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I .  Infroductkm 

Understanding the mechanisms of chemical reactions 
i s  a crucial part of the advance of chemistry. As many 
chemical reactions are accompanied by a color change, 
visual inspection was perhaps the f i rst  application o f  
in situ spectroscopy. T h e  application of various spec- 
troscopic techniques for mechanistic studies and reac- 
tion monitoring has become one o f  the most important 
developments of contemporary chemistry. Since many 
important reactions involve l iquids under high gas 
pressure, high-pressure spectroscopic techniques have 
been developed. These high-pressure chemical pro- 
cesses are generally used to increase the concentration 
of gases in solution, leading t o  faster and more eco- 
nomical reaction rates or beneficial shifts in chemical 
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equilibria High-pressure techniques are also important 
to investigate systems involving autogenic pressures 
which result from reactions performed at  h igh tem- 
peratures in closed vessels. The two most frequently 
used high-pressure spectroscopic techniques are high- 
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pressure infrared (IR)' and high-pressure nuclear 
magnetic resonance (NMR)% spectroscopy. Although 
NMR has the disadvantages of relatively low sensitivity 
and long time scale, the chemical shifts and couplings 
obtained can provide detailed structural, kinetic and 
dynamic information. High-pressure NMR experiments 
have been performed for almost 40 years using tech- 
niques ranging from hydrostatic methods employing 
hydraulic presses and titanium alloy vessels to the use 
of glass and sapphire tubes. In this review we shall try 
to describe some of the more important designs and 
methods for these experiments. We wish to emphasize 
that we shall discuss only those applications of NMR 
under high gas pressure which have direct relevance to 
synthetic chemistry. Many important studies have been 
performed to explore the effect of extremely high hy- 
drostatic pressure on molecular properties and these 
have been reviewed in a recent monograph.2a 

Since the high-pressure NMR systems developed to 
date are best used for measurements in solution, most 
of the reported applications are concerned with liq- 
uid-phase reactions involving gases. Many of these 
studies are concerned with the mechanisms of various 
liquid-phase homogeneous catalytic reactions. We will 
show examples of how high-pressure NMR has been 
used successfully to follow kinetics and to determine 
thermodynamic data for equilibria. In addition, we 
shall show cases of how high-pressure NMR has been 
used to study systems in which high temperatures in 
closed systems result in autogenic high pressures. Fi- 
nally, the application of supercritical fluids as solvents 
for chemical reactions is an attractive and emerging new 
area for chemical transformations. Using high-pressure 
NMR they can also be used to obtain high-resolution 
NMR spectra of quadrupolar nuclei and as a detector 
in supercritical fluid chromatography. Although we 
have made every effort to include all pertinent refer- 
ences of the subject matter, we regret any inadvertent 
omissions. 

It should be emphasized that special precaution 
should be taken at all stages of assembly, testing, and 
use of any kind of high pressure NMR apparatus be- 
cause of the hazards involved. 

Horvlth and Millar 

I I .  NMR Specfroscopy under High Pressure 

Although we are interested in the study of chemical 
reactions under high gas pressure by NMR, we will first 
treat the hydrostatic methods in which some device is 
used to transmit hydrostatic pressure to the sample. 
Although these elegant methods are generally used to 
study physical properties,2b the construction of the 
apparatus is quite relevant, since with modification it 
can be employed for chemical studies under gas pres- 
sure. 

A. Probes for Observation under Hydrostatic 
Pressure 

Hydrostatic probes were developed to study physical 
properties of liquids under pressures as high as 10 000 
atm. These probes utilized a hydraulic press or similar 
device in combination with a pressurizing fluid to 
transmit hydrostatic pressure to the sample. Probes 
of this type possessing a heavy duty pressure vessel offer 
the greatest range of pressure and the utmost in safety. 

Figure 1. High-pressure NMR probe of Benedek and PurcelL3 
(a) main body of pressure bomb, (b) thread for connection to 
high-pressure press, (c) pressurizing fluid, led into probe via '/gin. 
hole down along axis of probe, (d) bellows which is deformed by 
pressurizing fluid, (e) sample chamber, (f) rf coil, (g) rf coil leads, 
(h) bottom plug. 

The first high-pressure NMR experiments were per- 
formed by Benedek and Purcell in 1954 using apparatus 
closely resembling that in use today.3 Using apparatus 
and techniques owing to Bridgman," they could achieve 
pressures up to 10000 atm and used this capability to 
observe the variation of proton relaxation times with 
viscosity. Their apparatus, designed for an electro- 
magnet, consisted of a hollow beryllium copper cylinder 
(Berylco 25) connected to a hydraulic press (Figure l).3 
A plug with feed through for the leads of the NMR coil 
closed off the bottom of the cylinder. Attached to this 
bottom plug sat a sealed sample chamber and the re- 
maining internal space of the cylinder was filled with 
a fluid which could be pressurized via the hydraulic 
press. The top of the sample chamber consisted of a 
metal bellows which was compressed as the hydraulic 
fluid was pressurized, thus transmitting pressure to the 
sample. Sample size and resolution were not specified 
and pressure was measured with a manganin wire 
gauge. 

