FULL PAPER

Stable Rhy,(MTPA), Phosphane Adducts — The First Example of P-Chirality
Recognition by '>Rh NMR Spectroscopy

Damian Magiera,/*! Wolfgang Baumann,® Ivan S. Podkorytov,!! Jan Omelanczuk,'¥ and
Helmut Duddeck*?!
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The optimal parameters for 3'P-detected '°*Rh HMQC NMR
spectroscopy of AMX spin systems (A = 3'P; M and X = 13Rh)
have been derived and applied to adducts of Rh,[(R)-MTPA],
with PPh; (1) and a chiral phosphane (2). It is shown that all

nuclei (*H, '3C, 3'P, and '°3Rh) reflect the diastereomerism of
the latter complex.

(© Wiley-VCH Verlag GmbH, 69451 Weinheim, Germany,
2002)

Introduction

In a series of papers!'! we have studied the potential of
the dirhodium complex Rh,[(R)-MTPA]; (Rh*; MTPA-
H = methoxytrifluoromethylphenylacetic acid, Mosher’s
acid) as a chiral solvating agent for the chiral recognition
of various chiral monofunctional ligands L, i.e. for the de-
termination of enantiomeric ratios.”) We have shown that
our “dirhodium method” is particularly suitable for soft-
base functionalities where the classical method of chiral
lanthanide-shift reagents (CLSR)F! usually fails. Typically,
Rh* and L form kinetically labile adducts so that only aver-
aged NMR signals can be observed (in analogy to the
CLSR method) for the L. molecules in equilibria as depicted
in Scheme 1.
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Scheme 1. Structure of Rh,[(R)-MTPA], (Rh*) and schematic rep-
resentation of adduct formation with a ligand L
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Although the '“*Rh nucleus has some advantageous
properties (spin 1/2 and 100% natural abundance), it is not
easy to monitor by direct > Rh NMR measurement be-
cause of its low receptivity (18% of that of '*C) and rather
long spin-lattice relaxation times.[*~® So far, only one study
has reported the '>Rh chemical shift for the bis(trimethyl-
phosphite) adduct of dirhodium tetraacetate (& = 6694
ppm).”l In our dirhodium system, however, any direct
103Rh NMR spectroscopy is impossible due to the relatively
low solubility of Rh* in CDCls.

Results and Discussion

Very recently, we reported the “dirhodium method” as
the first to discriminate enantiomeric phosphane sulfides
(R3P=S) in a direct way; as for any other previously studied
ligand,['! the adducts (Scheme 1) are kinetically unstable.[®!
However, when we later turned to phosphanes (R;P) as li-
gands we were surprised to find that phosphane adducts
are kinetically stable, i.e., the lifetimes of these adducts are
long with respect to the NMR timescale. Thus, for the first
time we were able to see the [Rh*<«phosphane] adducts in
the ambient temperature 3'P NMR spectra without any av-
eraging; the 3'P signals are doublets of doublets due to one-
and two-bond !'*Rh couplings (adducts with 1, see
Scheme 2 and Table 1 and Table 2). In the case of chiral
phosphanes, such as 2, a further doubling of the signal is
caused by diastereomeric dispersion.

For the first time in our dirhodium project, this offers
the possibility of indirect '*Rh observation by 3!P-detected
13Rh HMQC NMR experiments. Experiments of this
kind — or analogous 'H-detected !> Rh HMQC — have
not been described very frequently as they require special
equipment.[>%°1 Furthermore, it was thought that if more
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Scheme 2. Structures of the phosphanes 1 and 2 (2 as racemate)
and the respective 3'P signals; for the '>Rh,?'P coupling constants
in 1 and 2 and for the dispersion Av in 2 see Tables 1 and 2
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Table 1. 'H, 13C, 3!P, and '°3Rh chemical shifts (8, in ppm), coup-
ling constants "J(3'P,X) of free PPh; (1) and of the adduct Rh*<«-1
(1:1 molar ratio of the components), adduct formation shifts (A3,
in ppm); in CDCl;

X Free ligand Ligand in the adduct
) "J(3PX) ) "J(3'P,X) AS
'H ortho 7.35 n.d.[ 7.59 3J=10.7 ~ 0.3
meta to n.d. ~7.23 n.d. —-0.1t00
para 7.28 n.d. 742 3] =0-2 ~ 0.1
3¢ ipso 137.3 1J=10.8 130.2 1J =334 -7.1
ortho 133.7 2J =194 1344 2J=10.6 -2.6
meta  128.5 37=10 1289 37 =938 0.2
para 1287 4J =1 130.6 4=3 1.9
3p —4.2 —35.3 WUrnp = 96.1  —31.1
2Jrnp = 23.3
1BRh (1) 6963
2) 7455

