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NMR Coupling versus NMR Chemical Shift Information in Metallobiochemistry.
High-Resolution One-Bond!H—13C Coupling Constants Obtained by a Sensitive Reverse
Detection Method

Scott J. Moore, Marian lwamoto, and Luigi G. Marzilli*
Department of Chemistry, Emory University, Atlanta, Georgia 30322
Receied October 14, 1997

Imidazole rings are involved in acid/base chemistry, catalysis, H-bonding, and metal complexation throughout
biochemistry; these rings are frequently targets for anticancer drugs and carcinogens. However, interpreting the
changes in3C NMR shifts of these rings is often difficult. We explore the use of high-resolution one-bond
IH—13C coupling constantsiycy) for the identification of electronic changes within imidazole rings of samples
containing!3C in natural abundance. The reverse detection method used, &aibegled heteronuclear multiple
quantum coherence (JHMQC) spectroscopy, employs a modified HMQC pulse sequence. The method was
evaluated with B, models of the type M#8zmCo(DH)(R or X), where MgBzm = 1,5,6-trimethylbenzimidazole

and DH= the monoanion of dimethylglyoxime'Jcy values of MgBzmCo(DH)}CHjz obtained from both JHMQC

and standard coupled 113C NMR spectra led to similar values, but the JHMQC method gave better resolution
and much higher signal-to-noise ratios. Ten values for the endocyclic carbons and titenethyl group of

the MeBzm in five models fell between those of the free and protonategBta ligands. Thus, donation of
electron density from Mg@zm to the Co center typically increasklky values with respect to the free ligand.
Values of1Jcy for several'3C NMR signals correlated with both EP, a reported measure of electron-donating
ability of R or X, and Ce-N bond lengths from X-ray structures. For the assessment of electronic properties of
the metal center, th&)cy values appear to be more reliable parameters than the traditionally'#eshifts,
especially for C's close to the metal. Moreovélgy values for the'3C signals for Ce-13C were observed in
several models; thé3C signals for these carbons attached to the quadrupolar cobalt are too broddyfor
determination by the traditional 1D method. The JHMQC method developed here is thus very versatile and can
provide information on any type of molecule showing resolved CH signals.

Introduction through the signal of a spin-coupled proton; reverse detection

Imidazole rings, present in nucleic acids, proteins, antibiotics, €ven facilitates'H NMR assignments in some cases. For
and cofactors, are involved in acid/base chemistry, catalysis, €xample, NMR studies employing reverse detected heteronuclear
H-bonding, and metal complexation; these rings are frequently methods, such as HMQC (heteronuclear multiple quantum
the molecular target of anticancer drugs and carcinogens.coherence) and HMBC (heteronuclear multiple bond correlation)
However, interpretation of the changes€ NMR shifts of spectroscopies, permit the complete assignmefitiaind 13C
these heterocyclic compounds is often difficult. We hypoth- signals of anticancer antibiotfs13 and cobalamirfs!4-20 and
esized that coupling constants for the CH group linking the ring
nitrogens would afford a more reliable means of assessing the

(6) Byrd, R. A.; Summers, M. F.; Zon, G.; Fouts, C. S.; Marzilli, L. G.

nature of _the involvement of tht_e imidazole ring. In thig report, J. Am. Chem. S0d.986 108 504.

we describe a reverse detection method for obtaining high- (7) Skleria, V.; Bax, A.J. Magn. Resonl987, 71, 379.

resolution one-bon#H—13C coupling constantd{cy), and we Egg grtitwgék?-?RWwf}CEhF- F}’- '\B"éggl-aﬁaesgﬂl9j88,\1§~ gg?édonna 1 e
test the use oftJcy with one type of model molecule of Prestegard, J. Hl. Am. Chem. S0d993 115 8907. ' ’

biological interest. The method in its present form is not (10) Hu, J.-S.; Grzesiek, S.; Bax, A. Am. Chem. S0d.997, 119, 1803.
applicable to molecules with many overlapping signals. How- (11) fla;afsegéé%- M.; Won, H.; Marzilli, L. GJ. Am. Chem. Sod 997,

ever, itis useful for assessing the properties of large mo_lecules(lz) Lehmann, T. E.; Ming, L.-J.: Rosen, M. E.; Que, L..Biochemistry
with resolved aromatic signals and smaller molecules which can 1997 36, 2807.

