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1.1
Introduction

NMR spectroscopy continues to develop and refine new techniques and, conse-
quently, has become an indispensable tool in connection with solution studies
in the area of homogeneous catalysis. Since the soluble catalyst precursors in
transition metal catalyzed reactions often contain a variety of atoms from differ-
ing parts of the Periodic Table, it is not surprising that a multinuclear NMR
approach plays an important role. Although 'H NMR is still prevalent, *C (for
metal carbonyls, metal carbenes, metal acyls...etc.), *'P (for phosphine-based cat-
alysts), °F (for fluorous catalysts), and occasionally even the metal center itself,
are all routinely measured. Admittedly, the NMR approach to obtaining these
data no longer relies solely on 1-D measurements. A variety of two-dimensional
methods, using either one, two or three-bond coupling constants allow the data
to be accessed in a much more efficient manner. As examples, Figure 1.1
shows: (a) part of the >C,'H correlation for the Ru(11) dialkyl, -arene compound,
1 [1], showing the relatively low frequency positions of the three-coordinated
biaryl CH-resonances; (b) a section of the long-range carbon-proton correlation
for the zirconium polymerization catalyst precursor, 2, using *J(*C,'H) [2]. The
observed ¢ values suggest some m-interaction from the five-membered ring;
(c) the use of *J('P,'H) in the chiral Pd(11) Duphos complex, 3 [3]; and (d) the
1%Rh resonance, for the Biphemp-based hydrogenation catalyst precursor, 4, via
3(19Rh, 'H) [4].

In addition to chemical shifts, d, and coupling constants, J, relaxation time data,
e.g., T, and, increasingly, diffusion constants, D, are being used to help solve se-
lected structural problems. Although line widths in connection with variable tem-
perature studies are still used to calculate rate constants for processes involving cat-
alysts or intermediates which are dynamic on the NMR time scale, magnetization
transfer and, especially, phase sensitive nuclear Overhauser effect (NOE) methods
are often the method(s) of choice. These NMR techniques are somewhat more de-
manding; nevertheless, they are finding increasing acceptance. Further, additional
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Figure 1.1 (a) Section of the phase-sensitive 3C,"H correlation for 1, R' = CH; , R = 3,5-di-tert-
butylphenyl, showing the relatively low frequency positions of the three coordinated biaryl CH-
resonances. The open and closed cross-peaks reflect the phases. (b) Section of the '>C,'H long-
range correlation for Zr ansa-fluorenyl-complex, 2, showing the assignment of the fluorenyl car-
bons, C-7 and C-12. Each of these carbons shows two correlations stemming from the values
*I(PC'H). (c) *'P,'H correlation showing the cross-peaks which help to identify the two terminal
allyl protons of [Pd(n*-PhCHCHCHPh) (Me-Duphos)](OTf), 3. These terminal allyl protons, which
correlate to their respective pseudo-trans P-atoms, appear as triplets (similar */(*'P,'H) and
3J("H,"H) values) further split by long-range proton—proton and proton—phosphorus interactions.
(d) The "Rh,"H correlation for 4, showing selective contacts to the two olefinic protons at 4 4.31,
and 0 4.72 (one stronger than the other) and an aliphatic proton of the 1,5-COD (there is also a
very weak aliphatic second contact). The multiplicity in the rhodium dimension arises due to the
two equivalent *'P atoms coordinated to the rhodium.
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tools such as: (a) parahydrogen-induced polarisation (PHIP), which may allow one
to detect species present in solution at relatively low concentration, (b) high pres-
sure measurements, which simulate catalytic conditions, and (c) NOESY measure-
ments, which allow the determination of 3-D solution structures, are all slowly
moving from the hands of the NMR specialist to the practising catalyst chemist.
In the following pages we will try to illustrate and summarise some of the more
relevant applications of all of these methods.

1.2
Reaction Mechanisms via Reaction Monitoring

Following the course of a reaction by NMR remains one of the most popular
applications of this technique in homogeneous catalysis. The resulting kinetic in-
formation and/or the detection and identification of intermediates are important
sources of mechanistic information. Often, isotopic labeling with *H [5-12]
or C [13-15] facilitates the acquisition and interpretation of the resulting NMR
spectra.

1.2.1
Detecting Intermediates

A number of compounds can be recognized in the hydrogenation of *C labeled
MAC (methyl-(Z)-a-acetamidocinnamate, 50% C in the o-olefin carbon) using
the model Rh catalyst, [Rh(diphos)(MeOH),]", 5 [16, 17]. Figure 1.2 shows the pro-
posed catalytic cycle and the most relevant sections of the various NMR spectra of 6
and 7. The *'P spectrum of 6 was measured at 233 K and shows the *C satellites
for P, (the larger *'P-"*C coupling is associated with the trans-geometry). The *C
NMR spectrum of the a-carbon of 7 (intercepted at —78 °C) clearly reveals that H
transfer during the migratory insertion step occurs at the f-carbon atom of the
C=C bond, leaving the o-carbon atom bonded to the Rh ('J(***Rh,"*C(a)) =
21 Hz). The increased C S/N and additional spin—spin interactions provided by
the C labeling are important for the assignment. Monitoring studies on the
last step of the cycle via *'P and 'H NMR allowed the determination of a first-
order rate law and the activation parameters.

In a related study using the chelating phosphine chiraphos, several species, 8-10,
were recognized by *'P NMR (see Figure 1.3) [18]. Only a single diastereomer, 10,
forms, indicating that the binding is stereospecific.

The catalytic cycle for the Rh-catalyzed 1,4-addition of phenylboronic acid to an
a,B-unsaturated ketone could be nicely described by in situ *'P NMR (see Figure 1.4)
[19]. The three {S}-Binap species RhPh(PPhs)(Binap), 11, Rh(oxaallyl)(Binap), 12
and [Rh(OH)(Binap)],, 13, have all been detected. Complex 11 affords a modestly
complicated spectrum (see spectrum A), due to the ABMX spin system. The
oxa-allyl complex, 12, in spectrum B exists in two diastereomeric forms (with over-
lapping signals between 48 and 49 ppm). The resonances for the bridging hydro-
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Figure 1.2 Catalytic cycle for the Rh-catalyzed hydrogenation of methyl-(Z)-a-acetamidocinna-
mate, (50% 3C in the a-C, denoted by *) in MeOH.
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Figure 1.4 Mechanistic aspects of the Rh-catalysed 1,4-addition of phenylboronic acid to an
a,B-unsaturated ketone, monitored by 3P NMR.

xide 13, with equivalent P-atoms, are observed, in spectrum C, at ca. 55 ppm. The
starting PPh; complex, 11, is regenerated in spectrum D.

In the zirconocene-catalyzed polymerization of alkenes, Landis and coworkers
[20] have reported in situ observation of a Zr-polymeryl species, 15, at 233 K (Figure
1.5). Complex 15 is formed by partial reaction of 14 with excess 1-hexene. Deriva-
tives 16 and 17 are generated quantitatively from 15 by addition of ca. 10 equiv. of
propene and ethene, respectively. No other intermediates, such as alkene com-
plexes, secondary alkyls, diasteromers of 15 or 16, or termination products, accu-
mulate to detectable levels. These NMR studies permit direct monitoring of the
initiation, propagation and termination processes, and provide a definitive distinc-
tion between intermittent and continuous propagation behavior.

Espinet and coworkers [21] have captured an NMR “snapshot” of a catalytic cycle
for the Stille reaction, involving compounds 18-22 (see Figure 1.6). The vinylic
region of the 'H and 'H{’’P} NMR spectra of 19-22 is shown. Both Pd(11)
Pd(vinyl)R(PP), 20 and Pd(0) Pd(RCH=CH,)(PP), 21 species were identified.

Brown and coworkers [22] have studied the Pd-catalyzed Heck arylation of
methyl acrylate via *'P and *C NMR (see Figure 1.7). Reaction of the aryl iodide
complex 23 with AgOTf (THF, 195 K) gives the THF and aquo-complexes 24
and 25, respectively, which were detected via *'P NMR below 203 K. Addition of
H,0 to the sample shifts the equilibrium towards 25, pointing to an existing
fast exchange between solvates 24 and 25. Reaction of 24/25 with 3-{"*C} labeled
methyl acrylate (20-fold excess, 213 K) affords the insertion product 26. Warming
to 233 K leads to the formation of 27, which is in turn converted into 29, stable to
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Figure 1.5 In situ Detection of Zr-polymeryl species by 'TH NMR (233 K, d®-toluene). Only the
region between 0 and -1.3 ppm is shown, in which resolved resonances for the diastereotopic
Zr—CH,-POL protons and the Zr-Me-B groups are detected.

273 K. The rearrangement from 27 to the more stable, primary alkyl regioisomer
29 was shown to be intermolecular. This is thought to occur via the unobserved
hydride 28, since addition of unlabeled methyl acrylate leads to the equilibrium dis-
tribution of *C label in 29 (28 exchanges acrylate ligands with the acrylate pool).

Using *'P NMR the same authors have identified several intermediates in the
asymmetric Heck arylation of dihydrofuran [23, 24]. Reaction of the Binap salt,
30, with 2,3-dihydrofuran below 233 K gave salt 31 as the single species (see Figure
1.8). A parallel reaction between 30 and [2-*H] 2,3-dihydrofuran confirmed the
structure. At 243 K, 31 slowly decomposed to form 32 and 32’ with concomitant
release of the coupling product 33 (91% ee).
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Figure 1.6 Catalytic cycle for a Stille reaction showing the vinylic regions of the 'H and "H{*'P}
NMR spectra of the products detected in situ (in d®-THF).
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Figure 1.8 *'P NMR spectra of the reaction sequence between 30 and 2,3-dihydrofurane. Spec-
trum A: partial conversion of 30 to 31 at 223 K. Spectrum B: After complete formation of 31 at
233 K. Spectrum C: nearly complete decomposition of 31 at 243 K to form 32 and 32’. The signals
at higher frequency correspond to P,.

For the industrially important Pd-catalyzed methoxycarbonylation of ethene to
methyl propanoate, all the intermediates of the cycle have been identified. Starting
from 34, ®CH,=CH, and "*CO, the process has been shown to proceed via a hy-
dride rather than a methoxycarbonyl cycle (Scheme 1.1) [25][26]. Figure 1.9
shows the *P NMR spectrum at 193 K of a 1:1 mixture of the two isotopomers
35a and 35b, formed in the reaction of 34 with *CH,="CH,. The presence of
an agostic interaction is supported by the C chemical shifts (3(CH,) 31, and
0(CHj;) 8), which are reversed with respect to classical Pd-ethyl complexes.
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Scheme 1.1 The two possible mechanisms for the Pd-catalysed methoxycarbonylation of ethene.
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Figure 1.9 °*'P NMR spectrum at 193 K
of a 1:1 mixture of the two isotopomers
[Pd(L-L) (CH,"*CH;)]", 35a, and

Pa 2 [Pd(L-L) ("*CH,CH,)]", 35b, formed in
Pg P NMR the reaction of 34 with *CH,="%CH,.
For 35a, the phosphorus trans to the
ethyl group (Pg 0 36.1) couples with the
cis-phosphorus P, [6 68, J(*'Ps,*'Pg)

31 Hz], while the J(*'Pg,"*C) is not
observed due to the low natural abun-
dance of *C. In 35b, however, the cou-

ed S pling of Pg with both P, and the labelled
3 oo trans carbon atom [%(*'Pg,"*C) 38 Hz
k J can be observed, resulting in a doublet
J it of doublets, which is superimposed
80 70 60 50 40 30 20 10 with the doublet originating from 35a.

8

In situ NMR studies on analogous Pt catalysts for the methoxycarbonylation re-
action reveal CO trapping at every step in the catalytic cycle of the active intermedi-
ates (Figure 1.10) [27]. This explains the observed slow kinetics. Thus, 36 reacts
with ®CO in CH,Cl, at 193 K to form only [Pt(L-L)(C,Hs)(**CO)]*, 37, which
upon warming to ambient temperature in the presence of excess CO affords
[Pt(L-L)(*C(O)Et)(">)CO)]", 38. This transformation is reversible, and both com-
pounds have been detected by in situ *C{'H} NMR spectroscopy.

1.2.2
Reaction Kinetics via NMR

The previous section focused on the detection of intermediates in a catalytic reac-
tion, thereby affording an “NMR picture” of the several steps involved in the me-
chanism. Occasionally, NMR can be a convenient tool for monitoring reaction rates
provided that the reaction is slow enough for a series of 1D spectra to be acquired
during its course.
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Figure 1.10 Pt-catalysed methoxycarbonylation of ethene, studied by *C NMR.

Figure 1.11 provides an example of "H NMR monitoring in the Pd-catalyzed cy-
cloisomerization of dimethyl diallyl malonate, 39 [28]. The kinetic profile reveals a
pronounced induction period after which the exocyclic alkene 40a is formed predo-
minantly as the kinetic product. A hydropalladation mechanism was proposed on
the basis of NMR experiments, and the transient species 41, formed by allylpalla-
dation of the coordinated diene, could be detected and identified with the help of
’H and C labeling. The hydride Pd catalyst, 42, would be generated from 41 by
water-promoted B-hydride elimination. The observed induction period is associated
with the formation of the Pd-hydride 42.

