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Sets of specifically tailored E.COSY-type correlation experi-
ments and double-quantum/zero-quantum (DQ/ZQ) experiments
are presented which enable the determination of sign and size of
small heteronuclear coupling constants across the metal center of
transition metal complexes. For the octahedrally coordinated com-
plexes, [Ru(TPM)(H)(CO)(PPhy)]*[BF,]~ (1) and [Ir(TPM)(H)-
(CO)(CO,CH,)]*[BF,]™ (2), 14 of 15 and 15 of 15 possible two-
bond scalar coupling constants across the metal center were mea-
sured, respectively, using N and "“N/*C enriched samples
(TPM = tris(1-pyrazolyl)methane)). The reduced coupling con-
stants *Ky.y = 47° 2J/(hyxyy) were found to be positive when the
coupled nuclei X and Y were trans with respect to the metal
center, and negative when the coupled nuclei were in cis position.
The validity of this sign rule was verified for Jcc, Inn, Jens Jpcs Jens
Jup, Jue, and Jyy couplings. ldiosyncracies associated with 2D
NMR spectra for the sign determination of coupling constants
with N which lead to corrections for the signs of Jy, Jen, and Jey
couplings reported previously are discussed. © 1999 Academic Press

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

INTRODUCTION

of ligands about the metal center being, as a rule, positive ar
negative for’K(trang and’K(cis), respectively %, 6). K denotes
the reduced coupling constalit= 47°J/(hy,ys), wherey, andys

are the gyromagnetic ratios of the coupling spinstaisdPlanck’s
constant. While this sign rule seems to hold for transition mete
complexes from the second and third rows of the periodic systen
reversed relative magnitudes and signgktrans) and *K(cis)
couplings have been reported for metal centers from the first ro
of transition metals in the periodic systef) 2, 4—7, a situation
which is not further discussed here.

Although the sign rule offers a useful criterion for the geomet-
ric disposition of ligands in a metal complex, the experimenta
base for the sign rule is relatively smail, ). In the following,
the validity of the sign rule is demonstrated for two octahe-
drally coordinated transition metal complexes, [Ru(TPM)(H)-
(CO)(PPR)]"[BF.]~ and [Ir(TPM)(H)(CO)(CQCH,)] "[BF.]
(Fig. 1), containing'H, *P, **C, and**N spins in the first coor-
dination sphere. Measurement of all 15 possitilecoupling
constants between the metal-binding spins was attempted to r
out sign changes due to small deviations from octahedral coorc
nation. Complete sets of improved two-dimensional E.COSY
type and DQ/ZQ experiments are presented which allow th

NMR provides a powerful tool for the rapid analysis of theletermination of the absolute signs of the coupling constants &

stereochemical structure of reactive transition metal complexesiating them to the known sign of a one-bond coupling constan
The determination of the relative disposition of ligands about then a previous study of a different metal complex containing
metal center is central to the determination of the structure of sugiRu ion with**N and®'P nuclei in an octahedral coordination
complexes. Nuclear Overhauser effects are most readily usedtiell, we concluded thdtl(trans) > 0 and®J(cis) < O (8).
elucidate the relative conformation of ligands which contain prgsis conclusion is shown to be erroneous. Because of th
tons. When the ligands contain heteronuclei with spin 1/2 but fayegative gyromagnetic ratio of tH&N nucleus, the**N fre-

or no protons, scalar coupling constants yield more easily accggency axis should be reversed (see the Appen@jxchang-
sible information. For example, stereochemical information jsg the signs of alld,y, Jen, and Jey coupling constants
contained in the magnitude 88 coupling constants across thereported in Refs.g) and (L0). The signs of all other couplings,
metal center a8)(trans) is usually significantly larger thaid(cis) in particular those ofly, couplings, were correct.

for transiton metals from the second and third rows of the |n the present study, all heteronuclear correlation spectr
periodic systemX-6). Furthermore, the absolute signs of thesgere plotted in the conventional way, irrespective of the sign:
scalar coupling constants are dependent on the relative disposigerthe gyromagnetic ratios of the nuclei involved. Conse-

e . 1y (31p_1
' To whom correspondence should be addressed, at: Karolinska Institlﬂé{emly’ a positive tilt of an E.COSY-typEC—'H (*P-'H)

MBB, Doktorsringen 9A, S-171 77 Stockholm, Sweden. Fax6-8-315296; Cross peak indicates identical signslef (Jex) andJd.x, where
e-mail: gottfried.otting@mbb.ki.se. X denotes a common coupling partner not excited during th
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(a) et al. (12). Ninety-nine percent’N labeled TPM (48 mg, 0.22
mmol), [Ir(1.5-cyclooctadiene)Cl[714 mg, 0.106 mmol), and

B © or NaBF, (26 mg, 0.23 mmol) were added to a solution of
5 1/?1\ methanol (10 ml) and hexane (3 ml). The reaction mixture wa
AN NV NN degassed via three freeze/pump/thaw cycles, placed under
3/2\ |N\/ Ness atmosphere of 100%°C labeled CO, and stirred for 72 h at
/Rlu\ _Ph room temperature. The solvent was removed under reduc
H co F\’\i© pressure and the residue was rinsed well with hexane to yie
i Phi~<" | the product, [Ir°N-TPM)(H)(**CO)(**CO,CH.)][BF,]~ (2),
m as a pale grey powder (125 mg, 98% vyield).
(b) SPECTRAL DATA
i H 1% e o 2B Data for CompoundL, [Ru(TPM)(H)(CO)(PPR)] "[BF.]
5 1 TN 0.2 Chemical shifts (in ppm) 'd, solvent d®-acetone): 9.81
«al TEhic) [Hy], 8.68 [Hec], 8.62 [Hes], 8.57 [Hss], 8.34 [Hsa], 7.70
Tl [HEY, 7.61 [Hen™], 7.55 [Hpe™, 7.18 [Hsd], 6.86 [Hag], 6.77
AN [Hal, 6.63 [Hicl, 6.37 [Hig], —12.10 [Hyaiad; (*°C, solvent
H co & d®-acetone): 148.4 [G], 148.3 [C], 146.8 [C], 135.2 [Cid],
| g | 135.0 [Gg), 134.7 [C¥Y, 134.7 [C,], 131.7 [C2, 129.6

[CE™], 109.4 [Cy], 109.1 [Ced, 108.8 [Cel, 772 [C.1; (°C,
8 . . AL 6 .

FIG. 1. Chemical structure and coupling constants (in Hz) across titsﬁ?lve_ntg “THF): 2066'4 [COJ; EP’ solventd _a(?etc.me)' 64'9.

metal center of (a) compourtt [Ru(TPM)(CO)(H)(PPE)]‘[BF.] -, and (b) snds (7N, solventd®-acetone, referenced to liquid ammonia

compound2, [ITPM)(H)(CO)(CO,CHs)] '[BF.] . The magnitudes and ab- (13)): 246.6 [Nyc], 242.4 [Nyg], 233.9 [N;4], 208.3 [N,c], 207.8

solute signs of the scalar coupling constants are the result of this work. [N ;,], 207.1 [Ng].

Coupling constants (in Hz) not shown in Fig. 1a (for visual
experiment, whereas a positive tilt in 'aN-'H cross peak clarity, one of the coupling partners is identified by underlining):
indicates different signs afy, andJ,x (see the Appendix).  Jusanaa 2.1, Jnseras 2.3, Inscriac 2.4, Jnaansa 12.4, Inasrss 2.7,

Many of the experiments were tailored to the couplingucrsc 2.5, Jusania —7-5, Jnsenae —7-6, Jnscnac — 7-8, Jnaanta
constants and chemical shifts encountered in the compoure® 1, Juens —6.1, Jnucnic —6.2, Jnsansa —5.6, Jpsenas —5.8,
used here. A comprehensive overview is provided to illustralgscnic —5.7,diia <[0.2], Jrns 0-3,mac 0.7, usanza 10.9,Izenze
the underlying general strategy for the sign determination ardL0.4, Jyscnoe —11.1, Juaanza — 2.1, Jnsenzs — 2.6, Jnacnoc —2.2,
to provide a framework for analogous work with other comdusanza —1.2, Jusenes — 1.4 Jnscnze —1.0, Inaanza —10.0, nienes
pounds. It is demonstrated that sign and size of couplingl0.1,Jyicnoc —10.8,Jpzap 0.9, Jnanp 0.8, Jnsap 0.9, Jpnia —1.4.
constants less than 0.5 Hz can readily be measured.

