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The reaction of hydrogen with iridium and rhodium x-S A-frame complexes has been
investigated using parahydrogen-induced polarization (PHIP) NMR spectroscopy. The
reaction of Iry(u-S)(CO),(dppm), where dppm = bis(diphenylphosphino)methane with
hydrogen proceeds by two addition pathways corresponding to oxidative addition inside (endo)
and outside (exo) the pocket of the A-frame complex. The exo addition pathway yields a
kinetically significant dihydride that has not been previously reported. This species is a key
intermediate in the formation of the thermodynamic product of the reaction system. Also
present are polarized resonances for the addition of hydrogen to the mixed metal A-frame,
IrRh(u-S)(CO),(dppm),, formed as a contaminant from rhodium present in the iridium
trichloride starting material. To confirm this observation, IrRh(u-S)(CO).(dppm). was
prepared independently and its reaction with parahydrogen was investigated, leading to
results supporting endo addition H, as the major pathway and exo addition as a minor
reaction channel. The complex Rh,(u-S)(CO).(dppm)., which had not previously been found
to react with dihydrogen, generates polarized hydride signals under para-enriched hydrogen,
showing that an equilibrium is established between the complex and its H, adduct. In all of
these cases, PHIP is used to detect species not readily seen by normal NMR spectroscopy
and to investigate the mechanism of these reactions.
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Introduction

A-frame complexes, A, were first synthesized in the
late 1970s! and have been actively investigated for
possible catalytic properties and as models for catalytic
systems with more than one metal center.2-5 In A-frame
complexes, the two metal centers possess square-planar
or distorted square-planar coordination geometries with
the extent of the metal—metal interaction determined
by electron count. The coordination geometries include
a common bridgehead atom or group X and two biden-
tate ligands such as bis(diphenylphosphino)methane,
dppm, that bridge the two metal ions. Understanding
how the two metal ions interact with each other and
determining whether transformations occur at one or
both metal centers are questions of great importance.

One set of initially reported A-frame complexes
contained sulfide at the bridgehead position with either
Rh(l) or Ir(l) as the metal ions and CO as the remaining
terminal ligand (Y). The interaction of A-frame com-
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plexes with small molecules has been a source of
continuing investigations. The iridium A-frame complex
Iry(u-S)(CO)2(dppm), was found to add CO reversibly
and react with H, to generate a number of different
hydride complexes.38 The corresponding rhodium sys-
tem Rhy(u-S)(CO),(dppm), was found not to react with
H, at all.»2 The reaction of the iridium A-frame complex
with H; has been the subject of several reports with
products identified by their NMR spectra as described
below. In the analysis of this reaction chemistry,
hydrogen addition to the iridium A-frame complex was
thought to proceed by endo attack, i.e., in the pocket
between the two metal centers. While no evidence was

(6) Vaartstra, B. A.; O'Brien, K. N.; Eisenberg, R.; Cowie, M. Inorg.
Chem. 1988, 27, 3668—3672.
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found for exo attack on the opposite sides of the square-
planar coordinated metal ions (see B), it could not be
definitively eliminated. The mixed iridium and rhodium
metal system IrRh(u-S)(CO)2(dppm), was also reported
to generate a dihydride complex upon reaction with
dihydrogen.” Although the reactions of these u-S A-
frame complexes with dihydrogen had been investigated
previously, we undertook the present study to expand
these earlier observations with new experiments em-
ploying parahydrogen.
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Parahydrogen-induced polarization (PHIP) has been
used in a number of studies to provide direct evidence
of pairwise addition of dihydrogen to metal centers and
unsaturated substrates®~1! and has allowed for the
observation of previously undetected species, including
low concentration reaction intermediates.’2-16 Para-
hydrogen is one of two spin isomers of dihydrogen and
corresponds to the nuclear spin “singlet”. PHIP can be
observed if parahydrogen adds to a metal complex or
an organic substrate in a pairwise manner such that
spin correlation is maintained between the two trans-
ferred protons that originate from the same H; molecule.
If longitudinal relaxation of these protons is not much
greater than the rate of hydrogen addition, then non-
Boltzmann populations in the proton spin states can
result, leading to enhanced absorption and emission
lines in the product NMR spectrum. Signal enhance-
ments of up to 1000-fold have been observed.'*1” For
the observation of PHIP, dihydrogen addition should
lead to products in which the transferred protons are
magnetically distinct and J coupled to each other,
although a somewhat weaker PHIP effect has been
reported recently for products having equivalent hy-
drides.’*18 Several recent reviews and articles discuss
various aspects of parahydrogen-induced polarization
in detail including product operator formulations to
facilitate analysis of the spin physics of PHIP.810.11.18,19
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Because of the large signal enhancements, normally
unobservable, low-concentration species have been ob-
served and characterized using this technique. For
example, PHIP has made possible the observation and
identification of hydrogen oxidative addition products
to RhX(CO)L;, [X = CI, Br, 1] which had not previously
been recognized.131520 Specifically, binuclear u-X and
u-H species were observed and characterized as reaction
products even though they formed in only very minor
amounts. Similar species were also identified by PHIP
during hydrogenation catalysis using Wilkinson's ca-
talysis, RhCI(PPhs3)s, and the olefin dihydride catalytic
intermediate in this system was observed.'? In catalysis
of styrene hydrogenation promoted by the cationic
precatalyst Rh(COD)(dppb)™ (dppb = 1,4-bis(diphen-
ylphosphino)butane), PHIP allowed the observation of
an n%styrene-coordinated catalytic intermediate by
Giernoth et al.1®

