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Preface

This volume brings together leading international authors who have made impor-
tant contributions to developing/applying NMR and IR spectroscopic methods to
the study of a wide variety of industrial, homogeneous transition metal catalysed
reactions used for the manufacture of high tonnage products (eg. aldehydes and
alcohols) to lower volume, speciality chemicals. The spectroscopic identification
of catalytic intermediates in the elucidation of the catalytic cycle, together with
the rates and mechanisms of the individual steps, have long been of interest to
both academic and industrial chemists. A better understanding of the catalytic
cycle, using the two most widely applicable spectroscopic techniques-IR and
NMR-in this area, has allowed improved overall rates of the catalytic reaction
(sometimes it has been possible to even measure and improve the rates for indivi-
dual steps in the catalytic cycle), selectivities and a reduction in by-product forma-
tion to be achieved through systematically varying ligand design, the metal, promo-
ters and reaction conditions. In this way, many processes have been improved and
new ones developed.

NMR is one of the most powerful methods for structural identification and for
obtaining information about both the type and rate of inter- and intra-exchange
processes; recent developments also allow information about diffusion and ion-
pairing to be obtained. Detailed structural information in solution is possible
from NMR measurements, since most of the elements in the Periodic Table can
be used for NMR measurements. NMR no longer relies solely on variable tempera-
ture 1-D multinuclear measurements for the identification of catalytic species but a
variety of 2-D NMR methods, using either 1-, 2- or 3-bond coupling constants,
allow data to be obtained in a much more efficient manner. Thus, although rho-
dium complexes have long been known to be active catalysts, '>Rh NMR data,
hitherto, have been difficult to obtain because of the low sensitivity of '®*Rh;
now, '®Rh NMR data can be readily obtained, using 2-D HMQC methods,
which rely upon “J(Rh-X) (X = 'H, °C, *'P, etc; n = 1, 2, 3). This, together with
the vast armoury of NMR methods now applicable to the study of homogeneous
catalysis, are dealt with in chapter 1 and, hopefully, this will allow the non-specia-
list NMR person to select and use the appropriate method to solve their particular
problem.
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Preface

One inherent problem with NMR is the relatively low sensitivity of the tech-
nique. Thus, for a reasonable S : N/collection time, it is necessary to use solutions
of 10-100 mM, which is well above the concentrations (often <1 mM) used in cata-
lytic experiments. As a result, species present in the catalytic solution can some-
times be different at the higher concentrations used for NMR measurements.
However, for reactions involving H,, the use of p-H, circumvents these problems
and detection of species at very low concentrations is possible (chapters 1, 6 and 9).

IR spectroscopy is complementary to NMR and is especially useful for reactions
involving M-CO’s; it is suitable for the study of catalytic solutions, at the catalytic
concentrations used, and has long been used to study catalytic reactions to identify
species and obtain rates e. g. Forster's work at Monsanto in the 1970’s when he suc-
cessfully clarified the nature of the catalytic cycle for the rhodium-catalysed conver-
sion of methanol to acetic acid. For M-CO’s, it is much easier and quicker to obtain
IR spectra containing v(CO) bands than to obtain NMR spectra of even the most
sensitive nucleus, 'H, even at the highest magnetic fields now available. However,
since the dispersion of v(CO) bands is not very great, deconvolution of IR spectra
and identification of species present in catalytic solutions has in the past been
somewhat difficult. Garland has now introduced a powerful method (chapter 4)
for the reconstruction of individual pure component IR spectra from complex com-
ponent catalytic mixtures-the Band Target Entropy Minimisation (BTEM) protocol;
this is an extremely powerful computational method, which presently allows recov-
ery of pure component IR spectra of unknown species when present at very low
concentrations. This method seems to be generally applicable and is being pre-
sently extended to include NMR, X-ray powder diffraction etc.

Many catalytic reactions require high pressures of reactant gases. Thus, an in-
depth understanding of such catalytic systems requires truly in situ NMR and
IR measurements and it has been necessary to develop appropriate High Pres-
sure-spectroscopic cells; the development and use of HP-NMR and HP-IR cells
are reviewed in chapters 2 and 3 respectively. The use of both of these complemen-
tary methods/HP-techniques is probably best illustrated in chapters 5 — carbonyla-
tion reactions, chapter 6 — hydroformylation and chapter 7 — alkene/CO copolymer-
isation, which deal with the recent advances in each of these important areas.

