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Abstract

3P and '*C NMR methods are shown to provide the necessary clues to understand the unexpected and often very novel reactions of a series of
ruthenium and palladium phosphine complexes based on the chiral biaryl-based phosphine auxiliaries BINAP, MeO-Biphep and MOP. Many of
these reactions involve complexation of seemingly remote olefin moieties and subsequent P-C bond cleavage.

© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Phosphine complexes continue to enjoy immense popularity
in connection with homogenous catalysis and organometal-
lic chemistry. In the field of enantioselective catalysis
dozens of chiral phosphine auxiliaries are in use and many
of these are commercially available, e.g. various BINAP
products.

Multinuclear NMR spectroscopy and especially 3'P NMR
[1], has been a major contributor to the synthesis of new phos-
phorus containing compounds and complexes (e.g., via routine
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3P NMR screening) as well as to our understanding of the struc-
tures and reactivity of these species. In the course of preparing
a rather large number of Ru and/or Pd-complexes contain-
ing BINAP, 1, MeO-Biphep, 2, the MOP class, 3; and other
aryl phosphine or phosphoramidite derivatives, e.g., phospho-
ramidite 4, we have developed a “standard” NMR approach in
the recognition of both gross and fine structural details when the
problem does not fall into a routine category. Apart from obtain-
ing conventional 3'P and !3C spectra, this approach involves
routinely measuring 2D 3'P,'H and, '3C,'H one-and multiple
bond-spectral correlations.
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Using these NMR methods we have come across of num-
ber of unexpected reactions based on olefin and arene bonding,
which have led to the development of interesting new Ru and Pd-
chemistry. This perspective is designed to highlight aspects of
these reactions while simultaneously demonstrating how these
31P and '*C NMR methods have contributed to the development
of this chemistry. Of course various forms of Overhauser spec-
troscopy can be equally valuable; however, these methods have
been discussed, in detail, elsewhere [2].

2. 3p NMR

3IP{TH} NMR spectroscopy is so attractive because the large
chemical shift range [1,3] together with the sensitivity of the
shift to structural change allows one to determine, often just
by inspection, if a reaction has taken place. In the majority of
molecules one observes only a single resonance. When more
complicated 3!P spin systems are present the *J('P,3P) values
usually provide additional essential clues with respect to the
structure(s) that arise [4]. Occasionally the 3! P chemical shift, by
itself, is informative and the following examples from ruthenium
chemistry are illustrative.

The reaction of [RuH(BINAP)(n®-benzene)]OTf with PPh3
in 1,2-dichloroethane

1,2-dichloroethane, 353K

_— =

[ RuH(BINAP))
CF;80,

8 ey

at 353K affords a single product, 6, in high yield [5]. The
31P spectrum of the crystallized product (Fig. 1) revealed three
signals centered at 59.5, 47.7 and —14.3 ppm. The two high
frequency signals reveal 2J(3!'P,3!P) coupling, whereas the low
frequency resonance appears as a singlet. Based on these data, it
seemed one of the three P-atoms was not complexed. 'H NMR
showed the presence of a single hydride ligand and the '*C data
confirmed the m°-BINAP arene (more on this point later). A

§¢'P) 40 20 0 -20

Fig. 1. The 3'P NMR spectrum of salt 6, showing the three non-equivalent NMR
signals [5].

Fig. 2. The solid-state structure of 6 with P2 and P3 (but not P1) complexed [5].

31p1H correlation indicated that the 3! P-signal at low frequency
was associated with the BINAP protons (and not the PPh3), and
eventually a solid-state structure (Fig. 2) rounded off the picture.
With three good donors, the Ru(Il)-atom prefers to complete the
coordination sphere with the arene. Three o-donor ligands (the
hydride and two P-atoms) are complemented by the m-acceptor
m®-arene thus affording a stable 18e species. This leaves one
P-donor “dangling”.

Reaction of the substituted Ru(OAc),(MeO-Biphep) com-
plex (see Eq. (2))

OMe
OMe
O R
2 PR O
P. . 2
MeO ~ 3 MeLi
_Ru(OAc), ~Ru ~pR,

MeO.,, ER CH;" /
O 2 CH,

7 R=3,5-di -Buphenyl 2)
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Fig. 3. 3'P NMR spectrum of 7 (162 MHz, CD,Cl,).

with methyl lithium resulted in somewhat related chemistry [6].
The product, 7, obtained in >90% yield, revealed an unexpected
3P NMR spectrum (see Fig. 3). Again, one observes a low-
frequency 3!P signal, typical of an uncomplexed P donor. In
this case a small spin—spin coupling of 3.7 Hz connects the two
P-nuclei. The 'H NMR spectrum showed the two Ru-methyl
groups and the 13C data confirmed the presence of an n°®-arene
fragment. Fig. 4 shows the '3C,'H one-bond correlation and
reveals the three arene CH carbon signals (C3-C5), between
ca. 70 and 100 ppm, shifted to markedly lower frequency as a
consequence of the arene complexation. This '*C coordination
chemical shift is diagnostic for arene complexation [7]. Here,
as well, three good donors (the two Ru-methyl groups and one
P-atom) are combined with the né-arene, with the result that one
P-atom is left free.

