Kinetic and mechanistic examination of NBuy[IrH>(CO).l,] and
NBu4RhH,(CO),l ;] via para-hydrogen enhanced NMR spectr oscopy
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para-Hydrogen enhanced NMR signals are used to show that
NBuy[M(CO),I,] (M = Rh, Ir) add hydrogen to form NBuy-
{all-cis-[M(H),(CO),I,]} which for M = Ir undergoes H,
elimination in a step where AH* 106 + 10 kJ mol—1 and AS*
60 + 6 J K—1 mol—! while showing a rich substitution
chemistry with PPh; that leads to both charged and neutral
products via square pyramidal Ir(H),(CO),l.

When transition metal complexes are reacted with para-
hydrogen (p-H.) the size of the detectable NMR signatures of
many hydride reaction products are dramatically enhanced
owing to the generation of non-Boltzmann spin populations.i—4
This phenomenon provides sufficient sensitivity to facilitate the
observation of intermediates in catalytic reactions, species in
minor reaction pathways such as RhHx(PMejs).l Rh(P-
Mes)(CO) and minor constituentsin equilibria, for exampleall-
cis[Ru(PMes)-(CO),(H),].5 Here we examine the reactivity of
NBu4[M(CO).l;] (M = Ir, Rh) towards hydrogen. While these
complexes are known to react with Mel to form NBus[MI z-
Me(CO),], and play a substantial role in acetic acid generation,
their reactivity towards hydrogen, asubstrate also present in this
process, isfar lesswell understood.6 We show that two isomers
of NBuy[IrH,(CO),l,] are formed upon H, addition to NBug[Ir-
(CO)a2l,], and report for the first time kinetic and thermody-
namic parameters for H, elimination from a p-H, enhanced
dihydride. The lability of the ligand sphere of the all-cisisomer
isfurther explored by employing PPh; as a vacant coordination
site scavenger.

When a0.1 mM solution of NBuy[Ir(CO),l;] 1in benzene-ds
is monitored by H NMR spectroscopy at 295 K while under 3
am of p-H, substantia signals arise from a previousy
undetected complex at 6 —9.13 and —13.30 [Fig. 1(8)].T These
resonances are assigned to the hydride ligands H, and Hj, of 3a,
and their chemical shiftsindicate they are transto carbonyl and
iodide respectively.t The two carbonyl resonances of 3a were
detected at 6 167.2 and 160.9 by a tH-3C HMQC experiment,
and when a sample containing 1 and p-H, was monitored with
an excess of NBuyl present the product signa intensities were
unchanged. This information suggests that 3a corresponds to
the all-cis isomer of NBuy[Ir(H)>(CO).l,] 3a as shown in

eqn. (1).
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Weak hydride resonances attributabl e to species 3b and 3c of
egn. (1) were also observed in the 1H NMR spectra”
Resonances attributable to 3a are also observable in methanol -
d,4 and acetic acid-ds. We further note, that 3a is only visible
with p-H,, and that isomer 3d is not seen even when 13CO
labelled 1 is employed. Additionally, when the sample is left
under H, at room temperature, the resonance for 3c disappears
leaving 3b as the only detectable hydride containing species.

The mechanism of generation of these species requires
further comment since concerted H, addition to NBus{cis-

[Ir(CO).l 5]} should only yield 3a. Wethereforeinvestigated the
dynamic behaviour of 3a using gradient-assisted EXSY spec-
troscopy. This revedled that at 323 K 3a undergoes simple
reductive elimination to form free H,, which at temperatures
beyond 350 K is complicated by both intermolecular hydride
interchange and intramolecular exchange into 3b. Under these
conditions, addition of an excess of free NBuyl, such that the
solution is saturated, results in a 5% increase in the rate of H,
loss and suppression of the intermolecular and intramolecular
exchange peaks. In view of thiswe can state that H, loss occurs
from 3a rather than the 16-electron complex [Ir(H)2(CO).l].
Analysis of the exchange peak intensity as afunction of mixing
time alowed the rate of H, elimination from 3a to be
determined; at 325 K this corresponds to 0.17 s—1. Monitoring
this process as a function of reaction temperature enabled the
activation parameters AH* 106 £ 10 kJmol—1 and ASF 60 + 6
JK—1mol—1 to be calculated.

