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Recently, a new class of structural restraints has been
introduced that allows the measurement of projection angles
between internuclear vectors from relaxation rates of double-
quantum (DQ) and zero-quantum (ZQ) coherences.[1] This
relaxation mechanism is induced by cross-correlation of two
individual dipolar coupling tensors. Angular restraints can
also be obtained by the measurement of relaxation rates of
DQ and ZQ coherences that are induced by the cross-
correlation of one dipolar coupling and a chemical shift
tensor.[2,3] So far applications have addressed only the
measurement of such rates in fully 13C/15N-labeled biomacro-
molecules. We show here by comparison with a crystal
structure that angles between H ± H and C ± H bond vectors
that are separated in space by 7 � in a small organic molecule
can be determined with an accuracy of a few degrees. It is
further shown that by measuring two such relaxation rates it is
possible to determine the orientation of one vector in the
frame of reference of the two other vectors. For sensitivity
reasons we had to introduce 13C labeling in part of the
molecule. The accuracy and precision of the measurement
established in this publication will be used in a forthcoming
paper to derive long-range structural information for a
catalytic intermediate that cannot be crystallized.

In two pairs of nuclei (A1 ± A2 and B1 ± B2) cross-correlated
relaxation rates Gc

A1A2 ;B1B2 of DQ and ZQ coherences between
nuclei A1 and B1 can be measured provided the DQ and ZQ
coherence between these nuclei can be excited, the scalar
coupling between A1 and A2 as well as between B1 and B2 is
resolved, and the main relaxation source for A1 (B1) is the
dipolar coupling to A2 (B2). If we identify the nuclei A1, A2, B1,
and B2 according to Table 1 and Figure 1 with (A1,A2)�
(H26,H25) or (H23,H24) and (B1,B2)� (C3,H3) all the above
requirements are fulfilled by the h3-allylpalladium complex 1.

also valid for saturated hydrocarbons with labile hydrogen
atoms.

As exhaust from lean-burn engines contains NO as the
main NOx component, the present knowledge could be
technically implemented as a dual-catalyst system.[21] On an
oxidation catalyst such as Pt-ZSM-5, NOx from a lean-burn
exhaust stream can be converted into NO2, which in turn is
converted over an Ag/H zeolite catalyst. Injection of suffi-
cient reducing agent between the two catalysts is required.

Experimental Section

In the experiment of Figure 1, the synthetic exhaust gas was composed of
400 ppm NO2, 350 ppm propene, 350 ppm CO, 10 % CO2, 10 % O2, and
12% H2O, balance helium. The volumetric hourly space velocity (VHSV)
and the weight hourly space velocity (WHSV) were 160 000 hÿ1 and
320 000 hÿ1, respectively. NO, N2O, and NO2 were monitored by chem-
iluminescence and IR detectors. N2 was monitored by gas chromatography.

In the experiment of Figure 2, the synthetic exhaust gas was composed of
450 ppm NO2, 50 ppm NO, 175 ppm propene, 175 ppm propane, 350 ppm
CO, 10 % CO2, 6% O2, 12 % water, balance helium. The VHSV was
60000 hÿ1.
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This complex constitutes the catalytic resting state of the
allylic substitution that is catalyzed by palladium complexes
with chiral phosphanyloxazoline ligands.[4, 5]

One of the aforementioned cross-correlated relaxation
rates is Gc

H26H25 ;C3H3 and originates from the cross-correlation of
the C3 ± H3 and the H25 ± H26 dipolar couplings. This relaxation
rate is measured on the DQ or ZQ coherence of C3 and H26

and contains structural information according to Equa-
tion (1).

