2364 HEeLVETICA CHIMICA ACTA — Vol. 86 (2003)

Low Temperature 'H-, ’F-, and 3'P-PGSE Diffusion Measurements.
Applications to Cationic Alcohol Complexes

by Eloisa Martinez-Viviente and Paul S. Pregosin*

Laboratory of Inorganic Chemistry, ETHZ, Honggerberg, CH-8093 Ziirich
(tel.: +4116322915; fax: +4116321090; e-mail: pregosin@inorg.chem.ethz.ch)

The problems associated with low-temperature pulsed-gradient spin-echo (PGSE) NMR diffusion
measurements are discussed. The influence of convection is overcome by employing a coaxial insert inside a
normal 5Smm NMR tube. By means of this configuration, correct diffusion constants and temperature-
independent hydrodynamic radii can be obtained. Low-temperature 'H-, F-, and 3'P-PGSE measurements on
unstable cationic alcohol complexes of palladium and tungsten (in MeOH and CH,Cl,) are reported. For
[W(Cp)(adamant-1-0l)(CO);](CF;SO;), a strong hydrogen bond between the alcohol OH group and the
trifluoromethanesulfonate anion is demonstrated.

Introduction. — There are increasing numbers of applications of pulsed-gradient
spin-echo (PGSE) NMR diffusion measurements [1][2] in inorganic and organo-
metallic chemistry [3-15]. The calculated diffusion coefficient D can be used to
estimate molecular volumes (the larger the molecule, the slower it diffuses).

In recent PGSE diffusion studies, the potential of this technique for the study of ion
pairing has been emphasized [16—19]. Through a separate analysis of the translational
properties of cation and anion, it is possible to gain insight into whether these charged
species move independently or as a single unit in solution. Solvents with a relatively low
dielectric constant, such as CHCl;, favor the formation of tight ion pairs [18][19]. In
these solvents, both cation and anion have been found to show the same, relatively
small, diffusion coefficient as they move together as a relatively large unit. In more-
polar solvents, such as MeOH, the cation and anion are usually not associated and show
different and mutually independent D-values. In CH,Cl,, we have observed an
intermediate situation, where there is partial but usually not complete ion pairing
[18][19]. The translational properties of the cation will then be affected by the anion,
and vice versa. For salts of transition metals, the PGSE diffusion methodology,
frequently in combination with NOE data, offers a unique structural approach to this
problem. By means of these methods, the relative anion-dependent activity of the Ir
phosphinooxazoline (PHOX) complexes 1 in the catalytic hydrogenation of olefins in
CH,(Cl, can be explained [6][19][20].

When no 'H resonances are available in the anion, as in the commonly used BF;,
PFg, or trifluoromethanesulfonate (CF;SO3 ; TEMS), a multinuclear approach can be
used, with YF- and 'H-PGSE diffusion measurements for the cation and anion,
respectively. In addition, we have recently shown that 3'P is a reliable alternative to 'H
as a diffusion probe in organometallic complexes [18]. 3'P-Nuclei can be useful when no
suitable 'H- or F-resonances are available, or when it would be preferable to make
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measurements in a routine protonated solvent rather than a deuterated one. The
diffusion methodology can also be applied to 3Cl in the ClOj anion [18].

PGSE Measurements make use of a spin-echo sequence with incorporated pulsed-
field gradients, as shown in Fig. 1,a for the Stejskal-Tanner sequence [1][2]. Moving
molecules cause attenuated signal intensities, since they diffuse from their original
environment via Brownian motion, and, thus, no longer experience the same field
strength when the second refocusing gradient is applied. Eqn 1 relates the observed
intensity changes, In(1/1,), as a function of the variables used:

In (Ii> = —(yo) (A - g>DG2 (1)

where y = gyromagnetic ratio of the observed nucleus, 0 =length of the gradient pulse,
G =gradient strength, A (diffusion delay)=delay between the midpoints of the
gradients, and D = diffusion coefficient.