The present study describes the use of PHIP to
investigate further the mechanism of hydrogen addition
to iridium and rhodium A-frame complexes. It was
thought that the signal enhancements of PHIP in 1-D
IH NMR spectroscopy and in polarization transfer in
homonuclear (COSY, NOESY/EXSY) and heteronuclear
(HMQC) 2-D NMR spectroscopies would allow for the
characterization of new dihydride products and the
identification of key kinetic intermediates in the reac-
tion sequence. The results reported below confirm this
notion. In fact, the sensitivity of PHIP leads to the
unexpected observation of the mixed IrRh A-frame
complex in a sample prepared from what was thought
to be a pure iridium precursor. The presence of the
mixed IrRh system, which would not have been detected
by regular NMR spectroscopy, underscores the impor-
tance of purity when considering homogeneous catalysis
by platinum group element complexes and the value of
PHIP in examining such systems.

Results and Discussion

The Iridium A-Frame System. Previous work has
shown that reaction of the iridium A-frame complex Ir;-
(u-S)(CO)2(dppm)2, 1, with hydrogen proceeds to gener-
ate several hydride complexes.6 As shown in Scheme
1 developed from the results of Vaartstra et al.,® H,
reacts to give initially the dihydride complex 2, in which
reaction has occurred inside the pocket of the A-frame
complex, i.e., by endo attack. At room temperature, only
one hydride resonance in the 'TH NMR spectrum and
one phosphorus resonance in the 31P NMR spectrum
were observed, suggesting a symmetrical dihydride
complex having a structure 2a or 2b. The fluxional
nature of 2 was revealed by a variable-temperature
NMR investigation. Upon cooling the sample to —90 °C,
the hydride resonance was reported to decoalesce into
two resonances in the 'H NMR spectrum, and in the
31P NMR spectrum at this temperature, two phosphorus
resonances were observed. The results were consistent
with the initial formation of the proposed endo addition
product 2 and subsequent equilibration of hydride
ligands via 2a or 2b as an intermediate or possibly as
a transition state for the fluxional process.

(19) Messerle, B. A,; Sleigh, C. J.; Partridge, M. G.; Duckett, S. B.
J. Chem. Soc., Dalton Trans. 1999, 1429—1435.

(20) Duckett, S. B.; Eisenberg, R.; Goldman, A. S. J. Chem. Soc.,
Chem. Commun. 1993, 1185—1187.
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Further reaction of the system was reported to lead
to the formation of complex 3, an unsymmetrical dihy-
dride complex characterized by two hydride resonances
in the 'H NMR spectrum and two multiplets in the 3P
NMR spectrum. Selective decoupling of each phosphorus
resonance caused one of the hydride resonances of 3 in
the IH NMR spectrum to collapse into a singlet,
establishing that the two hydride ligands were coordi-
nated to different metal centers. Also formed with 3 was
the thermodynamic product, complex 4, which contains
equivalent terminal hydride ligands, in which both
hydride ligands reside outside the pocket in a linear
arrangement with the metal centers. Complex 4 was
characterized by one phosphorus resonance in the 3P
NMR spectrum and one hydride resonance in the 1H
NMR spectrum. The *H and 3P nuclei in 4 belong to
an AA'XX'X"X"" spin system, as demonstrated by simu-
lation.

The 1-D PHIP experiments were performed as has
been described previously.®1221 Frozen samples of 1 or
13CO-labeled 1 were placed under ca. 3 atm of para-
enriched H,. When a series of runs was commenced, a
sample was thawed, shaken, and rapidly inserted into
the spectrometer with transients of varying numbers
of scans collected frequently over a 5—10 min time
interval. After polarization had decayed to background,
the sample was removed from the spectrometer, re-
shaken to reestablish para-enriched H; in the reaction
solution, and placed back in the spectrometer to reveal
new PHIP resonances from species reacting directly
with Hj. In Figure la, the spectrum is shown of a
sample obtained after several shake-and-collect cycles.
The products identified previously by Vaartstra et al.b
are clearly observed. The hydride resonance of the
fluxional endo addition product 2, which appears at
—10.6 ppm, is in weak net emission, vide infra. The two
triplets at —10.3 and —11.7 ppm are the hydride
resonances of the unsymmetrical dihydride complex 3,
while the resonance at —10.1 ppm corresponds to the
symmetrical dihydride complex 4, which is the ultimate
thermodynamic product of the system. The most promi-
nent features of the spectrum, however, are two polar-
ized resonances of a previously unobserved product, 5.
Another smaller set of polarized resonances is also
present in these spectra, and they too result from a
previously unknown product, 8, described below.

— 2 Ir
H/|\H |‘CO

S

S.
&, '
|~
R |

PP

P P

p— P

P~ p

L H\|| S, |_co H\'l = l| H
oc”|

I
Y~ oc”| ™Yo

P\/P P\/P
3 4

P

2b

(@

|
]
w

()

(d)

(e

I

-9 -10 -11 ppm
Figure 1. Hydride region of PHIP spectra obtained using
a sub-milligram sample of Iry(u-S)(CO).(dppm),, 1, and
para-enriched hydrogen in 50/50 benzene-dg/toluene-ds. (a)
1H spectrum at 343 K. (b) H{3P} spectrum at 363 K. (c)
1H spectrum of 13C-labeled sample at 323 K. (d) *H{3C}
spectrum of 13C-labeled sample at 323 K. (e) H{3!P}
spectrum of 13C-labeled sample at 323 K.