The beryllium-copper alloy was chosen because of its 
strength, its ease of machining, and its nonmagnetic 
properties, as has been discussed in detail elsewhere.&' 
In constructing probes of Berylco 25, one is recom- 
mended to first perform rough machining, followed by 
heat treating and final machining to tolerancea6l7 In this 
alloy, significant variation in the level of paramagnetic 
impurities has been observed,* and ultrasonic testing 
is recommended to detect bubbles of gas occasionally 
present.6 Use of the material above 80 O C  can also 
shorten its lifetime.7*9 Since beryllium is highly toxic, 
all grinding should be done with suitable protection. In 
contrast to beryllium-copper, the titanium alloy IMI- 
680 needs no special heat treatment and retains its 
strength for extended periods at  400 O C  and has been 
reported in use up to 5000 atm from -50 to 350 0C.7 

Several different pressurization fluids have been used 
depending on the temperature range and the observed 
nucleus. For example, CS2 has been used for low tem- 
peratures to -50 O C  and tetrachloroethylene above room 
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Thermocouples 
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Figure 2. High pressure NMR sample cell of Earl, Vanni, and 
M e r b a ~ h . ~  A glass capillary (Wilmad) and teflon cap are pres- 
surized by an external pressurizing fluid to transmit pressure to 
a sample contained within (see text). 

temperature. Other examples are given eLewhere.6J0J1 
The bellows employed by Benedek and Purcel13 was 

replaced by a capillary/ teflon cap arrangement by 
Merbach and co-workers, who describe a probe for the 
electromagnet of a Bruker WP-60 NMR spectrometer? 
Their design consists of a beryllium-copper vessel, 
which is pressurized externally with a hydraulic pump. 
The sample cell is constructed from a Wilmad glass 
capillary (1.5 mm o.d./l.l mm i.d.), a teflon piston 
which fits completely inside the capillary and a teflon 
cap which fits snugly along the outside of the capillary 
(Figure 2). The piston and the liquid sample are placed 
inside the glass capillary, with sample above and below 
the piston. The cap is also filled with sample and is 
placed over the glass capillary in such a way that the 
force of a pressurizing fluid pushes the teflon cap over 
the capillary and pressurizes the sample within. 
Pressures up to 3000 atm are reported with this method 
although the burst pressure of the vessel was calculated 
to be greater than 10000 atm using the formula 

(1) 

where u the 2% proof stress, is approximately 10000 
atm for 6erylco.q The apparatus pennits a temperature 
range of -10 to 80 "C as measured with a Pt resistor. 
Pressure variation of its resistance required a correction 
of about 1.5 "C/l000 atm. 

A deformable Vespel sample holder was used by Ilgen 
and van Jouanne in similar fashion for a probe designed 
for a Varian XL-100 electromagnet.lO Their sample 
holder sits inside a Berylco 25 pressure vessel and de- 
formation of the Vespel by a pressurizing fluid (CC14) 
transmits pressure to the sample. Their tuning circuit 
is described in detail.1° 

Proton NMR of gaseous or liquid samples could be 
studied under high pressure in a pressure vessel system 
described by Oldenziels and Trappeniers.* In the for- 
mer case, a compressor filled with the gas of interest 
was connected to the sample area of the probe, re- 
quiring relatively large amounts of the gas. For liquids, 
the compressor used nitrogen gas acting on a piston 
which then acted on the sample. A sealed glass tube 
of benzene sat in the center of the sample region and 
served as a pressure independent reference. The sample 
tube could be spun rapidly using a dc motor located 
inside the pressure vessel, producing overall line widths 
as low as 0.01 ppm (0.6 Hz) up to 2500 atm of pressure. 

Pburst = (2/f i )gY In (o.d./i.d.) 

Pressure 
Plug 1 

RF Coaxial Rf Ground 

Figure 3. Hi h-resolution sample insert of Heaton, Jonas, and 

inside a cylindrical high-pressure vessel. 
c+worken.'2' f This sample insert, described in the text, is placed 

B. Methods for Observation under Gas Pressure 
1. Modified Hydrostatic Probes 

In 1981, using a modification of some of Jonas' earlier 
designs, Heaton, Jonas, and co-workers reported a sin- 
gle-tuned high-resolution 13C probe suitable for a 
wide-bore superconducting magnet.12J3 The probe 
consisted of a 6A1-4V alloy titanium pressure vessel 
surrounded by thermal insulation and a sample insert 
possessing a l-mL open sample volume (Figure 3). The 
pressure vessel had an 0.d. of 57 mm and an i.d. of 14 
mm with leads for the NMR coil passed into it via 
feed-throughs. Temperature was controlled by circu- 
lation of liquids through copper tubing surrounding the 
titanium ve~se1.l~ The open cell allowed pressurization 
with the probe inside the magnet and operation was 
reported up to 850 atm from -60 to 25 "C using H2/C0 
mixtures. The upper temperature was reportedly lim- 
ited somewhat due to H2 embrittlement. The probe has 
been used with both solenoidal and Helmholtz coils, 
with the former reported to have a sensitivity 3-4 times 
greater than the latter and typical carbon line widths 
of about 0.5 ppm (25 Hz).12 Later reports indicate line 
widths of 0.06 ppm using a Helmholtz coil arrangement 
that employed 5-mm tubes.15 

A double-tuned version of the probe has also been 
described using tuning elements located outside of the 
titanium pressure ve~se1.l~ Ceramic chip capacitors 
(American Technical Ceramics AT-100 series) were 
employed as tuning elements inside the vessel and 
withstood pressures up to 5000 atm. Vander Velde and 
Jonas later reported a higher sensitivity version using 
an 8-mm diameter sample cell which could be stirred 
via a solenoid mechanism.14 This crossed coils double 
resonance probe was capable of 0.01-ppm (2-Hz) reso- 
lution in operation from -50 to 150 "C. 
2. Toroidal Detection Probes 

Submerged toroidal detection coils were shown to 
have improved sensitivity and resolution relative to 
traditional probes, in a design by Rathke intended for 
studies of homogeneous catalysts.16 His probe allows 
examination of pressurized reactor effluent and is ca- 
pable of 'H line widths of 5 Hz (0.02 ppm) at 7.05 T 
over a temperature range of 25 to 175 "C. The probe 
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Figure 4. Schematic of Rathke's toroidal detection probe (re- 
printed from ref 16; copyright 1989 Academic). 

