwhile

ry to generate the DQ/ZQ coherences via coherence tra
athways which use large coupling constants (26). For a
trictly linear spin system A–B–C, comparison of the sign
AB and JBC requires the generation of DQ/ZQ cohere

nvolving the spins A and C. This coherence can be gene
ither starting from B magnetization by simultaneous evolu
nderJAB andJBC, or from A (or C) magnetization via a rela

hrough B, sequentially usingJAB and JBC (Fig. 4). The DQ
Q–HH(N) and DQ/ZQ–HC(N) experiments of Table 2
xamples for the latter case which may represent the
owerful scheme for1H-detected experiments, when the inn
ost coordination sphere of the metal ion contains only in

itive nuclei. These features also make DQ/ZQ experim
ttractive for the sign determination of residual dipolar c
lings of partially oriented macromolecules (27).

APPENDIX

Sign Determinations of Coupling Constants
from 2D Spectra

By convention, NMR spectra of nuclei with negative (e
1H, 31P, 13C) and positive (e.g.,15N) gyromagnetic ratios a
oth plotted with ppm scales increasing from right to left. M
onsistent representations would, however, be obtained
pectra were plotted on an absolute scale with Larmor freq
ies of increasingly positive values to the right. This wo
orrespond to the conventional representation of1H, 31P, and
set
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13C NMR spectra, but a reversal of15N NMR spectra (Fig. 5
9).

The evaluation of E.COSY-type cross peak multiplet
erns is simplified by plotting NMR spectra in the abso
epresentation, i.e., with the ppm scale of15N NMR spectra
eversed compared to the usual representation. For posiJ
oupling constants, the doublet components corresponding

state of a coupled spin 1/2 are always at frequencies
ositive than those of the doublet component corresponding
state (Fig. 5). In the absolute representation, the tilt of E.CO

ype multiplet patterns in15N–1H and13C–1H correlation spectra
esulting from coupling to a third spin X which is not exci
uring the experiment, can be interpreted without further co
ration of the gyromagnetic ratio of the spins involved. Thu
ositive tilt of the15N–1H cross peak as shown in Fig. 5c wo

ndicate identical signs ofJHX and JNX in the same way as
ositive tilt of a13C–1H cross peak indicates identical signs ofJHX

ndJCX. In contrast, a positive tilt in15N–1H correlation spectr
resented in the conventional way indicates opposite signs oJHX

ndJNX. The conventional representation was used for the e
mental spectra of the present publication merely because
ion of the frequency axis is difficult with available software
The evaluation of DQ/ZQ experiments is also affec

y the signs of the gyromagnetic ratios. In the present w
he respective carrier frequencies were always place
he high-field sides of the1H, 13C, and 15N resonance
nvolved in the DQ/ZQ coherences. In this way, the dou
uantum peak appears at a negative offset larger than t

he zero-quantum peak, if both spins have gyromagn
atios of the same sign. For multiple-quantum cohere
omposed of spins with gyromagnetic ratios of oppo
ign, e.g.,1H and 15N, the double-quantum peak appear
n offset smaller than that of the zero-quantum peak, aF H

(vH 2 vH0)/2p , 0 andF N 5 (vN 2 vN0)/2p . 0, and
onsequentlyuF H 1 F Nu , uF H 2 F Nu (v Larmor frequency
0 carrier frequency).
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