act as models for understanding spectral and bonding changeg13) Wu, W.; Vanderwall, D. E.; Lui, S. M.; Tang, X. J.; Tumer, C. J;

i Kozarich, J. W.; Stubbe, J. Am. Chem. Sod.996 118 1268.
in larger m0|ecme.s' . . (14) Kratky, C.; Fider, G.; Gruber, K.; Wilson, K.; Dauter, Z.; Nolting,
Reverse detr_ectlor) methdd&® are used in most studies to H.-F.. Konrat, R.: Katler, B.J. Am. Chem. Sod.995 117, 4654,
detect and assign signals of heteronuclei ikg, 3'P, or 15N (15) Calafat, A. M.; Taoka, S.; Puckett, J. M., Jr.; Semerad, C.; Yan, H.;
Luo, L.; Chen, H.; Banerjee, R.; Marzilli, L. Biochemistry1l995
(1) Mdller, L. 3. Am. Chem. S0d.979 101, 4481. 34, 14125.
(2) Bodenhausen, G.; Ruben, D.Chem. Phys. Lett198Q 69, 185. (16) Calafat, A. M.; Marzilli, L. G.J. Am. Chem. Sod.993 115 9182.
(3) Bax, A.; Griffey, R. H.; Hawkins, B. LJ. Magn. Reson1983 55, (17) Pagano, T. G.; Marzilli, L. G.; Flocco, M. M.; Tsai, C.; Carrell, H.
301. L.; Glusker, J. PJ. Am. Chem. S0d.991], 113 531.
(4) Summers, M. F.; Marzilli, L. G.; Bax, AJ. Am. Chem. Sod. 986 (18) Pagano, T. G.; Marzilli, L. GBiochemistryl989 28, 7213.
108 4285. (19) Pagano, T. G.; Yohannes, P. G.; Hay, B. P.; Scott, J. R.; Finke, R.
(5) Bax, A.; Summers, M. FJ. Am. Chem. S0d.986 108 2093. G.; Marzilli, L. G. J. Am. Chem. S0d.989 111, 1484.
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many of the'3C and3!P signals of oligonucleotidéd-23 The Chart 1
methods are also useful in assigning signals of relatively small
molecules with overlapping complicated spin systems, such as
those found in many types of coordination compout{ds.
Although assignment of the signals of heteronuclei is very
valuable in probing the properties of biomolecules, the full
potential of reverse detection methods has not been realized
since the coupling information itself is either acquired with low
resolution or eliminated during acquisition. Because the
magnitude of'H—X coupling depends on the nature of the
bonding in the biomolecule, much useful information about the
properties of the biomolecules is thus lost.

Anticipating that'Jcy information could contribute to many
areas of active investigation, we selected as a test case one
important class of biomolecules for which shift information has
in many cases not been very useful. This class is widespread
in biological systems, namely species containing an adduct
between a metal center and an imidazole ring. The biomolecules
in this class of compounds differ in the type of heterocycle
(imidazole, purine, and benzimidazole). The shift of the signal
of the carbon between the two imidazole ring N’s (C2 in
imidazoles and benzimidazoles and C8 in purines) is not very the metal and the adjacent ligands, including the highly
informative, either because it is shifted very little by the metal anisotropic macrocycles common in metal cofactors, namely
coordination or because it has a very small dependence onporphyrins and corrins.
changes in the groups attached to the metal. For each type of To evaluate our hypothesis that coupling constants (which
heterocycle, we cite one example of the limited information primarily reflect through-bond effects) should not suffer from
available from shifts. The histidine residue of bleomycin binds the problems illustrated for shifts, we needed a well-understood
to metals, and the Zn complex has been used to probe thesystem but one that nevertheless suffered from the complications

binding of metal complexes of this anticancer antibiotic to
DNA.26 However, the changes in the shifts of the imidazole
carbons from those of the free ligand are very siallThe
clinically very useful cis-type Pt anticancer drugs bind to DNA
through interaction with the N7’s of two adjacent guanite%.
This interaction is powerful enough to distort DNA structure, a
feature believed to be associated with anticancer act##g28-31
However, there are only very small shifts of the C8 sigAals.
Finally, although the differences between the-Qaxial 5,6-
dimethylbenzimidazole, DMBZz) bond lengths in vitamifpBnd
the Bi» coenzymes are large-0.2 A) 32there is little difference
in the C2 shifts'®