In the oxidative addition of a fluorinated aryl iodide, 43, to “Pd(PPhy;),” (Figure
1.12) [29], "F NMR has been used to follow the cis-to-trans isomerization of the
cis-bis-phosphine product, 44, to the trans-isomer, 45. The F NMR kinetic
study reveals a first order dependence for the rate of isomerization on the concen-
tration of 44. An application of a '’F NMR kinetic study to the evaluation of the
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Figure 1.11  Pd-catalysed cycloisomerisation of dimethyl diallyl malonate. Kinetic profile based on
'"H NMR, and proposed reaction mechanism.
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Scheme 1.2 Pd-catalysed amination of aryl halides using the chiral ligand Binap.

factors contributing to the “copper effect” in the Stille reaction has also been
reported [30].

In the Pd-catalyzed amination of aryl halides using Binap, the Pd(0) complex
Pd(Binap),, 46, has been identified by *P NMR as the resting state in the catalytic
cycle (Scheme 1.2) [31]. The zero-order dependence of the reaction rate on the
amine concentration has been confirmed via a 'H NMR study with primary amines
(Figure 1.13, left). For secondary amines, however, a first-order dependence on
amine was apparent (Figure 1.13, right), suggesting a change in the resting state
of the catalyst to one that would react with the amine. *'P monitoring of the cata-
lyst concentration (Figure 1.13, center) showed a gradual consumption of 46 in the
reaction with the secondary amine, but not with the primary, explaining the differ-
ent kinetic behavior.

We note that there are NMR-based kinetic studies on zirconocene-catalyzed pro-
pene polymerization [32], Rh-catalyzed asymmetric hydrogenation of olefins [33],
titanocene-catalyzed hydroboration of alkenes and alkynes [34], Pd-catalyzed olefin
polymerizations [35], ethylene and CO copolymerization [36] and phosphine disso-
ciation from a Ru-carbene metathesis catalyst [37], just to mention a few.

Finally, an example of reaction monitoring with a “rare” nucleus: Figure 1.14 re-
produces three sequences of "B NMR spectra of the Zr-catalysts 47-49/MAO
(MAO = methylaluminoxane) during the polymerization of ethylene [38]. No
changes are detected in the systems 47/MAO (a) and 49/MAO (c) during the
course of reaction; however, for 48/MAQO in (b), a new "B signal appears. This
is attributed to an exchange of the boron benzyloxy substituent of 48 with the
methyl from the MAO, effectively transforming 48 into 49. This transformation
of the catalyst is thought to explain why the selectivity of the 48/MAO system
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for o-olefin production is intermediate between that of the similar 47/ MAO (more
than 99 % o-olefins) and 49/MAO (which reacts with the 1-alkenes and converts
them to other isomers).
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Figure 1.14 A ''B NMR study on the Zr-catalyzed polymerization of ethylene.
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13
Structural Tools

In the studies on detecting intermediates many of the structural conclusions
drawn were based on our (often empirical) understanding of chemical shifts and
spin—spin interactions. In the following two sections we show a selection of
these in connection with (mostly) catalytically relevant organometallic molecules.

1.3.1
Chemical Shifts

The 'H signals for transition metal hydrides, MH(L),, M = Ru, Rh, Ir, Pt etc.,
afford very low frequency 'H resonance positions, usually in the range ¢ ca. -5
to —30. Several values for palladium hydrides, 50, (often postulated in catalysis,
but rarely observed) are shown below [39].

L IS

Ha,. wl PEt;3 -13.6

Pd. PC -14.4
L/ \Cl Y3 .
PPh; -13.2
50

[RhH(Cp*)(Binap)](SbF), a presumed intermediate in the hydrosilylation of phe-
nyl acetylene [40], shows the hydride resonance at § —10.39. Hydride resonances
in Ru(11) phosphine complexes are often found in the same region [41-43].

Agostic interactions, i. e., the three-center bonds related to structure 51 [26, 44—
49], were noted earlier by Green and Brookhart and have been cited above in the
methoxycarbonylation chemistry (Figure 1.9). These bonds are often characterized
by low frequency (hydride-like) proton chemical shifts, and/or substantially re-
duced 'J(*C,'H) values. Often, it is necessary to cool the NMR sample in order
to “freeze” the equilibrium. Complex 52 represents a nice example of an agostic
C-H bond, with relevance to polymerization chemistry [47].

%, H
“,, /

V4

g
I"'/,
g

51

M = transition metal
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broad triplet
5 -8.00
52 "J("*C,'H) = 65 Hz at 158 K

The 'H signals of carbene-based metathesis catalysts can be found at relatively high
frequency, e.g., 0 19.55 in 53 [50], or 6 12.76 in one isomer of 54 [51].

5 19.55
W T
H
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Clu, || .wIMes
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Mo” i-Pr

N\

O
O .‘\\\Ph

I t-Bu Me

C

I

H

* Me
54 5 12.76

With respect to "H chemical shifts, two additional general points are worth noting:
(a) due to local anisotropic effects, protons in cis-position to pyridine or phenyl
phosphine ligands afford low frequency 'H signals (Structures 55 and 56), and
(b) not so well recognized, but still useful, is the fact that square planar metal com-
plexes have very anisotropic regions above and below the coordination plane, e. g.,
in 57, the proton moves to higher frequency. This positioning can result in a weak
bond to the metal [52, 53].



16 | 1 NMR Spectroscopy and Homogeneous Catalysis

n,, o \ / H
/" M"\ tny, WP
Sy M N
7 H K H L
55 56 57

For the heavier nuclei, such as *C and *'P, where both the nature of the bonding
and the corresponding energy level considerations determine the chemical shifts
[54-56], the chemical shift range (and variation with structure) is much larger
than for protons. The >C resonances for the Ru(11) carbene atoms in 58 [57] appear
at very high frequency. Interestingly, for the Ir(rr1) bis-carbene complex 59 [58],
thought to be involved in transfer hydrogenation chemistry, the observed *C posi-
tion for the carbene atom is only ca. 127 ppm.

Cl
P, wP
11, | o ) [‘))hl’ ‘\\O
- n\ ‘Ir\ )
|| |
CHR \
58  §carbene 327-358 59
P=P = PhyPCH,CH,PPh, & carbene 127

The carbon of complexed CO, i.e., M—CO, can appear at either a lower or higher
frequency than CO itself, depending on the metal. A useful list of >CO chemical
shifts can be found in a study describing mechanistic aspects of the Rh- and Ir-cat-
alyzed carbonylation of methanol [59]. Additional *C NMR data on Rh-acyl inter-
mediates, derived from the Rh-catalyzed carbonylation of ethene, e.g., 60, have
been reported [60].

co I
Lo, l e I WC(O)E
LS
E{(0)C / I \ - |\
|
60
5 214.8 (C(O)Et) and 182.7 (CO)

An aliphatic metal-carbon sigma bond, e.g., n' M—CHj, affords a fairly small *C
chemical shift, sometimes at negative o values. The relatively rare n' allyl derivative,
PdCl(n' allyl)(PHOX), 61 [61], which is related to allylic alkylation chemistry, shows
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a normal low frequency sigma bound methylene carbon resonance, thereby clearly
indicating that the bonding is not of the usual n* type.

]
N_  PPh,

N

ipr Pd

of /th

Ph
525.8

61

The rather novel hydroxy MOP-derived Pd(11) complex 63 [62], derived from the
MOP chiral auxiliary 62, reveals an unexpected o-bond with the fully substituted
coordinated carbon at ¢ 70.5, thus indicating that this carbon is no longer aromatic.

0 ClL,
OH §70.5 <

II—’d(acac)
o™ o

62 OH-MOP 63

In a related fashion, the ’C resonance at 6 79.4 from the Zr(ansa-Fluorenyl) poly-
merization catalyst precursor 64, is consistent with substantial sp’ character at this

carbon [2].

\
Ph zicl,

5 794 T .0
-

64

However, the "’C chemical shift for a o-bound M-aryl bond appears at high
frequency, often between 130 and 180 ppm. Both the cyclometallated nitroso-
amine compound 65 [63—65] and the Pd(11)(Duphos) complex 66 (an intermediate
in the enantioselective hydroarylation of norbornene) [66] represent typical exam-
ples.
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2J®'P,3C) = 138 Hz

CH, 6 174
Me\ ) Br
/N
N H-C Pd
o~ 3
Pd CN
% \‘ CH3
5 151.5
65 66

The "C signals for coordinated olefin ligands are often (but not always) markedly
shifted to low frequency. The position of these formerly sp® carbons depends
strongly on the m-back-bonding characteristics of the metal, together with the
donor characteristics of the remaining ligands in the coordination sphere. The
Ru(11) compound 67, in which the MeO-Biphep is acting as a 6e donor, shows
the complexed olefinic *C signals at & 66.4 and o 86.5, in the region expected
for a coordinated double bond (despite the relatively long Ru-C distances found

in the solid state) [67].
O Ph,
MeO P

\+
\RU—Cp

/
MeO p
Ph,

67 §(C=C) 66.4 and 86.5

The two isomeric Pd(0)(dba)(phosphino-oxazoline) Heck catalyst precursors 68
and 69 show the two olefinic resonances at ¢ 56.0 and ¢ 69.3, plus § 56.0 and
0 67.3 [68].

OO 0
OO ] Ph N—"11i-Pr
1j-Pr / \

\
N
\ P/ Pd
p—Pd, o OO Ary \/
AI’2 /
Ph o
68 69

Ph
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BC resonances for complexed n°-arene moieties, e. 8. Ru(II)(n(’-p-cymene or n°-
benzene) are often found between 60 and 100 ppm [69-77].

3P represents a favored NMR nucleus when phosphine precursors are used in
catalysis. For tertiary phosphine complexes the normal chemical shift range is
several hundred ppm. There are a few useful empiricisms:

1. The coordination chemical shift, Ad = d(complex) —d(ligand), is often fairly large
and positive. Via integration of the *'P signal it is possible to determine the
number of complexed ligands in a catalyst precursor. In their enantioselective
C—C bond-making catalytic studies, Tomioka and coworkers [78] have used
this approach to show that Rh(acac)(C,H,), reacts sequentially with one, two
and three equivalents of 70 to form different materials. The first equivalent
affords a P,O-chelate complex, the second a bis-phosphine derivative and the
third equivalent of phosphine is not complexed to rhodium.

2. Binding strongly electron withdrawing groups to the P-atoms, e. g., several P-F
or P-O bonds, usually shifts the *'P signal to higher frequency. Occasionally
this can happen when P-C bonds are cleaved, as in Scheme 1.3, where the
coordinated PFPh, ligand appears at ¢ 181.7, more than 100 ppm away from
the aryl phosphine [79].

[Ru(p-cymene)(Binap)](SbFg),

Bu,NF l
8 50.9

O A SRR = 13 Hz
PPh,
IIQu(PFPhZ)(p—cymene)(SbFe)
OO \ Scheme 1.3 Shift to higher frequency of the

5 181.7 3P chemical shift in a PFPh, ligand with
1J(31P,19F) =936 Hz respect to an aryl phosphine.

3. Including the P-atom in one or more five-membered rings (chelation or cyclo-
metallation) strongly moves the *'P signal to high frequency. The Ru(11) aceta-
lization catalyst 71 [80] demonstrates the chelation principle in that the central
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P-donor appears at much higher frequency, 96.9 ppm, than the two equivalent
terminal P-ligand atoms. There are many more useful details and the reader
would do well to consult a suitable review [81].

5 96.9

/ — (O,

P

—
L Ph, | WNCMe

5 59.2 Ry,
7 | NneMe

NCMe

71
P—P = PhP(CH,CH,P{p-FCgH,),}),

Metal chemical shifts have not found extensive use in relation to structural pro-
blems in catalysis. This is partially due to the relatively poor sensitivity of many
(but not all) spin I = 1/2 metals. The most interesting exception concerns '*°Pt,
which is 33.7 % abundant and possesses a relatively large magnetic moment. Pla-
tinum chemistry often serves as a model for the catalytically more useful palla-
dium. Additionally, '*Pt NMR, has been used in connection with the hydrosilyla-
tion and hydroformylation reactions. In the former area, Roy and Taylor [82] have
prepared the catalysts Pt(SiCl,Me),(1,5-COD) and [Pt(u-Cl)(SiCl,Me)(n*-1,5-COD)],
and used '’Pt methods (plus *Si and *C NMR) to characterize these and related
compounds. These represent the first stable alkene platinum silyl complexes and
their reactions are thought to support the often-cited Chalk—Harrod hydrosilylation
mechanism.

Philipsborn and coworkers [83] have successfully used the *’Co signals in the
substituted Co(1)Cp complexes 72, in connection with understanding the mechan-
ism of pyridine/acetylene trimerization reactions. The metal resonance was found
to vary strongly with the catalyst structure and a correlation of ¢ *’Co with reactivity
was observed.

R
Co(1,5-COD)
72

The groups of Philipsborn [84], Heaton [85-88] and Mann [89-91] have used
'“Rh NMR extensively to elucidate structural and mechanistic aspects of a wide
variety of metal carbonyl and metal cluster complexes. Further, Zamaraevl [92]
has shown that NMR studies on several quadrupolar nuclei, e.g. **Mo, help with
the characterization of the alkyl peroxo-complexes, which are thought to be inter-
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mediates in the course of the homogeneous epoxidation of cyclohexene and oxida-
tion of cyclohexane. Clearly, metal NMR in catalysis remains promising, but rela-
tively undeveloped.