Gc
H26 H25 ;C3 H3

� g1Hg13C

�rC3 ;H3 �3
g1 Hg1H

�rH26 ;H25 �3
�

�hm0

4p

�2

P2(cosqH26H25,C3H3)J(0) (1)

with J(w)� 2

5

tc

1� �wtc�2
and P2(x)� (3cos2 xÿ 1)/2

Figure 2. Real-time DQ/ZQ-HPC correlation experiment. Coherence
transfer is accomplished by H,P-transfer in a HMQC-type fashion and
P,C-transfer in a HSQC-type fashion. The DQ and ZQ coherences are
recorded simultaneously and obtained by subtracting spectra acquired with
f3�f4� 08, 1808 and adding the spectra aquired with f3�f4� 908, 2708.
Quadrature detection for both DQ and ZQ evolution time is achieved by
States TPPI on f3 and f5 . tmax

1 � 140 ms. Decoupling of the proton in the
position meta to H26 or H23 is achieved by continuous-wave irradiation with
a field strength of gB1/2 p� 6 Hz. The selective 13C BIRD pulse (0.45 ms)
serves to refocus all couplings to C3 during the evolution time. The total
duration between the first excitation pulse and the detection is 1/3J(H,H)�
128.2 ms. D'� 40.5 ms. In the experiment for H23 (H26): number of scans�
16 (128), number of t1 experiments� 320 (142), spectral width in w1/2p�
1000 Hz (500 Hz). The total duration of the experiment was 4.3 h (15.2 h).

Here, gX denotes the gyromagnetic ratio of nucleus x, and
rX,Y is the distance between the nuclei (X,Y). qc

H26H25 ;C3H3 (q1) is
the projection angle of the C3 ± H3 and the H25 ± H26 vectors.
The formula for the cross-correlated relaxation between the
C3 ± H3 and the H24 ± H23 vectors is analogous. Both projection
angles q1 and qc

H23H24 ;C3H3 (q2) can be used to define the
orientation of the allylic moiety with respect to the aromatic
ring (C21 ± C26) despite the large intervector distance of
approximately 7 � (Figure 1).

The excitation of the DQ and ZQ coherences between H26

(DQ/ZQ1, Table 1) or H23 and C3 (DQ/ZQ2, Table 1) is
achieved by relayed coherence transfer from the protons H26

and H23, respectively, through the 31P atom to the C3 carbon
atom (Figure 2). The respective coupling constants are
4J(H26,P)� 4 Hz, 3J(H23,P)� 7.0 Hz, and 3J(C3,P)� 27 Hz.
The H26 ± C3 DQ and ZQ coherences show a doublet of

Figure 3. w1 traces from the ZQ spectrum of the DQ/ZQ-HPC experiment
(Figure 2) applied to 1 (approximately 88 mm) atÿ60 8C in [D8]THF. Slices
taken at a) H26 and b) H23 are derived from the H26,C3 and H23,C3 ZQ
coherences. The two doublets from the 1J(C3,H3) and the 3J(H26,H25)
coupling for H26 (a) and the 3J(H23,H24) coupling for H23 (b) are plotted
separately. The cross-correlated relaxation rates and derived angles are also
given.

Table 1. Comparison of the angle determined by NMR experiment and crystal structure analysis.

A1 A2 B1 B2 Gc
A1A2 ;B1B2 qNMR

A1A2 ;B1B2 qX-ray
A1A2 ;B1B2

DQ/ZQ1
[a] H26 H25 C3 H3 (�0.33� 0.30) Hz q1� 528, 1288, 38 [b] 548[c]

DQ/ZQ2
[a] H23 H24 C3 H3 (�1.60� 0.10) Hz q2� 418, 1398, 18[b] 1408[c]

SQ[d] H26 H25 H26 C26 (ÿ0.60� 0.05) Hz ± 608[c]

[a] Nuclear assemblies for the DQ and ZQ coherences and the SQ coherence described in the text. [b] The angles were determined from the measured
relaxation rates according to Equation (3). [c] The projection angles were taken from the crystal structure. [d] The determined rates.