It is not surprising that there are confounding relationships

mentioned above for interpreting shifts. We selectegnBodel
complexes of the type MBzmCo(DH}(R or X), where DH
= the monoanion of dimethylglyoxime and Mgzm = 1,5,6-
trimethylbenzimidazole (Chart 1). These complexes are very
well defined structurally and are of interest for interpreting
cobalamin chemistry* Well-defined relationships exist be-
tween the NMR spectral characteristics of these models and
cobalaming® Other well-defined relationships have been found
for such organocobalt species. For example, the Catretch-
ing band was detected first by FT Raman spectroscopy on
cobaloxime models, and later the band for methylcobalamin was
found at an almost identical frequenty38

Background on the NMR Method. Measurement of high-

between shift and the nature of the metal interactions since shiftsresolution, first-order'H—13C coupling constants of bio-
are affected by through-space effects as well as the metal-molecules is not easily achieved with 1T detection methods

dependent changes in electronic properties of the bio-

molecule3334 The carbon between the two N's is of necessity

due to the low sensitivity and low natural abundance of'#e
isotope. Because coupling constants measured with 2D experi-

close to the metal, and thus these shifts can be influenced byments have low resolution, 1EH-detected experiments are

(20) Brown, K. L.; Evans, D. R.; Zubkowski, J. D.; Valente, Elnbrg.
Chem.1996 35, 415.

(21) Mukundan, S., Jr.; Xu, Y.; Zon, G.; Marzilli, L. G. Am. Chem. Soc.
1991, 113 3021.

(22) lwamoto, M.; Mukundan, S., Jr.; Marzilli, L. G. Am. Chem. Soc.
1994 116, 6238.

(23) Jia, X.; Zon, G.; Marzilli, L. Glnorg. Chem.1991, 30, 228.

(24) Marzilli, L. G.; Banaszczyk, M. G.; Hansen, L.; Kuklenyik, Z.; Cini,
R.; Taylor, A., Jr.lnorg. Chem.1994 33, 4850.

(25) Calafat, A. M.; Marzilli, L. G.Inorg. Chem.1993 32, 2906.

(26) Manderville, R. A.; Ellena, J. F.; Hecht, S. M. Am. Chem. Soc.
1995 117, 7891.

(27) Fichtinger-Schepman, A. M. J.; van der Veer, J. L.; den Hartog, J. H.
J.; Lohman, P. H. M.; Reedijk, Biochemistry1985 24, 707.

(28) Yohannes, P. G.; Zon, G.; Doetsch, P. W.; Marzilli, LJGAm. Chem.
Soc.1993 115 5105.

(29) Reedijk, JInorg. Chim. Actal992 198-200, 873.

(30) Sundquist, W. I.; Lippard, S. Loord. Chem. Re 199Q 100, 293.

(31) Yao, S.; Plastaras, J. P.; Marzilli, L. Gorg. Chem.1994 33, 6061
and references therein.

(32) Rossi, M.; Glusker, J. P.; Randaccio, L.; Summers, M. F.; Toscano,

P. J.; Marzilli, L. G.J. Am. Chem. S0d.985 107, 1729.
(33) Marzilli, L. G.; Gerli, A.; Calafat, A. MInorg. Chem1992 31, 4617.

preferable. A sensitive 1D experiment can be devised from any
one of the many reportedH[2C] signal suppression 2D
techniques introduced to observe selectively ¥#HESC] sig-
nals!.7:8:39.40 We chose to modify the convenient Sklet&ax’
sequence (Figure 1) which utilizes optimization of a short

(34) Charland, J.-P.; Zangrando, E.; Bresciani-Pahor, N.; Randaccio, L.;
Marzilli, L. G. Inorg. Chem.1993 32, 4256. For each of the
complexes, the downfield proton signal tentatively assigned to either
BH10 or BH11 was found coupled to the downfieldC signal
previously assigned as B10. Therefore, the downfield proton signal
was assigned as BH10 and the upfield proton signal was assigned as
BH11.