13.2
Coupling Constants

All of the many one, two and three-bond interactions in organic molecules, e.g.,
the various Karplus relations involving *J(X,Y) as a function of dihedral angle, or
the *J(*C,'H) interaction used to find fully substituted "*C signals in Figure 1.1
(b), find wide ranging applications. However, if we center on those spin—spin inter-
actions that directly involve the transition metal, then 1 J(M,L) and 2 ] (Ll—M—LZ) (L=
a donor atom) have proven, generally, to be the most helpful in terms of defining
the local coordination sphere. In square planar and octahedral complexes, 73,
'J(M,L) depends on the trans-ligand, with stronger donors reducing the'J(M,L)
value.

L
N/
Ptor Rh
AN

e
trans ligand
73

L= "Hor3Cor3'Petc.

This empiricism (which concerns the concept of trans-influence) [93] is derived
from theory and the Fermi contact term. Since the s-component of the M-L bond
determines the magnitude of 'J(M,L), bonding considerations which decrease the
s-component, e.g., a relatively strong o-bond in the trans-position, decrease
'J(M,L). In Wilkinson's catalyst, RhCl(PPhs);, (and the p-tolyl analog) the two
'7(**Rh,*'P) values are quite different: 189 Hz (P trans to Cl) and 142 Hz (P trans
to P) [94]. The larger 'J-value arises from the P-atom trans to the weaker donor.

For the second and third transition series, the values *J(L'-M-L?) depend strongly
on geometry, as indicated in 74 and 75, with the trans-interactions being normally
much larger than those for the corresponding cis-compounds.

lo,,, ‘\\\L L/,,, o
‘M- ‘M-
sip? N sp” N
74 75
2J (31 P- M'Ltrans) > 2J (31 P- M'Lcis)

L="Hor"®Cor®Nor3'p
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A specific example can be found in the Rh-chemistry mentioned in connection
with Figure 1.4. The complex RhPh(PPh;)(Binap), 11, shows very different *J(*'P,*'P)
values with the trans-interaction much larger than the cis. Taken together, the three
different *'P chemical shifts and the various 'J(***Rh,*'P) and *J(*'P,*'P) values are
all important indicators of the correct structure for this complex.

/\ 2 1(31p 31
Pu, WP JC'P,”'P) trans = 324 Hz
pr” \Pph3 2JC'P,3'P) 4 =30 Hz
1

The cationic Ru(11) phosphine“pincer” complex 76 [95], which contains an agos-
tic Ru—H-C bond, possesses four different P-atoms and thus demonstrates the geo-
metric dependence of 2J(*'P,*'P). The fairly small 'J(*C,"H) value, 112 Hz, helps in
the recognition of the agostic bond and is 46 Hz smaller than in the free ligand.

Ph
Fl, E)th ] orf

~

le"'H

PP
Ph2 Ph2

76
2JC'P,3"P)yans = 345.7 Hz and 233.3 Hz

2)31P31P)s = 34.6 Hz, 26.7 Hz and 27.1 Hz

We note that in the Palladium salt 35 (Figure 1.9) a large “J(*'P,">C)yqns value is
reported.

An important consequence of the often relatively large 2/(*'P,*'P) value is that *C
spectra of bis-phosphine complexes are often second order, e. g., the =CH signals
for the two isomers of [Pd(NCCH=CHCN)(Me-Duphos)], 77, see Figure 1.15 [3].
The figure shows that these absorptions appear as complicated multiplets (i.e.,
the X-part of an ABX spin system).

The cationic Pt(11) hydride 78 [27], a model for the analogous Pd intermediate
which is thought to be involved in the methoxycarbonylation of ethene (see Scheme
1.1 and Figure 1.10), also shows the expected markedly different *J(*'P,'H) values.

( P/,,,' + o HOMe

Pt
P H

78
P—P = 1,2-CgH,(CH,PBUY),
2J3'P,"H) = 176 Hz (trans) and 18 Hz (cis)
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Figure 1.15 Section of the '>C NMR spectrum of 77, showing the second-order ABX character for
the two isomers of the two olefinic '*CH= resonances of the fumaronitrile ligand. The separation
of the two most intense lines represents %/ (*'P,"*C)cis + Y ('P,*C)urans:

Rounding off this section, the Pt(11)(diimine) complex 79 [96], a possible inter-
mediate in C,H-activation chemistry, shows a 23.5 Hz ?J(**Pt,'H) coupling to
the (averaged) n?-C¢H, protons, thus helping to support the n* olefin structure.

The examples above comprise only a small fraction of the catalytically relevant
NMR literature; however, they are representative.

133
NOE Spectroscopy and 3-D Structure

The increasing interest in enantioselective homogeneous catalysis has led to ques-
tions with respect to how the auxiliaries transfer their chiral information to the co-
ordinated substrate. In solution, the position of the chiral auxiliary relative to the
complexed organic ligand is best determined via 'H-'H NOESY studies. Although
this methodology enjoys a long history in biochemistry, there are still relatively few
applications involving chiral organometallic complexes [22, 61, 97-128].

Early NOE studies on cationic Pd(11) allyl complexes used “reporter ligands” [97,
98], i. e. simple bidentate nitrogen ligands, such as bipy or phenanthroline, whose
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Figure 1.16 'H,"H NOESY spectrum of 80. The cross peaks indicated by the arrows arise from
selective interligand NOE effects, i.e., the ortho protons of the bipyridyl recognize the B-pinene
protons H, and Hy, but not Hy or H,.

protons, in three-dimensional space, come within 3 A, or less, of the allyl ligand
(see 80). These chelate ligand protons were then able to “report” on allyl rotations
or other molecular distortions via NOEs. Although several allyl ligands were tested,
the most useful proved to be that derived from B-pinene. A typical spectrum is
given in Figure 1.16 [97].

This NOE idea was then extended to Pd(11) allyl complexes with bidentate phos-
phine auxiliaries [99-111], with the ortho P-phenyl protons acting as the reporters
(see 81). Figure 1.17 shows a section of the 'H,"H NOESY for [Pd(B-pinene allyl)
(Chiraphos)](OTf) (Chiraphos = Ph,PCH(CH;)CH(CH;)PPh,), 81 [129], and reveals
the numerous contacts from the chiral phenyl array to the allyl ligand.

Whereas the simple bidentate nitrogen ligands proved to be rather limited, the
frequent occurrence of a set of four P-phenyl or alkyl substituents, e. g., in coordi-
nated Binap, MeO-Biphep, Josiphos or Duphos (shown, from left to right in
Scheme 1.4), offered many more “reporters”. In this way, one can develop a
more detailed NOE picture of how the complexed substrate interacts with the
chiral pocket offered by these auxiliaries. From these NOE studies [97, 98] it can
be shown that the atropisomeric bidentate ligands Binap and MeO-Biphep tend
to have fairly classical axial and equatorial P—phenyl substituents.
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Figure 1.17  Section of the "H,"H NOESY showing the contacts from the ortho P-phenyl protons
to various B-pinene protons. Chiraphos = Ph,PCH (CH;)CH (CH;)PPh,.

Binap MeO-Biphep Josiphos Duphos

Scheme 1.4 Bidentate chiral phosphorus ligands usually used in catalysis. The four P-phenyl or
alkyl substituents are useful NOE reporters.

An NOE study of the intermediate [Pd(n*-PhCHCHCHPh)(Binap)]*, 82, thought
to be involved in the Pd-catalyzed allylic alkylation of a 1,3-diphenylpropene, re-
vealed that two phenyl rings, one from the auxiliary, D, and one from the substrate,
F, are forced to take up parallel positions, i.e, they are n-stacked, as shown in 83
[103]. Since the m-stacking is repulsive, and thus selectively weakens one of the
two Pd-C(allyl) bonds, the reaction becomes stereoselective. The D and F rings
do not show inter-ligand NOEs.



26 | 1 NMR Spectroscopy and Homogeneous Catalysis

- 0

P . p

< /Pd—> < = Binap

P P /D
Ph =

82 aromatic  pycleophile
stacking

83

Daley and Bergens [124] have used this approach to characterize the 3-D struc-
ture of the intermediate [Ru(11)(alkoxide)(CH;CN)(Binap)|BF,, 84, in their study of
an enantioselective catalytic hydrogenation of a ketone. The ortho-protons of the
equatorial and axial P—phenyl rings provide the reporter protons.

The bidentate oxazoline ligands 85 and 86 (and derivatives thereof) are excellent
reporter ligands, and several studies have used NOEs to determine the nature of
their chiral pockets [61, 113, 114, 126]. NOESY studies on the cations [Ir(1,5-
COD)(86)]" and several cationic tri-nuclear Ir(111)(hydrido) compounds [110], e. g.
[Ir3(us-H)(H)4(86)5]", 87, in connection with their hydrogenation activity, allowed
their 3-D solution structures to be determined. In addition to the ortho P—phenyl
protons, the protons of the oxazoline alkyl group R* are helpful in assigning the
3-D structure of both the catalyst precursors and the inactive tri-nuclear clusters.
Specifically, for one of these tri-nuclear Ir(1r1) complexes, 87 [110], with terminal
hydride ligands at ¢ —17.84 and ¢ —-21.32 (and a triply bridging hydride at ¢ -
7.07), the P-phenyl and oxazoline reporters define their relative positions, as
shown in Scheme 1.5.

These NOE studies teach us that many successful P (or N...etc) auxiliaries pos-
sess a relatively rigid and intrusive chiral pocket [105, 107]. The shape of this
pocket is a function of the individual chelate ligand, i. e., there is no one successful
shape.
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Scheme 1.5 Determination of the 3-D solution structure of 87 via NOEs between the hydride
ligands and the P-phenyl and oxazoline reporters.

14
Isotopes in Catalysis

Isotopic labels (and especially enriched materials) have proven crucial in the inves-
tigation of the mechanisms of homogeneously catalyzed reactions [130]. Further,
isotope effects on the rate or the equilibrium constant of a reaction can be diagnos-
tic, and structural information can be provided by isotope-induced changes in the
chemical shifts of neighbouring nuclei, and/or alterations in the coupling pattern
of the detected spectra. The isotope- and position-specific information inherent to
NMR techniques are ideally suited for the analysis of isotope effects in catalysis
[131].
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1.4.1
Kinetic Isotope Effect (KIE)

Proton/deuterium isotope effects on reaction rates are useful mechanistic
probes. In the zirconocene-catalyzed alkene polymerization, the observed values
of kyi11/kqop determined by 'H NMR fall in the range of 1.2—1.3 and support a tran-
sition state in which there is an a-agostic interaction (see 88) [132].

”m% |
y

88

Landis and coworkers [133] have reported the first determination of a *C/“*C KIE
in the [(rac-C,H,(1-indenyl),)ZrMe,]—catalyzed polymerization of 1-hexene (Eq. (1)).
It is suggested that the transition state, in which the alkene is irreversibly fixed into
the growing polymer, does not change significantly as a function of the cocatalyst.

\‘\\ Me

2
\
~

Me

NN -

Cocatalyst

Toluene
o°cC

In contrast to the isotope effects observed in d° olefin polymerization catalysts,
Brookhart and coworkers [134] have detected an inverse 'H/*H isotope effect of
0.59 in the Co(r11)-catalyzed polymerization of ethylene. This inverse effect was
ascribed to a p-agostic CH bond which is stronger in the ground state than the
“free” C-H bond during or just prior to the insertion step (see Scheme 1.6).

In the hydrogenation of aldehydes catalyzed by the Ru complex 89, Casey and
coworkers [135] have established the individual (kqiy/ko:y = 2.2 and kpyp/kreen
= 1.5) and overall (kiy/k:y; = 3.6) KIEs. As the product of the two individual
KIEs (1.5 x 2.2 =3.3) is in good agreement with the experimentally measured
value (3.6 = 0.3 relative to the RuD-OD analog), a reaction mechanism with con-
certed delivery of both H™ and H™ to the carbonyl is proposed.
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Scheme 1.6 Proposed B-agostic CH bond in the Co(i11)-catalyzed polymerization of ethylene.

89

A direct kinetic isotope effect of kiy/k:; = 3.1 + 0.1 is found in the Rh-catalyzed
enantioselective transfer hydrogenation of af-unsaturated carboxylic acids using
HCOOH/Et;N vs. DCOOH/Et;N as the hydrogen source (Eq. (2)) [136]. This obser-
vation clearly indicates that the cleavage of the C—H bond of formic acid is the rate-
limiting step, and rules out the participation of free molecular hydrogen in the re-
action [130].

HCOOH / EtzN (5:2)

COOH COOH
R/\l/ > R/\-/
CH3OH, 300 K

R'

Al

[Rh(nbd)(dppb)]OTf
nbd = norbornadiene

dppb = 1,4-bis(diphenylphosphinobutane)

1.4.2
Structural Effects

The introduction of isotopes into a compound alters the coupling pattern and the
chemical shifts of the observed spectrum. As shown in Figure 1.18, deuterium-in-
duced C chemical shift variations have allowed the estimation of the ratio of
isomers 90a—d formed in Eq. (2) when R = Ph, R” = CH,COOH, and DCOOD/
Et;N is used for the hydrogen transfer [136]. The three sp*-carbons C1, C2 and C3
each afford a distinct singlet for the four possible isotopomers 90a—d (replacement of
'H by *H shifts the resonances of the adjacent carbon nuclei to lower frequency) [137].
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Figure 1.18 The three high-field signals, C1-C3, in the *C{"H,’H} NMR spectrum of the product
obtained by transfer hydrogenation of PACH=C(COOH) —-CH,COOH with ZHCOOH/NEt;, at
about 25 % conversion. The chemical shifts for the undeuterated isotopomer 90a are 6 C1 44.3,
0 C2 38.6 and 6 C3 35.9, respectively.