[al n.d.: not determined due to signal overlap or signal complexity.

than one such insensitive nucleus (e.g., '°Rh) is coupled to
the sensitive detection nucleus (‘H or 3'P), triple-quantum
effects may modulate the intensities and even the positions
of the cross-peaks because all of the involved nuclei are ubi-
quitous (100% natural abundance) and rules valid for
simple AX spin systems might not be applicable.l!%-!!]
Therefore, we first had to explore the correct parameters in
the HMQC experiment for our first-order AMX spin sys-
tem (A = 3'P; M and X = !3Rh). This is described in
the Appendix.

3Ip-Detected '"*Rh HMQC NMR Spectroscopy

Despite the low solubility of the complexes, we succeeded
in obtaining ' Rh correlation signals by 3!P-detected
HMQC spectroscopy (Figure 1 and 2). The choice of the
transfer delay @, according to Equations (7) and (8) (see
Appendix) allows the discrimination and selection of sig-
nals originating from Rh(1) or Rh(2). Using the coupling
constants "J('°*Rh,3'P) for the complex [Rh(2)—Rh(1)<«1]
(Figure 1), we obtained a first maximum for Rh(1) at &, =
5 ms, £1(0.005) = 0.940, while Rh(2) cannot be observed:
£>(0.005) = 0.024. The reverse situation occurs at d, = 21
ms, £1(0.021) = 0.002, £5(0.021) = 0.990, thus only a cor-
relation signal for Rh(2) is observable. These predictions
were verified experimentally. As exemplified in Figure 1, the
choice of other delays allows the simultaneous observation
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Table 2. 'H, '3C, 3'P, and '“Rh chemical shifts (), coupling con-
stants "J(3'P,X) of free rac-Ph-P(CH;)-N(CH,-CH3), (2) and of the
adduct Rh*«-2 (1:1 molar ratio of the components), adduct forma-
tion shifts (Ad, in ppm), and dispersion effects (Av, in Hz, at 11.74
Tesla); in CDCly

X Free ligand® Ligand in the adduct!®
5 "JEPX) § "J(3'P,X) Ad Av
'H P-CH; 1.489 27 =56 1985 2J=09.7 0.50 1.7
N-CH, 3.023 3J =97 3301 /=92 0.28 <1
2.999 3.282
N-CH,-CH; 1.078 4/ =0.5 1.084 4J=0.5 0.006 <1
ortho 7.370 3J =10 7.789 3J=9 0.42 ~9
7.773 0.40
meta 7322 47=~2 723 ndWb nd. nd
para 7.226 SJ<1 7353 SJ=1 0.16 =1
13C  P-CH;4 141 =182 11.6 'J=178 =25 726
1.1 'y=156 -3.0
N-CH, 437 27 =146 418 2J=2-3 -19 284
41.6 2J=2-3 =21
N-CH,-CH; 152 3J=31 145 3J=3.1 -0.7 182
144 37 =31 -0.8
ipso 1445 1J =146 134.6 'J =348 9.9 259
134.4 1J =367 10.1
ortho 129.5 27 =16.1 131.3 2J =103 1.8 0.9
131.2 27 =103 1.7
meta 1280 3/ =4.1 1283 3J=9.6 0.3 5.2
1283 3/ =94 0.3
para 1272 47 =10 130.0 4J =24 2.8 2.5
130.0 4J =26 2.8
31p 49.9 115 Wppp = 1062 —38.4 89.11
27 = 215
11.0 gy = 1062 —38.9
27 e = 23.0
153Rh (1) - 6949, 6963 1821l
© - 7153 9lel

[ Dispersions at MTPA-OCH;: 'H: § = 2.99 and 2.97 ppm, Av =
12.1 Hz; '3C: 8 = 54.64 and 54.5c ppm, Av = 4.0 Hz. ™l n.d.: not
determined due to signal overlap or signal complexity. [l At 9.4
Tesla.

ppm ppm
% = e~ Rh (L 7000 J + RN (L) 7000
7100 7100
7200 7200
7300 7300
7400 7400
. Rh{R) — e 4 N(2)
« /31 7500 . 34 7500
8("P)_35 37 -39 ppm 8(*'P)-35 37 -39 ppm

Figure 1. 31P1%Rh{'H} HMQC NMR spectra of [Rh*<1] at ca.
298 K, magnitude representation.; left: transfer delay ¢, = 2.6 ms,
selection of Rh(1): £1(0.0026) = 0.692, f5(0.0026) = 0.125; right:
transfer delay d» = 11.6 ms, selection of Rh(2): f,(0.0116) =
—0.234, £5(0.0116) = —0.671; calculated from J; = 95.5, J, =
21.7 Hz

of both signals, although with a somewhat reduced intens-
ity.