(35) Puckett, J. M., Jr.; Mitchell, M. B.; Hirota, S.; Marzilli, L. Gnorg.
Chem.1996 35, 4656.

(36) Nie, S.; Marzilli, P. A.; Marzilli, L. G.; Yu, N.-TJ. Chem. Soc., Chem.
Commun.199Q 770.

(37) Nie, S.; Marzilli, P. A.; Marzilli, L. G.; Yu, N.-T.J. Am. Chem. Soc.
1990 112 6084.

(38) Nie, S.; Marzilli, L. G.; Yu, N.-T.J. Am. Chem. S0o4989 111, 9256.

(39) Bax, A.; Subramanian, S. Magn. Reson1986 67, 565.

(40) Brihwiler, D.; Wagner, GJ. Magn. Resonl1986 69, 546.
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HMQC Table 1. *Jcy and SN Values Obtained from the JHMQC and
a0° 180°,, Coupled®3C NMR Spectra of MgBzmCo(DH}CHz
X
] | I ¢ JHMQC 1D®C
H 90° 90° {]}V position en (Hz) SN en (Hz) SN
o1 H X B2 208.21 40.9 208.30 6.3
X T t T B4 163.32 50.7 163.75 3.8
B7 159.24 62.4 158.90 4.7
B1(? 126.24 199 126.48 4.3
JHMQC B112 125.97 199 126.63 4.3
90°,  180°, .90°,  180°, B12 140.35 178 140.50 5.9
; | l A oxime CH 129.43 603 129.55 33.3
H

a2B10 and B119N values are reported for the most intense peak in
the overlapping signals.

Proton and Carbon Signal Assignments. The typical numbering
system for cobalamin MBzm protons (BH#) and carbons (B#) is given
in Chart 1 and has been applied to the cobaloximes here and elséivhere.
Matrices for HMQC spectra, used for assignment of the overlapping
1/(2%xn). ¢p1 = +X, +y, —X, —Y; ¢2 is incremented by F0four times pairs of signals for BH2 and BH4 in the JHMQC spectrajere 256
pert; value;y = X, X, =X, —x. The receiver phase is inverted four  x 2K data points with 3264 acquisitions pet;. Four dummy scans
times pett; value. Data in odd- and even-numbered scans are stored inwere applied at the beginning of the experiment, and a relaxation delay
separate memory locations. Bottom: Modified 1D version of the of 800 ms-1.5 s was used prior to each scan. The data were processed
Sklena/Bax sequence (JHMQC). The bracketed portion of the sequence ith Felix 2.30 (Hare Research) on a Silicon Graphics Iris Indigo

° 90°. ° 90°
X TIQ'T‘I’ I—LX Tﬁq) l—lx
- n=4

Figure 1. Top: 2D sequence of Sklénand Bax’ The delayr is set
according to the one-bond heteronuclear coupling constant:

is cycled four times. The delay is set according to the one-bond
heteronuclear coupling constant= 1/(2Jx4). A is optimized for the
T, relaxation rates of th&H[**C] protons.¢ = +X, =y, =X, +Y;, ¥ =

X, Y, =X =Y.

repetition time dependent upon the shorter sfittice relax-
ation time of the!H[3C] relative to the H['2C] nuclei.

computer. A square sine bell filter was applied in both dimensions
with a 0—45° phase shift. The second dimension was zero-filled to
2K data points prior to Fourier transformation. In some cases, both
dimensions were zero-filled to 4K data points for improved peak
definition.

Data for determinindJcn with the JHMQC sequence (vide infra)
were collected with a spectral window 6f5000-6000 Hz and 32K

Although similar pulse sequences such as spin-echo differencedata points. Typically, 5081000 scans were collected. was set to

spectroscopy are currently available on newer NMR spectrom-

3.29 ms, and the dela® was optimized for thd relaxation rates of

eters, we present this sequence as an easily implementedhe™H[**C] protons. TheA values were determined for each complex

alternative for older instruments.
Our objective of obtaining data with high digital resolution
requires the use of a long acquisition tim&,d. Other

by visually inspecting trial spectra fotH['?C] cancellation. For
spectrometer stabilization, a 0.5 ms delay was inserted before and after
each'H 180 pulse. Data were zero-filled to 64K (although the
additional 32K points were not included in the digital resolution

techniques commonly used to enhance spectral digitization, SuChcalculations) and apodized with an exponential multiplication (line

as zero-filling and interpolation, do not improve the intrinsic
resolution of the data collectédl. A T, long enough to allow
for the measurement dfJcy to £0.2 Hz would result in a
repetition time too long fotH[*2C] signal suppression with the
2D Skleria/Bax’ sequence. In our modified 1D sequence,