Data for Compound, [Ir(TPM)(H)(CO)(CO,CH,)] *[BF.] -

Chemical shifts (in ppm)‘d, solventd®-THF): 9.89 [H,],
[Ru(TPM)(H)(CO)(PPB)] *[BF.]~ (1) 8.65 [Hsc], 8.65 [Hsal, 8.60 [Hsg], 8.42 [Hsg], 8.23 [Hy(], 8.18
[Hsn], 6.66 [Hic], 6.64 [H.g], 6.64 [H,4], 3.60 [Hy], —16.76
An equimolar solution of 999%°N labeled TPM (54 mg)10) [Huyeiad; (°C, solventd®-THF): 165.6 [G], 157.1 [C]; (*°C,
and [RuH(CO)CI(PP§),] (237 mg) (1) in toluene (30 ml) was solvent d®-acetone): 148.8 [§], 148.7 [Gal, 147.1 [Gal,
degassed via three freeze/pump/thaw cycles and placed unde{ 381 [C;], 135.9 [C], 135.4 [Ga], 110.1 [Ca], 109.9 [Cid],
atmosphere of N The solution was refluxed vigorously for 3 h109.5 [G,], 78.5 [C.], 51.9 [CHy; (*°N, solventd®-acetone,
and subsequently allowed to cool. The toluene was removederenced to liquid ammonid®): 222.6 [Ny, 208.8 [N,a],
under reduced pressure. A solution of Nai40 mg) in methanol 206.8 [N,g], 205.5 [N;a], 205.2 [Nic], 204.5 [Nig].
(25 ml) was added. [RGN-TPM)(CO)(H)(PPh)] "[BF,] (1) Coupling constants (in Hz) not shown in Fig. 1b (for visual

precipitated while the reaction mixture was stirred for 3 h and wafarity, one of the coupling partners is identified by underlining):
isolated as a pale grey powder (80 mg, 47%).

CHEMICAL SYNTHESIS

JHsAM —7.1, Jigens —6.9, JHSCLN —7.2, Jyapnin —6.1, JH4B@

n - —6.0, Juucnac —5.9, Jusania —5.5, Jusenis —5.7, Juscnac —5.2,
[(Ir(TPM)H)(CO)COLHA)I "[BF.] - (2) Jramen —10.2, Jummze 8.5, Jrscre —9.9, Jnmnan —2.7» Jnzs

Compoundz, [|I’(TPM)(H)(CO)(COZCH3)]+[BF4]7, was pre' _3.2, ‘]H4CN2C _2.6, JH5AN2A _1.6, JH5BLB _2.0, JH5CLZC _1.5,
pared using a modification of the procedure described by Ql@anoa —8.8, Jnenzs —7-8, Jnicnzc —8-8, [Jcinag 0.5, [Jcanaal 0.5.
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RESULTS N-HSQC-36N

Compounds and Spin Systems ®N-HSQC-36N spectra yieldfN—"H cross peaks with an
E.COSY-type appearence, correlating the sign of paskive
The compounds investigated in the present study, [Ru(TPMbuplings in theF, frequency dimension with the sign df,,
(H)(CO)(PPR)"[BF,] ™ and [ITPM)(H)(CO)YCQCH,)] "[BF.] ",  couplings in theéF, dimension L0). In the same way, couplings
are shown in Fig. 1, together with an overview over the couplingith passive spins like'P lead to additional E.COSY-type
constants measured across the metal centers. The tris(1-ppigttiplet splittings. The use of &N inversion pulse selective
zolyl)methane (TPM) ligand was uniformly enriched withl.  for either the N or N, spins, respectively, prevented the
In addition, both Carbonyl carbons in CompOlR’lWere labeled genera‘[ion of unproductive three_spin terms ||k)e\||ﬂN22, by
with 130. None of the ruthenium or iridium iSOtOpeS carries %Stricting the evolution of the pyrazo|y| protons during the
spin 1/2. Consequently, the presence of metal spins could|RgPT period to a single intra-pyrazolyl,, coupling. In this
disregarded in the present study. way, all possible intra-pyrazolyfH-"*N cross peaks were
All coupling constants between nucleitirans position with - gphserved in two experiments, with the selecff pulse set to
respect to the metal center are larger than 10 Hz and thHgert either Ny—N,c or Noy—N,c (data not shown).
readily measured (Fig. 1). _In contrasts couplings_involving The three cross peaks observed between-N,c and the
"N are at most 1.5 Hz. Quite generally, the coupling constari§dride (denoted H) show that the sign of tans coupling
with N tenq to be relatively small. For exampFQ,Hp(CiS) in ‘JNZAE is Opposite to that of theis Coup”ngs\]NZBE and JNZCE
compoundl is larger tharfJ,,(trans). (Fig. 2a). Furthermore, theis couplings Jyssnec @N Jyzanac
“Jm and*Jyy coupling constants in the pyrazol rings of thyave the same sign dsy.c, as measured from the,;N-H and
free TPM ligand were measured earlid0). They are larger N,,—H cross peaks. Since the sensitivity of the,MH cross
than 5 Hz, both in the Complexed and in the UncompleX%ak was low because of the Smth Coup”ng, the mea-
|igaﬂd. ThelJNN COUpling in TPM varies betweer 7.5 and surement OﬂNZANZC was double Chec@d later by DQ/ZQ and
—13.0 Hz, depending on the state of ligation and the transitifghg-range®N-"N (LRNN) experiments (see below).
metal in the complexq; 10, 14, 13. The negative sign of the 3, - (measured from the cross peakNH, Fig. 2a) was the
"Jw coupling was confirmed by a series of E.COSY-typgnly sizable coupling between the hydride and any of the N
experiments in free TPM as well as in a bis(1-pyralozy§pins which could be determined with confidence from the
complex with Ru, b_y relating them to the sign of a one-bondN-HSQC-36N spectrum. Using an INEPT delay of 150 ms
"H-"C coupling which can be assumed to be posit®el0). the cross peak N—H could be observed (Fig. 2b). The nega-
Since the magnitudes of the intrapyrazolyk andJw COU- tjve tilt of the cross peak shows tha,,c has the same sign as
pling constants are comparablelrand2 to those previously Jnicwee, 1-€., Jmoc 1S Negativeand, co?sequentlleZBNzc and
observed in free TPM and in the Ru bis(1-pyrazolyl) complegjgwmi2C are ne@\tive. Since N,—H and Ng—H cros?peaks
(8, 10, it can be assumed that théyy couplings in TPM are could not be observed iifN-HSQC-36N experiments even
also negative il and2. In the present work, the absolute signgfter 12 h recording time, different experiments were require:
of the coupling constants across the metal center were obtaifghhtain the sign information for the other two HyMou-
by relating them to the Sign of tH@]NN COUplingS. p||ngs across the metal center.