The D value can be determined from the slope of the regression line In(Z/1,) vs. G2.
A frequently employed modification of the Stejskal— Tanner sequence, the so-called
stimulated-echo experiment (Fig. 1,b), splits the & pulse into two 7/2 pulses [2].
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Fig. 1. a) Stejskal—Tanner pulse sequence for NMR PGSE diffusion measurements. The broader open bars
represent the gradient pulses and the thin dark bars the hard pulses (90°, thin, and 180°, broad). b) Stimulated
echo sequence, obtained by splitting the 7 pulse in two 7/2 pulses.
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Most PGSE diffusion experiments have been carried out at ambient temperature.
However, for some applications, it is necessary to measure at higher [21 -24] or lower
temperatures [25-27]. The latter would be the case for inorganic or organometallic
complexes that are fluxional or unstable in solution at ambient temperature, a common
observation. The heating or cooling of the sample may have, potentially, two negative
effects on diffusion measurements [22 —24]. First, it can affect the mechanical stability
of the experimental set-up, which is obviously detrimental'). Second, it may cause the
formation of convection currents within the sample, which can be mistaken for faster
diffusion, or even completely distort the shape of the In(//1,) vs. G? plot [23].

Convection currents are caused by small temperature gradients within the sample
[28], which are difficult to eliminate even in advanced probe designs [22]. Convection
introduces an interfering flow-velocity-dependent phase factor into the amplitude
dependence of the signals in PGSE experiments [22]. It has been suggested that
convection is especially problematic at higher temperatures [22—-24]. Interestingly, in
some low-temperature PGSE diffusion measurements, convection is not mentioned as
a problem [25-27]. In this report, we discuss how convection interferes with the
determination of D values via PGSE diffusion measurements at low temperature, and
how we have overcome the problem. Further, we discuss two applications that involve
possible H-bonding effects in the organometallic cationic alcohol complexes 2 and 3,
both of which are unstable at ambient temperature.
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Results and Discussion. — Convection in Low-Temperature PGSE Diffusion
Measurements. Our initial experiments involved model compound 4, for which low-
temperature PGSE diffusion measurements afforded very distorted plots of In(Z/1,) vs.
G?. We reproduce one example in Fig. 2. The result was similar for solutions in CD,Cl,,
CD;OD, and (Dg)-toluene. Hedin and Furo [23] have suggested that convection
induces a gradient-dependent lineshape distorsion that results in nonlinear plots of
In(Z/1,) vs. G* As their description was in agreement with our observations (both
lineshape distorsions and the consequent nonlinear plot), we have identified
convection as the origin of our problem?).

1) For this reason, we always carry out the diffusion measurements (at ambient temperature) with the airflow
disconnected.

2)  The lineshape distorsions and the resulting nonlinear plots do not seem to be related to shaking of the
NMR tube due to the N, flow, as they do not appear in ambient-temperature measurements with the
airflow connected.
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Fig. 2. Plot of In(1/1,) vs. arbitrary units proportional to the square of the gradient amplitude for a 'H-PGSE

diffusion measurement on a 20 mm (Dg)toluene solution of 4, at 228 K in a 5 mm NMR tube (4 =68 ms, 6 =

2ms). The lack of linearity in the plot depends on the parameters used. For A=28 ms and 0 =2 ms, the
curvature was much less pronounced, while for 4 =30 ms and 6 =4 ms, it became significant again.

For a given sample with a particular set of properties (viscosity, thermal diffusivity,
thermal expansion coefficient), convection appears when the temperature gradient
within the solution exceeds a certain level [23][24] [29]. It is known that, for cylindrical
samples (e.g., in NMR tubes), this value is inversely proportional to the fourth power of
the radius of the sample tube [24]. Thus, the obvious way to suppress convection
artifacts seems to be to use narrower sample tubes, and this is the approach that we
have taken.