J-coupled heteronuclear multiple quantum coherence (JHMQC,

Figure 1), we used a lonf,. to achieve both good suppression
of the tH[12C] signals and a high-resolution spectrum.

Experimental Section

Materials. The MeBzm complexes were prepared as described
previously3* In CDCls, ReOCk(OPPh)MesBzm*? forms MeBzmH"
on standing. Complex purity was confirmed by NMR. Deuterated
solvents were from Cambridge Isotope Laboratories, Inc.

NMR Spectroscopy. *H 1D data were collected at 599.64 MHz
on a General Electric GN-600 Omega spectrometer at@%vith a
~12 500 Hz window, a 30pulse width, and 32K data points. The
large window was necessary for observation of the bridging ©&H
signal at~18—19 ppm. Sample concentrations were-3@0 mM in
CDCls, and chemical shifts (ppm) were referenced to TMS unless
otherwise noted.

The3C NMR shifts of the protonated MBzm and the adamantyl
(adam) complex in CDGlwere obtained on a General Electric GN-
600 Omega spectrometer and a General Electrie- &0 spectrometer,
respectively. All othe3C NMR shifts in CDC} were taken from
Charland et at*

(41) Harris, R. K.Nuclear Magnetic Resonace Spectroscopy: A Physio-
chemical ViewJohn Wiley and Sons: New York, 1986; p 260.

(42) Hansen, L.; Alessio, E.; lwamoto, M.; Marzilli, P. A.; Marzilli, L. G.
Inorg. Chim. Actal995 240, 413.

broadening= 0.5-1.0 Hz). After Fourier transformation, the spectrum
was viewed in either the phase-sensitive or the more convenient
magnitude mode, with identical result¥1—3C pairs were identified.
Through a peak-picking routine, the chemical shifts in hertz of the paired
peaks were recorded and the coupling constant was subsequently
calculated. The digital resolution associated with each peak thlan
[*3C] satellite pair was added to determine the error in measuring the
coupling constant (i.e.#0.1 Hz)+ (£0.1 Hz)= £+0.2 Hz). The total
measuring time for the high-resolution 1D JHMQC sequence for 800
scans on a 50 mM sample wa8 h, although usable data were obtained
in 32—64 scans (1615 min).

Coupling constants acquired using the JHMQC method were
compared to data acquired via a 1D couple NMR spectrum using
a 100 mM MeBzmCo(DH}CH; sample in CD{ as a test sample.
Each spectrum was acquired by setting the number of scans (na) such
that the total experiment time wa h (na= 2260 and 26 000 for the
JHMQC and 1DRC, respectively). The JHMQC was acquired using
a 5263.16 Hz spectral width and 32K data points, yielding an error of
+0.16 Hz for {Jcy values. The coupled®C NMR spectrum was
acquired with a 29 411.76 Hz spectral width and 32K data points,
yielding a coupling constant error &f0.90 Hz. Signal-to-noise(N)
values were determined using a subroutine in the GN-600 Omega
software. In each spectryma 1 ppm wide area of noise was
automatically selected from a specified region containing no peaks
(4.5-6.5 and 46-60 ppm for JHMQC and®C, respectively).

Results

Method. One-bond'H—13C coupling constantsl{gsy) of
MesBzmCo(DHYCH3 in CDCl; were determined from the
coupled 1D*C NMR spectrum and also the JHMQC method
(Table 1). The two sets of coupling constants are quite
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Table 2. YJcy (Hz)? for Free MgBzm, Protonated M@zm, and
MesBzmCo(DH}R Complexes

Moore et al.