consists of a toroidal rf coil inside a pressure vessel, with 
rf and pressurization fittings mounted on top and 
bottom, respectively (Figure 4). Construction details 
for the probe as well as for the rf circuitry allowing 
13C/lH or 69Co/1H double resonance operation are de- 
scribed. The unit volume signal-to-noise ratio (sig- 
nal/coil volume) of the best toroidal coils was signifi- 
cantly better than that of a solenoid or a commercial 
nonspinning 10-mm multinuclear probe. The inherent 
rf field inhomogeneity of the toroidal coils resulted in 
180' pulse lengths ranging from two to four times the 
length of the pulse length for maximum signal.16 

3. Glass Tubes 

Sealed glass ampules have been used at high pressure 
by a number of groups, with the burst pressure limited 
by the ratio of the outer diameter to the inner diameter 
as described in eq 1. Several authors have recom- 
mended that particular attention be paid to producing 
high quality glass seals and that all samples should be 
tested outside of the magnet before use. 

Gordon and Dailey examined methane and ethane up 
to 300 atm using pyrex tubes (5 mm o.d./0.5 mm i.d.) 
and they recommended 20 atm as the limit for thinner 
tubes (5  mm o.d./3 mm i.d.),17 although others have 
gone up to 50 atm using the thinner size.18 Jameson 
et al. have examined Xe gas up to 200 atm in boro- 
silicate glass tubes (3.9 mm o.d./1.2 mm i.d.).19 Their 
procedure was to blow a constriction in the tube, anneal, 
pull the constriction to a smaller diameter, introduce 
a sample, and then seal off. Tubes with a larger 2.2 mm 
i.d. could be used safely only to about 50 atm. Varia- 
ble-temperature experiments were also reported using 
pressures up to 122 atm and temperatures up to 170 

Figure 5. Schematic drawing of Roe's Ti alloy valve and sapphire 
tube assembly: (1) valve body, (2) valve stem drive handle, (3) 
stem drive and packing gland, (4) nonrotating stem, (5) packing 
assembly, (6) gas inlet port for 1/16-in. tubing, (7) assembly screw 
(total of four), (8) Viton O-ring seal, (9) tube mounting flange, 
(10) epoxy sealant, (11) spinner turbine, (12) sapphire tube (re- 
printed from ref 25; copyright 1985 Academic). 

0C.20 In order to decrease the possibility of explosion 
inside the magnet, samples were first tested at  tem- 
peratures above those intended for the NMR experi- 
ments. More recently, Wayland and co-workers de- 
scribe the use of commercially available heavy walled 
5- and 10-mm tubes up to 23 atm (e.g. 5 mm o.d./2.16 
mm i.d.), from -53 to 10 0C.21 

For higher pressures, etching with aqueous HF is 
recommended.22 This procedure apparently removes 
tiny fractures and flaws in glass tubes and allows them 
to be used more safely at higher pressures.23 

4. Sapphire Tubes 

Roe, following a suggestion by King,24 reported in 
1985 that sapphire tubes (5 mm o.d./3.4 mm i.d.) could 
be fastened to titanium alloy heads to perform exper- 
iments using pressures up to about 130 atm and a 
temperature range of -100 to 150 "C (Figure 5)?5 The 
single-crystal sapphire tubes% are glued to a titanium 
alloy flange (5A1-4V alloy) with an epoxy adhesive.26b 
A Ti alloy valve assembly allowing pressurization is then 
screwed into the flange and sample volume of about 
0.3-0.4 mL is obtained. The entire tube and valve as- 
sembly weigh about 110 g and generally spins in a 
commercial magnet, albeit with an increase in the 
normal spinner air pressure. Even though the tubes 
have a flat bottom surface and do not meet the speci- 
fications of typical NMR tubes, 'H line widths obtained 
on a 360-MHz instrument were about 1 Hz, with some 
line shape distortion. 

HorvAth and Ponce have recently published a new 
version of this titanium head/sapphire tube arrange- 
ment (Figure 6), which allows the use of either 5- or 
10-mm tubes.27 In addition to the larger sample size 
in the latter, their design uses a simple and light-weight 
valve system. Optional teflon O-rings can be used to 
isolate reactants from the glue holding together the 
head and tube. The 10-mm tube is light enough (73 g) 
to allow spinning in most spectrometers and 10-mm 
proton line widths of 0.5 Hz are obtained at 300 MHz. 

Robert and Evilia have also used sapphire tubes at  
somewhat higher pressures, but test each sample while 
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Figure 6. Schematic drawing of titanium valve and s a p p h i  tube 
assembly of Horvith and Ponce:" (1) valve body, (2) valve stem. 
(3) Viton O-ring. (4) glass-filled teflon valve seat, (5) aligner for 
sapphire tube, (6) adhesive. 

pressurized for a t  least 12 h before actual use.28 They 
have found that annealing improves the strength of the 
sapphire tube, since none of their annealed tubes have 
exploded but several unannealed ones have. They also 
suggest use of air convection rather than steam for 
heating the tubes since sapphire's strength is reduced 
in the presence of steam.29 

Safety considerations are of paramount importance 
in the use of these tubes and cannot be stressed 
enough.%"S Roe subjected his tubes to numerous tests 
before use but stated emphatically that is impossible 
to specify a safe upper pressure range and that the 
history of a tube could affect its failure. One tube had 
a burst pressure of 1000 atm and it was estimated that 
pressures of about 130 atm offered a reasonable margin 
of safety. He also recommended the use of safety 
shields a t  all times during sample handling and that 
laboratory personnel should never be exposed directly 
to the pressurized tube. The sapphire tubes are es- 
sentially chemically inert, but being single crystalline 
in nature, they are sensitive to vibration, and one is 
therefore cautioned to avoid a hydrosonic bath. 

