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When [RhH,(PMe,),Cl], incorporating chemically inequivalent hydrides, and [RhH,(PMe,),]CI,
containing magnetically inequivalent hydrides, were generated using para-enriched hydrogen, their
'"H-"3Rh and "H-*'P two-dimensional NMR spectra were quickly obtained from <1 mg of complex with

and without the aid of pulsed field gradients.

Enhanced absorption and emission signals have been observed
in NMR spectra of nuclei which arise from those of para-
hydrogen (p-H,), or possess a direct scalar coupling to these
nuclei.! The enhancement, termed para-hydrogen-induced
polarisation (PHIP) by Eisenberg,? is a direct result of the
destruction of the antisymmetric p-H, spin state, a nuclear
singlet, in a spin-correlated chemical process. Such processes
occur in catalytic hydrogenation reactions, resulting in large
enhancements of NMR signal intensity for hydrogenation
products and metal dihydrides.® Here we show for the first
time that indirect measurements, in conjunction with the use of
p-H,, allow the measurement of *'P and !°>Rh NMR spectra
for species present in concentrations of <1 mmol dm™. In
addition, we demonstrate that chemically equivalent, but
magnetically inequivalent, hydride nuclei in metal dihydrides
can be detected by their PHIP signature.

The reaction chemistry concerns the addition of H, to
[Rh(PMe;);CI]1* 1 and [Rh(PMe;),]CI° 2. A 1 mg sample of
[{Rh(PMe,),Cl] in CD,Cl, under 3 atm p-H, was examined at
312 K using a modified heteronuclear multiple quantum
correlation (HMQC) experiment.® The maximum initial
transverse magnetisation obtainable from the two-spin order
1,,I,, product state formed in the p-H, derived product
[RhH,(PMe,);Cl] 3 arises when the first 2(*H) pulse in the
HMQC sequence is replaced by a § pulse."” The rest of
the sequence, ~1—}X)—t,—n(*H)—t,-5X)-t—HX)-detect (H)
is identical to that in a standard HMQC experiment in which
the magnetisation created by the initial pulse evolves during
the fixed delay, 1, with respect to heteronuclear couplings,
thereby enabling the generation of heteronuclear multiple
quantum coherence. The duration of ¢,, the evolution period, is
incremented for each slice to build up the two-dimensional data
matrix. Phase-sensitive acquisition was achieved using time
proportional phase incrementation ® by incrementing the phase
of the first pulse to the heteronucleus (X) by % for each slice of
the two-dimensional data set. The sequence is completed with a
purge pulse. Using this indirect approach we are able to detect
the *!P and '°3Rh nuclei of the H, addition products via their
most sensitive 'H signature (Fig. 1). The hydride resonances at
6 —9.79 and —19.5 are assigned to the ligands, H, and H,, of
complex 3.1 In the 'H-?'P correlation spectrum four cross-
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peaks are observed connecting each phosphorus centre, P, and
P,, to its proton coupling partners, the hydrides H, and H,,.
The relative intensities of the four cross-peaks depend on
the value of t; when t = 3J(P,H,) the strongest cross-peak
connects the hydride at 8(*H) —9.79 (H,) to the phosphorus
centre at 5(*'P) —21.3 [P,, dt, J(RhP,) = 88, J(PP) = 28 Hz]
and confirms their trans arrangement [Fig. 1(a@) and 1(c)].§
The short data-storage time of 25 ms used in this HMQC