Table 3. Adjusted Coefficients of Determinatiom,{)2 for 1Jcy vs
Inductive Parameter

free adam CHKCHz; CH; CH)NO, Cl free H"
Ugon  203.7 207.2 208.0 208.2 209.1 209.9 218.6
sy 158.8 163.6 163.3 163.3 163.7 164.8 166.5
Ug7w 1575 1585 159.0 159.2 159.8 160.4 163.2
Ugion 126.2 1259 126.3 126.2 126.7 126.6 overlap
Upnn 126.1 125.8 126.1 126.0 126.5 126.5 overlap
Ugon 139.4 139.8 140.3 140.4 140.9 141.2 143.4

@Values are reported to one decimal place although values to two
places were used in our calculations.

JHMQC
B2 B7 oxime methyl
B4
B11
B10
B12
[] Co-CH3
T T T T
40 3.0 2.0 10 ppm
Undecoupled 13C
'~ B6
0-N=C
B5s B4 By
Mo m
oxime methyl
150.0 120.0
B12
B10 g1y
350 300 250 200 150 100 5.0ppm

Figure 2. Top: JHMQC spectrum of M8zmCo(DH}»CHs (100 mM)

at 25°C after 2260 scans. Bottom: 1D coupfé@ NMR spectrum of
the same sample at 2& after 26 000 scans.

comparable, with a maximum difference of 0.66 Hz, a value
within the error range of th&C-detected methodH0.90 Hz).
The IH—13C coupling constants for the remaining complexes
(Table 2) were obtained at 2% via JHMQC in CDC}.

Figure 2 illustrates the great&N observed for the JHMQC
spectrum when compared to the 1D coupfé@ spectrum
acquired over the same time period. The oxime methyl doublet
in the JHMQC has af’N = 603 for the more intense member
of the doublet. In thé3C spectrum, the oxime methyl signal is
split into a quartet by the three hydrogens, with the most intense
peak having ar§N = 33.3. The JHMQC reached &iN =
33.3 for this peak after seven scans requirting0 s. Com-

parison of the B2 doublet in each spectrum suggests that only

53 scans{12 min) with the JHMQC sequence are needed to

2

ra 2

ra

EP Co-N.° EP Co-N.°
pon 0.9629 0.9937  Jgion 0.6634 0.7056
pan 0.5753 04324  Jgun 0.8848 0.8167
a7 0.9558 0.9975  Wgion 0.9587 0.9809

a Linear regressions were carried out using Microsoft Excel 5.0.
Coefficients of determinationr, the fraction of the total variance of
the data set that is represented by the least-squares fit) were adjusted
to reflect the small number of data point§ &ccording to the equatiéh
r2=1—(1—-r3(n— 1)/(n — 2). Asn increasest? approaches
A correlation was considered to be significant whige: 0.959, i.e., a
significance levelq) of 0.01 forn = 5.° Co—N, data were obtained
from ref 34.

achieve theS/N in the 13C spectrum. SN ratios for the other
signals are presented in Table 1. The signals for the B10 and
B11 H['3C] pairs are distinct and easily identified in the
JHMQC spectrum. However, in tHéC spectrum, quartets are
expected for these positions. The upfield and downfield
members of these quartets are indistinguishable from the
baseline noise in th&C spectrum. Moreover, the B10 and B11
signals are difficult to distinguish from each other because of
the decreased resolution of the B10 and B11 signals resulting
from the larger spectral width of thHéC experiment.

Coupling Constants. The 1Jcy values determined in this
study are presented in Table 2. We explored whethetkhe
values correlate with the electronic parameter (BPy4* EP
reflects the electron-donating ability of the axial R (or X) ligand
as measured by the changefiC shift of theyC in pyCo-
(DH)2(R or X) models relative to the R CH; complex. The
strongest correlations found (fakzzn, Jg7H, andigizn; Table
3) have an excellent level of statistical significance with more
than 95% of the variance represented by the least-squares line.
The measured coupling constaddison, 271, YJs1oH JB11H;
andJg1on all lie on the regression line within the limits of the
digital resolution £0.2 Hz) exceptJszn for R = adam.

Correlations ofJzsy With the Co—N, distance are instructive.
This parameter is a measure of the trans influence and reflects
the electron-donating ability of R or X. All five data points in
the line-fitting procedure with CeN_ for Jgop, 1Jg74, and
LJg12n fall on their respective lines within the limits of the digital
resolution of the JHMQC method, with98% of the variance
modeled by the regression line. The regression line in a similar
fit of EP against Ce-N_ is only moderately significant,
describing~94% of the variance.