Experiments Used for Analysis of Compound 5’N-HSQC-36N witd*N-*N Relay

[Ru(TPM)(H)(CO)(PPR)] " [BF.] -
s ) o . - The cross peak N-H was generated by transferring the

The ™N chemical shifts irl, [Ru(TPM)(H)(CO)PPR] "[BF.] ,  magnetization from H to B (Juws = 1.3 Hz) and further
cluster into two groups, comprising ;N-N;c and Nox—Nac, 1o Ny via a SN=N relay SteFONZBNlB = —10.1 H2),
respectively, with a larger chemical shift dispersion betwe%nverting Ng,H, via the operators N,N,s,H, and
N,a, Nog and Ny (see Spectral Data). It was thus possible tﬂZBleBtz into Nys,H, before the evolution timé,. The
selectively excite each group of spins separately. Furthermoggy s peak (Fig. 2c) shows thai,.s has the opposite sign
with a more selective pulse, a single one of the spins-Noc  of Jnenos, -6, Jumos IS pOSitive. The cross peak N—H

could be excited. Similarly, the hydride resonance is Wellhyig not be observed with this experiment, probably be
separated from the rest of thie NMR spectrum, allowing the causel ., is too small to allow the refocusing of NH,
selective excitation of the hydride without disturbing any of thg,i5 observable magnetization.

other proton resonances and vice versa. Selective pulses were
used to reduce the spectral widths in the indirect frequene)
; . . —-HSQC
dimension and to refocus homonuclear couplings. Table
presents a survey over the experiments recorded and theifhe cross peak P—H recorded in a conventiofi&@—
information content. HSQC spectrum relates the signsJaf., andJey,c 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)(PPh4)]*[BF.]~

Experiment

Pulse Sequence®

Coherences'

Cross Peaks and

b

Pairs of Coupling
Constants Related®

Comments?

15N-HSQC-36N ¢

15N-HSQC-36N
with 15N-15N relay

31p.HSQC ¢

LRNN #

DQ/ZQ-HN(P) !

DQ/ZQ-HN/

Yy *2) +

][] [+

(1) 36°

oo

t

Nya

2,

H

AM A y +H2) £(1,2)
MEEE f2
1) (@) 36°
on_ [zllefellz v ]
dec.

31P

ol T

*(t

.

)

+(1,2

y
w2l 2]

+(6)

*
I H%H%W
1y(3)  +(4)

N

2C 2C

Ng P Nex f—P
H H

1) (@)
(O 2 M - |
+(6)
31p
+(3) *(1,2,3)
] s /A A wltz

T
2| decouple

—a /2

31p H H H dec.
+2) +1,2)
H H A A\ A ta
i'(1)
15N ” %ﬁ\ % H dec.

31P r

decouple

Nig,
Nic

Z—

Noc

F’Ngy

C HC

Nagy,

C C

Nog Nao

JNICu with JHM

Jup with Jnocp

Jup With Jyopp
Jup with Jnpap

JniBnze With Junop

Jpnoa With Jyunoa
‘]PNZC with JM

In2angB With Jynop
In2anzc With Junoc

Inocna With Jypnoa
JIn2enzB With Janop

Relates the sign of
Jy with IJNN also
for the pyrazolyl pro-
tons.

Generates the cross
peak Njg-H via the relay

H- N2B e d NlB'

Determines the sign of
JHMA’ since JP% is
related to Jyp and Jyp
to Jpnpc (PN-HSQC-
36N), and Jpnyc is
related to Jynoc (31P—
HSQC).

Generates the cross
peaks Noa-H and Nyp-H
via the relay H = Ny =
Nja,» Nop.

Measures the size, not
the sign, of the Jyy cou-
plings.

Identifies Jyyy couplings
across the methine
group, too.

Generates the coherence
HyNjayP, via the relay
H—>P— N2A'

Generates the coherence



MAGNITUDE AND SIGN OF COUPLING CONSTANTS 417

TABLE 1—Continued

Experiment Pulse Sequence? Cross Peaks and Pairs of Coupling Comments?
Coherences? Constants Related®
+2) +(1)
13, k t i
C-HMBC ] [ wmz,,. NeBn,,  Jonac With Jinac
+(1) N2A p ]C@ with JI‘HLZ_B_
J ith J;
130 | 4 sflsra L . cp with Jup
4
Afl A
5N E[LE , dec
o
i (@3) +(1,2,3)
DQ/ZQ-CN T T +(4) T T t
1H ” 5 H 3 “ ] JL 5 H 5 wl 2 Ny Jep with Jyocp Generates the coherence
1) N - Jen With Jnpc CyNycyH, by simultane-
i 2 ous evolution of H under
e[| | u }sﬂsﬂ [ re= H Jric and Jypoace
+2
A +(4) A
N 3 21l 3 dec.
: -

# Narrow and wide bars represent 90° and 180° pulses, respectively. SL denotes a spin-lock pulse of 1 ms duration. Boxes with lower amplitudéeof rec
or rounded shape represent selective 180° pulses with a rectangular or more complicated shape, respectively. Broadband decoupling seogledceleare la
Pulses are applied with phageunless indicated differently. Pulses which are phase alternated in the phase cycle are numbered and identffigdsyhe
same numbers are shown with the receiver phase, if the receiver phase is alternated together with the respective pulse phases. For exaniplghdbe exy
cycle of the®®N-HSQC-36N experiment withN-""N relay is 1st 90°CN) = 4(x, —x); 2nd 90°F*N) = 4(y), 4(-y); 90°(*H) = 2(x, X, —X, —X); receiver
= 2(x, =X, —X, X). E.COSY-type spectra were recorded with States—TRB)I DQ/ZQ experiments were recorded with the carrier frequency high field o
the resonances participating in the mixed DQ/ZQ coherence.

® Bold lines connect the nuclei defining the chemical shifts of the cross peaks i tred F, dimensions of 2D correlation experiments. Cross peaks of the
LRNN experiment are described by arrows pointing from the parent spin evolving during therdeltye spin to which antiphase magnetization is created by
the Jyy coupling between the tw&N spins. Circles identify the pairs of spins precessing as DQ and ZQ coherencestgunridQ/ZQ experiments.

¢ For improved clarity, coupling constants are denoted with underlining one of the two nuclei involved in the coupling. Note that indices of the coL
constants can be swapped. For examlgsr and Jpy.c denote the same coupling.

¢ Cartesian product operatorag] without signs or normalization factors are used to describe coherences.

¢ See Ref. ). Shaped pulse: 4 ms hyperbolic sec&$) (nversion pulse, acting on ;N-N,c. A = 150 mS,t; . = 448 MSt,n., = 1.25 s, total experimental
time 3 h. In the experiment, where the selective pulse excitgeMc: t1nax = 256 ms, total experimental time 1.5 h.

f Shaped pulse: 10 ms pulse with the shape of a Seduce el@@gmiciing on Ns. A = 150 ms,7 = 50 MS,tyme = 195 MS}t,ma = 1.18 s, total experimental time 8 h.

9See Refs.31,3). A = 18.6 mS,t;n = 200 MS,t,n. = 1.19 s, total experimental time 0.5 h.

"See Refs.§, 17, 18, 33 A = 50 ms,t = 300 MS,t1ma = 97 MS,t,n = 1.36 s, total experimental time 3.5 h.

' Shaped pulse 1: 1 ms hyperbolic secant inverting all protons but the hydride; shaped pulse 2: 4 ms hyperbolic secant invé&tind N- 18.6 ms,7 =
13.6 mStina = 1.28 s,thna = 1.15 s, total experimental time 2.3 h.

I Shaped pulses as in the DQ/ZQ-HN(P) experiment (foototk = 27.7 MS,tima = 1.75 S,tm = 1.15 s, total experimental time 3.5 h.

A =58ms,8 = 1.1 MS,t;nw = 480 Ms,tm, = 341 ms, total experimental time 6.4 h. Gradients: 23,5, 5.0 G/cm (odd scans) er2.5, 2.5, 5.0 G/cm
(even scans), 1 ms duration each, sine-shaped.

' Selective pulse 1: 7s rectangular pulse inverting all protons but the hydride; selective pulse 2ugtdctangular pulse invertingN-N;¢ but not N.