Figure 1. a) Structural formula and b) stereoview of the crystal structure of the h3-p-allylpalladium complex cation 1. 1,3-Diphenyl[13C3]propenol was
prepared from [13C1]benzaldehyde, benzene, and 13[C1,2]-acetylchloride[8] and was converted into 1,3-diphenyl[13C3]propenylpalladium chloride according to
the literature procedure.[9] Reaction with the corresponding phosphanyloxazoline ligand yields 1.[9]
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Figure 4. a) Extraction routine for the cross-correlated relaxation on the
example of the high-field component of the SQ spectrum of H26 (see
Figure 5b). The two components in the doublet, which we call aa for the
low-field line and ab for the high-field line, have a frequency difference of J
and reflect the same line shape F (w) except for the Lorentzian
contribution:

L(w,GaaÿGab)� �Gaa ÿ Gab�ÿ1

1� �w=Gaa ÿ Gab�2

The (aa) line is broader than the (ab) line. By duplicating the doublet,
shifting the duplicate to the low-field side (1) by J, convoluting it with a trial
Lorentzian line with linewidth LB, and adding the result to the second
doublet at higher field (2) a triplet (S) is formed that has identical outer
multiplet components if LB� (GaaÿGab). b) The same example shows that
the precision is better than 0.1 Hz. The error for G has been determined by
adding 20 different noise sections from the same trace on top of the
multiplets and applying the extraction procedure. The standard deviation
of the mean value of GaaÿGab then defines the errors of the cross-
correlated relaxation rate.

doublets due to the homonuclear coupling 3J(H25,H26)�
7.8 Hz and the heteronuclear coupling 1J(H3,C3) of 154 Hz
(Figure 3 a). The H23,C3 DQ and ZQ coherences show an
analogous multiplet structure (Figure 3 b). The four lines of
the doublets of doublets represent the spin states aa, ab, ba,
and bb of the passive spins A2 and B2. The desired cross-
correlated relaxation rate Gc

A1A2 ;B1B2 is then given by Equa-
tion (2).[1,6]

Gc
A1 A2 ;B1 B2

� 1

4
(GaaÿGabÿGba�Gbb) (2)

The experiment depicted in Figure 2 is a real-time experi-
ment with a total duration increasing with t1 incrementation.
In contrast to a constant-time experiment the cross-correlated
relaxation rates have to be extracted from the different
linewidths of the multiplet. These differences in linewidths
can be determined by fitting the aa line to the ab line by
convolution of the aa line with a Lorentzian line of variable
linewidth (Figure 4). The extracted cross-correlated relaxa-
tion rates together with the extracted errors are summarized
in Table 1.

The size of the cross-correlated relaxation of the DQ and
ZQ coherences was calibrated by measuring the cross-
correlated relaxation rate of the H26 single quantum coher-
ence (SQ1, Table 1), which is determined by a dipolar coupling
of the single bonded H26,C26 and of the ortho H26,H25 pair
(Figure 5). The corresponding cross-correlated relaxation rate
Gc

H26C26 ;H26H25 is given by Equation (3).

Gc
H26 C26 ;H26 H25

� g1 Hg13 C

�rH26 ;C26 �3
g1 Hg1H

�rH26 ;H25 �3
�

�hm0

4p

�2

P2(cosqH26C26,H26H25)[J(0)� 3

4
J(wH)] (3)

For a correlation time tc of 1.8 ns as found at 600 MHz and
ÿ60 8C for the 88 mm solution of 1 in [D8]THF, J(0)�
3/4 J(wH)� 1.06 J(0).

Figure 5. a) The C26-H26-H25 moiety for which the cross-correlated
relaxation between the C26 ± H26 and the H26 ± H25 dipoles is measured.
b) The 13C-filtered 1D 1H spectrum of H26 recorded without refocusing and
without 13C decoupling showing the expected doublet of doublets from the
1J(C26,H26) and the 3J(H26,H25) coupling constants. The high-field doublet
has been inverted in sign.

To convert the cross-correlated relaxation rates into
direction cosines, the ratio of the cross-correlated relaxation
rates of the DQ and ZQ coherences is divided by the rate of
the SQ coherence. This value of the desired direction cosines
assumes isotropic reorientation, no appreciable effects from
internal motion, and identical C ± H bond distances in the allyl
moiety and the aromatic ring. By using Equations (1) and (3)
we arrive at a value of the directional cosines [Eq. (4)].