Co—13C NMR Shift Assignment. Generally the Ce13C
NMR signal is difficult to detect in a 1D experiment. Scalar
coupling between the quickly relaxing quadrupS&f&o nucleus
(100% abundant) and tH&C nucleus decreases the transverse
relaxation time,T,, of the13C 45> Consequently, thé&’C NMR
signal for Ca-13C is broadened, as also reported for complexes
with other quadrupolar metat§4” In the JHMQC spectra of
complexes containing a C&CHp=1-3)Y 3-» Moiety, thelJcy was
readily observed. This finding supports the argument that the
broadening of the’®*C NMR signal is a result of transverse

(43) Zangrando, E.; Bresciani-Pahor, N.; Randaccio, L.; Charland, J.-P.;
Marzilli, L. G. Organometallics1986 5, 1938.

(44) Bresciani-Pahor, N.; Geremia, S.; Lopez, C.; Randaccidndrg.
Chem.199Q 29, 1043.

(45) Kofod, P.; Larsen, E.; Larsen, S.; Petersen, C.; Springborg, J.; Wang,
D.-N. Acta Chem. Scand.992 46, 841.

(46) Gansow, O. A.; Burke, A. Rl. Chem. Soc., Chem. Commad®72
456.

(47) Lauterbur, P. C.; King, R. Bl. Am. Chem. S0d.965 87, 3266.
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relaxation since the other possibility, a short longitudinal T3¢
relaxation time Ti), would preclude observation of spin (ppm) |
coupling. These observations suggested that broad&id 1438

signals could be assigned via the HMQC method. Indeed, the
13C signals of the Co-bound C were found in the HMQC spectra I
of complexes with several R groups as follows: 8l,, 63.7 1434

ppm; CHs, 13.1 ppm; CHCHs, 27.1 ppm.

143.6

1432 |-

Discussion waol ®

Technique. In the JHMQC method, the SklérBax se- o .
quence was repeated five times prior to acquisition: four Y 20 2.1
repetitions in the preparation period, followed by a final (H%'_

repetition for data collection (Figure 1). Each repetition in the 210.0 |
preparation period is followed by a delay tim&)(that when :
properly set allows for the full relaxation of tAEI[13C] signals E
but not the more slowly relaxingH[12C] signals. The latter 2000
signals are essentially randomized after a few cycles. Four £
repetitions proved ample for good cancellation. In this JHMQC 3
sequenceT . is no longer limited by thdy's of the 13C-bound :
protons; thereforeT, is lengthened by increasing the number E
of points collected. With this modification, high resolution is :

208.0 [

2070 |

achieved without sacrificing the good cancellation of the — 5
[12C] signals. Co-Ny distance (A)
Because of the relative ease of using the ShkiBax Figure 3. B2 shift (top) and"Jcy (bottom) versus CeN, distance®

sequence, the JHMQC pulse sequence can be implemented veryhe solid line represents the least-squares fit of the data for the
quickly; the JHMQC sequence avoids using techniques suchalkylcobaloximes (circles). The value for the chlorocobaloxime is
as homospoil pulses, spin lock fields, or gradients. Incorporation represented by the square.
of the other types ofH[12C] suppression methods cited above
was not evaluated in our collection of high-resolution data. ~ “Jor values are a more reliable method for examining the effects
The JHMQC technique was assessed by a comparison toOf binding interactions.
coupling constants measured from a coupled 0 NMR It is worth examining the dependence &Iy values of
spectrum of MeBzmCo(DH)YCHs. The coupling constants  coordinated MgBzm on the nature of the trans ligand, since
measured via the two techniques (Table 1) agreed within the the relative magnitudes of the trans influence of R or X are
range of experimental error for the 28C spectrum. The more  well established. As the trans influence of R or X increased,
striking comparison between the two methods was the much the magnitude ofJcy for all the carbon signals decreased (Table
improvedSN obtained via the JHMQC method. The JHMQC 2). The sensitivity ofJcy to R or X followed the ordetJsion
sequence was shown to achieve the s&feas the'*C NMR < g1y < Weion < WUgan < Wa7n < Lgon. However, the
spectrum for the B2 doublet ir2.5% of the time. Furthermore,  chemical shift patterns are not so clear (Supporting Information).
the lower multiplicity of JHMQC signals is an added advantage. As the trans influence of R or X increases (i.e., thesBem
For example, the intensity of the methyl signals in tf@ NMR ligand becomes more weakly bound to resemble fregBidie),
spectrum was distributed among the four peaks of the quartet,one would expect the shifts to approach the fregBaen values.
whereas in the JHMQC spectrum the intensity was distributed o aimost all signals exhibiting significant changes on coor-