In Figure 1.19, the small difference in ¢ 'H between the CH; and CH,D ligands
permits the recognition of the exchange between RhD(CH;)(Tp')(CNCH,Bu") and
RhH(CH,D)(Tp)(CNCH,Bu")TpRh(L), (Tp' = tris-3,5-dimethylpyrazolylborate, L =
CNCH,CMe;), as a function of time [138]. The methyl signal of the CH,D ligand
is found at slightly lower frequency.

Tp'Rh(L)(CH;)D <== Tp'Rh(L)(CH,D)H

g 1
H NMR
314
o
y! 218
®o

Figure 1.19 Methyl region as a function of time
(minutes) of the "H NMR spectrum from the rear-
rangement of RhD(CH;) (Tp’) (CNCH,Bu") to

— 0 RhH (CH,D) (Tp’) (CNCH,Bu') in d°-benzene at 295 K.

J.\ .
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Figure 1.20 Methyl region of the 'H NMR spectra arising from a solution of Ir(OTf)-
Me(Cp*) (PMe;): Top: in CD,Cl, under 2 bar of *CH, immediately after mixing (298 K). Bottom:
after heating at 318 K for 6 h.

And in a last example, facile Ir(111) C—H activation is proven via Figure 1.20, where
[Ir(CF;S03)(CH;)(Cp*)(PMes)] is allowed to react with *CH,. After warming for
6 h, incorporation of *C-labelled methane to give [Ir(CF;SO;)(**CH;)(Cp*)(PMe;)]
and CH, had occurred to an extent of 50 %, as observed from the new signals de-
riving from the large 'J(**C,'H) spin-spin coupling [139).

1.4.3

An Active Site Counting Method

Landis and coworkers [140] have developed an active-site counting method based
on *H-labelling, for the metallocene-catalyzed alkene polymerization. After quench-
ing the reaction by addition of methanol, the polymer is analyzed by *H NMR,
which allows the quantification of Zr-alkyl sites. A typical ‘H NMR of quenched
polymer is shown in Scheme 1.7 (label is found at terminal positions only). This
technique has been applied to the polymerization of 1-hexene catalyzed by
[Zr(rac-C,H,(1-indenyl),)Me][MeB(C4Fs);], 91. As shown in Scheme 1.7, there are
two possible approaches:

(A)Quenching with CH;OD, and analysis of the polymer by ’H NMR yields the
number of active sites at the time of quench.

(B) Carrying out the reaction with the labeled catalyst d®-91 [Zr(rac-C,H,(1-inde-
nyl),)CD;][CD;B(C¢Fs);] and quenching with unlabelled CH;0H yields the
number of sites that were active at any point before the quench.
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Scheme 1.7 Active-site counting method based on “H-labelling, in the zirconocene-catalyzed
polymerization of 1-hexene. Lower left: typical ZH NMR of the quenched polymer according to
method A. The integrals allow the quantification of the Zr—alkyl active sites. All labels are found in
the terminal position. Lower right: comparison of fractional active-site counts using Method A
(open circles, o) or Method B (diamonds ¢).

The plot shown in Scheme 1.7 shows that both labeling methods yield similar
active-site counts. From this observation it can be concluded that the catalyst 91
does not deactivate during the time scale of the experiments.

This active site counting methodology has been applied to the determination of
initiation, propagation and termination rate laws and activation parameters for the
polymerization of 1-hexene [141] catalyzed by 91 in toluene solution.
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1.5
Dynamic NMR Spectroscopy

Since NMR spectroscopy involves the storage of information relating to the preces-
sion frequencies of individual nuclei over periods up to and including a few min-
utes, it provides the opportunity to study equilibrium and chemical exchange
effects during this time [107, 142-145]. Suitable chemical exchange processes
may be inter- or intramolecular, and correspond to internal rotations, conforma-
tional changes and even tautomerism. The time scale of NMR is such that first-
order rate constants in the range of 10~ — 10° s™! can be measured. Both irrever-
sible and reversible processes can be affected by temperature changes. The use of
NMR spectroscopy in the study of irreversible changes has been illustrated in Sec-
tion 1.2. Reversible intramolecular and intermolecular exchange processes may be
slow, intermediate or fast, according to the frequency difference between the two
(or more) exchanging sites [146].

1.5.1
Variable Temperature Studies

Macchioni and coworkers [147] have investigated the effect of the counterion on
CO/Styrene copolymerization catalyzed by [Pd(n'-n*-CgH;,0Me)bipy]X, (92, Figure
1.21) where X is the counterion. The bipyridine ligand shows dynamic behavior
and a series of "H NMR spectra recorded between 204 and 302 K (Figure 1.21) pro-

33
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R BARSAaas s na s e o AARRRS RanSs Aanns NMR spectra in CD,Cl,, showing the
8.6 8.4 8.2 8.0 78 ppm passage from a slow to fast exchange for

14 the two halves of the bipyridine ring in 92.
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vide data for the determination of the activation parameters for the exchange of the
two halves of the bipyridine ligand. At 204 K, the NMR spectrum in Figure 1.21
clearly exhibits well separated and well defined signals such as 5 and 5’, which
coalesce at 251 K, and finally resharpen to provide a broad triplet. The situation
is similar for the protons 3 and 3’, and 4 and 4’. For 6 and 6’ it is difficult to dis-
tinguish the averaged peak at high temperature. These four sets of protons reso-
nances, 3, 4, 5, 6 and 3, 4, 5’ and 6, belonging to the bypiridine ligand, inter-
change positions via the mechanism shown is Scheme 1.8.

X X

1 2
+ ~\\\N w + ~‘\\N \
\—Pd—N? == A——Pd—N'
92
1 2
S S
X\s—Pd—N2 ) Pi—N
<
o~ O~
& &
\—— Pd N 3 + \——Pd— N’ 3
1 ) Scheme 1.8 Mechanism of the rever-
N N sible exchange of the bipyridine ligand
O~ O- in 92.

Brookhart et al. [148] have reported a variable temperature NMR study for a Pd
CO/olefin copolymerization catalyst. They studied the bite angle effect of the
bidendate phosphine ligand in a series of complexes [Pd(CH;)(OEt,)(P-P)](BAr,),
on the rate of migratory insertion of both ethylene and carbon monoxide, and
isolated the resting state for the catalytic cycle involving C,H,. With the ligand
(1,3-diisopropylphosphino)propane (dippp), upon insertion of ethylene, the f-agos-
tic ethyl complex [Pd(CH,CH,)(dippp)]”, 93, is the resting state for the catalytic
cycle. This complex exhibits two dynamic processes, described as the interchange
of C, and C; (pathway II in Scheme 1.9) and rotation of the agostic methyl group
(pathway I in Scheme 1.9).
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Scheme 1.9 Fluxional processes observed for 93.

In a quest to increase the efficiency of olefin polymerization catalysts and their
selectivity in the orientation of the polymerization, the highly effective Group IV
metallocene catalysts, M(Cp),(L),, have been studied, since they all display high
fluxionality. Following methide abstraction, the metallocene catalysts of general for-
mula M(Cp-derivatives),(CHj;), (M= Ti, Zr, Hf), were turned into highly reactive
M*-CHj; cationic species. The activation parameters for the methide abstraction,
derived from variable temperature NMR experiments, establish a correlation be-
tween the enthalpies of methide abstraction, the ’C chemical shift in the resulting
cation, and the ethylene polymerization activities [149].

At ambient temperature the "H NMR spectrum of Zr(C,HoNCHj),Cl,, 94, shows
a simple pattern, characteristic of a molecule with C,, symmetry (Figure 1.22)
[150]. However, upon cooling, the signals for the three allylic and two bridgehead
resonances broaden, and at 183 K they separate into 10 different signals. The coa-
lescence temperature for the central allyl 'H resonance is 225 K.

The alkyne hydrogenation catalyst [Rh(7-SPh-8-Ph-7,8-C,ByH;,)(COD)], 95, (and
derivatives thereof) shows dynamic behavior at ambient temperature (Figure 1.23)
[151]. The carborane is bonded to the rhodium center via a thiolate anion and a
bridging B-H-Rh bond. Complex 95 undergoes B-H/B-H-Rh interchange
coupled with an apparent rotation of the Rh(COD)" fragment. Variable tempera-
ture "H NMR spectra were recorded between 293 and 179 K. The apparent rotation
of 1, 5-COD is found in a rather large number of Rh-complexes [152].

The zwitterionic thodium complex Rh(n®-PhBPh;)(COD) is an effective catalyst
for regioselective hydroformylation, silylformylation and hydrogenation reactions
in the presence of dppb (1,2-bis(diphenylphosphino)butane) [153]. Alper and
coworkers [153] have studied the interconversion of the zwitterionic Rh(n’-
PhBPh;)(diene),(dppb);., and cationic [Rh(diene),(dppb),.,J(BPh,) (n = 0 or 1)
complexes in solution and showed fluxional behavior for the n°-tetraphenyl-
borate-coordinated complexes. The *'P variable temperature NMR spectra in
Figure 1.24 show the solution behavior of the zwiterrion Rh(n°-PhBPh;)(dppb),
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Figure 1.22 Variable temperature '"H NMR spectra of 94.
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Figure 1.23 Variable temperature spectra in the olefinic and B-H regions of the '"H{"'B} NMR
spectra, showing nonequivalent four 1,5-COD protons and the B-H/B—-H-Rh interchange in 95.
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Figure 1.24 Variable temperature *'P NMR spectra of 96 in CD,Cl,/d®-toluene, and the proposed
dynamic process responsible for the exchange of the *'P nuclei.

96. At ambient temperature, equivalent P atoms are observed (‘J('*Rh,*'P) =
200 Hz), due to a rapid exchange of the two *'P nuclei. As the temperature de-
creases the signal broadens and decoalesces to provide two rather broad doublets
at 168 K (athough 'J(***Rh,*'P) is resolved, %J(*'P,*'P) is not). This indicates that,
although the presumed rotation is slowed significantly, some exchange is still
occurring at 168 K (the lowest temperature reachable). Hindered rotation of
the n°-coordinated phenyl ring is believed to be responsible for the observed dy-
namics.

The Ru(1v) complex Ru(SiMe;),(H),(PMe;); is a model for dehydrogenative C-Si
bond formation chemistry. Berry and coworkers have shown that, at low tempera-
ture, this complex undergoes fast reversible SiH reductive elimination on the
NMR time scale (Eq. (3)), and slow H, reductive elimination as a minor process
[154].

PMe, T<250K PMe,
Measi///',u | "\\\\PMe3 + HSiMe, Me3P///1,4. | ,‘\\\\H .
Ru /Ru‘ SiMe;
H/ | — HSiMe, Me;Si | H

PMe, PMe,



38

1 NMR Spectroscopy and Homogeneous Catalysis

1.5.2
Line Shape Analysis [142, 146, 155-159]

In solution, rate constants and activation parameters for dynamic processes can be
estimated by direct analysis of the change of the NMR signal shape as a function of
temperature. This technique is called line shape analysis (LSA) and it is best suited
when the rate of exchange ranges from ca. 10 to 10° s™' [142, 159].

If the exchange rate, k., is much smaller than the frequency difference between
the signals for the exchanging sites, then the NMR spectrum will exhibit well se-
parated peaks for these resonances. Based on the Bloch equation [146], it is possi-
ble to find relationships connecting the shape of the NMR signal, Av,,, the life-
time, 7, for a nucleus in different positions of a molecule and the rate constant,
k. The lifetime is related to the rate constant by Eq. (4).

1
T=—
k

At values where k equals the difference in resonance frequencies, the peaks coa-
lesce. The rate of interchange at coalescence, k., can be determined via Eq. (5)
[155], for exchange between two equally populated sites that do not exhibit scalar
coupling [160].

Keoa = J2nAv

Although this equation only applies when the coalescence point is reached, rate
constants for the exchange between two or more exchanging sites are accessible by
analysis of line widths at half height, Av,,, and shift differences, Av, in Hz. The
comparison between the experimental spectrum and the spectrum calculated by
use of a simulation package for line shapes provides the mechanism for determin-
ing the rate constant of exchange [161, 162].

NCN-pincer ligands show synthetic potential as catalysts [163, 164]. Chung and
coworkers [165] have developed an efficient pincer catalyst for the Heck reaction, by
a judicious modification of the classical NCN ligands (see 97). Interestingly, at ele-
vated temperatures the methyl signals of the Pd-NMe of 97 coalesce with those for
the noncoordinated N-CH; arms, suggesting a ligand exchange reaction (Figure
1.25). The entropy of activation derived from the temperature dependent rate con-
stants supports an associative mechanism.

Casey et al. have studied complex 98 as a model for intermediates in metallocene
catalyzed alkene polymerization, by means of LSA [166].

At 195 K, the resonances for the Cp ligands, silyl methyl groups and the methy-
lene fragment in 98 exhibit diastereotopic resonances in CD,Cl,. As the tempera-
ture is increased, coalescence of the pairs of diastereotopic resonances occurs at dif-
ferent temperatures (Cp rings at 245 K, silyl methyl groups at 240 K). All the tem-
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Figure 1.25 Experimental (solid line) and calculated (dotted line) variable temperature '"H NMR
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perature-dependent changes observed are reversible up to 248 K, and decom-
position begins at 253 K. An LSA study affords an activation barrier of
12.8 kcal mol™ at 248 K for alkene dissociation. The proposed explanation for
the fluxional behavior of the model is shown in Scheme 1.10. Alkene dissociation,
followed by rotation around the Zr—C bond and subsequent recoordination to the
opposite face of the alkene are required. The study also shows that the resonances
of the terminal vinyl protons are not affected by temperature, thereby ruling out a
mechanism involving intramolecular insertion followed by ring-opening.