G c
H26 H25 ;C3 H3

G c
H26 H25 ;H26 C26

� �rH26 ;C26 �3P2�cosqH26 H25 ;C3H3 �
�rC3 ;H3 �3P2�cosqH26 H25 ;H26C26 � 1:06

(4)

A comparison of the calculated values with those derived
from the X-ray structure is given in Table 1. The angles are the
same within � 38. The accuracy is quite remarkable and
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indicates the crystal and the solution structure of complex 1
are identical. In addition, the NMR measurement is very
precise; the angles derived here are in the order of 458 where
the cross-correlated relaxation rates are most sensitive to the
angle. The SQ cross-correlated relaxation rate could also be
used for the calibration of the absolute cross-correlated
relaxation rates.

In the molecular frame of the aromatic ring (C21 ± C26) the
two direction cosines of C3!H3 relative to H25!H26 and
H24!H23 define two cones whose intersections determine the
orientation of the C3 ± H3 vector (Figure 6). The cartesian
coordinates of these vectors are given by Equation (5).

x� cosq1, y� cosq2 ÿ cosq0 cosq1

sinq0

, z�� ���������������������������
1ÿ �x2 � y2�p

with j y j< 1 (5)

Figure 6 shows these vectors in two graphical representa-
tions; Figure 6 a is a perspective schematic view and Figure 6 b

Figure 6. Orientation of the C3 ± H3 vector in the molecular frame of the
aromatic ring (C21 ± C26) in a) a 3D representation and b) a polar projection.
In both (a) and (b) the two directional cosines from Gc

H26 H25 ;C3H3 (q1� 52, 128,
� 38) and Gc

H23 H24 ;C3H3 (q2� 41, 139, � 18) define two cones for the C3!H3

vector along the H25!H26 bond direction (x axis) and the H24!H23 bond
direction (� (1/2) x� (

���
3
p

/2)y axis), respectively. The two angles q1 and q2

are also given. The intersection of the cones define the C3!H3 vector
orientation (only one out of the four possibilities is shown in (a)). b) The
intersection of each cone with the sphere shows up in the polar
representation as two lines in the north and south hemispheres that are
perpendicular to the symmetry axis of the cone and intersecting that
symmetry axis at � cos q1 and � cos q2 , respectively. The error in cos q1,2 is
represented by the width of the lines. The intersections of the cones defines
two south and two north orientations of the C3 ± H3 vector (*). The
coordinates are given in the text. The orientation found in the high-
resolution crystal structure is marked with an 6 .

a stereographic projection.[7] For both Figures H25!H26 is
assumed to lie along the x axis and H24!H23 along the
(� (1/2) x� (

���
3
p

/2)y axis). The z axis is assumed to be
perpendicular to the x and y axes in a right-handed coordinate
system. The angle measured from H25!H26 to H24!H23 is
q0� 1208. The two cones defined from the two direction
cosines j cos q1 j and j cos q2 j are illustrated in Figures 6 a and
6 b. Their intersections define the possible orientations of the
C3!H3 vector. From the fact that there is no information
from the NMR data on the sign of the z-component of the
C3!H3 vector and because of the ambiguity of the 3 cos2qÿ 1
dependence, four possible coordinates of the C3!H3 vector
are possible: (x,y,z)� (0.588, 0.545, � 0.599) and (ÿ0.588,
ÿ0.545, � 0.599). The one found in the X-ray structure is
(x,y,z)� (0.616, 0.516, ÿ0.595) and matches with the second
orientation found from NMR measurements.

In conclusion, we have measured the orientation of
internuclear vectors in a small organic molecule over a
distance that is large by NMR standards. In the favorable case
encountered here the accuracy and precision of the measure-
ment is better than 38, as shown by comparison with a high-
resolution crystal structure. The angular information derived
from NMR spectroscopy allows the orientation of two
molecular moieties to be defined relative to each other. It is
apparent that no other structural parameter used in solution-
state NMR spectroscopy would have been able to provide this
information. Encouraged by the accuracy and precision of the
measurement, we are currently working on using this method
to derive information on the catalytic intermediate that has
been found in the palladium complex catalyzed allylic transfer
and which cannot be crystallized.[4c]
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