Importantly, when a 0.1 mM solution of the rhodium
analogue 2 is warmed with p-H, to 350 K and monitored by 1H
NMR spectroscopy [Fig 1(b)] two rhodium coupled hydride
resonancesare observed at 6 —9.75 (Jrpy 17.3, Iy —4 HZz) and
—14.15 (Jrnn 16.5 Hz) which are consistent with the formation
of the previoudy unseen species NBuy{all-cis-
[RhH(CO)x(1)2]}. Clearly the extent to which NBu{all-

(a)

H-3a

Fig. 1 (a) *H NMR spectrum (400 MHz, 295 K) of a0.1 mM solution of 1
in benzene-ds under 3 atm of p-H,. The antiphase resonances arise from the
parahydrogen enhanced hydride resonances in the all-cis isomer of
NBu4[Ir(H)2(CO)2l ], 3a. (b) *H NMR spectrum (400 MHz, 350 K) of a0.1
mM solution of 2 in benzene-ds under 3 atm of p-H, showing resonances
due to the all-cis isomer of [Rh(H),l2(CO),]. (c) tH NMR spectrum (400
MHz, 295 K) of a0.1 mM solution of 1 in benzene-de under 3 atm of p-Ho,
in the presence of 0.1 mM of PPhs with resonance assignments indicated.
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cisfRhH,(CO)(1)2]} formsis much lower than that of 3a, and
the temperatures required to observe it are at least 60 K
higher.

The observation of intramolecular and intermolecular ex-
change pathways indicated that the substitution reactivity of 3a
was worthy of examination. We therefore monitored benzene-
ds solutions containing 1, p-H, and PPh; (<2 equivalents). A
typica *H spectrum is shown in [Fig. 1(c)]. The new
mononuclear products, identified by *H—H COSY, 1H-31P and
1H-13C HMQC techniques, correspond to four isomeric forms
of IrHx(CO),(PPh3)l, three isomers of NBuy[IrH(CO)(P-
Phs)l2], and IrH,(CO)(PPhg),l with trans phosphines are shown
below.t Surprisingly, when NBu,[Rh(CO).,l ;] 2, p-H, and PPhg
were examined at 350 K no new dihydride products were
detected.
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When samples containing 1, PPhs and H, were monitored by
EXSY spectroscopy at 295 K the signals observed for each
hydride of 3a connected to both hydride resonances of 4b via
cross peaks arising from chemical exchange. Examination of
theintensity of these peaks indicated that interconversion of 3a
to 4b places 3a-H, trans to phosphine in 4b more often than
trans to iodide; this process is suppressed upon addition of
NBu4l. As expected, the reverse situation is true when cross
peaks from Hy,-3a are considered and the difference in intensity
between the corresponding hydride cross peaks falls as the
temperature rises. Thisinformation suggeststhat 4b formsfrom
3a via a process involving iodide loss to yield an intermediate
with inequivalent hydrides which undergoes rearrangement to
form the square pyramidal intermediate IrH(1)(CO), with trans
carbonyls. Coordination of phosphine then generates 4b, or
iodide 3b, as shown in Scheme 1. Furthermore, while the two
hydride ligands of IrH,(1)(CO), are inequivalent they must be
able to interchange their positions on the same time scale as
phosphine coordination. Significantly, weaker cross peaks,
connect the hydride resonances of 4b to 3a which indicates that
they are in equilibrium.

The only other exchange peaks visible in the hydride region
of the spectrum at 350 K connect the hydride resonances of 4c
to those of 4b. This interconversion process occurs with a
twofold preference for placing the hydride ligand of 4c that was
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transto phosphinetranstoiodidein the product, 4b. While both
phosphine and CO loss from 4c are possiblein thefirst step, the
data suggests CO loss is more likely since different inter-
mediatesto those shown in Scheme 1 arerequired to account for
the dramatically different hydride exchange preferences seenin
the two interconversion processes. This second reaction there-
fore most likely involves square pyramida Ir(H)x(1)-
(CO)(PPhy).