A =27 ms,7=58ms,8 = 1.1 MS,timy = 128 MS,toms = 983 ms, total experimental time 5.4 h. Gradients as in'tBeHMBC experiment (footnot&).

Of Junza @ndJynac, respectively (Fig. 2d). The couplings ofnegative,Jpy.4 iS Negative and Jeyzs is positive (from the

P and H with Ng are both small and therefore unresolved\,,—H and Nz—H cross peaks in Fig. 2a, respectively). The
The negative tilt of the cross peak shows thik,c is correlation betweedpy, andJyyza in the ¥P_HSQC spec-
positive, since Jy,c is Negative. The B—H cross peak in trum shows thatl,,, is positive. Thus, all 2J,(cis) and
the ®N-HSQC-36N spectrum showed that the sigd@fis  *Jpy(cis) couplings are positive, wheredd,(trans) and
opposite to that oflpy,q i.€., Jup is negative. If Jyp is  Jpy(trans) are negative.
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(a) 15N-HSQC-36N '
Hz [& e o ,
) % z JNZCﬁ/JHN_ﬂ;_ L N2C 1
20— - . JNZCE/JHE % 1BN
] o» 2B
404”7 7, Neenig/hnte | N <j N 2¢
150 ~— JInzBp/Jhp 2A—Ru—
N - InzeNzc/JHnee
60 »— JInzan2c/JHN2C
(1)
80
- Noa (d)
100 ppm
64.900- \Jpnza/dHnzA
1
P —0
b 1 Jpnoc/JHNe
(b) 64.905
ppm I T I
| L _ (e) LRNN
208.5 ~———r ' Hsc Hsa Hsg
-12.1 1H ppm — | }
sy 1@ v G
. ] 0wl Nqg
(c) 15N-HSQC-36N with 15N-15N relay N
2075 & T
pom [ 1 S 1 Nea
207.00 o'J Jvisnes/nes T N1e 208.0 @ N
15N | ' - 3 B Gy e
S - 20851
-12.1 1H ppm 8.55 8.50 1 ppm

FIG. 2. Selected spectral regions from experiments recorded to determine the absolute sigid ebtiq@ing constants across the metal center in compounc
1, [Ru(TPM)(CO)(H)(PPK)] “[BF,] ~. The corresponding pulse sequences are shown in Table 1. Tilts of E.COSY-type cross peak multiplet fine structure
identified by lines which are labeled by the coupling constants responsible for the peak displacements; coupling constants measured fronptaegreaktdis
in the indirect frequency dimension are listed before the slash, those measured in the detection dimension after the slash. Positive and ksegagive |
distinguished by plotting all contour levels or only the lowest one. In the quantitative long-FahgeN (LRNN) correlation spectrum (e), the distinction is made
by solid and dashed lines. For reference, the chemical structurésashown with selected nuclei. The spectra were recorded at 25°C on a Bruker DMX 6(
NMR spectrometer, using a 66 mM solution bin d®-THF for the ®*C—HMBC and DQ/ZQ-CN experiments, and a more dilute solutiod*imethanol for
all other spectra. (a) and (B)N-HSQC-36N. The spectrum was folded in fhefrequency dimension. The two spectral regions shown were recorded usir
N pulses selective for N c and N, respectively (Table 1). (c’N-HSQC-36N with**N-*N relay. J,, was decoupled for improved sensitivity. (d)
¥P-HSQC. (€) LRNN|Jyianis| = 0.3 HZ,|Jianac| = 0.5 Hz, andJyenad = 0.8 Hz were calculated from the relative peak intensities. Note that the spectru
yields two independent measurements for eaghcoupling. (f) DQ/ZQ-HN(P)F\,. = 120 Hz,F,, = —51 Hz. (g) DQ/ZQ-HNF\,c = 109 Hz,F,, = —49
Hz. (h) ®*C-HMBC. The multiplet fine structure is antiphase with respect tdthandJ,» couplings, because the coupling evolution delaysed corresponded
to an odd integer multiple of/(2J,). (i) DQ/ZQ-CN.F¢ = —106 Hz,F\,c = 37 Hz.

LRNN the size of the coupling constant is encoded in relative cros
All ?J,\ couplings across the metal center are 0.5 Hz peak intensities0, 16—-19. The experiment is an “out-and-

smaller. Their magnitude was measured using a quantitativaeck” experiment with the magnetization transfey H

long-range*®N—""N (LRNN) correlation experiment, whereH,N,, — H,N,,N,, and back (Table 1). The coupling con-
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FIG. 2—Continued

stantJyy is measured from the relative peak intensities dfiyN,,,P, which was generated via the intermediate terms
direct (N.-H) and relayed (IN-H) cross peaksl(N,—H)/ H,P,, H,P,, and HN,,,P,. The relay via the phosphorus was
I(N.—H) = sin’(mJ7)/cos’(wJ7), wherer is the delay during favorable because the coupling constais and Jey,, are
which N, partially evolves into antiphase magnetizatiomnelatively large (Fig. 1). The DQ (ZQ) coherence evolves
with respect to . To avoid reduced peak intensities fromwith the sum (difference) of the couplindsiyzc andJyzanzc-
evolution under'Jy, couplings, r was set to an integral Since Juwc is large, the sign and size of the smallaac
multiple of 1/Jyy. The experiment yieldety,azs| = 0.5 coupling could be measured readily (Fig. 2f). In addition,
Hz and [Jxzenzd = 0.3 Hz. Furthermore, the experimenthe cross peaks were split by the sum (difference) of th
demonstrated small COUp|ingS between thpsl]silns of dif- Coup||ngstNZB andJNZANZB A selective 180°]€N) pu'se was
ferent pyrazolyl rings which are presumably mediated by thgplied to the group of Nresonances to prevent additional
C, methine group (Fig. 2e). line splitting by *Jyianza. Similarly, the 180°{'P) pulse in
the middle oft, prevented the evolution undéy,.e andJ,p.
DQIZQ-HN(P) To refocusl, andJ,, couplings, the 180%H) pulse in the
Jneanzs Was determined from a DQ/ZQ experiment, whermiddle oft, was applied as a semi-selective pulse, inverting
H and N,, constituted the mixed DQ/ZQ coherencall proton spins except for the hydride. Since the hydride



TABLE 2

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

[Ir(TPM)(H)(CO)(CO,CH)] *[BF.]

Experiment

Pulse Sequence” Cross Peaks and Pairs of Coupling Comments?
Coherences? Constants Related®
) HE) H1.9) Jrang with Jning For all pyrazoly!
rings.

snsacaene oy [A12 ] I 2 W
al=E IW""”" N
N

. H iﬂ(nt1 eﬂe° /2\H3
136 H
y (1) H
ororn’ wlailienil [mibiitps
Ny Afl“: Hyc
5N H ” 21 H 4 H 2] H H [[dec.] N Cy
13¢ H dec. Ca

Npg—+—C4

Al A ! yA A = @(N\L\lm
DQ/ZQ-HC(N) & Eﬂ Elaﬂ H?H? ty PA Nog
I

13¢ H H Nos—F—C)
(Hp) " Cg
+y(3)£(2) +1,3) Nea Nac
13C-HSQC-36C" 1, ||‘ | |. t Nos—F—C4
: H
1) 36° \CZ
13c N H t Noa
NZBH_/7C1
Co
+y(3) +(1,3)
oot 1] ] te
‘ ‘ Nea Noc
+2) 1) Nog Cy
15 " ty H WL
2
. +(3) +(1,2)
DQ/ZQ-CN/ ’HH z H_;. H H ” 5 H z w ty N2A
Nag—F—(Cy)
5N % i“&) t " % dec. " Ca

Lo e P
3¢ M H H M dec. Nog—#F—C;4

420

Junoc With Jiasenac

Joanoa With Jgzanoa

Jeinzg with Jyspnop

chg with ]Hg
Jeanac With Jynoc
Jeanza With Jynoa

‘,CIQ with JHQ;
Jemac With Jpnoc
‘]Clw with JHN2B

‘INZCQ with JHg
In2cee With Jyeo
Jnaenic With Jywic

Jnoenze With Jeinon

JNZCQ with JC]Q

Inocnza with Joonoa

JNZCQL with chg

Generates the coherence
HyH3CyN2Cz via the
relay H — Nye — Hje

Generates the coherences
H3yCayN3a, and
H3ByC]yN2BZ via the
relays Hy3y = Noy > C,
and Hzg — Nog — Cy,
respectively.