However, convection does not necessarily always change the character of the signal
decay in diffusion experiments. Nonlinearity occurs only when the effect of convection
dominates relative to diffusion [24]. Thus, it may happen that linear plots of In(//1,) vs.
G? are obtained that, when used together with Egn. I, afford incorrect (too large)
diffusion coefficients. A sensitive test for the onset of convection is a comparison of D
values measured with different diffusion delays (4), as convection shows up as 4-
dependent (apparent) diffusion coefficient (D,,,) [21][23][30]. The longer the

duration of 4, the larger the error in the D,,, obtained.
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Preliminary Experiments. An experimental set-up consisting of two coaxial NMR
tubes was chosen. The outer one is a normal 5-mm NMR tube, whereas, for the inner
tube we have tested three commercially available inserts, which we will call Small (S),
Medium (M) and Large (L), as shown in Fig. 3.

ID [mm)] OD [mm]

| Large (L) 2.34 3.30
1 Medium (M) 1.96 297
Small (S) 1.50 2,52

U
Fig. 3. Schematic drawing of the experimental set-up used for the low-temperature diffusion measurements,

consisting of two coaxial NMR tubes separated by a spacer. ID: inner diameter, OD: outer diameter (both of the
internal tube). The outer tube is a normal S mm NMR tube.

One would expect a reduction in the temperature gradient within the sample by
filling the empty space between the tubes with a liquid that has a higher heat capacity
than air [23]3). For this purpose, we chose (Djg)toluene. However, as will be shown
below, leaving the space between the tubes empty (filled with air) afforded better
results.

For the 'H-PGSE low-temperature test experiments, we chose again complex 4,
which shows a sharp p-tolyl methyl !H-resonance suitable for fast measurements. These
experiments were focused on the two solvents of interest for 2 and 3 (CD;OD and
CD,Cl,). We begin the discussion with the results obtained with the three different
coaxial inserts (L, M, and §) and air in the intermediate space. The diffusion data for 4
at ambient temperature are shown in 7able 1. As usual, the hydrodynamic radii (ry) are
calculated from the D values according to the Stokes— Einstein equation, Eqn. 2 [31]4):

KT
_ 2
"= 6D @

where k = Boltzmann constant, T = temperature, 57 = viscosity of the solvent.

3)  Hedin et al. [23][24] have used a bath of a perfluorinated oil (between a 5-mm tube and a 10-mm tube) to
obtain a delay in the onset of convection in their high-temperature diffusion experiments.

4) It has been suggested that the factor 6 in Egn. 2 is not valid for small species whose Van der Waals radii are
<5 A [31]. To be consistent and to facilitate comparisons we have used Eqn. 2 as shown. The temperature-
dependent equations for the viscosities (of nondeuterated solvents) have been taken from [32]. The
calculated hydrodynamic radii (ry) allow comparison of measurements carried out in different solvents or
at different temperatures.
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Table 1. D Values and Calculated ry; Values for 4 at 299 K in CD;0D and CD,CL,*)

Nucleus CD;ODY) CD,CL°)
D [10719 m? s71] ru [A] D [1071° m?s7!] ru [A]
'H 9.45(6) 43 12.58(6) 42

)20 mm. ° MeOH)=0.533 kg s ' m~. ©)  (CH,Cl,) =0.414 kg s~ m~".
n

The low-temperature measurements with configuration (L) afforded linear plots,
but the D values increased markedly with increasing 4, both for CD;OD and for
CD,(Cl,, as shown in Table 2 and Figs. 4 and 5. Consequently, there seems to be a
significant contribution of convection to the calculated D values. The calculated ry
values are always smaller than at ambient temperature, which is another indication of
faster movement due to convection.
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Fig. 4. Measured D-value vs. A (diffusion delay) for 'H-PGSE diffusion measurements on CD;O0D solutions of

4 (20 mm) ar 228 K with different types of coaxial NMR tubes (see Fig. 3), with air (L, M, S) or (Dg)-toluene
(M.Tol and L.Tol) in the intermediate space. The graphs correspond to the data in Tables 2, 3, 4 and 5.