Here, we have shown that p-H, derived spectral amplification
can be used to examine the hydrogen addition chemistry of both
NBu4[Ir1(CO),] and NBuy[RhIx(CO);]. Products not pre-
viously observed have been characterised, and for the first time
activation parameters have been determined for H, elimination
from a p-H, enhanced product. Additionally, a new series of
iridium dihydrides containing phosphine and carbonyl ligands
have been characterised, and the intermediates, 1rH,(1)(CO),
and Ir(H)2(1)(CO)(PPhg), involved in their formation shown to
be sgquare pyramidal.

Financial support from the EPSRC (Spectrometer and
S.K.H.), BP Chemicals (CASE award S.K.H.), the Roya
Society, NATO and Bruker UK, and discussions with Dr C.
Sleigh, Professor R. Eisenberg, Profesor R. N. Perutz, Dr P.
Dyson and Dr R. J. Mawby are gratefully acknowledged.

Notes and references

T Selected spectroscopic data in CeDg at 295 K unless otherwise indicated
with 400.13 MHz (1H), 161.45 MHz (31P) and 100.2 MHz (13C). 3a: 1H §
—9.13 [Ha, J(HH) —4.4, J(H13CO) 58.4, 6.5 Hz], 6 —13.30 [Hy, J(HH)
—4.5, J(H13CO) 4.5 Hz], 13C § 167.2 (CO,), 160.9 [COy, J(CC) 11.8 Hz].
3b: 1H § —15.40 [J(H13CO) 5.6 Hz}], 13C 6 171.6 (CO). 3c: 1H 6 —10.94
[J(HI3CO) 2.9 Hz], 13C § 155.1 (CO). 4a: H 6 7.73 (o-phenyl H of P),
—9.63 [H, J(PH) 17.0, J(*3COH) 44.9, 5.6, J(HH) —4.3 Hz], —14.12 [H,
J(PH) 16.4, J(33COH) 4.5, J(HH) —4.3 HZ], 31P 6 0.2 (P, ), 13C 6 164.3
[CO, J(PC) 118 Hz], 167.5 (COy). 4b: 1H 6 —10.65 [H, J(PH) 115.6,
J(13COH) 4.0, J(HH) —4.7 Hz], —14.37 [H, J(PH) 8.8, J(*3COH) 4.0,
J(HH) —4.7 Hz], 31P § —10.9 (P, s), 13C 6§ 168.4 [CO, J(PC) 9 HZ]. 4c: (T
= 350K) 1H 6 —9.62 [H, J(PH) 14.7, J(13COH) 50.7, 3, J(HH) —3.5 HZ],
—10.65[H, J(PH) 151.1, J(HH) —3.5Hz},3P 6 —16.3 (P, s), 13C 6 164.3
[CO, J(PC) 118 Hz]. 4d: (T = 350 K) 1H 6 —10.00 [H, J(PH) 17.1,
J(3COH) 45, 12 J(HH) —5.3 HZ], 31P 6 3.7 (P, 5), 13C § 166.1 [CO, J(PC)
18.8 Hz]. 5a H § —8.13 [H, J(PH) 20.9, J(HH) —4.6 Hz], —16.45 [H,
J(PH) 12.6, J(HH) —4.6 Hz], 3P § —18.1 (P, 5). 5b *H § —10.20 [H, J(PH)
170.5, J(HH) —5.6 Hz], —14.80[H, J(PH) 8.5, J(HH) —5.6 HZ], 31P —14.5
(P, s). 5¢ 1H 6 —9.89 [H, J(PH) 17.3, J(HH) —1.8 HZ], —10.60 [H, J(PH)
122.1, J(HH) —2.6 HZ], 3P 6 3.00 (P, s). 6: *H 6 8.02 (0-phenyl H of P),
—8.49 {H, J(PH) 17.0, J(13COH) 42.6, J(HH) —4.4 Hz], § —14.95 [H,
J(PH) 13.8, J(13COH) 4, J(HH) —4.4 Hz],31P §6.1 (P, 5), 13C § 175.4[CO,
J(PC) 8 Hz].
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