Generates the coher-
ence NcyCiyH,

N. 2CyC2sz) by
simultaneous evolu-
tion of H under
JHMQ and JHQ
(JHN2c and JHQ).
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TABLE 2—Continued

Experiment Pulse Sequence® Cross Peaks and Pairs of Coupling Comments?
Coherences? Constants Related®
k A A =04
DQ/ZQ-CN(C) 1y “E”E” ” ”% 5 to JnoBNza With Jeonps  Generates the coher-
ence CoyNopCy,H,
+(1) via the relay H = C,
< .
15 .E” ﬂ Y ” HE, o = G, Nop, using
f t simultaneous evolu-
e 4)5 5 *3) +2) R tion of Cyunder
e mlzllz]l co [all 2] A e Jeicz and Jeinzg-

y +

N
LRCN ! Aﬂé ” AMA ot Nigg Generates the cross
H|Zl|Z SL“ ”2”2%”2 I CC peaks N, - H via the

N
st ! relay H— C; or G,
15 ” ” ” ” Cz = Npa» Nag, Nac,
N dec. N Ng, Ny4, respec-
y(1) 7 |1A tively. Measures the
I o N i t the si f
13¢ ﬂ 4 H AN size, not the sign, o
2 2 2 2 dec. C
[_\ ” ” ” ” /—\ NZB 4(2: ‘]CIN_ZC’ JCI%7
! J dJ
CIN1B and JeoNaCs
H ANLD Zh P 0%
\ Cs Jeaess Joonia:
(1) H2) (1)
DQ/zQ-cC™ 1y ” % ﬂ % ” H ” % [I % tp Noa Jeinog + Joanpa With  Generates the coher-
2¢ . =
W“h Jeangs +Joinza ence C;;C, H, by
+3) NzBH simultaneous evolu-
A A tion of H under J,
w3l %] (30 e g
C ﬂ 2 2 m dec. and Jygy

>4 For a definition of the symbols and conventions used, see the corresponding foatadiasTable 1.

®See Ref. §). A = 62.5 MS,ty = 256 MS,tyna = 2.46 s, total experimental time 1.1 h.

A =17.9ms;m = 35.8 MS}t1ma = 164 MStoma = 285 ms, experimental time 2.5 h, selective pulse 1: 4.81 ms rectangular 180° pulse for selective inver
of Hac without exciting H, selective pulse 2: 1.2 ms rectangular 180° pulse for selective refocusing: efitout exciting Nc.

9A = 25 ms, 7 = 122 mS,type = 205 Ms,t, = 570 ms, experimental time 0.5 h.

"See Ref. §). A = 35.7 MS,timax = 512 MS,tona = 1.7 S, experimental time 1.2 h.

'See Refs.31, 39. A = 62 mS,t;ne = 512 MS,t,. = 2.9 s, experimental time 14 h.

TA =9ms,7=27.5MS}t = 2.05 S,t,m = 570 Ms, experimental time 11 h, selective pulse: 10 ms hyperbolic secant 180° inversion pulse. Correla
with C, and G were obtained in separate experiments with the selective £8)%ulses applied to Cand G, respectively.

A =55.0ms,r =27 ms,8 = 125 MS,tima = 2.05 S,tma = 570 mMs, exp. time 5.7 h, selective pulse 1: 10 ms hyperbolic secant 180° pulse for select
inversion of G, selective pulse 2: 994s rectangular 180° pulse for selective inversion efvithout exciting G.

' See Ref. 18). A = 55 ms,7 = 262 MS,tynx = 128 MS,tm = 524 ms, experimental time 0.5 h, selective pulse: 10 ms hyperbolic secant 180° inversi
pulse. Correlations with Cand G, were obtained in separate experiments with the selective £8){{ulses applied to Cand G, respectively. The correlations
with C, were measuredi2 h on amore dilute sample. The phases of @€ and™N pulses preceding were simultaneously incremented by the States—TPP!
scheme Z0).

mA =55ms,7 = 125 mS;tna = 1 S, tmax = 570 ms, experimental time 9 h, selective pulse: 10 ms hyperbolic secant 180° pulse for selective invergion of

resonance appears as a singlet in the presentél@nd*P DQ/ZQ-HN

decoupling, refocusing of the transverse proton magnetiza-

tion was not necessary to obtain a purely absorpfide  The sign ofJy.en.c was determined from a DQ/ZQ-HN
signal. The spectrum (Fig. 2f) shows that the sumlQfs experiment, where mixed DQ/ZQ coherence was prepare
and Jyanzs IS smaller than the difference, showing thabetween H and B. Couplings to N spins were refocused
Jnoanzs, Unlike Juwes, iS negative In contrast, the sum of by a selective 180%(N) pulse inverting the N spins, and
Junze @and Juyanzc iS larger than the difference, showing thatouplings to protons other than the hydride were refocuse
Jnaanzc, like Jungc, IS Negative by a selective 180°H) pulse applied to all protons except
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the hydride resonance. Together witR broadband decou- experiment would correlate the smalky,, coupling with
pling, the couplings to Bk and N,z were the only unrefo- the large Jpya Coupling. Starting from the hydride, the
cused couplings. Therefore, the DQ peak is split both mpherence fC,H, can easily be generated by simultaneous
Jnzenze + Jinze @Nd Jyocnan + Jinza, @nd the ZQ peak by evolution of H under the relatively large couplings- and
JInzenze — Junze @Nd Jyacnza — Junza. The signs and magni- Jyc. In practice, the experiment failed because of signal-to
tudes of all these couplings are known, except for the sigiise limitations imposed by the low natural abundance o
of Juzcnze: Although the couplings are incompletely resolved®C and the rapid transverse relaxation rate of e spin.
in the experimental cross peaks (Fig. 2g), the separati®he problems fromi'P relaxation could be alleviated by the
between the outermost multiplet components is clearly bigse of the DQ/ZQ-HN(P) experiment (Table 1), whéie
ger for the ZQ than for the DQ cross peak. Thidsecnza —  €volves only during relatively short relay periods. In this
Jinza T Jnzenze — Jimzsl > [Inoenza T Jrmza + Jnzenzs + €xperiment,Jy,nc Would be correlated withl,c, but the
Jiinzs| OF [Inzenzs — 3.0 HZ > [Jyacnzs + 2.6 HZ. According  sensitivity was insufficient to perform this experiment at
to the LRNN experiment, the magnitude &if,cnzs iS 0.3 Hz.  natural 3C abundance.
Thus, Jyacnzs IS Negative, like all the other®Jy, couplings
across the metal center of compouhd Experiments Used for Compougd
[Ir(TPM)(H)(CO)(CO,CHy)] "[BF.] -
“C-HMBC
) . In contrast to compount, [Ru(TPM)(H)(CO)(PPK)] '[BF,] ~,

Coupling constants with the c?rbonyl carbon were measurggh 15N chemical shifts of Na—N;c and Nox—N,c in compound

at natural isotopic abundance. AC-HMBC spectrum (Fig. [I(TPM)(H)(CO)(CO,CH,)] '[BF.] *, did not cluster into