In the F, dimension (3'P), the signals appear as doublets
of doublets, split by the coupling constants 'J(!°*Rh,3'P)
and 2J('%Rh,3!P), as expected. An additional splitting of
ca 10 Hz is observed in the F; dimension (!°*Rh), provided

Eur. J. Inorg. Chem. 2002, 3253—3257
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Figure 2. Sections of *'P,!®*Rh{'H} HMQC NMR spectra of [Rh*
«2] at ca. 298 K; digital resolution in F, is 2.9 Hz per point; top:
transfer delay d, = 4.5 ms, selection of Rh(1): 1(0.0045) = 0.95,
1>(0.0045) = 0.02; bottom: transfer delay d» = 19.0 ms, selection
of Rh(2): £1(0.019) = —0.001, £5(0.019) = 0.967; calculated from
Jy =1052,J, = 22.0 Hz

the digital resolution is sufficient. We attribute this to the
homonuclear coupling 'J('°*Rh,'Rh) which is to be re-
garded as a “passive coupling” with respect to the 3'P,'Rh
spin pair under observation and should show up in F,. For
the related symmetric phosphite adduct [Rh,(u-OAc),)-
[P(OMe)s], this coupling was determined to be 8 Hz.[’l An-
other origin for this splitting is unlikely as the protons are
decoupled and a coupling to the fluorine atoms is not ob-
servable: the 'F{'H} NMR signal of (Rh*<«1) is a singlet
at 06 = —72 ppm with a half-width of 3 Hz (including 1 Hz
line broadening by exponential multiplication).

IH, 13C, 3'P, and '°>Rh NMR Parameters of 1 and 2 and
Chiral Recognition

All chemical shifts and coupling constants of the phos-
phanes 1 and 2, as free ligands and as their adducts with
Rh*, are listed in Table 1 and Table 2. In addition, the com-
plexation shifts [Ad = d(adduct) — d(free)] are given, and
Table 2 shows the dispersion effects Av (in Hz), which are
the signal splittings due to the existence of two diastereom-
eric complexes. Dispersion values are field-dependent and
refer to By = 11.74 Tesla corresponding to 500 MHz 'H
(except for the '3Rh values: B, = 9.4 Tesla, see Scheme 3).

Strong complexation shifts Ad are observed for the phos-
phorus atom and for carbons nearby, and numerous 3'P,'H
and 3'P,13C coupling constants are changed significantly as
well, up to threefold or down to one half. This is clearly

nd H H <3
ca9 2.5
R H
1
2598
(6] O’<R > 1.0
| /O/| /o o726

_()Rh——Rh(1)=—P—CH,17

o |179.5 89.1 <

<i
R OYO N-—CH;—CH,
;—CH
R 28,3CH2 1?_2 3

Scheme 3. Diastereomerism dispersions (Av, in Hz) of Rh*<-2, in
CDCl; at 11.74 Tesla ('Rh at 9.4 Tesla); R = MTPA; the two
ethyl groups are not diastereotopic due to rapid interchange by
nitrogen inversion; in contrast, the hydrogen atoms of the CH,
groups are diastereotopic
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a consequence of the above-mentioned strong interaction
between the phosphanes and the rhodium atoms they are
ligated to. Even a deshielding of 3.2 ppm for the para-car-
bon in 2 and one of 1.9 ppm for 1 can be noticed indicating
that the inductive effect of the phosphorus atom on the ben-
zene system is severely changed by adduct formation.

As can be seen in Scheme 3, strong dispersions appear at
the phosphorus and the carbon atoms of 2. Thus, enough
nuclei exist for a safe, direct determination of the enantiom-
eric ratio of the phosphane (chiral recognition). Interest-
ingly, the 'H atoms in the phosphane do not show well-
resolved signals in these phosphanes, except for the P-CH;
signal — although this nucleus is generally favourable for
chiral recognition — and measurements of further nuclei
are often not required.[':8] Currently, we are investigating a
great variety of further chiral phosphanes to see whether or
not this is a general rule.