t Selected NMR data (in CD,Cl,, 500.13 MHz 'H, 202.45 MHz 3'P
and 15.77 MHz !°3Rh; '°3Rh spectra, recorded on 5 mm samplesina 10
mm inverse-geometry probe, were referenced relative to 3.16 MHz, 3 0):
3,'H(312K) & —9.79 [H,, J(P,H) = 176, J(P,H) = —19, J(RhH) =
15, JHH) = —8] and -19.5 [H,, J(RhH) = 27, J(P,H) = 13,
J(P,H) = 20, J(HH) = —8]; *'P (312 K) 6 —7.4 [Py, dd, J(RhP,) =
103, J(PP) = 28] and —-21.3 [P,, dt, J(RhP,) = 88, J(PP) = 28],
103Rh (312K) & —319 [dt, J(RhP) = 88,103};4, '"H (300K) 5 —10.72
[2H, m, J(PH,,,) = 149, J(PH ) = 32.7, J(RhH) = 14.5, J(P H) =
20.3]; *'P (300 K) 6 —12.6 [Py, dt, J(RhP,) = 96, J(P,P,) = 28] and
—23.6 [P,, dt, J(RhP,) = 86, J(P,P,) = 28]; 1°*Rh (300 K) & — 1007
[tt, J(RhP,) = 86, J(RhP,) = 96]; 5, 'H (300 K, CD,Cl,) 3 —17.74
[H, J(P,H) = 15, J(P,H) = 18.6, J(RhH) = 21.7]; *'P (300 K) 5 8.71
[P,, dt, J(PP) = 32, J(RhP) = 131] and —6.90 [P, dd, J(RhP) = 93,
J(PP) = 32 Hz]; '°*Rh (300 K) & 892.

§ In all cases one-dimensional 'H NMR spectra were first recorded in
order to measure the value of J(XH) used for muiltiplet selection in the
two-dimensional sequence and to optimise the temperature for a given
experiment time. For example, at 343 K in C4D, the hydrides of
complex 3 briefly showed 200-fold enhancement. However, at 312 K, in
CD,Cl, the initial hydride signal enhancement fell to 30 fold but
remained appreciable for up to 20 min. In addition, we independently
optimised the recycle time to yield the maximum refreshed signal for
each sample/temperature (typically this lies between 20 and 100 ms) and
between 1024 and 256 increments were recorded. Only increments
stored before the p-H, enhancement drops to zero (no signal) were used
in the transformed data. In the two-dimensional spectra passive
phosphorus- and rhodium-phosphorus couplings were observed in the
second dimension.
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Fig. 1 Selected cross-peaks (positive contours) and projections from 'H-3'P and 'H-°3Rh correlation spectra of [RhH,(PMe,),Cl] 3, obtained
with p-H, in CD,Cl, at 312 K. The slopes of the solid lines reveal the sign of the product of the indicated couplings. (@) The 'H-*!P correlation
spectrum acquired using T = 3J(P,H,), showing the cross-peak connecting H, to P,; (b) the 'H-*'P correlation spectrum acquired using 1 =
$J(P,H,), showing the cross-peak connecting Hy, and Py; (c) the 'H--3'P correlation spectrum, 3!P decoupled, acquired using t = 4J(P,H,), showing
the cross-peak connecting H, and P,; (d) the "H-2'P spectrum, 3!P decoupled, usingt = %J(P,H,), showing the cross-peak for H, and Py; (¢) the 'H-
103Rh correlation spectrum, '°3Rh decoupled, acquired using © = 1J(RhH,) for multiplet selection, showing correlated transitions between H, and

103Rhin3

experiment precludes the observation of the H,~Hy, coupling
[J(HH) = —7.5 Hz] but is sufficient to allow the observation
of the rhodium-hydrogen coupling. On acquiring the 'H-3'P
correlation with the delay © = $J(P,H,), the observed cross-
peak connects H, at 3(*H) —19.5 to P, at 3(*'P) —7.4 [dd,
J(RhPy) = 103, J(PP) = 28 Hz] [Fig. 1(b) and 1(d)]. In the
corresponding ‘H-'°*Rh NMR spectrum of compound 3,
acquired with rhodium decoupling during acquisition [Fig.
1(e)], the hydride at 8(*H) -9.79 [dt, J(P,H,) = 176,
J(P,H,) = —19 Hz] is connected to the rhodium centre at
8(*°°Rh) —319 [dt, J(RhP,) = 88, J(RhP,) = 103 Hz].*

The magnitude of the heteronuclear coupling constants can
be measured directly from these spectra; in Fig. 1(a) and 1(b) the
peaks are separated by J(PH) and J(RhH) in the 'H dimension
and J(PP) and J(RhP) in the 3!P dimension, while in Fig. 1(c)
and 1(d) J(PH) is removed because the spectra are acquired
with 3!'P decoupling. In the 'H-!°3Rh spectrum [Fig. 1(¢)] the
hydride resonances are separated by J(P,H,) and J(P, H,) in the
'H dimension while in the rhodium dimension J(RhP,) and
J(RhP,) operate. In addition to this information, the sign of the
slope between connected transitions within each cross-peak in
the decoupled experiments determines the relative sign of the
product of their couplings. It follows that while J(RhH,),
J(RhH,), J(RhP,) and J(RhP,) all have the same sign, the sign
of J(P,H,) is opposite to this. Spectral analysis therefore reveals

* Both hydrides were observed and show similar doublet of triplet
multiplicity in the !°*Rh dimension.

that J(P,H,) is negative while the remaining coupling constants
are positive [the sign of J(PP) is unknown].