2h), recorded with pulsed field gradients for coherence selggz, groups which could have been selectively excited in :

tion, shows thatley,s is negative (negative tilt and positive simple way (see Spectral Data). Furthermore, tBg.(cis)
Jrnzs), Jop IS Negative(positive tilt and negativéye), andJewze  couplings were smaller i than in 1, so that only a single
is positive (negative tilt and negativay.c). The magnitude of sN_ty correlation peak could be generated with the hydride
the active couplingl,c is 9.6 Hz, but its sign cannot beresonance (which is well resolved at16.76 ppm) in*N—
determined from this experiment. HSQC experiments. On the other hand, both carbonyl groug
were labeled with®C, extending the range of possible exper-
DQ/ZQ-CN iments. Thus, the sign and size of all ibcoupling constants

This experiment determined the signf by relating it to the across the metal center could be determined. Table 2 presel
sign ofJy e (Fig. 2i). The mixed DQ/ZQ coherence involved theéd survey over the experiments recorded and their informatio
3C spin of the carbonyl and tH&N spin of N,. Couplings to N~ content.
spins were refocused by a selective 180 pulse inverting the
N, spins and couplings to protons other than the hydride wer&l—-HSQC—-36N
refocused by a selective 18¢H) pulse applied to all protons . .
except the hydride resonance. The remaining couplings in theThe signs of the large couplingizc, Jeuze: and Jeaz

indirect frequency dimension include couplings to H, B,,Mnd ;Corgzso?lﬁer?gtti Ssratlgz)l\)/ﬂfre df;ﬁgﬁ:;]id 'Pr{eriligtr:rs]gomﬁ;n |
Nog. J andJ are both small and not resolved in th i e HaNz s
28 2R NEeN2A ezJHs,l2 couplings were in turn related to the signs of g,

multiplet fine structure (Fig. 2i). The couplings1® are resolved . 15 '
in an E.COSY-type displacement of the multiplet fine structure &P uplings by a"N-HSQC-36N spectrum recorded with de-

the DQ and ZQ cross peaks. The remaining couplings to H aﬁ‘&“P””g 0fJey couplings. The negati\ge tilt of the Cross peaks
Nz give rise to a doublet of doublets. The largest splittin N F'g.' 3a shows that thé‘]“& (and “J5,) couplings are
representindc, + Jy.cr, IS Observed for the DQ cross peak. Sinc € gat|v?for all pyrazolyl rings, because they are of the same
Jwacy iS Negative,)q, is negative. SIgn as Jnune

DQ/ZQ-HH(N)
Completeness of J-Coupling Measurements in Compdynd

[Ru(TPM)(H)(CO)(PPh)] '[BF.] The sign ofJyn.c Wwas determined from a DQ/ZQ-HH(N)
experiment, where the hydride andtbroton were involved in

Jenoa Was the only two-bond coupling across the metdhe mixed DQ/ZQ coherence,H;qN,c,. This coherence was
center which was not determined by the present set pfepared starting from magnetization of the hydride, via the
experiments. From thé’C linewidth in the *C—HMBC intermediate terms H H,N,c,, H,N,o, and HHs,N,c,. Dur-
spectrum of Figure 2hJcy,s| Was estimated to be smallering the relay periodr, couplings between N and H were
than 1.5 Hz. In principle Joa could be measured by arefocused by a selective 180%() inversion pulse acting ond
DQ/ZQ-PC experiment, wher€C and *'P constitute the but not on H. or the hydride.Jy.cnic Was refocused by a
DQ/ZQ coherence evolving during the evolution time. Thiselective 180°CN) refocusing pulse acting on Nbut not on
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Nic. Junac is the largestlyy coupling with the hydride reso- DQ/ZQ-CN

gz;nscheo\z/ivr;dthaalllﬂ|ntrar-]r;3gr?hzglz];r:.1(ezoslijplmgs are small. Figure The *C-HSQC-36C spectrum showed tlat, andJyc,
HN2C an dssenze 1-€., Jnzc 1S . . ~ iy
negative. — = = have.the same sign dgic, (Fig. 3d). The apsolute sign of
Jeicy is determined by a DQ/ZQ—-CN experiment, wherg C
DQ/ZQ-HC(N) and N,c constitute the mixed DQ/ZQ coherence. The exper:
. ) iment differs from the DQ/ZQ—-CN experiment used for
The sign of the other twérans metal couplingsJuwzac.  compoundl (Table 2) mainly by the absence of gradient
and Jyzsci, Was determined by a DQ/ZQ experiment, whergy|ses and the use of selective 180¢) pulses to restrict
the carbonyl carbons G&nd G, formed a DQ/ZQ coherencehe evolution toJd,e, during the INEPT periods. Starting
with the H; proton from the pyrazolyl group on the oppositgrom magnetizatior?of the hydride, Hthe term HN,,Cy, is
side of the metal center. The coherence,B,N,, Was generated and converted into the mixed DQ/ZQ coherenc
prepared starting from i magnetization, K, via the N, c, H,. This coherence evolves duriigunderd,y, Jec,
intermediate terms kAN za; HaNoay, @and Hia,Co:Noar. The and 3. couplings. The cross peaks observedral. + Fe,
corresponding pathway starting fromyHyielded DQ/ZQ ghow thatJc,c, is opposite in sign talyccs, i.€., Jeics IS
coherence betweenstland . The relay period-was setto pegative (Fig. 3f). Furthermore, the cross peaks show tha
1/"J. to avoid defocusing of the Nmagnetizations with Jrocnos NS the same sign ds.ys. SiNceJcins is Negative,
respect to the Nspins. Figure 3c shows thatnza (Jcinze) Jizcnos IS negative. T o
and Juzanza (Jusenze) Nave the same sign. Thudeazn and  n a completely analogous way, a DQ/ZQ-CN experimen
Jewze are negative. with C, instead of G in the mixed DQ/ZQ coherence shows
13 that Ju.cnza IS Negative,too (Fig. 3g). At this point, allcis
C-HSQC-36C couplings excepdysanzs, Jeinea anNdJeangs have been measured
Both C, and G yielded cross peaks with the hydride resoand their signs determined.
nance in a*C—HSQC spectrum. In the absence'™ decou-
pling, E.COSY-type cross peaks were obtained with respect@/ZQ-CN(C)
couplings with™N. With a 36°(°C) pulse at the end of the
evolution timet,, Joc andJ,c couplings result in E.COSY-type
multiplet splittings, too§, 10. The spectrum shows thag.c
and Jcinoc have the opposite sign frody,c; i.€., Jeanac @and
Jeanze are positive (Fig. 3d). Furthermore],y,, and Jyy,s are
positive, as their correlation with the negativgy,, andJcinge
couplings resulted in a negative tilt in the multiplet fine stru
tures of the respective cross peaks.

The sign ofdy,aze Was determined by a DQ/ZQ experiment,
where G and Ny precessed in the mixed DQ/ZQ coherence
C,N5Ci,H,. This coherence was generated starting from mag
netization of the hydride, {l with the intermediate terms B,
H.C,y, H,Cy,C,N2g, (Table 2). For optimum magnetization trans-
a‘gar, a selective 180%C) inversion pulse was applied tq Guring
the delayA. Ju andJq, were active couplings during the evolu-
tion timet,. Jc;c, was refocused by a selective 186 inversion
N-HSQC pulse applied to €in the middle oft,. The spectrum shows that

J has the same sign ak. Fig. 3h). SinceJ is
A simple N-HSQC spectrum vyields a single cross pea\‘fﬁ;ﬁve,]mw% is negati\?e. s (FI9 ) R

with the hydride resonance, withy,c as the active coupling.