In the 1-D PHIP spectrum of the reaction system, the
two hydride resonances of 5 are observed as triplets of
antiphase doublets (—9.36 and —11.27 ppm with 2Jyy
= 6 Hz). Data for complex 5 are listed in Table 1. The
value of 2Jyy for 5 was determined directly from the
separation between nearest antiphase peaks (a negli-
gible error is introduced by this procedure when the line
width is significantly narrower than 2Jyn, as is the case
here; when not, the measured coupling is slightly larger
than the actual coupling). The 3P coupling to the two
hydride resonances differs (3Jpy = 13 and 19 Hz,
respectively), and both resonances simplify to antiphase
doublets upon 3P decoupling, Figure 1b. A modified
IH-1H{31P} COSY spectrum,11522 which is accom-
plished more easily and rapidly than selective homo-
nuclear decoupling, reveals protons that are J coupled

(21) Eisenberg, R.; Eisenschmid, T. C.; Chinn, M. S.; Kirss, R. U.
Adv. Chem. Ser. 1992, 230, 47—74.

(22) Sleigh, C. J.; Duckett, S. B.; Messerle, B. A. J. Chem. Soc.,
Chem. Commun. 1996, 2395—2396.
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Table 1. 'H, 31P, and 3C NMR Data from PHIP Experiments?

complex H sip 18C
5 —9.36 (td, 2Jpn = 13,2Iun =6, 2JcH = 3) 3.3 200.8
—-11.27 (td, 2JpH = 19, ZJHH = 6, 2J(;H = 35)
8 —8.64 (dtd, IJRhH = 13, 2Jp|-| = 12, ZJHH = 5, ZJCH = 33) 23.5 (lJth = 156) 172.5
—11.49 (td, 2JpH = 14, Z\JHH = 5, ZJCH = 4) —2.6
9 —10.02 (td, 2JpH = 19, ZJHH = 7, ZJCH = 22)
—10.27 (td, 2)py=13,2Iyy=7,2JcH = 13)
11 —10.44 (tdd, lJRhH = 19, ZJPH = 16, ZJHH = 9) 35.2

—16.42 (tdd, 1~]RhH = 22, 2JPH = 14, ZJHH = 9)

a¢ in ppm, Jin Hz.

to each other, showing two cross-peaks between the
hydride resonances.

To gain more structural information about 5 (as well
as the previously reported species 2—4), 13CO-labeled
complexes were prepared by placing an NMR tube
sample of 1 under an atmosphere of 13CO for 48 h
followed by reaction with para-enriched H,. The PHIP
spectrum of 13CO-labeled 5 reveals that the hydride
ligand which resonates at 6 —9.36 is cis to CO (3JcH =
3 Hz), while the other hydride at 6 —11.27 is trans to
CO (3Jch = 35 Hz) (see Figure 1c). When the spectrum
of 133CO-labeled 5 is 13C-decoupled (Figure 1d), a spec-
trum similar to that of Figure 1a is obtained. Decoupling
of the 3P nuclei in the PHIP spectrum of the 3CO-
labeled sample causes the 'H resonances of 5 to simplify
such that only 23y and 2Jcy couplings are observed,
as shown in Figure 1e. The much smaller polarized peak
inside the hydride resonance at —11.27 ppm in Figure
1le corresponds to the respective hydride resonance of
unlabeled 5. The phosphorus and carbon resonances
that were coupled to the hydride ligands of 5 were
detected with modified heteronuclear multiple quantum
correlation (HMQC) NMR experiments. In these experi-
ments, the first proton pulse was replaced by a z/4
pulse, while the rest of the sequence remained as in a
standard HMQC experiment.1123.24 |n this way, the 3P
resonance at 3.3 ppm and the 13C resonance at 200.8
ppm were found to be coupled to the hydride resonances
of 5.

The results of all of the spectra of Figure 1 lead to
assignment of a coordination sphere for dihydride
complex 5. There are two cis hydride ligands, CO trans

.'1,/,|r\\\\\
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P

to one of the hydride ligands, two mutually trans
phosphine donors from dppm, and an anionic ligand X
trans to the other hydride ligand. The resonances,
however, are different from those seen by low-temper-
ature NMR for the endo H; addition product 2. All of
the evidence can be accommodated by assignment of the
polarized resonances of 5 to the exo H; addition product.
Additional 2-D methods described below further support

(23) Duckett, S. B.; Barlow, G. K.; Partridge, M. G.; Messerle, B. A.
J. Chem. Soc., Dalton Trans. 1995, 3427—3429.

(24) Suardi, G.; Cleary, B. P.; Duckett, S. B.; Sleigh, C.; Rau, M.;
Reed, E. W.; Lohman, J. A. B.; Eisenberg, R. 3. Am. Chem. Soc. 1997,
119, 7716—7725.

this assignment. In this Ir(111)—1Ir(l) binuclear species,
the resonances for the Ir(l)-bound 3P nuclei and in the
labeled compound the carbonyl 2C nucleus are not
observed since they are not coupled to the polarized
hydrides of the Ir(lll) center.