Scheme 1.10 Mechanism for the fluxional behaviour of the model Zr complex 98.
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The dynamic behavior of the model intermediate rhodium-phosphine 99, for the
asymmetric hydrogenation of dimethyl itaconate by cationic rhodium complexes,
has been studied by variable temperature *'P NMR LSA [167]. The line shape ana-
lysis provides rates of exchange and activation parameters in favor of an intermo-
lecular process, in agreement with the mechanism already described for bis(pho-
sphinite) chelates by Brown and coworkers [168]. These authors describe a dynamic
behavior where two diastereoisomeric enamide complexes exchange via olefin dis-
sociation, subsequent rotation about the N—C(olefinic) bond and recoordination.
These studies provide insight into the electronic and steric factors that affect the
activity and stereoselectivity for the asymmetric hydrogenation of amino acid pre-
cursors.

Complexes based on seven-membered bis(phosphane) chelate ligands show very
high catalytic activity in hydrogenation chemistry. Kadyrov and coworkers [169]
have studied the temperature-dependent *'P NMR spectra for [Rh(R,R-diop)
(COD)](BF,), 100. At 240 K (Figure 1.26, top), the *'P NMR spectrum of this com-
plex exhibits a sharp doublet. As the temperature is decreased, the signals broaden
and a second component is observed. At 123 K, a complex with two non-equivalent
31P signals is present. The signal for the major isomer is thought to reflect a rigid
conformation with C, symmetry, due to the sharpening of the signal at low tem-
perature. This major species is believed to contain a seven-membered ring in a
twist chair conformation. The minor species was described as a distorted boat.
Line shape analysis performed using WIN-DYNAMICS [170] provided activation
parameters for the interchange between these conformations. The results are inter-
preted as arising from a temperature-dependent equilibrium of at least two differ-
ent seven-membered ring conformers.

In an attempt to evaluate the parameters that influence the production of methyl
propanoate versus CO-ethylene copolymer, Doherty and coworkers [171] have
probed the dynamic processes connected with the catalyst precursors
[PACI(CH;)(P-P)], 101, where P-P is a bidentate phosphine bearing a cyclohexane
or norbornane group, containing a C,-backbone. The variable temperature *'P
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Figure 1.26 Variable temperature *'P NMR study for 100. The second *'P resonance for the minor
component lies under the signal for the major resonance.

NMR spectra (Figure 1.27) revealed an equilibrium. The analysis of the variation of
the shape and position of these *'P resonances provided the activation parameters
for these processes.

In a similar fashion, the dynamic behavior of Ni(B-agostic alkyl)(a-diimines) ca-
tionic complexes, e.g. 102, which are models for the intermediates involved in Ni
catalyzed polymerization of ethylene, has been studied by LSA and provides insight
into the mechanism of ethylene polymerization [44]. Eq. (6), shows the exchange
between two of these species.

1P NMR
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P\ _Me 298K o~ B
PPN,

101 a3k _ N N\

H 253K _ JL
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e

213K . L
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Figure 1.27 Variable temperature *'P NMR spectra of 101, in THF.
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102

These few examples illustrate how the shape of NMR signals is affected by dy-
namic phenomena within the molecule. The analysis of these effects provides a
useful tool for both a qualitative (localisation of exchanging sites) and quantitative
(kinetic data) understanding of fluxionality within metal complexes.

1.5.3
Magnetization Transfer

Magnetization transfer techniques [146, 172] are used to study systems under con-
ditions of slow exchange, where variation of the temperature is either undesirable
or not relevant. If the exchange rate is comparable to T; (the spin-lattice relaxation
time), rate constants can be determined by these double resonance experiments. By
selectively irradiating one of the exchanging sites, observable transfer of magneti-
zation occurs from the irradiated site to all sites directly involved in the exchange.
The intensity of the signals after transfer of magnetization has a characteristic time
dependence, from which the rate constant for the exchange can be derived [173]. In
this respect, magnetization transfer techniques can be viewed as a quantitative
method.

One can imagine two protons, H, and Hj, being part of the same molecule and
undergoing chemical exchange, at a rate kyy. When H, is irradiated, it “remem-
bers” the new condition and transfers this information to Hy as a result of the che-
mical exchange. The newly arrived Hy proton does not contribute to the normal
amount of signal intensity in the final NMR spectrum. If the initial intensity of
Hj is I, and the final intensity for Hy as a result of irradiation of H, is I, then
the rate of exchange kyy is defined by Eq. (7), where T; refers to the spin-lattice
relaxation time.

o _ T+(Hs)™
Ie Knn+T+(Hs)™

Brown and coworkers [128] have studied the exchange process for the enamide
complex 103, using magnetization transfer techniques (Figure 1.28). Compound
103 represents the catalytic resting state in the asymmetric homogeneous hydroge-
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nation of dehydroamino acid derivatives and exists as a mixture of two diastereo-
isomers, 103a and 103b. Figure 1.28 shows the exchange between the saturated
31P nucleus trans to amide in the major diastereoisomer, 103a, and the 31P nucleus
trans to amide in the minor diastereoisomer, 103b, (exchanging resonances indi-
cated by arrows). The use of this NMR technique, coupled to other studies, allows
extrapolation to the mechanism shown in Figure 1.28. The exchange pathway in-
volves dissociation of the olefin with subsequent rotation about the N-C(olefin)
bond and recoordination of the olefin to the metal center. The amide oxygen
atom remains coordinated to the rhodium during the entire process. An under-
standing of the mechanism of this diastereomeric interchange is of importance
since the minor diastereoisomer, 103b, is believed to carry the flux of catalysis.

Saturated resonance 3p NMR

103a
Site of magnetisation transfer

MeOPh\P/+ \ _Ph

P MeOPh Ph
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Figure 1.28 *'P NMR spectra obtained after saturation transfer of the *'P nucleus trans to amide
in the [Rh(dipamp) (enamide)]" diastereoisomer 103a. Direct exchange of magnetisation is ob-
served between the *'P atoms trans to amide in the diastereomers 103a and 103b. The arrows
pointing upwards indicate the most affected resonance. The proposed mechanism of intramo-
lecular equilibration of 103a and 103b is shown.

1.5.4
NOESY/EXSY/Hidden Signals [146, 174]

A number of 2D NMR experiments have been developed which allow the study of
slow exchange phenomena. The most common (Exchange Spectroscopy, EXSY), is
based on the standard pulse sequence 90°,—,—90°,~t,,—90°, — FID(t,), where t, is an
evolution delay, t,, is the mixing time, and ¢, is the detection period [175, 176].
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The first 90°; pulse produces transverse magnetization, M,, which develops dur-
ing the evolution time, t;, by precessing around B, with the different Larmor fre-
quencies. The second 90°, pulse rotates the magnetization into the z direction. The
longitudinal magnetization, M,, evolves further under two effects, spin-lattice re-
laxation (T;) and chemical exchange. The latter effect induces a transfer of magne-
tization between the exchanging sites and leads to off-diagonal cross-peaks. This
effect is read-out by the third 90° pulse, which creates the magnetization in the
xy plane that produces the FID during t,. The amplitude of the transverse magne-
tization depends directly on the mixing time, t,, and the efficiency of the magne-
tization transfer. Whereas the time ; is incremented sequentially to produce the
second chemical shift axis, the acquisition time, t,, is equal to the acquisition
time in a normal 1D NMR experiment. Typically, t,, ranges from 0.03 to 1 s. Double
Fourier transformation of the time domains #, and t, results in a 2D NMR spec-
trum [145]. From these data, the rate of magnetization transfer during the mixing
time, t,,, can be estimated. For the extreme narrowing condition, these cross peaks
have the same phase as the diagonal, whereas the NOE cross-peaks possess an
opposite phase. EXSY is a very effective method where no insight with respect
to the exchange pathway is available, e.g. for systems undergoing multiple site
exchange (e.g. three or more nuclei exchanging their positions at the same or at
different rates of exchange), and/or where signals are broad or hidden.

Returning to the enantioselective hydrogenation chemistry with rhodium [177,
178], Landis and Halpern [33] have proposed an intermolecular pathway based
on their *'P NMR spectra, while Brown and coworkers [128, 168] have proposed
an intramolecular pathway, according to the dynamic data obtained from
DANTE inversion-recovery NMR experiments. In a later publication, Philipsborn
and coworkers have studied the dynamic behavior of the model intermediate
[Rh(S,S-chiraphos)(MAC)]*, 105, (Eq. (8)) [179]. Their new data supported both
the intra- and intermolecular exchange mechanisms, and showed that there is a
unique pathway that can possibly account for both suggestions. Figure 1.29(a)
shows the *'P EXSY spectrum of 105 in the presence of excess olefin substrate.
The phosphorus nuclei of the major and minor diastereoisomers exchange with
partial retention of the configuration. For instance, P, (trans to the olefin in the
major diastereoisomer) exchanges with P, (trans to the olefin in the minor diaster-
eoisomer, exchange cross-peaks circled). Further, Py exchanges with Py, (both trans

Ph Ph,
////, P 2 //// P
‘. a///". . “\\\O_ t,. A//",. . \\\\O_
Rh’ Ph —_ Rh'\ NH
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Figure 1.29 *'P EXSY spectrum of [Rh(S,S-chiraphos) (mac)]+ in CD;OD with (a) a mixing time of
200 ms in the presence of mac, (b) a mixing time of 40 ms and a defiency of mac.

to the amide oxygen). These observed exchange processes are consistent with an
intramolecular exchange pathway. Nevertheless, an exchange of the *'P nuclei
between the two diastereoisomers without retention of configuration was also ob-
served (e.g. P, interchanges with Py, as indicated by the diamond) which points to
an intermolecular pathway. Moreover, a *'P EXSY spectrum of a sample of 105 with
a deficiency in MAC (Figure 1.29(b)) shows a similar exchange pattern, but also
exchange with a bis-solvated species, [Rh(S,S-chiraphos)(solvent),]* (indicated by
an arrow). Scheme 1.11 shows the proposed exchange pathway for 105, involving
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the bis-solvent complex. This mechanism accounts for intra- and intermolecular
exchange. This study illustrates the substantial advantage of using EXSY NMR
when exchange occurs between more than two sites on one or more molecules,
since it provides a complete mapping of the dynamics.

A mixture of the zwitterionic rhodium complex Rh(n®-PhBPh;)(1,5-COD), 106,
and dppb affords the mono- and dinuclear complexes 107 and 108 (Eq. (9))
[153]. Alper and coworkers [153] have used 2D EXSY spectroscopy in order to
map the exchange pathway between *'P nuclei in these two rhodium complexes
(Figure 1.30) [153]. The mixture shows four *'P resonances for each cation, marked
ADGM for 107 and adgm for 108, and the exchange is shown to be both inter- and
intramolecular in nature. Each species undergoes slow selective intramolecular ex-
change of its four *'P nuclei. Within the monomeric species, Py, undergoes intra-
molecular exchange with P, (circled) and with Py (indicated by an arrow). Further,
P exchanges position with P, and P, (squared), indicating an intermolecular ex-
change. The intensity of these peaks is directly related to the rate constant of the
exchange considered.

107

106

Perutz and coworkers [180] have used 2D EXSY to study the dynamic behavior of
RhCp(PMe;)(n*-naphthalene), 109, which is thought to be a model intermediate for
the oxidative addition of arenes to a metal center. In this complex, there are two
processes taking place. The first involves an equilibrium between the n*-naphtha-
lene complex, 109, and the naphthyl hydride complex, 110. The second process in-
volves an intramolecular [1,3]-shift which moves the coordination site of the
naphthalene ring from one side of the ring to the other (Scheme 1.12).
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Figure 1.31 Section of the 'TH EXSY NMR spectrum showing selective exchange between the
species a and c (indicated by arrows), and the species a and the minor allyl compound e (circled),
in 111.

Pd(11) allyl phosphino-oxazoline complexes can be intermediates in allylic alkyla-
tion chemistry [181-184]. [Pd(n’*-PhCHCHCHPh)(phosphino-oxazoline)]*, 111, re-
veals a mixture of four species a, b, ¢, d with “a” dominating [185]. Figure 1.31
shows a section of the 'H EXSY spectrum in the region of the terminal allyl pro-
tons. The species a and ¢, corresponding to the syn/syn endo and syn/syn exo dia-
stereoisomers, are clearly exchanging. However, a major feature of the spectrum is
the intense cross-peaks between species a and a fifth complex, e. Complex “e”, pre-
sent at very low concentration, was not detected by conventional 1D NMR spectro-
scopy. This species was later identified as a syn/anti allyl compound, using low
temperature NMR techniques. This application represents a classic example of
the detection of a hidden species using 2D EXSY.

2D EXSY has also proven to be a useful tool for the study of the dynamic beha-
vior of transition metal carbonyl clusters [186]. These complexes have diverse appli-
cations in homogenous catalysis, including carbonylation, hydrogenation and
hydroformylation reactions [187-189]. The dynamic behavior of such compounds
is often viewed in terms of the migration of the CO ligand about the surface of
the metallic skeleton [190]. Figure 1.32 shows the “C EXSY spectrum recorded
at 240 K for Rh,(CO)¢(PPhy,),, 112. Two pairs of *C nuclei are undergoing inter-
change, while a set of *'P EXSY spectra (not shown) also showed that the two
*'P nuclei are exchanging their positions. The evaluation of the activation para-
meters for these processes and the analysis of the possible mechanism led the
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Figure 1.32 *C EXSY spectrum of 112 in CD,Cl, at 240 K, showing pairwise exchange of *C
nuclei (circled).

authors to propose an exchange pathway where the strongly bridging PPh, ligand
actually hops between rhodium atoms.