5. Vespel Tubes 

Thick-walled Vespel tubes have been used by Mer- 
bach's group at pressures to about 1000 atm (Figure 

Nylon Piston 

Stainless Steel Retaining RI 

Stainless steel ]am n- 

Figure 7. Rotatable high-pressure NMR tube of Vanni, Earl, 
and Merbach?! 

V.3' This polyimide material was chosen because of 
its resistance to chemical attack, and the authors used 
tubes with 0.d. and i.d. of 8 and 2 mm, respectively. 
The upper portion of the tube is connected to a high 
pressure valve mounted on bearings to allow rotation 
about the magnetic field axis. Connection to a pump 
allows pressurization. This is then disconnected to 
allow rotation of the valve/tube assembly. Alignment 
was rather difficult and time consuming; consequently 
their line shapes suffered from spinning sidebands. 
Resolution was reasonably good (0.03 ppm at  60 MHz), 
but was limited by the susceptibility of the polyimide, 
which apparently varied from batch to batch. Variable 
temperature experiments could be performed with the 
apparatus, although details were not given. After sev- 
eral pressurizations, noticeable deformation of the 
Vespel tubes required their replacement!' 

Kinrade and Swaddle have reported a design which 
spins a Vespel sample tube in a commercial instrument 
and has been routinely used at  200 "C and 16 
The design consists essentially of a Vespel tube, a 
Vespel spinner turbine, specific to a particular instru- 
ment, and a Vespel valve head which threads into the 
spinner turbine and thus secures the tube. Since the 
turbine was the only component specific to a particular 
probe, the other parts could be interchanged, allowing 
use on several instruments. Sixteen-millimeter tubes 
having both 13 and 9 mm i.d.'s were used, providing at  
least a fador of 5 safety margin over calculated pressure 
ceilings. A teflon inner sleeve, made with sealed-off 
teflon tubing, protected the tube from chemical attack. 

I I I .  Applications of NMR under High Gas 
Pressure 

Most of the reported applications of high-pressure 
NMR are concemed with reaction in systems containing 
a liquid and a gas. For example, many of these studies 
are related to the mechanisms of various liquid-phase 
homogeneous catalytic reactions with the ultimate goal 
being to gain enough information to construct (or re- 
construct) the catalytic cycle.32 

We shall illustrate how high-pressure NMR is one of 
the most powerful methods for real-time monitoring of 
reactions as well as for studying chemical equilibria. It 



1344 Chemical Reviews, 1991, Vol. 91, No. 7 

SCHEME I 
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SCHEME I1 

has been successfully used to follow the overall kinetics 
of catalytic reactions, to investigate individual steps of 
catalytic cycles, and to determine thermodynamic data 
for equilibria between various species. Since many 
chemical processes are performed at very high tem- 
peratures in closed systems resulting in autogenic high 
pressures, high-temperature and -pressure NMR has 
become an essential tool for mechanistic studies. Fi- 
nally, high-pressure NMR is a convenient and inform- 
ative method for the investigation of chemical reactions 
performed in supercritical fluids. 

A. On-Line Monitoring of Chemical Reactions 

The first application of high-pressure NMR for on- 
line monitoring was reported by Heaton, Jonas, and 
co-worker~.'~J~ They studied the mechanistic aspects 
of the catalytic synthesis of ethylene glycol from CO and 
H2 in the presence of rhodium carbonyls. High-pressure 
13C NMR revealed that treatment of an acetone-de so- 
lution of (NMe3C6H4CH2)2[Rh12(CO)30] with 575 atm 
of CO at -52 "C results in a progressive transformation 
of [Rh12(CO)m]2- into [Rh,(CO),,]-. There is evidence 
for unreacted [Rh12(C0)30]2- even after 3 h and there 
is no further reaction upon addition of H2 to give a total 
pressure of 850 atm (CO/H2, 2.1:l) at this temperature. 
Warming the solution to 25 "C followed by cooling to 
-33 "C leads to the complete formation of [Rh,(CO),,]-. 
No data were reported at higher temperatures, however. 

1. Activation of Molecular Hydrogen 

Activation of molecular hydrogen by transition-metal 
complexes plays an important role in the homogeneous 
catalytic reduction of unsaturated organic compounds3 
as well as in other catalytic processes utilizing syngas 
(H2/CO).34 One of the most frequently observed acti- 
vation paths involves the oxidative addition of H2 to a 
coordinatively unsaturated species resulting in a sideon 
coordinated hydrogen followed by the ho- 
molytic cleavage of the H-H bond to form a dihydride 
species (Scheme I). A coordinatively unsaturated 
species can be generated by thermolysis or photolysis 
of a coordinatively saturated complex via ligand elim- 
ination. Because such intermediates generally have 
short lifetimes at  ambient temperature, low-tempera- 
ture photolysis can provide a large enough concentra- 
tion of the required species to study the reaction with 
H2. Since the rate of H2 addition can slow down sig- 
nificantly a t  low temperatures, the application of high 
pressure of H2 can be used to increase the H2 concen- 
tration enough to observe and study various products 
of H2 addition. 