The polarization seen for 5 indicates that it is a
kinetically significant species in that it is generated by
direct reaction of 1 with H,. The magnitude of the
polarization, which is determined by a number of factors
including the rate and reversibility of the H, addition
reaction, indicates that 5 is kinetically important. For
two species with the same concentration and similar
structure, it is expected that the one which reacts with
or exchanges H; more rapidly will have the larger
polarization. This does not necessarily mean that the
species with the larger polarization will lead directly
to the thermodynamically controlled product, but rather
that in the initial reaction with H; its rate of formation
appears to be qualitatively greater. Further studies
outlined below indicate that 2 and 5 are indeed the
initial hydrides formed in the reaction of Ir,(u-S)(CO),-
(dppm), (1) with H, and that 5 does connect to the
thermodynamic product of the system 4. The fact that
5, as a kinetically important species, is detected readily
by PHIP, but was not observed in the earlier studies,
attests to the value of PHIP as a means of studying H;
activation by metal complexes.

We noted above that in the PHIP spectrum the
resonance for 2 appears in weak but discernible emis-
sion (Figure 1a). Subsequent experiments at different
temperatures and in different solvents showed that the
magnitude of the polarization for 2 was variable. At 353
K for example, the resonance for 2 was in emission,
whereas at 298 K it appears as a possibly enhanced
absorption. Quantification of the magnitude of signal
enhancement for 2 was not readily feasible on the basis
of the variability of polarization observed in runs done
under similar conditions. Complex 2, which forms by
endo H; addition to the parent iridium A-frame complex
1, has already been shown to be fluxional with the two
hydride ligands exchanging positions in a manner as
to equilibrate all four phosphine donors (3P nuclei).t
In view of the apparent equivalence of the two hydride
ligands of 2, polarization of the corresponding resonance
at —10.6 ppm was unexpected. However, recent reports
have shown that signal enhancement, possibly weak,
can occur in systems having equivalent hydride ligands.
For example, Duckett et. al.}* describe a 60-fold en-
hanced absorption in the single hydride resonance of
the trans, cis, cis isomer of Ru(AsMe;Ph);H,(CO),,
which may be compared with a 1035-fold increase in
the resonances for the chemically different hydrides in
the corresponding all-cis isomer of Ru(AsMe,Ph),H>-



Downloaded by NORTH CAROLINA CONSORTIUM on June 29, 2009
Published on June 30, 2000 on http://pubs.acs.org | doi: 10.1021/o0m000391q

Reaction of Dihydrogen with Ir and Rh Complexes

(CO),. In a different report, Aime et. al.!® report positive
enhancement of the single hydride resonance of OszH>-
(CO)40 formed by H; addition to Os3(MeCN),(CO)10. The
signal enhancement in these cases, as explained by
Aime et al., arises when the dihydride product (an A;
system) is formed via the intermediacy of an AX spin
system. Through a relaxation mechanism involving
cross-correlation between dipolar interaction and chemi-
cal shift anisotropy, enhanced magnetization in the
OszH2(CO)1p hydride resonance was generated. The
situation for 2 is complicated by its fluxionality, the
second-order nature of its spin system, and possibly the
fact that several different hydride species are present
in solution, including pairs interconnected by exchange
reactions (vide infra). On the basis of the analysis of
Aime et al., the weak net emission for 2 may result from
the intermediacy of the endo H; addition product shown
in Scheme 1, which is an AX 1H spin system, and a
relaxation mechanism involving efficient cross-correla-
tion between dipolar interaction and chemical shift
anisotropy.18

The spin system associated with 2 becomes more
complex when a 13CO-labeled precursor is employed.
Thus, when 3CO-labeled 1 is used in the reaction
system, polarization in the resonance for 2 can be more
substantial, as seen in Figure 1c with what appears to
be an overall antiphase coupling of 19 Hz as part of a
complex resonance pattern. Decoupling of 3P nuclei
greatly simplifies this pattern with major absorption
and emission lines separated by 19 Hz (Figure le),
which is too large for 2Jyy. In fact, the value of 19 Hz
nearly equals the average of cis and trans 2Jcy found
for 13CO-labeled 5. A possible explanation involves the
addition of p-H; to yield a complex second-order spin
system. Although the hydrides and the two carbonyl
ligands in the averaged structure of 2 are chemically
equivalent, they are magnetically distinct. Antiphase
transitions may thus connect components that include
a Jun term. Several examples of this have been re-
ported.1*23 Another qualitative explanation involves
partial polarization transfer from the added 'H nuclei
to the 13C nucleus to which they are coupled, which in
turn leads to antiphase lines in the 'H resonances
separated by ca. Jcy. Examples of such polarization
transfer have been reported as in the 3P resonances of
the Kinetic isomer of the oxidative addition of p-H; to
IrX(CO)(dppe) (dppe = bis(diphenylphosphino)ethane).?®

A more complete analysis of the PHIP spectra of
13CO-labeled 2 will require further work. The averaged
structure of 13CO-labeled 2 corresponds to an AA'XX'
system. Recently, Bargon and co-workers have devel-
oped a theoretical framework for the analysis of polar-
ization spectra for an AA’X spin system.?6 The treatment
based on a complete density approach follows the
evolution of zero quantum coherence contained in the
parahydrogen density operator. It follows an earlier
analysis of the AA'X spin system in PHIP spectra based
on populations of the spin system energy levels and how
they are influenced by S/T, mixing at the catalyst
center.?” While Bargon’s work is directed to the analysis
of organic hydrogenation products and information that

(25) Eisenschmid, T. C.; McDonald, J.; Eisenberg, R.; Lawler, R. G.
J. Am. Chem. Soc. 1989, 111, 7267—7269.