between only two peaks. Comparison of the B10 and B11 yination (B4-9, B12), this behavior is found. B2 exhibits rather
signals between the methods demonstrated the advantage of thg, sy al shift behavior. For the 3 CI complex, B2 has a shift

lower multiplicity obtained with the JHMQC approach (Figure closest in value to that of free MBzm, exactly the opposite of

2)- licati I | for the i bal | the result expected. In contrast, the dependence of the direction
App:)lcatlons. hA ‘JCfH values OJ ':v'eBNe I(-:IS aht comp”exes of B2 shifts on trans influence is normal and similar to that for
were between those of MBzm and MgBzmH'" (the smallest B4, B8, and B9. These shift trends could reflect many effects

and largestJcy, respectively) with the exception édg;on and ! L i
Ls1n for the adam complex (Table 2). From these data, it is and canno_t be attributed pr_lmarll.y to through-bond phenomena.
Comparison of the relationship &fz24 and of EP to Ce

apparent that the coupling constant was influenced more strongly .
by protonation than by coordination. The proton has a strong Nt further demonstrates the advantage of uslag over shift-
electron-withdrawing effect, and properties of heterocycles are Pa@sed measures of inductive electronic effects. Plots readily
influenced more strongly by binding of the proton than by reveal thattJson is better than EP in accounting for the weak
binding of a metal centét: trans influence of Cl (Figures 3 and 4). Regression statistics
The value oftJey is influenced in a clear way by the binding ~ for the line describing EP with CeN, suggest a moderately
of either H" or Cd"(DH)x(R or X) to MesBzm. In contrast, significant correlation. The EP parameter was based on shifts
13C chemical shifts are influenced in a much more complicated Of & specially selected carbon well removed from the cobalt.
manner by the binding of these species to;Bem (Supporting ~ However, we find a stronger relationship 9t with Co—N.
Information). For example, some signals shift upfield (B4, B8, (Table 3), even for B2, a carbon whose chemical shift changes
B9), whereas others shift downfield (B5, B6, B7, B$2)Unlike have been troublesome to explain. Thus the coupling constant
1Jcn values of the ring antl-methyl signals, thé*C chemical is a better indicator of the electronic changes in the coordinated
shifts for the complexes do not fall so nicely between the ligand. Indeed, a recent study has indicated that several factors
respective signals of MBzm and its protonated form. Thus, may contribute to the shifts upon which EP was ba$ed.
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Figure 4. Least-squares fit of alkylcobaloxime EP values (circles) as
a function of Ce-N, distance®* The value for the chlorocobaloxime
is represented by the square.

In summary,lJcy values can now be conveniently obtained
by the JHMQC method, which provides signals with lower
multiplicity, much improved digital resolution, and superi$i

(48) Randaccio, L.; Geremia, S.; Zangrando, E.; EberinGrg. Chem.
1994 33, 4641.

(49) Daniel, W. W Biostatistics: A Foundation for Analysis in the Health
Sciences5th ed.; John Wiley & Sons: New York, 1991; p 740.

Moore et al.

compared to the 1D coupleC experiment. Since high-
resolution coupling constants for a variety of types of com-
pounds, including non-metal compounds, are now conveniently
assessable, we suggest that they be used in many types of
investigations previously using the shifts!8€ or other nuclei.
Indeed here we have shown that the JHMQC method can
provide information on signals for which shift data are not
readily obtained. Furthermore, we have found that, even when
shifts are used very carefully and successfully to obtain
information on the properties of the coordinated ligands resulting
from changes in the trans influence, a superior result is obtained
with coupling constants.
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