The photochemical activation of molecular hydrogen 
by Fe(CO), was studied by high-pressure NMR and 
ESR between -80 and -110 "C under 34 atm H2 or 60 
atm H2/C0.36 The formation of two diamagnetic 
products, H2Fe(C0), and H2Fe2(CO),, was identified by 
proton NMR. H2Fe(C0), is believed to be produced 
initially by oxidative addition of H2 to the 16-electron 
coordinatively unsaturated (Fe(CO),) fragment formed 
by photoejection of a CO from Fe(CO)& The subse- 

L,M-R I += 

I 
- 
T 

L,M-R 

L,M-CH,CH,-R 

quent reaction of H2Fe(CO), with another {Fe(CO),) 
species could give the dinuclear H2Fe2(C0)8. The for- 
mation of several paramagnetic complexes was detected 
by high-pressure ESR. The presence of HFe(CO),', 
HFe2(CO),', and HFe3(CO)11' were established, and the 
formation of two trihydride species, H3Fe(C0)4' and 
H3Fe2(C0)7* was proposed. Isotopic substitution 
studies with deuterium, 13C0, and 57Fe were used to 
structurally characterize these labile radical species.36 

The addition of hydrogen to the coordinated RN= 
C (R') C (H)=NR ligand in FeRu( CO), [ RN=C (R') C- 
(H)=NR] resulting in F~RU(CO)~[N(R)CR'HCH~N- 
(R)] was studied by Vrieze and co-~orkers.~' The ad- 
dition of deuterium has revealed that the reactions 
result in a stereospecific trans addition over the central 
C-C bond of the N=CC=N skeleton of the R-DAB 
ligand. The reaction is very slow below 70 "C at  
pressures between 20 and 70 atm. The conversion of 
F~RU(CO)~[~-P~N=CH-CH-N(~-P~)] into FeRu- 
(Co),[(i-Pr)NCH,CH,N(i-Pr)] at 110 "C and 60 atm H2 
is shown on Figure 8. The rate of conversion is first 
order in the concentration of both the complex and H2. 
No intermediates have been observed. 

2. Detection of an Alkyl Ethylene Intermediate during 
Ethylene Polymerization 

The transition-metal-catalyzed polymerization of 
olefins is an extremely important industrial process and 
has been studied over many years. The most commonly 
accepted mechanism of the carbon-carbon bond for- 
mation involves a @-migratory insertion reaction oc- 
curring via an intermediate alkyl olefin complex (Cos- 
seeArlman mechanism, Scheme II).- The first such 
intermediate, a cobalt alkyl ethylene complex, was re- 
cently detected by investigating a Co(II1) catalyst sys- 
tem for ethylene polymerization using high-pressure 
NMR.41 When a solution of [ C5Me5Co(CH2CH2-p 
H)(P(OMe),)](BF,) in CD2C12 is treated with 4-atm 
I3C-enriched and 34-atm unlabeled ethylene at  -80 "C, 
the 13C NMR at  -70 "C showed signals at 56.5 ppm (d, 
J c x  = 44 Hz) and 66.5 ppm (d, J c x  = 44 Hz). These 
resonances were assigned to the nonequivalent ethylene 
carbons in [ C5Me5Co( CH2CH3) (#-C2H4) (P( OMe)3)] - 
[BF,]. It should be noted, however, that resonances due 
to the higher cobalt alkyl-ethylene homologues appear 
at similar chemical shifts. 

3. Catalflic Hydroacylation of Ethylene 

The indenyl complex ( T ~ - C ~ H ~ ) R ~ ( ~ ~ - C ~ H ~ ) ~  is an 
excellent catalyst (or catalyst precursor) for intermo- 
lecular hydroacylation, the addition of aldehydes to 
alkenes (Scheme 111). The addition of PhCHO to 
ethylene occurs rapidly at 100 "C and 68 atm ethylene 
pressure in benzene. High-pressure NMR has estab- 
lished that during the addition of C6H513CH0 to 
ethylene only C6H513C(0)CH2CH3 was observed, and no 
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Figure 8. The conversion of FeRu(CO),Ji-PrN=CH-CH=N- 
(i-Pr)] (a) into F~RU(CO)~[N(~-P~)CH~CH~N(~-P~)] (b) at 110 O C  
under 60 atm H2 (reprinted from ref 37; copyright 1989 American 
Chemical Society). 

resonances due to rhodium carbonyls or dissolved CO 
were detected.42 These results show that the interme- 
diate acyl rhodium species, formed by the oxidative 
addition of the aldehyde C-H bond to the rhodium 
metal center, does not undergo decarbonylation under 
catalytic conditions. The addition of C6D6CD0 to 
ethylene was also studied by high-pressure NMR and 
showed no deuterium incorporation to unreacted 
ethylene and statistical scrambling of exactly one deu- 

SCHEME I11 

0 
II 

terium atom between methyl and methylene sites. 
These results indicate that the insertion of ethylene into 
the Rh-D bond must take place rapidly and reversibly, 
and this equilibrium must be established significantly 
faster than either the reductive elimination of the al- 
dehyde or the formation of the product ketone. These 
results also suggest that only one ethylene is bound to 
the rhodium during the activation of the aldehyde, in- 
dicating associative mechanisms A or B (Scheme 111). 

4. Thermal Degradation of PVC 

Understanding the mechanism of thermal degrada- 
tion of polymers is important for the development of 
temperature-resistant materials as well as for the 
thermal recycling of such materials. Most polymers in 
the molten state a t  high temperatures are in an equi- 
librium where cracking, polymerization, and polycon- 
densation reactions occur. Since the cracking reaction 
could result in significant amounts of gaseous product, 
high-pressure NMR is an excellent tool for investigating 
thermal degradation of polymers.43 The thermal deg- 
radation of poly(viny1 chloride) (PVC) was studied by 
‘H NMR, and the temperature and pressure depen- 
dence of the proton spectra is shown in Figure 9. At  
450 OC and 145 atm N2 pressure the formation of aro- 
matic rings was observed, and the aromatic protons 
represented 30% of the total protons. On further 
heating the spectrum showed the early growth stages 
of liquid crystalline phases. 