(26) Natterer, J.; Schedletzky, O.; Barkemeyer, J.; Bargon, J.;
Glaser, S. J. J. Magn. Reson. 1998, 133, 92—97.
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Figure 2. (a) Hydride region of the reaction system 1 +
p-H; in 50/50 benzene-dg/toluene-dg at 268 K after 20 min
of reaction; (b) hydride region of the reaction system 1 +
p-H; in CD,Cl; at 298 K after 5 min of reaction.

PHIP can provide for reaction intermediates, its exten-
sion may well be relevant for the case of fluxional
13CO-labeled 2.

While the experiments leading to the spectra in
Figure 1 confirm or characterize the hydrides 2—5, they
provide no direct evidence, aside from PHIP, of the time
evolution of these hydrides or their kinetic significance.
In a different set of experiments, the reaction system
of Iry(u-S)(CO)z(dppm), (1) + Hz was examined in
different solvents at various temperatures and earliest
reaction times. In 1:1 toluene-dg/benzene-ds, the first
and only hydrides seen at 298 K and lower are 2 and 5,
corresponding respectively to endo and exo addition of
H, to A-frame complex 1. The cycling of H, by reductive
elimination and oxidative addition at 298 K and lower
is very slow so that the resonances of 2 and 5 appear
with little or no polarization. In these early spectra at
lower temperatures, 2 appears initially and is more
pronounced in terms of intensity. A spectrum of the
system at 268 K taken with 256 scans after 20 min of
reaction is shown in Figure 2a. As the temperature is
raised above 330 K, the rate of hydrogen cycling
increases to the point that significant polarization is
seen in the resonances of 5 after para-enriched hydrogen

(27) Bargon, J.; Kandels, J.; Kating, P. J. Chem. Phys. 1993, 98,
6150—6153.



Downloaded by NORTH CAROLINA CONSORTIUM on June 29, 2009
Published on June 30, 2000 on http://pubs.acs.org | doi: 10.1021/o0m000391q

2990 Organometallics, Vol. 19, No. 16, 2000

Oldham et al.

Scheme 2
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has been reestablished in solution by shaking of the
sample. The extent of polarization in the hydride
resonance of 2 at this point is uncertain. The resonance,
which is initially more strongly absorbing at 268 K,
becomes weakly emissive at 343 K and more strongly
emissive at 353 K.

In CD,Cly, a similar result is obtained at 298 K and
earliest reaction times, only 2 and 5 are observed, with
2 more intense and 5 weakly polarized. Parenthetically,
we note that it is also possible to observe both hydride
species at early reaction times in the 1 + H; system in
CD,Cl; using normal hydrogen. As the reaction is
allowed to progress, a very weak resonance for the
ultimate thermodynamic product 4 is seen without
evidence for 3. This latter observation has important
mechanisitic implication in that it was originally pro-
posed that 3 is an intermediate in the formation of 4.
This is discussed further below. Figure 2b shows the
system after 5 min of reaction with 5 polarized, although
not greatly enhanced, and the first evidence for the
formation of 4. At 318 K and later reaction times under
para-enriched Hy, the resonances for 2—5 are all seen,
with those of 5 being very weak and little polarized.
Because of differences in the nature of the polarization
of 2 and 5, it is not possible to estimate the relative rates
for the endo and exo paths of H, addition to A-frame
complex 1, but it is evident that 2 and 5 are the initial
H, oxidative addition products.

A modified 2-D NOESY/EXSY experiment!122 was
carried out to confirm the close internuclear distances
by NOE between the hydride ligands in the different
species formed, as well as to explore the possibility of
intramolecular structural rearrangement involving the
hydride ligands (e.g., rearrangement of 5 to 4). The 2-D
NOESY was modified because in the present case
antiphase parahydrogen magnetization must first be
refocused. This was achieved by adding the refocusing
sequence d,—x—d, after the initial 7/4 pulse, where d;
= 1/4 Jyn, before the rest of the pulse sequence. Both
negative cross-peaks, due to NOE, and positive cross-
peaks due to chemical exchange were observed (Figure
3). The two hydride resonances for complex 5 are
connected by negative cross-peaks, in support of the
close spatial proximity of the hydride ligands. A positive
cross-peak is observed that connects the hydride reso-
nances of 5 and the hydride resonance of complex 4,
indicating that 5 converts into 4 on the time scale of
the experiment. A mechanism for the conversion of
complex 5 into 4 is suggested in Scheme 2, through
transfer of one of the hydride ligands across the sulfur
bridge to the other iridium metal center. The suggested
intermediate in this process, 6, has been observed at
—60 °C previously by McDonald and Cowie.?8 If 5 does
convert to 4 through an intermediate such as 6 with an

(28) McDonald, R.; Cowie, M. Inorg. Chem. 1993, 32, 1671—1680.
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Figure 3. The 2-D NOESY/EXSY NMR spectrum obtained
using a sub-milligram sample of 1 and para-enriched
hydrogen at 363 K in 50/50 benzene-de/toluene-ds.

SH bond, the lifetime of this species is too short to allow
detection using the present experimental procedures.

The results from the parahydrogen experiments lead
to a substantial revision of the proposal for the addition
of dihydrogen to the iridium A-frame complex 1 (Scheme
3). A previously undetected dihydride complex 5, result-
ing from the exo addition of hydrogen to 1, has been
identified and is kinetically significant, as shown by its
PHIP signature. Experiments at 298 K show that only
5 and the endo addition product 2 are seen initially, with
the latter favored qualitatively. The early observations
also show that the thermodynamic product 4 emerges
prior to 3, in contrast with that proposed previously,
while the NOESY/EXSY experiment has demonstrated
that 4 forms from the exo H, addition product 5. When
hydrogen is removed from the system containing 2, 3,
and 4, the disappearance of 2 is noted initially with
regeneration of 1. At longer times and elevated tem-
peratures, the non-PHIP active complexes 3 and 4
decrease in intensity as those of 1 increase in intensity.
All of these results are accommodated in the reaction
scheme by two independent pathways. One pathway
corresponds to endo attack as proposed previously and
the other to exo attack leading to the previously unseen
kinetic intermediate 5 and ultimately to the thermo-
dynamic product of the system, 4.