When a z-field gradient is used to reduce the phase-cycling
requirements of the NMR experiment the new 'H-*'P spectrum
requires only one scan per increment because these experiments
are not signal-limited. Using this simple procedure we are able
to quadruple the spectral resolution obtained in the second
dimension without increasing the duration of the experiment
whilst also reducing the size of spectral artefacts. This result is of
critical importance because it allows measurement before
relaxation leads to significant depletion of the p-H, spin-state
population. Data measurement using all these methods is
extremely rapid because the optimum scan—scan repetition time
is determined solely by the hydrogen-exchange rate; all these
experiments can be completed in less than 3 min of spectrometer
time.

The related complex [Rh(PMe,),]Cl 2 reacts with H, to form
[RhH,(PMe,),]Cl 4.5 When a CD,Cl, solution of 2, under 3
atm of p-H,, is monitored by NMR spectroscopy at 300 K the
'H NMR spectrum shown in Fig. 2(a) is obtained immediately.
This figure illustrates the para-hydrogen-enhanced resonance of
the two chemically equivalent, but magnetically inequivalent,
hydride ligands of 4. The anti-phase character seen in these
signals is a consequence of the para-hydrogen-induced
population difference between connected transitions in the
[AX], spin system. In the fully coupled !H-*!P experiment the
31P resonance for nucleus P, shows passive couplings to
rhodium and phosphorus (multiplet selection causes the loss of
the central triplet feature) with J(RhP) = 96 and J(PP) = 28
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Fig.2 The NMR spectra of [RhH,(PMe,),]Cl 4 obtained with p-H, in CD,Cl, at 300 K: (a) 'H (the enhanced anti-phase components arise from
transitions within the [AX], spin system); () *H->!P correlation acquired using J(P,H,) for multiplet selection, showing correlated transitions
between H, and P, (positive contours); (¢) 'H-3!P correlation acquired with 1 = 3J(PyH,), showing correlated transitions between H, and P,
(absolute value display); (d) 'H-'?*Rh correlation, *°*Rh decoupled, using J(RhH) for multiplet selection, showing correlated transitions between

H, and '°3Rh (positive contours)

Hz [Fig. 2(b)]. The higher-field phosphine signal, P, [Fig. 2(c)],
appears as a complex multiplet from which J(RhP) = 86 Hz
can be extracted. (These resonances have been simulated using
WIN-DAISY.?) The corresponding 'H-!°*Rh spectrum of
compound 4 acquired with rhodium decoupling shows that the
hydride at 8(*H) —10.72 connects to the rhodium centre at
8(*°*Rh) — 1007 [Fig. 2(d)].

When the sample of complex 2 and p-H, was warmed to 325
K additional polarised hydride resonances corresponding to
those of 3 were observed, as were signals for the monohydride
complex [RhH(PMe,;);Cl,] §, which eventually became the
dominant species in solution.’® Similar results were obtained
when samples of 1 and p-H, were warmed to 325 K. In view of
the report that 1 and 2 react directly with CD,Cl, to yield
either [Rh(CD,Cl)(PMe,;);Cl,] or [Rh(CD,PMe,)(PMe;),-
Cl;] complexes,'! 3 and 4 must be in equilibrium in CD,Cl,
under 3 atm H,. We are therefore not able to say whether 3 or 4
is the source of 5§ but clearly 1 and 2 must react much faster with
H, than with CD,Cl,.

These experiments reveal for the first time that p-H,
facilitates the acquisition of inverse spectra for highly insensitive
nuclei such as '°*Rh. In addition, metal dihydride complexes
containing magnetically inequivalent hydride ligands can be
detected and identified using this technique. We have also
shown that simple field-gradient methods offer dramatic
rewards; we are currently using them as spectroscopic filters
in the examination of catalytic hydrogenation reactions with
p-H,.
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