5. Coal Liquefaction 

Liquefaction of coal can be used to obtain hydro- 
carbon liquids. Since coals have a H/C ratio below one, 
most of the liquefaction schemes involve the depolym- 
erization of the coal carbon framework followed by the 
addition of hydrogen. The source of the hydrogen can 
be molecular hydrogen, water, or other hydrocarbons 
with high H/C ratio. Since these processes are per- 
formed at  very high temperatures and pressures, 
mechanistic information is scarce. The first in situ 
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Figure 9. Temperature and pressure dependence of 'H NMR 
spectra for TD-PVC (reprinted from ref 43, copyright 1983 Nippon 
Kagakkai). 

NMR investigation of a high-temperature and high- 
pressure coal liquefaction using 1,2,3,4-tetrahydro- 
quinoline (THQ) as solvent and ZnC12 catalyst was re- 
ported by Shimokawa, Yamada, and co-workers." 
Typical IH NMR spectra for the Akabira coal/THQ 
system with and without ZnC12 at  different tempera- 
tures under autogenic pressure conditions are shown on 
Figure 10. These data combined with ESR measure- 
ments were used to elucidate the mechanism during 
swelling, liquefaction, and coking stages of coal lique- 
faction. 

The formation of formate ion intermediates during 
the reaction of low-rank coals with carbon monoxide 
and water at 315 "C and 47 atm CO pressure was de- 
tected for the first time by high-pressure NMR (Figure 
ll).45 The concomitant formation of C02 via the de- 
carboxylation of the coal and the water-gas shift reac- 
tion was observed. Isotope labeling experiments using 
13C0 and D20 revealed deuterium incorporation into 
the coal structure and the ratio of decarboxylation of 
the coal to the water-gas shift reaction. 

B. Investigations of Equilibrium Systems 

1. Hydrogen Exchange 

Side-on coordinated hydrogen complexes are the first 
stable intermediates in the activation of molecular hy- 
drogen (Scheme I). The first side-on coordinated hy- 
drogen complex, (tl2-Hz)W(CO),(PCy3),, was discovered 
by Kubas in 1985 and numerous others have been found 
s i n ~ e . ~ ~ ? ~  The possible formation of the analogous 
chromium compound was first observed by high-pres- 
sure infrared spectroscopy (eq 2),47 although the side-on 

C ~ ( C O ) ~ ( P C Y ~ ) Z  + HZ e (~2-H~)Cr(C0)3(PCy3)2 (2) 
coordination mode of the hydrogen could not be es- 

663K 

763K - 
300 nz 

Figure 10. Temperature dependence of 'H NMR spectra of 
Akabira coal/THQ in the absence and the presence of ZnClz under 
autogenic pressure (reprinted from ref 44; copyright 1986 But- 
terworth). 

tablished by IR. High-pressure NMR revealed the re- 
versible formation of (#-H2)Cr(CO)3(PCy3)2, and TI 
measurements clearly established the presence of a 
side-on bound molecular hydrogen ligand.4s Further- 
more, kinetic studies of the elimination of the $-H2 
ligand between 10 and 54 atm pressure of H2 revealed 
that the elimination reaction is a unimolecualr process, 
as expected. 

2. Carbon Monoxide Exchange 

The chemistry of transition-metal carbonyl complexes 
has been studied for more than 100 years, and is im- 
portant due to the numerous transition-metal-catalyzed 
processes involving carbon m o n o ~ i d e . ~ * ~ ~  The hydro- 
formylation of olefins is the most widely used homo- 
geneous catalytic process utilizing CO. It involves the 
addition of one molecule of CO and H2 to an olefin in 
the presence of a transition-metal catalyst resulting in 
an aldehyde (eq 3). The most frequently used hydro- 
RCH=CH2 + CO + H2 - 

R-CH2-CH2-CHO or R-CH(CH3)-CHO (3) 

formylation catalysts are based on cobalt and rhodium. 
It is generally believed that the activation of hydrogen 

in cobalt-catalyzed hydroformylation occurs either on 
the coordinatively unsaturated species (CO~(CO)~) or 
{ a ~ y l - C o ( C O ) ~ ) , ~  both formed by the elimination of a 
coordinated carbonyl (eqs 4 and 5) .  The exchange of 

(4) 

(5) 

C02(CO)8 + {CO,(CO),) + co 
RC(O)CO(CO), + (RC(O)CO(CO)~) + CO 

free CO in solution with C O ~ ( C O ) ~  was studied by 13C 
magnetization transfer techniques up to 75 atm CO 
pressure between 40 and 80 0C.30 The rates for CO 
dissociation were found to be independent of pressure 
up to 75 atm. In a similar study, slightly faster CO 
exchange was observed between CH,C(O)-Co(CO), and 
free CO (Figure 12). These results suggest that the loss 
of CO from CH,C(O)-Co(CO), is accompanied by the 
formation of an {q2-CH3C(0)Co(CO)3)50bb intermediate. 

While rhodium carbonyls can also be used for the 
hydroformylation of olefins, the addition of phosphines 
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Figure 11. High-pressure 13C NMR spectra of a solution containing 0.25 g of lignite from Martin Lake, TX and 2 g of D20 a t  room 
temperature after pressurization with 700 psi 13C0, heating to 315 OC for 60 min, heating to 315 OC for 120 min, and depressurization. 

SCHEME IV 
HRh(CO)P, HRh(CO)*P* 

I \  J f 2 \  
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RCH,CHzRh(CO)Pz 
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Figure 12. Observed 13C NMR spectral response to selective 
inversion of the CO(CO)~ signal (197.1 ppm) of CH&(O)CO(CO)~ 
in methylcyclohexane-d,, a t  70 “C (reprinted from ref 30; copyright 
1987 American Chemical Society). 