With configuration (M), the results were satisfactory for both solvents (see Table 3
and Figs. 4 and 5). The contribution of convection to the calculated D values seems to
be negligible, and the ry values are similar to those calculated from measurements at
ambient temperature (7able 1)°). Positive results were also observed with the (S)
configuration (7able 4 and Figs. 4 and 5), although the D values in () are slightly
lower than in (M), which might be an indication of some residual convection in (M).
This small deviation between (M) and (S§) is larger for CD,Cl, than for CD;0D. The
measurements with the (M) and () configurations are reproducible within +2-3%

5)  The coincidence of the ry values calculated from low-temperature and ambient-temperature measure-
ments indicates that there is no significant effect from possible shaking of the NMR tube due the cold N,
flow. In ambient temperature measurements, with the airflow connected, the D values are, on the contrary,
higher than without airflow (smaller ry values), being these deviations A-dependent (more important for
higher 4 values).



2370 HEeLVETICA CHIMICA ACTA — Vol. 86 (2003)

65 _ CDZC|2 /

60 —_a—
——

55| /l —A—S
50
L l/.

45+ . —
r A—A— L A

D100 m?s™)

40

1 1 Py 1 I I : 1 1. ]
0 100 200 300 400 500
A[ms]

Fig. 5. Measured D value vs. A (diffusion delay) for 'H-PGSE diffusion measurements on CD,Cl, solutions of 4
(20 mm) at 231 K, with different types of coaxial NMR tubes (see Fig. 3), with air in the intermediate space. The
graphs correspond to the data in Tables 2, 3 and 4.

Table 2. Low-Temperature ' H-PGSE Diffusion Results for 4 in L?)

A (ms) CD,0DPY) CD,CL°)
D [10° m?s7!] ru [A] D [107° m?s7!] ru [A]
68 4.77(6) 3.8(1)
118 2.03(6) 3.9(1) 5.03(6) 3.6(1)
218 2.22(6) 3.6(1) 5.54(6) 3.3(1)
318 2.50(6) 3.2(1) 6.28(6) 2.9(1)
418 2.67(6) 3.0(1) 6.91(6) 2.6(1)
518 2.97(6) 2.7(1)

320 mm. ®) 228 K; 5 (MeOH)=2.11kg s m% ©) 231 K; 5 (CH,Cl,) =0.933 kg s ' m~_.

(usually less), while the variations in the measurements with L were sometimes larger
(up to ca. 10%).

Clearly, the (L) configuration is not adequate for reliable low-temperature PGSE
diffusion measurements, while there does not seem to be a significant difference
between the use of the (M) and (§) inserts. Whenever sensitivity is a problem (e.g., for
3IP-PGSE diffusion measurements), (M) would be the preferred configuration, as it
allows the analysis of a higher volume of sample. In other cases, (S) should be used for
best results.

Filling the intermediate space between the tubes with (Dg)toluene gave invariably
poorer results. This is shown by test measurements with 4 in CD;0D (7able 5 and
Figs. 4and 5). For (L), nonlinear plots were obtained when 4 > 218 ms. Even when the
decay of intensities was linear (4 =118 ms), the D value was considerably larger than
for the same measurement without (Dg)toluene. For (M) and (), linear plots were
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Table 3. Low-Temperature 'H-PGSE Diffusion Results for 4 in M*?)

A (ms) CD;ODY) CD,CL°)
D [10° m?s7!] ru [A] D [107° m?s7!] ru [A]
68 4.35(6) 4.2(1)
118 1.91(6) 4.1(1) 4.31(6) 42(1)
218 1.88(6) 4.2(1) 4.35(6) 42(1)
318 1.89(6) 4.2(1) 4.39(6) 4.1(1)
418 1.89(6) 4.2(1) 4.47(6) 4.1(1)
518 1.88(6) 4.2(1)
618 1.88(6) 4.2(1)

320 mm. ®) 228 K; 7 (MeOH)=2.11 kg s' m~. ©) 231 K; 5 (CH,Cl,) =0.933 kg s~' m~L.