In the absence of’C decoupling and with a 90*N) pulse

after the evolution timet;, an E.COSY-type multiplet fine

structure is observed with respect to tf@ spins (Fig. 3e). The  The size 0ofJcinza and Jeanzs Was readily determined by
tilts in the cross peak show that the signslaf, andJ,, are quantitative long-range°’C—"N (LRCN) correlation experi-
opposite to those ody,cc; and Jy.cco, respectively; i.e.Jue;  ments, which encode the magnitude of the coupling constan
and Jyc, are negative. in relative cross peak intensitie3Q, 16—19. The experiment

FIG. 3. Selected spectral regions from experiments recorded to determine the absolute sigid ebilfging constants across the metal center in compounc
2, [Ir(TPM)(H)(CO)(CO,CH,)] [BF,] . The same labeling conventions as those in Fig. 2 were used. The frequency axis of DQ/ZQ cross peaks, which are ¢
in cross sections along the indirect frequency dimension, (f), (g), (h), and (k), displays only the double-quantum frequencies (the zeroemeartaiasfiare
higher in the DQ/ZQ—-CN and DQ/ZQ-CN(C) experiments and lower in the DQ/ZQ-CC experiment). All but one of the spectra were recorded on a Bruke
400 NMR spectrometer, using a 15 mM sampl@ af THF-d® at 27°C. (a)'*N-HSQC-36N. The M signal is folded §(N,c) = 222.6 ppm). (b) DQ/ZQ-HH(N).
Frse = —10247 Hz,F,, = —257 Hz. (c) DQ/ZQ-HC(N)F 3, = —88 Hz,F, = —38 Hz;F,33 = —880 Hz,F¢; = —190 Hz. The doublet fine structure of
the zero-quantum peaks is not resolved.'{@-HSQC-36C. The spectrum was folded in Ehefrequency dimension. (€JN-HSQC. (f) DQ/ZQ-CNF ,c =
69 Hz,Fc, = —32 Hz. (g) DQ/ZQ-CNF ,c = 69 Hz,F¢, = —46 Hz. (h) DQ/ZQ—-CN(C)F s = 77 Hz,F¢, = —35 Hz. (i) Quantitative long-rangé€C—°*N
(LRCN) correlation experiment with CThe labeling of thé=, frequency axis pertains only to th# chemical shifts. (j) LRCN correlation experiment showing
the correlations with € The spectrum was recorded at 600 MH frequency. (k) DQ/ZQ-CCE, = —880 Hz,F¢, = —35 Hz.
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FIG. 3—Continued
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@ AN A small, the resulting multiplet fine structures of the DQ and ZGC
AwmB—C cross peaks appear as triplets (Fig. 3k). The separation of tl
00° T 90° outer components iSJeinze + Jeonze) T (Jeanoa + Jcinza) =
B, By T 4ABC, 4AB,Cy —37.1 Hz for the DQ cross peak anddin:e — Jeons) +
(Jeonza — Jcanza) = —38.9 Hz for the ZQ cross peak. The
difference in the total multiplet splitting is d¢nze + Jcinza)

A—B=—C = 1.8 Hz. Since the sizes of these two couplings are 0.5 and 0
90° 90° Hz, respectively, according to the LRCN spectlg;y,, and
A, > Af 4A;B,C; = 4A,B,Cy Jeanzs @re both positive.
Co
T
2AB, 90°, 2AB, DISCUSSION

FIG. 4. Two alternative magnetization transfer pathways for the genera- 1€ two-bond coupling constants measured across the me
tion of DQ/ZQ coherence suitable for the determination of the relative signs @enter of both compounds investigated here obey the sign ru
Jae @andJgc in a linear spin system A-B—C. The pathways are indicated WitFK(trans) >0 ande(cis) < 0 (Fig. 1). The sign rule holds
Cartesian product operatorg]. 90° pulses are assumed to be non-selectivgy a\vise for the Ru complex investigated earligf). The rule

7denotes a coupling evolution delay. The termBAC, represents the desired e - 15\ 13 31
mixed DQ/ZQ coherence between the spins A and C, precessing under scg%wd be verified for couplings betweeH, N, *C, and”P

couplings to the common coupling partner B. Measurement,gfand Joc ~ SPINS IN diﬁeren_t configuratiqns and was found to hold even fo
from the DQ/ZQ cross peaks is simplified, if one of the coupling constantsWery smallJyy(cis) andJqy(cis) couplings. The absolute sign
large @2). In many of the DQ/ZQ experiments of Tables 1 and 2, DQ/Z@f the coupling constants across a metal center is thus a use

coherences between spins A and C are generated via relatively large coupliggsameter for the identification of ligand conformations in
with spins outside the A—B—C spin system, allowing the sensitive measuremgnt

of very smallJ,q or J. couplings. ransition metal complexes. _

The E.COSY-type and DQ/ZQ experiments presented het
facilitate the measurement of the absolute signs of couplin
constants. Traditionally, such measurements have been pe
formed by INDOR-type double resonance experimeds (
which can be difficult to perform for small coupling constants.
Although the present study exclusively used 2D NMR data fo
coupling constant measurements, the total experimental tirr

used for measuring the small,, couplings with G was
performed using the magnetization transfef + H,C,, —
H.C,, — H.,C,N, — H,C,,N, and back. Magnetization which
has not evolved during the delaywith respect toJc cou-
plings continues to precess durihgas H,C,,. The coupling
constantl ;.. Was measured from the relative peak intensitiggr each compound amounted to less than 2 days.

of the direct (G-H) and the relayed (—H) cross peaks: E.COSY-type spectra usually contain more than a singl«
H(Co—H) (NpH) = sin’(mIn)/cog(mdr). To avoid reduced ¢70SS Peak, allowing the measurement of several couplin

peak intensities from evolution UndBi,c; andJeu, rwas set. (01T IO e SAE (AR 2 B PESEE S TOS
close t0 1Jcic, =~ 3/Mcinze: The experiment yieldef iy = : ype sp q |

0.4 Hz andJeyug = 0.5 Hz, and confirmed the size e dimension to combine high resolution with short recording

P . : . times. The States—TPPI scheme was used for quadrature
Fig. 3i). Th LRCN tf . .
(Fig. 3. The corresponding LRCN experiment for measurin ction @0) to make sure that the apparent tilt of the E.COSY-

Jen couplings with G was obtained by applying the selective . .
180°(°C) inversion pulse to Cinstead of G (Fig. 3j). The type cross peaks was not affected by folding. The main draw

: . _ = back of E.COSY spectra is that they cannot provide sigt
t yiel =05H = 0.5 Hz. . . . o .
experiment yieldedJcazel = 0.5 Hz andlJcaus| = 0.5 Hz information for coupling constants in linear spin systems.