Iridium Rhodium A-Frame. A smaller set of polar-
ized resonances is also seen in the PHIP spectra of H»
addition to the iridium A-frame complex 1 at —8.64 (a
doublet of triplets of antiphase doublets) and —11.49
ppm (a triplet of antiphase doublets) (Figure 1a). The
IH—-1H{3'P} COSY spectrum gives cross-peaks between
these resonances, and the antiphase coupling between
these resonances corresponds to 2Jyy of 5 Hz. Both
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hydride resonances are coupled to phosphorus with
similar but different coupling constants, 2Jp = 12 and
14 Hz. The 'H{3'P} NMR spectrum (Figure 1b) removes
the coupling to 3P, simplifying the resonances, but an
extra coupling of 13 Hz remains in the —8.64 ppm
resonance. The 3P NMR spectrum of the sample
exhibits two resonances at —2.6 and 5.1 ppm, the latter
of which has a large doublet coupling of 156 Hz. A
modified 'H—31P HMQC shows that both hydrides
couple to the phosphorus resonance at —2.6 ppm. The
13CO-labeled sample reveals that the hydride ligand at
—8.64 ppm has a relatively large doublet coupling of 35
Hz, while a modified H—13C HMQC experiment!1.23.24
yields a carbonyl resonance at 172.5 ppm that is coupled
to the hydride at —8.64 ppm.

The formulation of this product was initially puzzling
because of the extra coupling observed in the —8.64 ppm
resonance as seen in Figure la. On the basis of the
magnitude of the polarization of the hydride resonances,
it was evident that this species was a relatively minor
component of the reaction system. The existence of the
extra coupling, which was definitively ruled out as due
to 3P or 13C, led to the suggestion of 1%Rh in the product
despite the fact that only iridium precursors were
apparently used in the preparation of 1. The existence
of extra IH—193Rh couplings had been of vital impor-
tance in assigning hydride bridges in PHIP studies of
H, addition to RhX(CO)(PMejy), [X = ClI, Br, 1].131520 The
key to the assignment of this minor product was
obtained from the work of Vaartstra and Cowie on the
mixed metal A-frame complex IrRh(u-S)(CO)2(dppm)a,
7.7 Specifically, 7 was found to react with H; to generate
an endo addition product 8 with spectroscopic charac-
teristics nearly the same as observed by us in the minor
product. In 8, both hydride ligands are bound to the
iridium metal center, but one of them possesses an
additional coupling to the rhodium metal center with
1Jrnn = 13 Hz. This hydride ligand is in an unsym-
metrical bridge because no additional coupling to the
phosphine ligands bound to rhodium is observed, and
the magnitude of 1Jgny is smaller than that previously
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Figure 4. Hydride region of PHIP spectra obtained using
a sub-milligram sample of IrRh(x-S)(CO).(dppm),, 7, and
para-enriched hydrogen at 328 K in benzene-des. The central
hydride resonances are enlarged above the original trace.

reported for bridging hydride ligands between 20 and
25 Hz.2%30 Table 1 includes spectroscopic data for 8.
The unexpected generation of PHIP signals due to 8
can only be explained by the presence of small amounts
of IrRh(u-S)(CO)2(dppm)a, 7, in the sample of 1 employed
in these studies. This in turn means that there was
minor contamination of iridium starting materials by
the corresponding rhodium analogues. In the absence
of the PHIP result, no spectroscopic or analytical
evidence suggested the rhodium impurity. To prove that
these resonances were in fact due to the mixed metal
dihydride species, 8, the IrRh A-frame precursor 7 was
prepared independently. Reaction of parahydrogen with
the authentic IrRh A-frame complex 7 results in polar-
ized resonances shown in Figure 4 that are identical,
except for their intensity, with those seen from the
contaminant in the iridium A-frame sample. A PHIP
spectrum of a 3CO-labeled sample of 7 showed single
13C couplings of 33 and 4 Hz to the two hydride
resonances at —8.64 and —11.49 ppm, respectively,
while a parahydrogen-modified 'H—31P HMQC experi-
ment confirmed that both hydrides couple to the same
81P nuclei that are bound to iridium. The results
strongly support the view that the additional coupling

(29) Woodcock, C.; Eisenberg, R. Inorg. Chem. 1984, 23, 4207—4211.
(30) Sutherland, B. R.; Cowie, M. Inorg. Chem. 1984, 23, 1290—
1297.
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initially seen in the —8.64 ppm resonance is due to
103Rh. Thus, the dominant resonances in Figure 4
correspond to the direct endo addition of H; to the mixed
metal complex 7.