Table 4. Low-Temperature ' H-PGSE Diffusion Results for 4 in S*)

A (ms) CD;ODY) CD,CL,°)
D [107° m?s71] ru [A] D [107° m?s71] ru [A]
68 4.21(6) 4.3(1)
118 1.85(6) 4.3(1) 4.23(6) 4.3(1)
218 1.90(6) 4.3(1) 4.13(6) 4.4(1)
318 1.85(6) 4.3(1) 4.19(6) 43(1)
418 1.81(6) 4.4(1) 4.24(6) 4.3(1)
518 1.87(6) 4.2(1)
618 1.86(6) 4.3(1)

420 mu. P) 228 K; 7 (MeOH) =211 kg s' m™". ¢) 231 K; 57 (CH,Cl,) =0.933 kg s ' m .

Table 5. Low-Temperature 'H-PGSE Diffusion Results for 4 in CD;OD with L, M, or S and (Dg) Toluene*))

A (ms) L M S

D [10719 m? s71] ru [A] D [1010 m? s7!] ru [A] D [10719 m? s71] ru [A]
118 2.40(6) 3.3(1) 1.90(6) 42(1) 1.96(6) 4.0(1)
218 1.98(6) 4.0(1) 2.03(6) 3.9(1)
318 2.08(6) 3.8(1) 2.05(6) 3.9(1)
418 2.15(6) 3.7(1) 2.07(6) 3.8(1)
518 2.22(6) 3.6(1) 2.05(6) 3.9(1)
618 2.28(6) 3.5(1) 2.10(6) 3.8(1)

)20 mm. ®) 228 K; 7 (MeOH)=2.11kgs ' m.

obtained; however, the D values increased with increasing A (although this error was
not so marked as with (L) and air between the tubes, see Fig. 4).

Fig. 6 shows a visual summary of the results obtained from similar '"H-PGSE
diffusion measurements on 4 in different configurations: 5-mm NMR tube (strongly
nonlinear), (L) with a (Dg)toluene bath (nonlinear), (L) with air (linear, but incorrect
slope), and (M) and (S) with air (correct slopes).
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Fig. 6. Plots of In(1/1,) vs. arbitrary units proportional to the square of the gradient amplitude for several 'H-

PGSE diffusion measurements on a 20 mm CD;OD solution of 4,at 228 K in a) 5 mm NMR tube (triangles),b) L

with a (Dg)toluene bath (filled circles), ¢) L with air (open squares), d) M with air (filled squares) and e) S with

air (open circles). All measurements were carried out with the same diffusion parameters (4 =318 ms, 6 =
1.75 ms)

We conclude that, although convection is a problem in low-temperature PGSE
diffusion measurements, it may be overcome, and reliable D values are obtainable.

Low-Temperature Diffusion Measurements on 2. The Pd"-hydride 2 is thought to be
the active catalyst in the Pd-catalyzed methoxycarbonylation of ethene to methyl-
propanoate, where MeOH is the solvent of choice [33]. Stable Pd hydride complexes
are very rare, and almost never occur with the hydride trans to P in square-planar
complexes. Given the additional dynamics that might arise from solvent exchange, the
relative stability of 2 is noteworthy. One might think that, perhaps, the CF;SOj3 anion
coordinates and/or stabilizes 2 via H-bonding to the complexed solvent molecule.

According to the literature, complex 2 can be generated by dissolving
[Pd(d'bpx)(CF;SO5),], 4, (dbpx=12-(CH,P'Bu,),C¢H,) in carefully dried MeOH
under N, [33c]. However, in our hands, in CD;0D, a precipitate formed. The 'H-NMR
spectrum of the supernatant solution showed a broad and complicated signal in the Me
region, and a diffusion measurement under these conditions did not seem promising. In
addition, 2 decomposes slowly in solution, even in nondeuterated MeOH. Since the
authors report their NMR data in MeOH [33b,c], we decided to carry out the diffusion
studies in this solvent at 240 K (where the compound is stable for prolonged periods)
with 3P (instead of 'H) as a diffusion probe for the cation.

The 3'P{'H}-NMR spectrum of 2 consists of a AX spin system (6 (*'P)=25.8 and
775 ppm, 2J(P,P) =17 Hz). We have found that the best results, in terms of shape and
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intensity of the 3'P signals detected, are obtained with the Stejskal— Tanner sequence
(Fig. 1,a), setting the evolution time before and after the 180° pulse to 1/2 J(PP) =
29 ms.