(or phosphites) significantly changes the catalytic ac- 
tivity and selectivity. The total phosphine to rhodium 
ratio (P/Rh) is one of the most important factors con- 
trolling the catalytic performance of any phosphine- 
modified rhodium hydroformylation catalyst. Heaton, 
Whyman, and co-workers have recently shown by 
high-pressure IR and NMR that at P/Rh = 1 (or below) 
di- and tetranuclear rhodium complexes are present in 
the solution up to 400 atm CO/H2 (l:l).51 No evidence 
has been obtained for the formation of the monosub- 
stituted hydride species HRh(CO),(PR3). 

II I \ R \  I I  I RCH,CH,CRh(CO)P, / \ .CHCRh(CO),P 

\ 
I I 

Detailed mechanistic studies on the HRh(C0)- 
(PR3)3-PR3 hydroformylation catalyst systems (P/Rh 
> 3) have clearly established that the two key catalytic 
species are the coordinatively unsaturated (HRh- 
(CO)(PR3),) and (HRh(C0)2(PR3)) (Scheme IV).52 



1348 Chemical Reviews, 1991, Vol. 91, No. 7 Horvith and Miilar 

SCHEME V 

High-pressure NMR has provided ample experimental 
evidence that the normal/iso ratio of the aldehydes is 
largely controlled by the competitive reaction of the 
olefin with intermediates (HRh(CO)(PR3),) and {HRh- 
(CO),(PR3)J resulting in high or low normal/iso ratio, 
respe~t ively.~~ 

The reaction of carbon monoxide with (octaethyl- 
p0rphyrin)rhodium dimer, [ (OEP)Rh],, under pressure 
was studied by Wayland and co-workers.21 It was es- 
tablished by 'H and 13C NMR that [(OEP)Rh], is in 
equilibrium with three new species, [ (OEP)Rh],(CO), 
(OEP)RhC(O)Rh(OEP), and (OEP)RhC(O)C(O)Rh- 
(OEP). The formation of the latter 1,2-ethanedionyl 
bridged complex is the only example for double inser- 
tion of CO into a metal-metal (Rh-Rh) bond: Although 
the unfavorable entropy change will prevent most sys- 
tems from undergoing double CO insertion, in this case 
the weak Rh-Rh bond, the strong Rh-C(0) bond, and 
the steric environment of the OEP macrocycle resulted 
in favorable thermodynamic factors for single and 
double CO insertion.21 

3. Carbon Dioxide Exchange 

The insertion of carbon dioxide into transition-metal 
hydrides to afford metalloformates is a quintessential 
process in the reduction of C02. The mechanistic as- 

[H-MI- + CO2 + [HCOZ-MI- (6) 
pects of the COP insertion into [HCr(CO),]- to yield 
[HC02Cr(CO),]- have been studied by the examination 
of the C02 exchange in reaction 7 under pressure.54a 
[HCO,Cr(CO),]- + 13C02 + 

[H13C02Cr(CO)6]- + COz (7) 

The process is dissociative by character and proceeds 
through the following steps: (1) CO loss with formation 
of an intermediate 0 ,0-p2  species, [Cr(CO),(p2-O2CH)]-, 
(2) rearrangement to an H,0-p2 chelate, (3) decarbox- 
ylation and recarbonylation, and (4) recarboxylation 
with 13C02 in the reverse direction. Similar studies have 
been performed for tungsten, nickel, and palladium 
formate c o m p l e ~ e s . ~ ~ b ~ ~  

4. Exchange of Coordinated Cyciopentadienyl Lipnds 

The reversible reaction of (p5-C5H5),Cr(C0) with 
carbon monoxide under elevated pressure has been 
studied by high-pressure IR and the formation of a 
ring-slipped species (p3-C5H5!(v5-C5H5)Cr(C0), was 
suggested (Scheme V) .55a Variable-temperature high- 
pressure NMR has confirmed the formation of a new 
species containing two different C5H5 ligands (Figure 
13).55b The C5H5 rings undergo concerted ring inter- 
change between p3 and p5 coordinations with Ea& of 13.5 
kcal/mol, and the process does not involve CO elimi- 
nation followed by CO addition. Electronic structure 
calculations suggest that the interchange occurs through 
a simultaneous bending and straightening of the two 

3OoC 

@ 
d- co 

J L  I 
I 2  I co 

1 1 -2 
280 260 240 220 200 ppm 180 120 100 80 BO 

Figure 13. High-pressure '% NMR spectra of (qS-C5H&&r(CO) 
under 13C0 a t  1.5 atm and 30 OC (A) and 130 atm and -70 O C  

(B). 

TABLE I. Physical Parameters of Some Supercritical 
Fluids" 

fluid To, OC P,, atm 
CClZFZ 111.5 40.7 
C2H4 9.9 50.5 
C2H6 32.2 48.2 
COS 31.0 72.9 
NZO 36.5 71.7 

Data taken from the CRC Handbook of Chemistry and Phys- 
ics, 59 ed.; Weast, R. C., Ed.; CRC Press: West Palm Beach, FL, 
1978. 

rings since the intermediates in such a process would 
be stabilized by strong back-donation to the CO ligands. 

C. Utilization of Supercritical Fluids 

High-pressure NMR can be used in applications in- 
volving supercritical fluids. These fluids generally have 
viscosities 10 to 100 times lower than that of the normal 
liquid phase and self diffusion coefficients 10 to 100 
times higher.56 To the NMR spectroscopist, these 
properties are of significant benefit in studying quad- 
rupolar nuclei, since the quadrupolar line width is 
proportional to the rotational correlation time.28-57v58 
Carbon dioxide is probably the most commonly used 
supercritical phase, its critical temperature is 31.0 OC 
and its critical pressure is 72.9 atm, which is quite 
modest by high-pressure standards. Other common and 
easily accessible supercritical phases are listed in Table 
I. 