Over the last 20 years, there has been an enormous increase in the use of NMR
spectroscopy in metallocene-based polymerisation catalysis and these studies have
provided an unprecedented increase in our understanding; this has allowed the
properties of homo- and co-polymers to be tailored and transition state energies
to be lowered by 1-2 kcal mol™', which makes all the difference between a poor
and a highly successful catalyst.

The increased knowledge about bonding, reactivity in organometallic chemistry
has greatly contributed to our understanding of the possible mechanisms of cata-
lysis and this, together with the advances/applications in NMR and IR techniques/
cells described in this volume, has allowed catalytic mechanisms to be much better
understood.

I hope this volume will transfer some important aspects of NMR and IR, includ-
ing the use of HP-spectroscopic cells for measurements under actual reaction con-



ditions, to the homogeneous community. I would like to thank all the authors of
the chapters for their valiant contributions in this area. However, despite much in-
ternational effort, the complete spectroscopic identification of all the intermediates
in any catalytic cycle has only so far been achieved for two reactions:- the hydroge-
nation described in chapter 8, which surprisingly involves an intermediate with an
agostic-H, and the Pd-catalysed methoxycarbonylation of ethene, which we re-
ported recently, described in chapter 1. So, there is still plenty of opportunity for
identification of new mechanisms by people working in this area!

Liverpool, January 2004 Brian Heaton
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NMR Spectroscopy and Homogeneous Catalysis

Eloisa Martinez Viviente, Paul S. Pregosin, and Daniele Schott

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, rr-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(193Rh,'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
*J(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 ¢ 4.31,
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 1C [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(PPh;)(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% '°C in the o-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
o,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 '"H NMR (233 K, dg—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).

; 3¢ (b) P

P . Ph : P

i 1 <= PPh. / 1 b

. . . 29 27|
: ¥p | Pp= Fe PaPd, N , [ 4

: W M : L —rrh I i | ﬁ i ! -

; /’“‘. 233K || : 23 : e o

H \ \ H e B

! “”W“'."\ Y e AgOTf J 1 35 31 14 o

f I\ 200k 4 ! THF, 195K . |

! M/\‘\,,N et ' )CJ\HZ 3

! 7 : Ph :

; M f . . ph + PN W coome | |

PN ISR AL PoPd PaPd 2PALH, | T :

. g ; OH, H20 b 213K )J/H ;

e i MeOOC 3

25 24 |

i <

H ]

o OV it /{j H)J\COOMe s :

; 2 + /. P,Pd  CH,Ph |

P,Pd N, | == PP ‘o 2 Hz L

* >4H /23K ool
29 MeOOC Me0Od Me
Phcoom 26
28 27 E ©

Figure 1.7 NMR investigation on the Heck reaction. The *'P NMR spectra on the right show the

low-frequency region.

(b)

(a) after2h at213 K
(b) (@) + 1 hat 233K



8| 1 NMR Spectroscopy and Homogeneous Catalysis

[

Pai ., Ph /D) Phay© o *
( SPa? o Pa p P. 32 2 ¥PNMR
Pb/ \g) - ( \+ ( \ Sy

- SRR T 33 N1 , i
o
(P:/\'; ,83 — [< gl } <_<Pb/ g/ ” , ) J\
32 R= - @ @\Ph . B} V‘___}L__}‘Luy _«.,JLWW

a
o ( = BINAP
Py

32'R—-—<_7

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 ((CH,) 31, and
0(CH3;) 8), which are reversed with respect to classical Pd-ethyl complexes.

(0]

OMe co
Pd—H —
Buz) _| OTf Pd—OMe

34
\ MeOH
/ Pd\ Me
P07 OMe OMe
' ' Pd Pd Pd—"}
(Bup) | ?5 _<o_ 5 Pd—

34

co |
Hydride Cycle Methoxy Cycle

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,"*CH5)]", 35a, and
Pa [Pd(L-L) ("*CH,CH,)]", 35b, formed in
Pg 3P 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, [0 68, J(*'Ps,*'Pg)
31 Hz], while the % (*'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
S trans carbon atom [}/(*'Pg,"*C) 38 Hz]
k J can be observed, resulting in a doublet
! Nayeas T — 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,CI, 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 p-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(PPh;),” (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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Figure 1.12 '°F NMR study of the cis-to-trans isomerization of 44 to 45. Only the ortho '°F reso-
nances are shown. In 44, the coupling with two inequivalent *'P atoms affords a doublet of
doublets. For 45, the spectrum consists of a triplet.
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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/MAO 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