Fig. 7 shows the good quality of the plots obtained from the 3'P and “F (for the
anion) low-temperature diffusion measurements on 2. Values of D and ry are shown in
Table 6. The results show that the cation and anion are moving at very different rates.
Clearly, there is no strong H-bond between cation and anion in 2.
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Fig. 7. Plots of In(1/1,) vs. arbitrary units proportional to the square of the gradient amplitude for *'P- (black

circles) and "F- (white circles) PGSE diffusion measurements on a 20 mm CD;0D solution of Pd hydride 2 at
240 K

Table 6. 'H-, F- and ' P-PGSE Diffusion Results for 2 and 5 in MeOH at 240 K*)®)

Nucleus 2 5

MeOH?®) MeOH?®) CD;0OD

D [1079 m? s71] ru [A] D [107 m? s7!] ru [A] D [10" m? s71] ru [A]
H 1.79(6) 6.4(1)
HY) 1.78(6) 6.4(1)
stpdy 2.19(6) 5.2(1) 2.10(6) 5.5(1) 1.84(6) 6.2(1)
PR 3.97(6) 2.9(1) 3.86(6)°) 3.0(1) 3.41(6) 3.4(1)
LRd) 3.97(6) 2.9(1)

220 mm. ) (MeOH)=1.53kg s*' m~". ©) Plus three drops of CD;0D for the lock. ¢) Measured with the
Stejskal— Tanner sequence (Fig. 1,a). As expected, the Stejskal—Tanner and the stimulated echo pulse
sequences afford identical D values. ¢) Average of two measurements that yield D =3.83 and 3.86.
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To have a reference for comparison, and to check the accuracy of the low-
temperature *'P-PGSE diffusion experiments, we have carried out some test measure-
ments on the model Pd salt 5 [18][34]. The results are also shown in Table 6, from
which it can be seen that the 'H- and 3 P-experiments in CD;OD afford similar D
values. To facilitate a comparison with 2, 5 was also studied in MeOH. Interestingly, we
observe larger D values (13-14% bigger) than in CD;OD.

— N\ /N -
PhaP\\N'Pd COOMe
| OTf
COOMe

5

From our previous work [18] with 5 in CD;OD at ambient temperature (see
Table 7), it is clear that the CF;SOj3 anion in this compound moves independently of
the cation. The ratio D(anion)/D(cation) for 5 at 299 K (1.8-1.9) is identical to that
observed for the same compound at 240 K (7Table 6), so that it can be concluded that,
within this temperature range, there is no change in interionic interactions in 5.

Table 7. D Values and Calculated ty; for 2 and 5 [18] at 299 K*?)

2 5
MeOHP)°) MeOHP)°) CD;0DY) CD,CLY)
D0 m s rg[A] D0 °m’ s r[A] D[10°m>s"] ry[A] D[10°m>s] ry[A]
H 6.64(6) 62(1) 8.42(6) 63(1)
BF 14.22(6) 2.9(1)  13.76(6) 3.0(1) 1235(6) 34(1) 10.81(6) 4.9(1)

2)9-10 mm. °) 5 (MeOH) =0.533 kg s~'m~". ©) With a capillary of D,O for the lock. ¢) 5 (CH,Cl,) =0.414 kg
s'mL

The ca. 2.9-3.0-A ry; value for the CF,SO5 anion in MeOH is similar for both 2 and
5, as expected for a free-movement situation. However, these calculated ry values are
too large for solvent-free CF;SOj3, pointing to strongly solvated anions.

In retrospect, YF-PGSE data for 2 and 5 at ambient temperature in MeOH (D =
14.22 and 13.76 x 10~1° m? s~! respectively, Table 7) suggested independent motion of
the anions. However, these data were clouded by the slow decomposition of 2, and by
the difficulty (for 2) of comparing them with diffusion data from the cation.