On the more exotic side, we note an example of EXSY using '*’Pt and 'Te as
probes. Orrell and coworkers [174, 191] have studied the dynamic behavior of a ser-
ies of trimethylplatinum(1v) iodide complexes with ditelluroether bridging ligands,
PtIMe;(L-L) [(L-L) = MeTe(CH,);TeMe and PhTe(CH,);TePh], as shown in Figure
1.33. At ambient temperature, the complexes exist as distinct pr isomers that
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Figure 1.33 Possible exchange pathways for the inversion at Te in complexes of the type
[PtiMe;L-L], (L-L = MeTe(CH,);TeMe and PhTe(CH,);TePh). '*Te EXSY spectrum of
[PtIMe;{MeTe(CH,);TeMe}] in CDCl; at 313 K. The circles indicate the position of the exchange
cross peaks between the DL and the meso isomers. No exchange between the two meso isomers
is observed in this compound.
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undergo slow pyramidal inversion at tellurium on the NMR time scale. Pt (not
shown) and '*Te EXSY spectra (Figure 1.33) afforded both qualitative and quanti-
tative information with respect to the exchange observed between the DL and the
meso species. Note that the Pt satellites do not exhibit cross-peaks between the
various species. This absence of Pt to Pt exchange processes supports an in-
tramolecular process.

1.6
Special Topics

1.6.1
T, and Molecular H, Complexes

The longitudinal relaxation time (often called the spin-lattice relaxation time), T,
is concerned with the rate at which nuclei in a molecule exchange energy with
their surroundings (the lattice). This time constant can vary from 10~ to 10° s
and is directly related to the efficiency of the coupling between the nuclear spin
and the lattice [142, 143, 192].

The measurement of spin-lattice relaxation times, T;, has been proposed as a
method of distinguishing between hydride and dihydrogen complexes [193]. Dihy-
drogen complexes [194] are recognized as intermediates in the oxidative addition of
dihydrogen to a metal center. Crabtree has proposed that T; values are much
shorter for n’-H, complexes (a few milliseconds) than for hydride complexes (sev-
eral hundred milliseconds) [193]. The short H-H distances in n’-dihydrogen
ligands, typically between 0.82 and 1 A, lead to efficient dipole—dipole relaxation.
The corresponding H-H separations in hydride complexes are larger than 1.6 A.
Other authors have urged caution in using this approach, arguing that the ranges
of relaxation rates for the two types of complex actually overlap [195]. However, re-
cent calculations have shown that the method is valid, and that it can be rationa-
lised considering that both slow (static) and fast (rotation) motions for the dihydro-
gen ligand are of importance in solution [196-198]. Protonation of a hydride can
readily lead to an, e.g., Ru-(H,) complex [199].

Since a correlation between 'J(*H,'H) and d(H-D) has been suggested (Eq. (10)),
the three parameters, T, values, coupling constants 'J(*H,'H), and d(H-H) in hy-
drogen complexes are related.

d(H-D) =~ —0.0167 'JCD, 'H) + 1.42

Morris and coworkers have studied trans-[OsH(H,)(depe),]" (depe = diethylpho-
sphinoethane) using several spectroscopic methods, and in particular by T;(H,) in-
version—recovery methods in solution between 190 and 300 K [200]. They conclude
that if the motion of the H, ligand is much faster than the tumbling frequency, Eq.
(11) applies. If the motion of the H, ligand is slower than the tumbling frequency,
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d(H-H) = 4.611(T(min)/v)"®

then Eq. (12) is applicable (v is the frequency of the spectrometer and the H-H dis-
tance is given in A).

d(H-H) = 5.815(T(min)/v)"®

In a later publication, Morris and Wittebort re-examined the 1](2H,1H), T, and
d(H-H) correlation for 73 complexes already reported in the literature [196]. For
most complexes the calculated H-H distances, based on Tj, lie between those
found for the slow and fast motion conditions for the nz-Hz, relative to the motion
of the molecule. Dihydrogen fast rotation was proposed for 32 complexes, whereas
six complexes appeared to have a H, ligand with slow internal motion. Further, tor-
sional oscillation of the H, ligand, or fast 90° hopping, may still play a significant
role in the T; relaxation value of the remaining 35 complexes. It would seem that
employing T; values as a measure for distances in complexed H, is still not
straightforward.

1.6.2
Parahydrogen Induced Polarization (PHIP) [207, 202]

The study of detailed chemical reaction mechanisms in homogeneous catalysis re-
quires the identification and characterization of reaction intermediates. However,
limitations arise due to both the short life time (transient type) and the low concen-
tration of such species [203].

In 1986, Bowers and Weitekamp demonstrated the existence of hydrogen in its
para spin state, which opened yet another possibility for intermediate detection
[204]. Molecular hydrogen exists in two isomeric forms, with its two spins aligned
either parallel, orthohydrogen, with the possible spin state combinations aa, off +
Boa and PP (nuclear triplet state), or antiparallel, parahydrogen, bearing the of-fa
spin state (nuclear singlet state). Interconversion between these two isomers is
spin-forbidden. Under equilibrium conditions at ambient temperature, dihydrogen
contains 25 % parahydrogen and 75 % orthohydrogen. At low temperature, parahy-
drogen is preferred, and the mixture can be enriched in this isomer by use of a
paramagnetic catalyst (e.g. 50% para-enriched hydrogen is obtained at 77 K)
[201, 205]. Since ortho—para interconversion is slow, it is possible to separate and
store the para-enriched hydrogen for subsequent hydrogenation reactions.

Parahydrogen is not directly detectable by NMR, as it has no magnetic moment.
To achieve an NMR signal, the two hydrogen atoms of the para-enriched hydrogen
molecule must (a) be delivered to the substrate in pairs (so that the original nuclear
spin state is retained), and (b) form a product with two magnetically distinct pro-
tons (so that the spin symmetry is broken during the transfer) [204]. The product
will experience non-Boltzman spin populations and, hence, yield substantially en-
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Figure 1.34 Energy level diagram for a two spin AX system, where A and X are inequivalent. Their
corresponding NMR patterns are shown. (a) regular distribution (b) parahydrogen-derived dis-
tributions.

hanced and phase distorted NMR signals. Thus, this technique permits the detec-
tion of minor reaction products and intermediates, while simultaneously pro-
viding a signature for the transfer of hydrogen atoms from the same hydrogen
molecule to a specific substrate. Figure 1.34 illustrates this effect by reference
to the formation of a M(H), complex where the two hydride ligands are in-
equivalent [206]. The thicker lines associated with the af and Ba levels on Figure
1.34(b) correspond to parahydrogen-derived population changes, while those on
the left correspond to the normal (Boltzmann) distribution. For a successful obser-
vation of PHIP signals, the overall process must be faster than thermal spin relaxa-
tion.

1.6.2.1 Hydrogenation Mechanism Studies [201-203, 207]

One of the first molecules studied using parahydrogen techniques involved Vaska’s
complex, trans-1r(Cl)(CO)(PPhs),. Oxidative addition of H, was thought to proceed
solely over the CO-Ir—Cl axis, yielding cis-cis-trans-IrCl(CO)(H),(PPhs), [208, 209].
However, calculations showed that H, addition over the P-Ir-P axis, forming the
all-cis-IrCl(CO) (H),(PPhs),, should be energically accessible [210]. When para-en-
riched hydrogen was added to Vaska’s complex at 295 K (Figure 1.35), the expected
PHIP resonances were observed for cis-cis-trans-IrCl(CO)(H),(PPhs), but a minor
species could also be detected. This minor product was identified as the all-cis-
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Figure 1.35 'H NMR spectrum obtained upon addition of parahydrogen to Vaska's complex
trans-1rCl(CO) (PPh;), in C¢Dg at 295 K, showing the extra species resulting from addition of H,
over the P-Ir-P axis.

IrCl(CO)(H),(PPh;),, with two chemically equivalent but magnetically inequivalent
hydrides [203, 211, 212].

Catalytic hydrogenation of alkynes by a monomeric transition metal complex was
thought to yield exclusively the Z-alkene. However, Bargon and coworkers [213,
214], who have been active in PHIP research, observed the formation of E-alkenes
using [RuCp*(alkene)]" as catalyst. Figure 1.36 shows the 'H NMR spectrum after

\ — p-Hz - —/*HA OH
= \_OH RuCp*—cat *HB/ \__/

155Hz 155Hz

5.8 5.7 5.6 55 54 53 5.2 ppm

Figure 1.36 Olefinic region of the "H NMR spectrum for the product of the hydrogenation re-
action of 3-hexyne-1-ol in presence of [RuCp*(alkene)]” (alkene = 3-hexenoic acid) and para-
enriched hydrogen, under mild reaction conditions (300 K, 1 bar of H,) and low conversion rate.
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the hydrogenation of 3-hexyne-1-ol using para-enriched hydrogen and in the pre-
sence of [RuCp*(alkene)]* (alkene = 3-hexenoic acid). This spectrum is the result
of a pairwise transfer of para-H, to the substrate, and shows a *J(*H,'H) of 15 Hz,
typical of a trans coupling. The formation of E-alkene by trans hydrogenation of the
substrate is undisputable, and unlikely with a single metal center catalyst. Initial
formation of a Z-alkene was not detected, even at low temperature. Moreover,
the Z-alkene was found not to isomerise in the presence of [RuCp*(alkene)]*. A
mechanism involving two ruthenium centers, as shown in Scheme 1.13, was there-
fore proposed.

) o

COOH

«@il?u .
Y 3-hexenoic acid
R H
’ y |
H R Ru H,
R R
. R ﬁu:@>

=Rl R Ru=--

NN\

H™H
+Ru----

Scheme 1.13  Proposed mechanism for the hydrogenation of alkynes in the presence of
[RuCp*(alkene)]" (alkene = 3-hexenoic acid), involving two ruthenium centers.




1.6 Special Topics

hydrogenation

1) polarization transfer
cob S l 2) hydrogenation
- * v *
P\+/S P\+/S* P\+/S*
’Rh\ - Rh * Rh
P" s s o Y/ P Y/
=
- : y T H2 * *,
* * B |I| *
N [+ H*
C /Rh/
P I/
S

S

Scheme 1.14  Possible mechanisms for the transfer of polarisation from parahydrogen onto
cyclooctene via [Rh(COD)(dppb)]*: (a) and (b) are the possible intermediate dihydride species
responsible for the polarisation transfer at cyclooctene.

In the previous example, the addition of para-hydrogen at a transition metal has
led to the observation of PHIP at the substrate [213, 214]. In a similar manner,
Aime and coworkers [215] have studied the hydrogenation of cyclooctadiene
from [Rh(COD)(dppb)]™ in the presence of parahydrogen, and observed strongly
polarized hydrogen resonances at both the hydrogenated sites and the olefinic
region of the 'H spectrum of the free cyclooctene formed. In view of these data,
they suggested two possible mechanisms (Scheme 1.14), and showed that the en-
hanced absorption for the olefinic protons of cyclooctene is due to NOE transfer
both within the para-hydrogenated substrate and the transition metal hydride com-
plex formed during hydrogenation.

1.6.2.2 Parahydrogen as a Magnetic Probe

The electronic spin state requirement for observation of PHIP at a transition metal
center makes it a very good magnetic probe [202, 203, 216]. Ru(CO),H,(dppe)
(dppe = Ph,PCH,CH,PPh,) is highly fluxional and undergoes a pairwise inter-
change of the two hydrides, the two P-atoms, and the two CO ligands at the
same rate. H, readily eliminates from the ruthenium center at high temperature
(> 330 K) [216]. Para-H, was used to investigate this reductive elimination, pointing
to a diamagnetic intermediate, Ru(CO),(dppe). Indeed, the "H spectrum observed
upon addition of parahydrogen to Ru(CO),(dppe) showed strongly polarized
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Figure 1.37 "H NMR spectrum of the product of oxidative addition of H, to Ru(CO),(dppe),
(a) with normal hydrogen, (b) with para-enriched hydrogen

signals in the hydride region of the 'H spectrum, (Figure 1.37(b)). Therefore,
Ru(CO),(dppe) exists in a singlet electronic spin state (a paramagnetic intermediate
would have quenched the enhancement through magnetic anisotropy-induced
relaxation and no polarised resonance would have been observed). Further, this ob-
servation is consistent with an exchange mechanism involving a trigonal bipyra-
mid transition state containing an n’-coordinated hydrogen.

1.6.3
High Pressure NMR

1.6.3.1 Introduction

High gas pressures are widely used in many homogeneous catalytic processes,
such as hydrogenations, hydroformylations or polymerizations. The use of pres-
sure has a number of advantages: (a) increasing the concentration of the reactant
gas (usually CO or H,) in solution, thereby achieving faster reaction rates; (b) con-
trolling dynamic equilibria; (c) suppressing the boiling of a solvent at high tem-
perature; or (d) avoiding decomposition of the catalyst. Although NMR is slow
and insensitive compared to the well-established high pressure infrared spectro-
scopy [217], NMR under pressure is advantageous in that it is non-invasive and pro-
vides detailed structural information. Several reviews on the subject have been
published, and the reader is advised to consult Chapter 2 for instrumental details
[218-222].