It should be noted that dispersions of Rh* signals can be
observed in the phosphane adducts with 2 as well, namely
those of the 'H and the '3C signal of the methoxy group in
the MTPA ligands ('"H: § = 2.99 and 2.97 ppm, Av =
12.1 Hz; '3C: § = 54.6¢ and 54.55 ppm, Av = 4.0 Hz). This
is another proof for the fact that the adducts Rh*<«1 and
Rh*<-2 are kinetically stable. If the complexes were kin-
etically unstable (as usually occurs for ligands other than
phosphanes), only one time-averaged signal each would be
visible.

As mentioned above, '>Rh NMR spectroscopy is not
straightforward. Only a few reports seem to exist ap-
proaching stereochemical problems by '©*Rh NMR spec-
troscopy, all on mononuclear complexes. They cover studies
on catalytically active species, for example on diastereom-
eric enamide complexes,['?l on the stereoselectivity of the
hydrogen addition to them,!'*! or on the relation between
8('®Rh) and changes in the ligand sphere affecting cata-
lytic activity.[*t9]]

In our study, the rhodium atoms reflect the diastereomer-
ism of the Rh*<«-2 adducts (Figure 2). The directly attached
rhodium atom [Rh(1)] shows a large chemical shift differ-
ence of 14 ppm for the two diastereomeric complexes,
corresponding to a dispersion (Av) of 182 Hz whereas, ex-
pectedly, the remote one [Rh(2)] is much less sensitive; the
correlation peaks can show a slight dispersion of 9 Hz,
whereas the '>Rh signal in the F; projection cannot resolve
it (Figure 2, right). This proves the sensitivity of the rhod-
ium nuclei in the chiral recognition experiment. Further
molecular systems are currently under investigation in our
laboratory.

Conclusion

For the first time, a methodology was derived for observ-
ing '©Rh resonances in dirhodium-phosphane adducts
(AMX spin systems) based on 3!'P-detected > Rh HMQC
NMR spectroscopy. It is shown that not only 3'P and '3C
but also !°°Rh signals reflect the stereochemistry of the
complexes with chiral phosphanes with great sensitivity.
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Experimental Section

Compounds: The synthesis of Rh* has been described before.l'® Tri-
phenylphosphane (1) is commercially available. N,N-Diethylamino-
(methyl)(phenyl)phosphane (2) was synthesized according to a
known procedure: Bis(N, N-diethylamino)phenylphosphane
[PhP(NEt,),], prepared from dichloro(phenyl)phosphane and di-
ethylamine,'*! was reacted with dichlorophenylphosphane as de-
scribed™! (although without solvent) to produce N,N-diethylamino-
(chloro)(phenyl)phosphane [PhP(NEt,)CI]. This compound was
converted into 2 by reaction with MeLi in diethyl ether according
to the procedure described by Noth et al.l'®l Yield 74%.

NMR Spectroscopy: 'H (500.1 MHz), '3C (125.8 MHz), and 3'P
NMR measurements (202.4 MHz) of the free ligands 1 and 2 in
the absence and presence of Rh* were performed on a Bruker
DRX-500 spectrometer equipped with a broad-band probe head.
Solutions were about 0.05—0.06 M in CDCl;. Standards were in-
ternal tetramethylsilane (8 = 0) for '"H and '3C, and external aque-
ous H3PO4 (85%) (8 = 0) for 3'P. Digital resolutions were 0.27 Hz/
point in the 'H, 0.48 Hz/point in the '*C and 0.43 Hz/point in the
3IP NMR spectra. °’F NMR (235.4 MHz) of [Rh*<1] was meas-
ured on a Bruker AC 250 spectrometer with the shift referenced
against CCI3F.

Typically, the samples were prepared by mixing 48.6 mg of Rh*
(0.043 mmol) and a molar equivalent of 1 in 0.75 mL CDCls; 7 uL
(1 drop) of [Dglacetone were added to increase the solubility of
Rh* [1e8]

The unequivocal signal assignments in the 'H and '3C NMR spec-
tra of 1 and 2 were assisted by H,H COSY, and 'H-detected '*C
HMQC and HMBC NMR experiments using standard Bruker
software. In cases where signal splittings due to 3'P-coupling had
to be differentiated from dispersion effects (Av), spectra were re-
corded at different By (9.40 and 11.74 Tesla). (Av values are field-
dependent, coupling constants are not.)