DQ/ZQ-CC The problem of determining the relative signs of coupling
constants in a linear spin system is resolved by DQ/ZQ exper
The sign of the couplingdcinza andJeanzs Was determined ments R1). Although DQ/ZQ experiments tend to require tailored
from a DQ/ZQ-CC experiment, with .Gand G constituting 2D NMR experiments for each pair of selected coupling constan
the mixed DQ/ZQ coherence. The coherenceCgzH, was which are to be related to each other, a set of tailored experimer
generated by evolution of the magnetization of the hydride, Hnay be faster to record than a single non-selective experimer
under the coupling8,c; andJ,c,, yielding H,C,,C,, at the end since the desired line splitting can usually be observed in cro:
of the delayr. SinceJy; is significantly larger thad,c, a peaks with fewer peaks in the multiplet fine structure. The advar
selective 180°CC) inversion pulse was applied to, Quring tage of DQ/ZQ experiments over E.COSY-type experiments witl
the delayr to shorten the effective defocusing period Jg,.  small active couplings is demonstrated by the determination of th
With 7 = 1/(2),,) and A = 1/(2),c,), H, evolves into signs of the largéJ(trans) couplings across the metal center in
H,C.,C,, with optimum efficiency. The DQ/ZQ coherencecompoundd and2: trying to generaté’N-HSQC cross peaks via
evolves duringt; with respect taJcy couplings. Sincelens  the small three-bond coupling constants between the hydride a
and Jenes are very similar and all othedcy couplings are the N, spins of TPM inl (Table 1, Fig. 2) was much more
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FIG. 5. Energy level diagrams and schematic representations of 1D NMR spectra and 2D cross peaks on absolute and conventional frequenc
(a) Energy level diagrams of two-spin systef@—"H and *N-"H. The first character on each energy level denotes the spin state SQ{EN) spin,
the second character that of the X spin. Arrows indicate the way in which the energy levels change for a pasitigéng, i.e., the energy of the spin
system is increased when the spin angular momenta are parallel, and is decreased, when the spin angular momenta ag. dppesitaf for the’*C
transitions, the energy difference is larger &t in spin state8 than for'H in spin statex, whereas for®N transitions the energy difference is smaller
for *H in spin stateB than for'H in spin statex, leading to the spectral representation shown in (b). (b) 1D NMR specttd,dfC, and*N spins on
an absolute scale with Larmor frequenciesncreasing from left to right. Note thaH and **C NMR spectra are at negative frequencieswas —yB,
(v, gyromagnetic ratioB,, magnetic field) 9). Low-field and high-field spectral regions are indicated separately for spins with positive and negat
gyromagnetic ratios. The directions of the respective ppm scales defin@d=bfw — w.)/w., Wherew, is the Larmor frequency of a reference
compound (e.g., tetramethylsilane), are shown as well. The 1D NMR spectra of the different spins are represented by doublets (not drawn to sc
to J coupling to a second spin 1/2 (spin X). The labeland 8 above the doublet components denote the spin state of spid Xi0, where thex state
has angular momentun1/2 in the direction of the field as in (a). The conventional representatiomoNMR spectra is the quadrature image of the
absolute representation shown he#. (c) Schematic E.COSY-type cross peaks¥8—"H and **N-'H correlation spectra. Both spins are assumed to
couple withd > 0 to a third spin 1/2 (spin X) for which the spin state is unchanged during the pulse sequence. The directions of the ppm scale a
absolute frequenclf = /27 = (0 — w,)/ 27 are indicated with arrowsa, Larmor frequencyuw,, carrier frequency). Note that for nuclei with positive
gyromagnetic ratio, the sense of the absolute frequencyFaisiseversed compared to usual plotting conventions. In the absolute representatidn’sf
correlation spectra, identical signs &fx andJyy lead to a positive tilt of the cross peak (the doublet component at high frequencies in both dimensi
corresponds to the same state of spin X). The tilt of the cross peak is reversed in the conventional represerithtion abrrelation spectra.

difficult than to obtain DQ/ZQ cross peaks correlating thE.COSY or small flip-angle COSY experiments, when the cou
?J(trang couplings with large intra-TPMJ,, couplings in2 pling constants are small compared to the linewi@2-@4.

(Table 2, Fig. 3). As a further advantage, DQ/ZQ experimentsLarge time increments can be used with DQ/ZQ experi
tend to yield more accurate coupling constant measurements thramts, when two different spin types are involved in the mixec
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DQ/ZQ coherence, since the carrier frequencies can be ¥& NMR spectra, but a reversal 8N NMR spectra (Fig. 5)
close to the respective nuclei. Large increments make it pgs).
sible to place relatively long selective inversion pulses in the The evaluation of E.COSY-type cross peak multiplet pat-
middle of the evolution timé, in order to refocus some of theterns is simplified by plotting NMR spectra in the absolute
couplings, simplifying the multiplet fine structure. It also isepresentation, i.e., with the ppm scale '8l NMR spectra
possible to separate DQ and ZQ cross peaks into differeaversed compared to the usual representation. For positive
subspectra by appropriate phase cycling which makes it pasupling constants, the doublet components corresponding to t
sible to place the carrier at the midpoint of the frequencies af state of a coupled spin 1/2 are always at frequencies mol
the respective nucle2@, 25. In the present study, we recordedositive than those of the doublet component corresponding to tf
both cross peaks in a single spectrum with the carrier frequer@sgtate (Fig. 5). In the absolute representation, the tilt of E.COSY
at the side to avoid any possible confusion about the identitytype multiplet patterns i’N—"H and *C—H correlation spectra,
the DQ and ZQ cross peaks. resulting from coupling to a third spin X which is not excited
All DQ/ZQ experiments presented here are out-and-badkring the experiment, can be interpreted without further consic
experiments; i.e., the coherence transfer pathway reconvertargtion of the gyromagnetic ratio of the spins involved. Thus, :
the DQ/ZQ coherence into observable magnetization is a mpesitive tilt of the ®N—"H cross peak as shown in Fig. 5¢ would
ror image of the pathway generating the DQ/ZQ cohereng®licate identical signs o8, and Jyx in the same way as a
from proton magnetization. Although DQ/ZQ experimentpositive tilt of a*C—"H cross peak indicates identical signspf
could be designed, where the starting spin differs from the sgindJ.,. In contrast, a positive tilt if°N—"H correlation spectra
precessing during the detection perigdout-and-back exper- presented in the conventional way indicates opposite sighg, of
iments are simpler to design: if the desired coherence candmelJ,y. The conventional representation was used for the expe
generated by a particular pulse sequence before the evolulimental spectra of the present publication merely because inve
time t,, the corresponding pulse sequence will also work faion of the frequency axis is difficult with available software.
the reconversion of the DQ/ZQ coherence into observableThe evaluation of DQ/ZQ experiments is also affectec
magnetization. by the signs of the gyromagnetic ratios. In the present work
As in biomolecular NMR spectroscopy, it is worthwhile tahe respective carrier frequencies were always placed
try to generate the DQ/ZQ coherences via coherence transfez high-field sides of theH, **C, and *°N resonances
pathways which use large coupling constan?$).( For a involved in the DQ/ZQ coherences. In this way, the double:
strictly linear spin system A—B—C, comparison of the signs afuantum peak appears at a negative offset larger than that
Jae and Jgc requires the generation of DQ/ZQ coherencthe zero-quantum peak, if both spins have gyromagneti
involving the spins A and C. This coherence can be generatedios of the same sign. For multiple-quantum coherenc
either starting from B magnetization by simultaneous evolutiatomposed of spins with gyromagnetic ratios of opposite
underJ,s andJgc, or from A (or C) magnetization via a relaysign, e.g.,'H and *°N, the double-quantum peak appears at
through B, sequentially usind,s and Jgc (Fig. 4). The DQ/ an offset smaller than that of the zero-quantum peal§ as
ZQ-HH(N) and DQ/ZQ-HC(N) experiments of Table 2 are= (wy — wwo)/27m < 0 andFy = (wy — wy)/27m > 0, and
examples for the latter case which may represent the mosinsequentlyF, + F,| < |[Fy — F\| (w Larmor frequency,
powerful scheme fotH-detected experiments, when the innere, carrier frequency).
most coordination sphere of the metal ion contains only insen-

sitive nuclei. These features also make DQ/ZQ experiments ACKNOWLEDGMENTS
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By convention, NMR spectra of nuclei with negative (e.g.,
'H, *P, **C) and positive (e.g.;°N) gyromagnetic ratios are
both _pIOtted with ppm S_Cales increasing from right to Ie_ft‘ M(_)re.L. D. S. Moore and S. D. Robinson, Hydrido complexes of the tran-
consistent representations would, however, be obtained if all sjtion metals, Chem. Soc. Rev. 12, 415-452 (1983).
spectra were plotted on an absolute scale with Larmor frequen- 1. p. Kaesz and R. B. Saillant, Hydride complexes of the transition
cies of increasingly positive values to the right. This would metals, Chem. Rev. 72, 231-281 (1972).
correspond to the conventional representationHhf*P, and 3. M. V. Baker and L. D. Field, Relative signs of P-P coupling con-
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