1.6.3.2 Applications
The main applications of high pressure NMR (HP NMR) to homogeneous catalysis
include [219-221]:

Monitoring reactions under conditions similar to the catalytic reaction.
Stabilization and identification of intermediates.

Measurement of kinetic and thermodynamic parameters.

Investigation of reactions in supercritical fluids.

S
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Figure 1.38 *'P HP NMR spectrum of 114. 6 *'P 138. The observed second-order spin system,
AAXX', is consistent with the complete conversion of 113 into 114.

2

Some of these applications will be illustrated in the next paragraphs, and many
others can be found in the literature [223-225].

The first application of HP NMR to homogeneous catalysis was reported by Hea-
ton, Jonas and coworkers [226, 227], who measured *C under pressure of the Rh
carbonyl clusters [Rhy,(CO);0]*” and [Rhs(CO)ys], involved in the catalytic synthesis
of ethylene glycol from CO and H,. In a related application, the olefin hydroformy-
lation catalyst precursors [Rhy(CO)q,{P(OPh);},] (x = 1-4) were studied using high
pressures of CO and CO/H,, while monitoring ">C and *'P [228]. Figure 1.38 shows
the *'P HP NMR spectrum for 114, formed when [Rh,(CO)s{P(OPh);},], 113, is
submitted to 400 bar CO at 260 K.

The dinuclear Rh complex, rac-[Rh,H,(u-CO),(CO),(et,ph,-P4)]**, 115, (et,ph-P4
= Et,PCH,CH,)P(Ph)CH,P(Ph)CH,CH,PEt,), was identified by '"H HP NMR as
the active catalyst in the regioselective Rh-catalyzed hydroformylation of 1-alkenes
[229]. Figure 1.39 shows the hydride region of the 'H and "H{*'P} HP NMR spectra

"J(Rh,H) = 164 Hz A
1

2J(Rh,H) = 15 Hz
|I-I l-i 1H{31P)
Etz/P\Rh/o ‘;Rh _co
~ ~PEt
o€ | o | 2
P\/P_Ph
Ph
115 H

88 -89 -90 91 -92

Figure 1.39 Hydride region of the 'H and "H{*'P} HP NMR spectra of the hydroformylation
catalyst 115.
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Figure 1.40 7O, "*C and 'H HP NMR spectra of aqueous solutions of 116 and 117, (in 10%
[7O]water) under 60 bar ethylene at 298 K. For 116, the '’O NMR spectrum shows signals at
0 -160.1 and ¢ —46.9, in ratio 4:1, corresponding to the equatorial and axial water oxygens,
respectively. For 117 the O NMR spectrum shows two signals with 1:1 intensity ratio at § —49.52
and -132.1, which can be assigned to the cis,trans and cis,cis water oxygens, respectively.

of 115, acquired under 13.8 bar H,/CO, at 295 K. An extremely large 'J('“Rh,'H)
coupling constant (164 Hz) was reported [229].

Additional applications involving CO [220, 230-238] and CO, [239-241], plus an
elegant combination of "”Rh NMR [242] together with high pressure have been re-
ported.

In the [Ru(H,0)¢]* " -catalyzed dimerisation of ethylene at 60 bar [243] 7O labeling
and a multinuclear NMR approach (7O, *C and 'H, see Figure 1.40) have allowed
the identification of the reaction intermediates [Ru(CH,=CH,)(H,0)s|(tos),, 116,
and [Ru(CH,=CH,),(H,0),](tos),, 117, (tos = toluene-p-sulfonate).

As noted above, molecular hydrogen complexes are important intermediates in
homogeneous catalytic hydrogenation reactions. When a solution of [Cr(CO);(PCys),),
118, reacts with 28 bar H, at ambient temperature, [Cr(n*-H,)(CO);(PCys),], 119, is
formed (Eq. (13)) [244]. The rate of n*-H, elimination from 119 was determined by
'"H HP NMR inversion recovery experiments in which both the bound and dis-
solved H, were measured (Figure 1.41) [244]. Although this is not a generally ap-
plicable method for obtaining rate information, it works in this case due to the
large difference in the intrinsic relaxation rates of the two H, species. The calcu-
lated rate constants are found to be independent of the H, pressure, showing
that the elimination is a first-order process.

Cr(CON[P(CeHy1)aly + Hy === (n*H,)Cr(CO)3[P(CeH11)3l2

118 119
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'"H HP NMR inversion-recovery experiments on dissolved and bound H, in a
d®-toluene solution of [Cr(n?-H,)(CO);(PCys),], 119.

Iggo and coworkers have recently developed a high pressure NMR flow cell for
the study of homogeneous reactions and reported several interesting applications

[245, 246]. In the

reaction of

[RuCp(u-CO),(u-depm)RhCL|

(decpm =

(CeH11),PCH,P(CsHyy),], 120, with CO, the intermediate bimetallic complex 121
could be detected by in situ *'P HP NMR (Figure 1.42) [247]. Previous attemps
to detect 121 by high pressure infrared spectroscopy had proven unsuccessful [248].
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Figure 1.42 *'P HP NMR investigation of the reaction of 120 with CO.
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The toroidal pressure probe, introduced in 1989 by Rathke and coworkers [249,
250], has been modified by Woelk and coworkers [249, 251], who have used a toroid
cavity NMR autoclave for high pressure PHIP NMR experiments. Figure 1.43
shows the PHIP spectrum of the [Rh(norbornadiene)(PPhs,),|PF-catalyzed hydro-
genation of 1,4-diphenylbutadiyne with 40 bar of 50% enriched para-H, [252].
The spectrum from the same reaction at ambient H, pressure is shown in the
inset [253]. The two absorption/emission PHIP patterns in both spectra indicate
that para-H, is transferred pairwise during the catalytic cycle.

A special area of HP NMR in catalysis involves supercritical fluids, which have
drawn substantial attention in both industrial applications and basic research [249,
254, 255]. Reactions in supercritical fluids involve only one phase, thereby circum-
venting the usual liquid/gas mixing problems that can occur in conventional sol-
vents. Further advantages of these media concern their higher diffusivities and
lower viscosities [219]. The most commonly used supercritical phase for metal-cat-
alyzed processes is supercritical CO, (scCO,), due to its favorable properties [256—
260], i.e., nontoxicity, availability, cost, environmental benefits, low critical tem-
perature and moderate critical pressure, as well as facile separation of reactants,
catalysts and products after the reaction.

40 bar
50% p-H2

Cat.: [Rh(PPh3)o(NBD)]PFg

| ,

T T T T T T T T T T T T T
8.5 8.0 7.5 7.6 6.5 6.0 5.5 50 4.5 4.¢ 3.5 3.0 2.5 2.0 1.5 opn

Figure 1.43 HP PHIP NMR spectrum of the [Rh(norbornadiene) (PPh;),](PF¢)-catalyzed hydro-
genation of 1,4-diphenylbutadiyne with 40 bar of 50 % enriched p-H,, plus the spectrum from the
same reaction at ambient H, pressure (in the inset).
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Figure 1.44 (a) *>Co NMR spectra of a 0.04 M solution of Co,(CO); in scCO, (303 K) and liquid
C¢Dg (298 K) solutions (*Co quadrupole moment: Q = 0.4 x 108 cm?). (b) '®’Re NMR spectrum

of a solution of Re,(CO), in scCO, (473 K, 145 bar) ("®Re quadrupole moment: Q = 2.6 x
1072 cm?).

Supercritical fluids possess several advantages from the NMR point of view [249].
The very low viscosity of these solvents produces a beneficial line-narrowing effect
on quadrupolar nuclei such as **Co, N, *Cr, *'Zr, Mo, **Mn and ®Re, due to
their increased transverse relaxation times, T, [219, 254, 261-264]. The improve-
ment in observed line-widths can be clearly appreciated in Figure 1.44(a), which
shows *’Co NMR spectra of the olefin hydroformylation catalyst Co,(CO)s
[249, 265]. While in C¢Dg at 298 K the halfheight line-width (Av,;) equals
30.0 kHz, in scCO, at 305 K Av1/2(59Co) is only 5.1 kHz. Hence, the distinction be-
tween cobalt complexes with similar *’Co chemical shifts, e. g. Co(C;H,C(0))(CO),
and Co,(CO)g, is facilitated in the supercritical medium. Figure 1.44(b) reproduces
the "Re NMR spectrum from Re,(CO),o, which, due to the high quadrupole
moment of "®Re, cannot be observed at all under routine conditions in normal
solvents [249].

An even more useful property of supercritical fluids involves the near tempera-
ture-independence of the solvent viscosity and, consequently, of the line-widths of
quadrupolar nuclei. In conventional solvents the line-widths of e.g. **Co decrease
with increasing temperature, due to the strong temperature-dependence of the
viscosity of the liquid. These line-width variations often obscure chemical exchange
processes. In supercritical fluids, chemical exchange processes are easily identified
and measured [249]. As an example, Figure 1.45 shows *°Co line-widths of
Co,(CO); in scCO, for different temperatures. Above 160 °C, the line-broadening
due to the dissociation of Co,(CO)g to Co(CO), can be easily discerned [249].

There are an increasing number of applications of high pressure NMR in super-
critical fluids to homogeneous catalysis [266]. Using their toroidal pressure probe,
Rathke and coworkers [249, 267-269] have extensively studied the Co,(CO)g-cata-
lyzed hydroformylation of olefins in scCO, (Eq. (14)). The hydrogenation of
Co,(CO); (Eq. (15)) is a key step in this reaction.

Cat: Coy(CO)g
RCH=CH, + H, +CO —— 2 RCH,CH,CHO
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Figure 1.45 Temperature depen-
dence of the **Co NMR line widths
for a 4.8 mM solution of Co,(CO); in
scCO,.

*Co variable temperature HP NMR (Figure 1.46(a)) revealed an equilibrium
reaction which exchanges the cobalt centers in Co,(CO)g and CoH(CO),, in the
higher temperature region. This process does not broaden the *’Co signal of
Co4(CO)y,, even at 473 K (Figure 1.46(b)), nor the 'H signals of H, or CoH(CO),
at 453 K (Figure 1.46(c)). These observations point to a process involving dissocia-
tion of Co,(CO)g into two Co(CO), radicals, followed by hydrogen atom transfer

VT %9Co NMR

Co,(CO)3  CoH(CO),

J 433K
o —

/ \ A 393K
JL 373K
_

59Co NMR 473 K

Co04(CO)12

-1400 -1900

H NMR 453 K

" |

ettt S s ienibanitestnd
4100 110 120 130 140
ppm

7

H,0  CoH(CO),

__JLL ~

JL 353K Co2(CO)g/CoH(CO)4
N T

T 2100 3100
3300 ppm ppm

(a) (b)

T T T
20 50 120 ppm

(c)

Figure 1.46 (a) *°Co VT-NMR spectra for the reaction of Co,(CO)z with H, in scCO,.
(b) **Co NMR spectrum of a mixture containing Co,(CO);,, Co,(CO); and CoH(CO), at 473 K in
5cCO,. (c) "H NMR spectrum at 453 K. Conditions as in (a).
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from CoH(CO), to the radical Co(CO), (Egs. (16) and (17)). Such a mechanism
would interconvert the *°Co signals of Co,(CO)s and HCo(CO), without affecting
the 'H signals [249, 267, 268].

Co,(CO)y === 2 Co(CO),

—_—

CoH(CO); + Co(CO),

Co(CO), + CoH(CO),

In a related study, the hydroformylation of propene to n- and iso-butyraldehydes,
catalyzed by Co,(CO)s, was followed by 'H (Figure 1.47(a)) and *Co HP NMR
(Figure 1.47(c)) [249, 265]. A typical *°Co spectrum at 353 K and 219 bar is shown
in Figure 1.47(b) and reveals Co(C3H,;C(O))(CO),, Co,(CO)g and CoH(CO),. As
shown in Figure 1.47(c), the cobalt complexes reach a nearly steady-state condition
early in the hydroformylation, which persists during the 15 h period that the olefin
is still present at significant levels.

Woelk and coworkers [252, 270] have provided a detailed view into the activation
and transfer of the dihydrogen molecule during hydrogenations in scCO, using
PHIP and their toroid cavity NMR autoclave. For the asymmetric hydrogenation

(a) 0.15
= x  'HNMR . . .
= e 5
'% 0.10 - \\\' /°/.
5 D4 « Coy(CO)s
8 ™ /7 AN = CH,=CHCH
4 e s :
0.00 o L —
1] 15 30
Tin, b
(b) (c)
59Co NMR e —
. 0.015 [P — o /o
Co,(CO)g g N 59Co NMR
/ CoH(CO)4 OO0l ?(\\__,,__d .
Co(C3H,C(0))(CON ¥ g ’ Cou(CO)
« o ® 2/ 8
8 oo oo « CoH(CO),
e * Co(RC(0))(COs
0.000 R 5
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Time, h

Figure 1.47 (a) Conversion of propylene (0.14 M) to n- and iso-butyraldehydes in scCO, in the
presence of Co,(CO); (0.017 M) at 353 K, using H, and CO pressures of 42 bar each, followed by
"H NMR. (b) In situ *Co NMR spectrum showing the catalytic intermediates, near the steady
state, during hydroformylation of propylene in scCO, at 353 K. (c) Concentrations of catalytic
intermediates during propylene hydroformylation in scCO, at 353 K, followed by **Co NMR
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Figure 1.48 Left: standard 'H spectrum of a reaction mixture containing 122 and 123 (1:100) in
scCO, at 318 K and 150 bar. Right: PHIP spectrum of the same mixture after increasing the
pressure to 180 bar with para H,. Chemical interactions between CO, and reactive intermediates
of the catalytic pathway can be excluded as the source of the different catalytic behavior in the
supercritical medium with respect to usual solvents.

of 123 to yield 124, catalyzed by the rhodium complex 122 (Figure 1.48), it is con-
cluded that the major catalytic pathway in scCO, is very similar, if not identical, to
that found in a nonprotic organic solvent of low polarity [270].