Low-Temperature Diffusion Measurements on 3. The complex [W(Cp)(1-adaman-
tol)(CO);](CF;SO;5) 3 forms through ionic hydrogenation of the corresponding
adamantone by reaction with [WH(Cp)(CO);] and CF;SO;H [35]. The crystal
structure of the related [W(Cp)(CO);(HO™Pr)](CF5SO;) shows H-bonding between
the alcohol OH proton and an O-atom of the CF;SO3 [35]. 'H-NMR Data for 3
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suggest that this bond is also present in solution [35], and it should be possible to
confirm this by 'H- and YF-PGSE diffusion measurements on 3°).

However, 3 is not stable at ambient temperature and decomposes within hours to
yield free adamantol and [W(Cp)(CF;SO5)(CO);], 6 [35]. To avoid the ambiguity
associated with complexed CF;SO7 in 6, diffusion data for 3 were obtained at 231 K (in
CD,Cl,), where no decomposition was observed.

'H and "F Diffusion data for two different samples of 3 are given in Table 8. To
confirm that convection is minimal, measurements with three different A values were
made. In contrast to the observations for 2 (in MeOH), the CF;SOj3 anion in 3 (in
CD,Cl,) moves at the same rate as the W-cation. Moreover, the calculated ry; value for
the anion in 3 (4.6-4.7 A) is much larger than in 2 (2.9 A), clearly indicating
association to the cation in 3. We assign the observed equivalence of D values for cation
and anion in 3 to the presence of H-bonding between them.

Table 8. 'H- and "°F-PGSE Diffusion Results for 3 and 5 in CD,CL, at 231 K*)")

Nucleus 4 (ms) 39 5
D [10719 m? s7!] ru [A] D [101° m?s7!] ru [A]
'H 118 3.88(6), 3.87(6) 47(1) 2.83(6) 6.4(1)
168 3.91(6), 3.90(6) 4.6(1)
268 3.93(6), 3.95(6) 4.6(1) 2.77(6) 6.5(1)
3 118 3.87(6), 3.84(6) 4.7(1) 3.72(6) 4.9(1)
168 3.84(6), 3.89(6) 47(1)
268 3.95(6), 3.94(6) 4.6(1) 3.79(6) 4.8(1)

310 mm. ®) 5 (CH,Cl,) =0.933 kg s~ m~". ©) The results from two different samples (left and right columns)
prepared under similar conditions are shown.

Again, to have a reference for comparison, we carried out some additional low-
temperature measurements on the Pd salt 5 in CD,Cl,, and these results are also shown
in Table 8. From our previous studies with 5 [18] (see Table 7), we have established
that, in CD,Cl, and at 299 K, there is partial ion-pairing between the cation and anion in
this compound. This results in a calculated ry; for the CF;SOj3 anion (at 299 K) of 4.9 A
in CD,Cl, is considerably larger than the 3.4 A value obtained in CD,OD at the same
temperature. The ratio D(anion)/D(cation) for 5 in CD,Cl, at 299 K (1.3, from Table 7)
is very close to that observed from the low-temperature (231 K) D values in Table 8, so
that it can be concluded that at 231 K the degree of ion-pairing in § has not changed
with respect to ambient temperature.

The D values for both 3 and 5 at 231 K (7able 8) reflect negligible influence of
convection and excellent reproducibility.

Conclusions. — We have found a convenient experimental set-up to eliminate
convection from low-temperature PGSE diffusion measurements. We suggest that
correct D values and temperature-independent ry; can be obtained with an appropiate
insert. Low-temperature 'H-, F-, and 3'P-PGSE diffusion measurements on the

6)  The presence of a H-bond interaction between cation and anion would be reflected in similar D values for
both in CD,Cl,, where, otherwise, they would be only partially ion-paired (see, for instance, [16,b]).
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relatively unstable Pd catalyst 2 in MeOH, reveal no cation-anion interaction, while for
the sensitive W adamantol complex 3, in CH,Cl,, we have confirmed the presence of a
strong H-bond from the CF;SOj5 to the alcohol H-atom of 1-adamantol.