13Rh NMR spectroscopy was carried out on a Bruker ARX 400
spectrometer, equipped with a commercial triple-resonance probe,
by “inverse detection” with 3'P as the sensitive nucleus. The stand-
ard four-pulse HMQC sequence with continuous proton decoup-
ling was applied,['”-!®! the choice of the transfer delay (d,) was ac-
cording to criteria described in the text. The chemical shifts were
referenced against = ('°*Rh) = 3.16 MHz.["”] The samples of both
complexes had a tetramethylsilane proton frequency of
400.130010 MHz, leading to a rhodium reference frequency,
5('3Rh) = 0, of 12.644108 MHz. Each experiment was performed
at least twice with a variation of the rhodium offset and the ¢,
increment to ensure that the signals in the F; dimension ('°3Rh)
are not folded. The digital resolution in this direction was better
than 0.5 ppm in the final spectra that were recorded for shift deter-
mination. Rhodium shifts were reproducible to within =2 ppm; we
attribute observed variations to slight temperature changes (rhod-
ium shifts have a pronounced temperature coefficient!*Il1%bl) Al-
though the data were acquired with TPPI phase cycling, a proper
phasing of the signals was not always possible (regardless of
whether an additional refocusing delay of duration d, was inserted
between the last HF pulse and the data acquisition or not), hence
some spectra presented in this paper are in the magnitude mode.

For a given spin system, the effect of varying experimental para-
meters on the HMQC spectra was tested by simulation with the
NMR-*IM program (Bruker Rheinstetten). In all cases, results were
as predicted by Equations (1)—(9) (see Appendix), and they were
compatible with the experimental results.
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APPENDIX

Signal Intensities and Multiple-Quantum Coherences in HMQC
Spectroscopy of First-Order AMX Spin Systems (A = 3'P; M and
X = 193Rh): The following discussion holds for the standard four-
pulse HMQC experiment, n/2(3'P) — d, — n/2('®*Rh) — dy/2 —
n(3'P) — dy/2 — m/2('°3Rh) — acquisition!!”! in its simple as well as
in its phase-sensitive (TPPI) version. The behaviour of the three-
spin system 3'P-19Rh(1)-1°Rh(2) with J[P,Rh(1)] = J; and
J[P,Rh(2)] = J, under the influence of this sequence can be de-
scribed as follows. At the beginning of the evolution period d, just
after the first m/2('°>Rh) pulse (¢ = d>), the state of the three-spin
system is given by the density operator:

o = (ORh) + (1Rh)) + (1Rhy) + 2RA) (1)
where

(ORh) = P(n/2)fo(d>) (2)

(1Rhy) = =2P(0)RI(n/2)f1(d>)  (3)

(IRhy) = —2PO)Rhy(n/2)fx(d2)  (4)

(2Rh) = —4P(n/2)Rhy(nt/2)Rhy(1/2)f15(d>)  (5)
with

fo(t) = cos(nJt)cos(nsot)  (6)

f1(t) = sin(nJt)cos(nt)  (7)

f>(t) = cos(nJt)sin(n,t)  (8)

JS12() = sin(nJ H)sin(ntrt)  (9)

The 3'P chemical shift frequency is set to zero in these equations,
and the notation follows that given in ref.:l'!l P() and Ri(¢) de-
note the phosphorus and rhodium, Rh(i), spin operators for arbit-
rary phase ¢. The zero- and two-spin rhodium coherences (0R/)
and (2Rh) are suppressed by complete phase cycling. The single-
rhodium terms (1R/A;) and (1Rh,) produce the desired 2D peaks at
true rhodium chemical shifts in the F; dimension. The magnitude
of these correlation signals is defined by the trigonometric factors
f1(2) and f5(1), see Equations (7) and (8) and Scheme 3. It is import-
ant to note that the extreme points of f1(z) and f»(¢) do not coincide
with the extreme points of sin(n/,7) and sin(n/,¢). They cannot be
deduced from the equation d, = (2J)~!, as is normal for HMQC,
as this might lead to complete lack of signal intensity in unfavour-
able cases (see Scheme 4)! A homonuclear coupling between the
rhodium atoms would lead to a splitting along F; by J(Rh,Rh)
solely of the (1RA) correlation signals. This has been tested by simu-
lation (see Exp. Sect.).

0.04

Scheme 4. Time dependence of the trigonometric factors f,(¢)
[Equations (7)—(9)] in a three-spin system 3'P-1*Rh-1°3Rh, calcu-
lated for J; = 95.5Hz and J, = 21.6 Hz (values applicable for
[Rh*<1])
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