The Rh-catalyzed cyclization of the amine 125 in scCO, affords the cyclic amine
127 as the major product (path A in Scheme 1.15), whereas in conventional sol-

|
path A H — /N
H o inscCO, +
N
- [Rh] co [Rh]-H
\ Rh
)

{ ~

N O
126 path B
N + [Rh]-H
F3C H H /_ [ ]
. o. in conventional 128
Cat: O'Rh\a + P-(@—(CHz)z(CFz)SCFs ) s solvents

F3C

RhFH —  ~

Scheme 1.15 Different result of the Rh-catalyzed cyclization of 125 in scCO, (path A) and in
conventional solvents (path B).
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Figure 1.49 Left: '"H NMR spectra of 125 in d®-THF (298 K, left) and in scCO,/d®-THF (180 bar,
323 K, right). Right: N NMR spectra of 129 in d®-acetone (298 K, left) and scCO,/d%-acetone
(110 bar, 313 K, right; a smaller signal of a second species is visible under these conditions).

vents the cyclic amide 128 is formed preferentially (path B) [271]. HP 'H and "N
NMR measurements in scCO, (Figure 1.49) have allowed the detection of an inter-
mediate carbamic acid, 129, in this solvent. In the '"H NMR spectra, the broad sig-
nal of the NH proton of 125 at ¢ 1.4 is replaced by a new signal at ¢ 12.4, corre-
sponding to 129, and the resonances of both CH, protons directly adjacent to
the N center of 125 exhibit a significant high frequency shift of 0.6 ppm in 129.
In the N NMR spectra, an induced shift of 64 ppm in the major resonance indi-
cates the formation of the carbamic acid as the major species. This reversible for-
mation of a carbamic acid in scCO, would reduce the tendency for intramolecular
ring closure at the Rh-acyl intermediate 126, and thus suppress path B in Scheme
1.15, explaining the low formation of cyclic amides in the supercritical solvent.
Supercritical CO, would act simultaneously as solvent and temporary protecting
group in this reaction [271].

1.6.4
Diffusion and Pulsed Gradient Spin Echo Measurements

PGSE (Pulsed Gradient Spin Echo) NMR diffusion methods were introduced in
1965 by Stejskal and Tanner [272]. The basic pulse sequence is based on a spin-
echo with two incorporated pulsed field gradients (Figure 1.50). The effect of the
two gradients is first, to defocus and, then, refocus the magnetization. However,
if during the time 4, the molecules diffuse from their positions after the first gra-
dient, the effective magnetic field experienced will be different during both gra-
dients. This results in incomplete refocusing of the spins and a decrease in the in-
tensity of the detected NMR signals. Repetition of the experiment with increasing
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)

j<

A—>

Figure 1.50 Basic pulse
sequence for PGSE diffusion
measurements. G = gradient
strength, 4 = delay between the
midpoints of the gradients,

D = diffusion coefficient,

0 = gradient length

gradient strengths, G, affords a set of signals from which the diffusion coefficient,
D, can be obtained, according to Eq. (18). A typical plot is shown in Figure 1.51, for
measurements on several different anions of a Ru(11) Binap complex [273]. Larger
molecules will diffuse more slowly than smaller molecules, and thus afford smaller
slopes, as in Figure 1.51. More elaborate pulse sequences have been proposed

[274-279]. From the diffusion coefficients a

hydrodynamic radius, 1, and thus

the molecular volume can be estimated, via the Stokes—Einstein equation (Eq. (19)).

-ore(-5p

kT

D =
6nnr,
In(I/1,)
0.0
—e e e X=BF,
-1.0- oo o X = OTf
—=—=—=— X=BArF
2.0
X
-3.0 :I :
Ru.
Py ci
40- Ce
P Bi
= Bina
5.0- C b P
f T 1 T T T T T
00 01 02 03 04 05 06 07 038 G2
Figure 1.51 Plots of '°F PGSE diffusion measurements on several salts of a Ru(i1) p-cymene

Binap complex. The larger the anion, the smaller the absolute value of the slope.
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The PGSE methodology presents several advantages with respect to other meth-
ods for estimating molecular size and diffusion coefficients [280]. PGSE measure-
ments are fast, noninvasive and require only small samples. They allow a reason-
ably accurate determination of D values over several orders of magnitude, without
the need to set up and maintain a concentration gradient. Several components of a
mixture can be measured simultaneously (as long as they afford resolvable sig-
nals), which makes the technique especially valuable for materials which are not
readily isolable, or mixtures of special interest.

PGSE measurements have been widely applied in the investigation of small or-
ganic molecules [281], polymers [282, 283], surfactants [284], “container molecules”
[285-288], supramolecular reagents [289], dendrimers [290, 291] and biomolecules
[292-294]. There are also some few examples concerned with molecules in hetero-
geneous environments (e.g. in porous silica [295] and zeolites [296]). Recently,
PGSE studies have been extended to the field coordination and/or organometallic
chemistry, to address problems such as the formation of polynuclear complexes
[76], ion pairing [4, 297, 298], hydrogen-bonding ligands [299], and otherwise aggre-
gated species [115, 300, 301]. This subject has been reviewed [302—304]. Apart from
nuclei with high receptivity ("H and '°F), PGSE measurements on inorganic and
organometallic compounds can be successfully carried out with nuclei such as
31 298], *Cl [298] or "Li [305].

The first application of NMR diffusion measurements to determine the aggrega-
tion state of a transition metal catalyst concerned the chiral, tetranuclear Cu(1) cat-
alysts 130-132, used in the conjugate addition reactions of anions to o,p-unsatu-
rated cyclic ketones. Compounds 130-132 react with isonitriles to form 133-135,
and do not degrade to lower molecular weight species (see Eq. (20)) [109].

Britzinger and coworkers [306] have studied the polymerization catalyst MAO/
ZrCp,Me, in C¢D;. The calculated effective hydrodynamic radius of 12.2-12.5 A

Cu U X Cu
Ph Ph
Ph bt Ph Ph | \}J’
\<Ph C
$ Ph [
Ph N

X = OH (130), OMe (131), NMe, (132) X = OH (133), OMe (134), NMe, (135)
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at different zirconocene and MAO concentrations indicates that the ion pair 136
remains associated even at the lowest concentrations studied. At elevated concen-
trations, aggregation to ion quadrupoles or higher aggregates is indicated by an
apparent size increase [306].

@ 7] MeMAO
_ Me

\_ .Me.,
AR Al
\Me/ N

% . Me

Interestingly, for the series of zirconocene catalysts [Zr]" [MeB(C¢Fs);]” Marks and
coworkers [307] have found no evidence of significant aggregation to ion quadru-
poles, as in Eq. (21). These authors have found that the tendency to form aggre-
gates of higher nuclearity than simple ion-pairs is dependent on whether the
anion is in the inner or outer coordination sphere of the metallocenium cation
[308).

The PGSE methodology has also been applied to study the dependence of enan-
tioselectivity on the distribution of the chiral Rh-hydrogenation catalyst 137 be-
tween an aqueous and micellar phase. The observed increase in enantioselectivity
when amphiphiles are added to the water is associated with an aggregation of the
catalyst to the micelles [309].

OTf
H th—l
O— P\
?< Rh(COD)
/
Y P
OH H Ph,
137

PGSE diffusion measurements have proved very valuable in studying ion-pairs. A
relatively large number of cationic compounds are currently in use in homoge-
neous catalysis and/or organic synthesis. It has been shown that the counterion
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may influence the rate and/or product distribution of some of these reactions [147,
310-315], as well as the stability of the compounds [316]. In principle, one can de-
termine the diffusion coefficients for the cation and anion separately, and thus gain
insight into whether they move together as a single unit (tight ion-pair) or sepa-
rately. For anions such as PFq, BF,”, OTf or BArF", '’F represents both an alter-
native and a complement to "H PGSE methods. HOESY (Heteronuclear Overhau-
ser Spectroscopy), and especially 'H,"’F HOESY measurements, also help to loca-
lize the position of anions such as PF;~ or BArF, relative to a catalytically active
transition metal cation [116, 147, 304, 317-319].

The Ir(1) catalyst precursors 138a (X = BArF") and 138b (X = B(CFs),") have
been shown to hydrogenate tri-substituted olefins in CH,Cl, with excellent enan-
tioselectivity. With the smaller anions X = PF,", BF,” and OTf (138c—d) the rate
of reaction is much lower [320]. PGSE diffusion measurements on 138a—-d in
CDCl; afford very similar D-values for cation and anion in each compound, point-
ing to a complete ion-pairing in this solvent (e. g., for 138c in CDCl;, D(cation) =
7.13x 107" m® s and D(PF¢) = 7.21 x 107'* m* s7') [321]. In CD;0D, the cation
and anion move separately, and in CD,Cl,, there seems to be a partial, but not com-
plete, ion-pairing [321]. Figure 1.52 shows the results from PGSE measurements
on the cations of 138a-d in CD,Cl,. For 138a and 138b (white circles) the cations
move significantly more slowly (lower slope) than for 138c-d (black circles).

In(I/1,)
0.0-§
—o0-o0-o0— 138a,b
X
_e-eo-eo— 138c.de
X 138a BArF -1.04
o 138b B(CgFs)s
L 138c PF
(o-tolyl),P_ N~/ 6 2,04
'\f “Bu 138d BF,
1,5-COD 138e CF3SO;
-3.04
T I

T T
00 01 02 03 04 [Ga.u.)]

Figure 1.52  Plot of In(//l,) vs. arbitrary units proportional to the square of the gradient amplitude
for '"H PGSE diffusion measurements on the cation of the five Ir(1) catalyst precursors 138a—d, in

CD,Cl,.
N
N H\\D N Me Q
( ! raew,
I:‘/ Ier) P 2 “tBu

\

87 P.
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Clearly, the (partial) ion-pairing with the larger boron anions, BArF~ and B(CFs),”,
decreases the mobility of the cation in 138a,b with respect to 138c—e, where the an-
ions are smaller. It is known that mononuclear Ir complexes such as 138 react
under hydrogen in solution to afford trinuclear hydrido cluster complexes such
as 87, which have been shown not to be catalytically active in hydrogenation chem-
istry [110]. If the mechanism of the formation of these inactive Ir; clusters requires
that two fairly large species associate, and subsequently add yet another large moi-
ety, then, in CH,Cl,, the lower mobility of 138a,b compared to 138c—e might ex-
plain the faster deactivation of the latter.

PGSE diffusion measurements can also be presented as a “2D spectrum” where
the chemical shift is displayed in the first dimension and the diffusion coefficient
in the second one. Such an experiment is called DOSY (Diffusion Ordered Spectro-
scopy) [274, 322, 323] and has also been referred to as “NMR chromatography”, for
its ability to facilitate and visualize the resolution and assignment of complex mix-
tures. Although used in several areas of chemistry, such as micelles [324], polymers
[325-328], resins [329], biochemistry [330-332] and organic chemistry [333-336],

@\\m I}| H,'3co [ \A\\Cl 13c0 @\ O 140 ﬁ\u O CI/,/%

A

Al Z
Z’\O/c\.,H ~Ny —— Zr\O/c\ M Z\O/C\o/
&k <& <& LT T2
142 140 141

fast — = - :
116 115 114 103 102 101 64 63
- 8(13C)

Figure 1.53 ">C INEPT DOSY spectrum obtained during the reaction of 140 with >CO, at 195 K in
d®-THF. The sections show the signals of 141 (0 114.6 (Cp) and 6 101.7 (CH,)) and 142 (5 114.9
(Cp) and 4 63.5 (OMe)).
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DOSY measurements have attracted very little attention in organometallic chemis-
try [337]. 3D versions of DOSY, where the diffusion dimension is added to a 2D
experiment [338, 339], as well as heteronuclear detection, e.g. with *C [340-
342), *'P [335], 2°Si [343], and Li [337] have been reported recently.

In a very recent example (Figure 1.53), *C INEPT DOSY has been applied to
confirm the dinuclear nature of the unstable Zirconium intermediate 141 in the
reaction of *CO with [ZrHCI(Cp)], 140 [344], a model reaction for the heteroge-
neously catalyzed hydrogenation of CO, to methanol [345]. As was expected for a
binuclear compound, the diffusion coefficient of intermediate 141 is smaller
than for the mononuclear 142.

Comment: Whether it is used for simple monitoring, or to prove the existence of
traces of a key intermediate (EXSY or PHIP), NMR spectroscopy has clearly devel-
oped into one of the catalytic community's most valuable analytical tools. NOE data
will never afford a molecular picture which is quite as structurally exact as that
from X-ray crystallography; however, this latter method cannot determine kinetic
parameters, recognize equilibria, mimic catalytic conditions (HP) or recognize
when ion-pairing is important (PGSE). NMR is not a very sensitive method; in-
deed, most methods are far more amenable to quantitative results. Nevertheless,
its proven flexibility makes it indispensable.
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