Experimental Part

Complexes 3[35],5[34], and 6 [33] have been kindly provided by other groups. Complex 4 was available in
our laboratory.

All measurements were performed on a Bruker AVANCE spectrometer (300, 400 MHz) equipped with a
microprocessor-controlled gradient unit and a multinuclear probe (normal or inverse) with an actively shielded
Z-gradient coil. The shape of the gradient pulse was rectangular, and its strength varied automatically in the
course of the experiments.

The calibration of the gradients on each spectrometer was carried out via a diffusion measurement of HDO
in D,0 at ambient temp. The D value of each sample can then be calculated according to Egn. 3, where Dypo =
1.9 x 107 m? s~! [35].

~ my X Dypo

D ®3)

Mupo

In Egn. 3, m, is calculated for each measurement from the observed slope, m,,, with the help of Egn. 4,
which takes into account the settings for the diffusion delay 4, the gradient length o, as well as the nature of the
observed nucleus X, with respect to the calibration with HDO (where 4 =167.75 ms and 6 = 1.75 ms).

- ()

Unless otherwise stated, for all the 'H and ' F experiments, d = 1.75 ms. The 4 values given in the Tables as
68, 118,218, 318... ms are really 67.75, 117.75, 217.75, 317.75... ms. The gradient strength was usually incremented
in 3- or 4 % steps, so that 15-25 points could be used for regression analysis. The number of scans per increment
varied between 4 and 16 from one sample to another, according to the concentration and the volume in the
NMR tube. Typical exper. times were around 0.5—1 h. Sample concentrations are noted in the Tables.

For the low-temperature *P-PGSE measurements, 0 =5-7 ms and 4=43-48 ms. The evolution time
before and after the 180° pulse was set to 29 ms in all experiments (although this was necessary only for 2); 8-9
points were acquired, with 250 —520 scans for 5 and 1200 scans for 2. The exper. time per increment was 1-2 h.
T, values for 3P were close to 1s, so that a relaxation delay of 5-7 s was used.

All data leading to the reported D values afforded lines with correlation coefficients > 0.999.

Jerschow et al. [24] have suggested the use of a double stimulated echo (DSTE ) pulse sequence to eliminate
convection artifacts, and successfully applied this method at high temp. (although they state that its utility is
limited to convection currents with a constant laminar-flow profile during the diffusion interval, and that it does
not compensate turbulent convection). Our efforts to implement this sequence on our low-temp. measurements
afforded nonlinear plots as in Fig. 2. Consequently, all measurements have been carried out with the stimulated
echo pulse sequence (Fig. 1,b), with the exception of those marked with an asterisk in 7able 6, which employ the
Stejskal— Tanner sequence (Fig. 1,a).

To eliminate convection in the low-temp. NMR measurements we have used two commercially available
coaxial NMR tubes, as shown in Fig. 3. The inner and outer tubes are separated by a pyrex spacer suitable for
variable-temp. experiments. A space of ca. 5 mm is left between both tubes at the bottom. The experiments on 2
(at low temperature) were carried out with the M insert, and the measurements on 3 with the S insert. No
decomposition was observed during the experiments, not even during the long 3'P measurements on 2. The
precise temps. were measured with a thermocouple introduced inside the bore of the magnet.
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With the (L) insert, convection was not completely eliminated and 4-dependent D values were obtained.
However, we have not observed a variation of D with d (the gradient pulse length). Four measurements on 4 in
CD,Cl, with A =68 ms and ¢ =1.75, 2.5, 3.5 and 4.0 ms afforded similar D values of 4.77, 4.70, 4.73, and 4.78 x
1071 m? s~ respectively (measured with (L) and air in the intermediate space between the tubes).

We have also tested the use of a smaller capillary (stem coaxial insert), with a sample capacity of 530 pl, but
we finally discarded it, as difficulties in shimming resulted in broad signals that sometimes even could not be
measured. The low signal-to-noise ratio was an additional problem of this configuration. Moreover, in
measurements with 4 in CD,Cl,, we could not detect a significant improvement with respect to (S), even for
long diffusion delays (4 =418 ms).
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