The sensitivity of PHIP in Figure 4 also reveals the
presence of much smaller polarized hydride resonances
in addition to those of 8. The resonances have similar
chemical shifts (6 —10.02 and —10.27 ppm), and each
exhibits coupling to two equivalent 3P nuclei (3Jpn =
19 and 13 Hz, respectively) as well as the antiphase
2Jun of 7 Hz characteristic of polarized dihydride
products. No rhodium coupling is observed in these
resonances. The species responsible for these signals
was not detected in the original iridium A-frame sample
leading to Figure 1 because its resonances are much less
intense than those of 8. The absence of coupling to
103Rh indicates that this product has both hydride
ligands coordinated to iridium. In addition, the PHIP
spectrum of the 13CO-labeled sample revealed 13C
couplings of 22 and 13 Hz to the two hydride resonances.
The most logical formulation for this previously un-
observed species is that of the exo addition product 9.
Spectroscopic data for 9 are listed in Table 1.

p— P p— ~p
oc., | .s. | H, | .s. |
AT Ny,
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PP PP
8 9

The detection of the mixed metal complex in the
iridium sample provides an important caveat. While
much research deals with iridium systems as catalysts,
it is possible that trace amounts of rhodium present in
such systems could be partially, or even totally, respon-
sible for the system’s catalytic activity. If these rhodium
impurities are present in very low concentration, they
may under normal conditions be spectroscopically un-
observable and therefore go unnoticed.

Rhodium A-Frame. It was previously reported that
the rhodium A-frame complex Rhy(u-S)(CO),(dppm), 10,
does not react with dihydrogen.? However, in light of
successes with PHIP to observe previously unseen H;
addition products to RhX(CO)(PR3), [X = CI, Br, 1], it
was deemed worthy to reexamine the reaction of 10 with
H,. If the rhodium A-frame complex 10 + H; is in
equilibrium with a small amount of a dihydride complex
11 in low concentration, the use of PHIP could lead to
its detection and characterization. In fact when the
reaction is carried out using parahydrogen, two hydride
resonances are observed as triplets of doublets of
antiphase doublets, which resonate at —10.44 and
—16.42 ppm with 2Jyy = 9 Hz, 2Jpy = 16 and 14 Hz,
respectively (Figure 5a). Both resonances reveal phos-
phorus coupling, which is removed upon 3P decoupling
(Figure 5b). The 'H{3P} NMR spectrum shows the
resonances as antiphase doublets of doublets due to
proton and rhodium coupling, (!Jrnn = 19 and 22 Hz,
respectively). The 'H—-1H{31P} COSY spectrum shows
cross-peaks between the two resonances. Additionally,
a phosphorus resonance at 35.2 ppm couples to the
hydride resonances of this complex, as detected with the

Oldham et al.
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Figure 5. Hydride region of PHIP spectra obtained using
a sub-milligram sample of Rh,(u-S)(CO),(dppm),, 10, and
para-enriched hydrogen at 300 K in 50/50 benzene-de/
toluene-dg. (@) *H spectrum. (b) *H{3P} spectrum.

modified HMQC NMR experiment.1123.24 Spectroscopic
data for 11 are listed in Table 1.

The results clearly indicate H, addition to the original
rhodium A-frame complex 10. The coupling to 1°Rh
indicates that the two hydride ligands are terminally
bound to one metal center and not involved in bridging
between the two rhodium atoms. Because the polarized
signals are much less intense than those of the iridium
analogue, less data were collected for 11 than for 5. The
experiments carried out do, however, prove that the
rhodium A-frame complex does react reversibly with
dihydrogen. The polarized resonances observed are a
result of the dihydride complex 11, which is in equilib-
rium with the starting rhodium A-frame complex, eq 1.

P/\P Hy T/\T
th““"s""’Fxlh — Oc"’”Rh“""S"”’ h (1)
oc” | | ~~co H” | YH | co
P—_~—-P P—_~—P
10 11

At this point, it is not possible to discern whether the
dihydride product corresponds to endo addition or exo
addition, but on the basis of the greater tendency of both
1 and 7 to undergo endo addition in the pocket of the
A-frame, it seems probable that H, addition to 10 also
proceeds preferentially via the endo pathway. While the
equilibrium for eq 1 lies to the left and the dihydride
complex 11 is present in only small concentration,
parahydrogen-induced polarization makes possible its
observation.

Conclusions

The present study provides additional evidence that
parahydrogen-induced polarization (PHIP) can make
possible the detection of species not otherwise observed
in H, addition reactions using normal hydrogen. By
reinvestigation of H, addition to the Ir A-frame complex
1 using PHIP, it was found that both endo and exo
pathways of addition exist, leading to 2 and 5, respec-
tively, as the initial oxidative addition products. The exo
addition product 5 had not been observed previously.
On the basis of a modified 2-D NOESY/EXSY experi-
ment linking 5 to the thermodynamic product 4 and the
emergence of 4 relative to another intermediate 3, a
reanalysis of the mechanism for the 1 + H, reaction
system is developed that differs considerably from that
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proposed previously. Also present in the sample of the
Ir A-frame complex 1 was the mixed metal A-frame
complex IrRh(u-S)(CO),(dppm), in low concentration, a
result of starting material apparently contaminated
with trace amounts of rhodium. Such a contamination
would not normally be detected. The iridium rhodium
A-frame complex, synthesized independently, is found
using PHIP to react with H, by both endo and exo
pathways of addition, the latter being seen for the first
time. Finally, the rhodium A-frame complex Rha(u-S)-
(CO)2(dppm), does react with Hy, yielding small equi-
librium amounts of the dihydride product, a result only
observable when the reaction is carried out using
parahydrogen. These results reported here add to the
data already available on A-frame hydrides and give a
more comprehensive view for H, addition to A-frame
complexes. Equally important, the results provide sup-
port for PHIP as an essential tool for studying the
reactions of dihydrogen with metal complexes and in
homogeneous hydrogenation reactions.