1. Resolution Enhancement of Quadrupolar Nuclei 

The utility of NMR studies of many quadrupolar 
nuclei have been somewhat limited, since quadrupolar 
relaxation can be very efficient, leading to broad lines 
and low sensitivity. In the extreme narrowing limit, the 
line width of these nuclei, l/(aT,) can be written 

(8) 

where e2qQ/h is the quadrupolar coupling constant, 7 

is the rotational correlation time for the molecular 
motion, and p is the asymmetry parameter of the 

1/(rT2) = 3/s(e2qQ/h)2(1 + v2/3)7 
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(T = 67 “C, p = 226 atm, c = 0.8 M). 
Robert and Evilia have noted that line widths are not 

simply proportional to viscosity but suggest the im- 
portance of a viscosity independent factor which plays 
a role in determining the rotational correlation time.% 
As an example they cite line widths of benzothiadiazole 
in supercritical which are not proportional 
to tabulated viscosities. Various studies have demon- 
strated the validity of the Stokes-Einstein-Debye 
equation6, 

(9) 
in which 7 is the rotational correlation time, 71 is the 
solvent viscosity, T is the temperature, and 7 0  is the 
high temperature intercept. This equation predicts a 
linear relation between 7 and v / T  to a limiting value 
70 attained in the limit as v/T - 0. Comparison with 
eq 8 shows that NMR line widths should decrease with 
decreasing viscosity to a limiting value expected to be 
related to the free rotor correlation time given by 

7 = A v / T  + 70 

7FR = (2~1/9kT)’ /~  (10) 

where I is the moment of inertia about the rotational 
axis.65 

By combining NMR and light scattering data, Evilia 
et al. found nearly linear relations between 7 and v / T  
in neat acetonitrile and benzonitrile even as q/T ap- 
proached zero.64 However in neat formamide they 
found that 7 reached a limiting value at  v/T equal to 
about 4 X 

2. Supercritical Fluid Chromatography Using NMR 
Detection 

The high diffusion coefficients found in supercritical 
fluids allow high chromatographic separation efficien- 
cies and their use in this area is reviewed 
Dorn’s group has constructed an apparatus which uses 
lH NMR as a detector for supercritical fluid chroma- 
tography.% Their NMR detector consists of a flow- 
through NMR probe which allows continuous moni- 
toring of a sample while in the supercritical phase 
(Figure 15). The active NMR sample volume is about 
20 pL and published spectra required about 20 s each. 
They employed the apparatus to monitor model fuel 
mixtures and achieved greatly improved separation and 
identification of aliphatic components relative to that 
obtained with normal liquid-phase chromatography. 

3. Homogeneous Catalysis in Supercritical Fluids 

The cobalt-catalyzed hydroformylation of propylene 
in supercritical carbon dioxide was recently studied by 
Rathke, Klingler, and Krause using high pressure 
NMR.67 Since only one phase is present in a super- 
critical media, the reaction was not affected by the usual 
liquid/gas mixing problems that can occur in conven- 
tional solvents. The rate of the reaction as well as the 
steady-state concentrations of catalytic intermediates 
were found to be very similar to values for other ter- 
minal olefins in nonpolar liquid media. 

P/K,  in agreement with eq 9. 

I r D  
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Figure 14. Natural abundance NMR spectra in supercritical and 
subcritical phases as described in text. All spectra are 800-Hz 
wide and each division is 25 Hz: (a) 14N of hexane saturated with 
N 2 0  a t  1 atm, 28 OC, (b) “N of supercritical N 2 0  a t  40 “C, (e) 
14N of 7 M aqueous NHB, (d) “N of 0.5 M NH3 in supercritical 
ethylene a t  28 OC, (e) l70 of subcritical C02 a t  28 “C, (0 170 of 
subcritical nitrous oxide a t  28 O C  (reprinted from ref 57; copyright 
1985 American Chemical Society). 

electric field gradient tensor.5w1 From eq 8, one ex- 
pects that decreasing the viscosity of a solvent should 
reduce 7 and thus lead to narrower lines. The issue of 
how line width is affected by solvent viscosity and 
density is of paramount importance for the utility of 
supercritical fluids in NMR and much of the work to 
date has dealt with this matter. 

Robert and Evilia have published a number of ex- 
amples of the increase in resolution obtained with su- 
percritical fluids and these are shown in Figure 14.57 In 
Figure 14A, their 14N spectrum of supercritical nitrous 
oxide shows line widths ranging from 0.6 to 1 Hz while 
line widths of nitrous oxide (Figure 14B) in “normal” 
phase hexane were about 6 Hz. Similarly, in Figure 14, 
parts D and C, 14N spectra of NH, in supercritical 
nitrous oxide show 6-Hz line widths while that of NH, 
in water is about 150 Hz. Finally 170 spectra of sub- 
critical C02 and N20 (Figure 14, parts E and F) show 
line widths of 1.9 and 11 Hz, respectively. Line widths 
in the supercritical phases agreed well in all cases with 
those predicted from experimentally measured Ti's. 

Jonas’ group has shown line-narrowing factors rang- 
ing from 3 to 7 in 14N, 33S, and 55Mn spectra using 
supercritical ethylene and However, this is much 
less than the estimate of 200 expected from the viscosity 
of the supercritical fluids a t  their critical point. At the 
fluid densities required to dissolve appreciable amounts 
of sample, the viscosity of the supercritical fluid is 
significantly increased from its value at the critical point 
and its efficacy for line narrowing is considerably re- 
duced. This effect is illustrated by their 14N spectra of 
1,3,5-triazine. Jonas and co-workers measured a 145-Hz 
line width in acetone, however they obtained 40 Hz in 
relatively low density supercritical ethylene (T = 75 “C, 
p = 114 atm, c = 0.2 M) and 53 Hz at  higher density 
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