Experimental Section

General Methods. All complexes were prepared using
standard inert-atmosphere Schlenk, vacuum line, and drybox
techniques. Solvents were distilled under nitrogen immediately
prior to use with toluene and benzene distilled from sodium
benzophenone ketyl, and methylene chloride distilled from
CaH,. Anhydrous diethyl ether, 2-propanol, and methanol
(Aldrich Chemical Co.), ethanol (Pharmca Prod.), and water
were degassed with nitrogen prior to use. NMR solvents
benzene-ds, toluene-ds, and methylene chloride-d, were pur-
chased from Cambridge Isotopes and dried over sodium
benzophenone ketyl or CaH, (methylene chloride-d;). Bis-
(diphenylphosphino)methane (dppm), cyclooctene (COE), 1,5-
cyclooctadiene (COD), and sodium sulfide were purchased from
Aldrich Chemical Co. and used as received. Iridium trichloride
hydrate and rhodium trichloride hydrate were used as received
from the Johnson-Mathey Aesar/Alfa Company. Hydrogen and
carbon monoxide were obtained from Air Products. *C-labeled
carbon monoxide was obtained from Cambridge Isotopes. Ir;-
(u-S)(CO)z(dppm)2,>3 IrRN(u-S)(CO)z(dppm)2,"#*73* and Rh-
(u-S)(CO)(dppm),123536 were prepared following published
procedures. 3C-labeled Ir,(u-S)(CO).(dppm). was prepared by
putting a NMR tube sample of Ir,(u-S)(CO).(dppm), in 50/50
benzene-de/toluene-ds under 2CO overnight.

The 1-D 'H, *H{3'P}, and *H{*C} NMR spectra and 2-D *H—
IH COSY, *H—X {X =3P or 3C } HMQC, and NOESY/EXSY
NMR spectra were recorded on Bruker AMX-400 or Bruker
DRX-400 spectrometers. The 2-D 'H—X {X = 3P or 13C }
spectra were acquired using a modified (HMQC) pulse se-
qguence. The first proton pulse was replaced by a /4 pulse,
while the rest of the sequence remained as in a standard

(31) Herde, J. L.; Lambert, J. C.; Senoff, C. V. Inorg. Synth. 1974,
15, 18—20.

(32) McCleverty, J. A.; Wilkinson, G. Inorg. Synth. 1990, 28, 84—
86

'(33) Miller, J. S.; Caulton, K. G. J. Am. Chem. Soc. 1975, 97, 1067—
1073.

(34) Vrieze, K.; Colman, J. P.; Sears, J., C. T.; Kubota, M. Inorg.
Synth. 1968, 11, 101—-104.

(35) Mague, J. T.; Wilkinson, G. J. Chem. Soc. (A) 1966, 1736—1740.

(36) Mague, J. T.; Mitchener, J. P. Inorg. Chem. 1969, 8, 119—125.
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HMQC experiment.112324 The 2-D NOESY/EXSY experiment
was modified with a d,—z—d, sequence after the initial 7/4
pulse, where d,; = 1/4 Juu, before the rest of the pulse
sequence.'>?? 'H NMR chemical shifts were referenced relative
to the residual proton peak(s) of deuterated solvents, while
3P NMR shifts were referenced relative to 85% H3;PO, at 0.0
ppm. Actual NMR probe temperatures were determined using
the measured difference in chemical shifts of the methyl and
OH protons in methanol and of the CH, and OH protons in
ethylene glycol.?” All *H PHIP spectra were acquired using a
45° pulse angle. Typically, NMR samples (1 mg or less for
PHIP studies) were prepared in a 5 mm tube fitted with a high-
vacuum valve (J. Young) into which deuterated solvent was
added by vacuum transfer.

For the reaction of 1 with parahydrogen the optimal
temperatures are shown in the Figure 1. Although a 50/50
mixture of benzene-de/toluene-dg was used, antiphase signals
were also observed in benzene-ds. For the reaction of 7 with
parahydrogen, the optimal temperature is shown in the Figure
3. Although benzene-d¢ was the solvent, antiphase signals
were also observed in toluene-dg. For the reaction of 10 with
parahydrogen, the optimal temperature is shown in the Figure
4. Although a 50/50 mixture of benzene-de/toluene-ds was used,
antiphase signals were also observed in methylene chloride-
d», but their decay was much faster.

Preparation of Para-Enriched Hydrogen (para-Hy).
Hydrogen was enriched in the para spin state by immersion
in liquid N2 of a 1 L flask containing hydrogen gas over a
catalyst of yellow ferric(111) chloride adsorbed on silica. The
extent of parahydrogen enrichment was estimated by compar-
ing the relative intensities of the 'H NMR resonance of
orthohydrogen (parahydrogen is NMR silent) in a normal
hydrogen sample and in a para-enriched H, sample relative
to residual *H in toluene-ds. The equation f = 1/3(4y, — 1),
where yp is the mole fraction of parahydrogen,® can be used to
estimate the extent of parahydrogen enrichment relative to
the high-temperature limit for normal H; for which f = 0. For
pure parahydrogen f = 1, and for an equilibrium sample of H;
at 77 K where y, = 0.504, f = 0.34. For the system employed
in the present study, f was found to be 0.2 after 2 h (y, = 0.4).
The stability of parahydrogen enrichment was monitored by
following the change in the intensity of the orthohydrogen
resonance over time. Slow conversion to the equilibrium
distribution at 298 K was observed over 2 weeks.
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