Sometimes it is sufficient to have a single diagnostic 3'P
chemical shift. The reaction of [Ru(Cp*)(CH3CN)3](PFg) with
the very bulky tri-o-tolyl phosphine resulted in a 3'P NMR
spectrum with a singlet at § = —36.7(!) [8]. This chemical shift
which appears at an unusually low frequency, is not con-
sistent with P-coordination, and thus provides an indication
of the formation of the unexpected product, [Ru(Cp*){(n6-
o-tolyl)P(o-tolyl), }1(PFg), 8, in which the P-atom is not
coordinated. This m°-o-tolyl complex could be isolated in
good yield (see Eq. (3)) as a yellow powder, and both the

. = N

B T

5(H) 55 50

Fig. 4. The '3C,'H one-bond correlation for 7 showing the three arene CH
carbon signals (C3-C5). R!=Me [6].

13C and solid-state diffraction data confirm the proposed
structure [8].

Q‘ PF @I PF,
SRus +p ) Ru "@
Hycon® | NCHCH; f@ 3 — .
NCCH } B
8 (3)

3. 13C NMR and olefin complexation

Yet another unexpected 3'P chemical shift lead us into the
olefin complexation chemistry of BINAP and MeO-Biphep.
In connection with a collaboration with colleagues in the
Roche laboratories in Basel [9], we allowed a Ru(MeO-Biphep)
complex, R=i-Pr, to react with 1,5-COD and HBF; (see

Eq. (4)).

MeO \RU(OAC)2 +1,5-c0D B4 product, 9 +2 HOAc

2

RzP/ \

PR

MeO
9 R=i-Pr Ch)

The 3'P NMR spectrum of the product, 9, gave an AX spin sys-
tem; however, one of the two phosphorus chemical shifts (69.6
and —11.2 ppm) appeared at low frequency (indeed not far from
the signals shown in Figs. 1 and 2). Although this chemical shift
might be thought to be associated with uncoordinated phosphine,
this was not the case.

The fate of the complexed 1,5-COD organometallic ligand
was not immediately obvious; however, a one-bond B 1H-
correlation, for 9, showed only three aliphatic CH; type signals,
but five CH-absorptions in the region 57—114 ppm. These '3C
chemical shift data were strongly suggestive of the cyclo-
octapentadienyl fragment, Ru(nS-CgH“) [10]. Further, a long
range Bc g HMQC correlation revealed two non-protonated
13C resonances at 74.5 ppm, as a doublet, and 95.1 ppm, as a
triplet, These carbons are coupled to protons from one of the two
MeO-Biphep biaryl rings as indicated in fragment 10 (a 'H,'H
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COSY helped to assign the two three-spins systems). The 3C
signals for the corresponding carbons of the second biaryl ring,
C(1"), 139.7 ppm and C(6'), 135.4 ppm, were found at normal
higher frequency. The relatively low frequency positions of these
two carbon resonances suggested that the remote C(1)-C(6)
biaryl double-bond is coordinated to the metal, thereby afford-
ing an 18e complex, and thus making the MeO-Biphep ligand a
six-electron donor to the metal. It should be emphasized that this
type of olefin bonding would have gone unnoticed for a longer
period if it were not for the long-range '*C,'H HMQC spec-
trum, which readily allows the assignment of fully substituted
13C signals [11].

10 6C(1)=9 5.1, 5 C(6) =745

The low frequency 3'P signal at —11.2 ppm in 9 is associ-
ated with a complexed P-donor and results from the unexpected
four-membered ring coordination mode. Clearly, not every low
frequency 3'P resonance can be assigned to a “free” donor.
We have subsequently prepared a large number of such olefin
complexes (and documented their solid-state structures, e.g., as
shown in Fig. 5 for Ru(Cp)(MeO-Biphep)*, 11 [12]).

The recent literature reveals a few more related interactions
[13-17] (see Scheme 1 for 12-16). However, White and co-
workers [18], who reported on Ru(Cp)(BINAP)*, 17, must be
credited with the first report of this type of bond in a complex.

Given the m2-olefin complexation it is not surprising that the
aromaticity in that ring is lost. The relevant X-ray data, for 9,
show that the C3—-C4 and C5-C6 separations, ca. 1.35-1.36 A,
are now indicative of localized double bonds [9].

Fig. 5. The solid-state structure of the cation Ru(Cp)(MeO-Biphep)*, 11 [12].
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Scheme 1. Examples showing the remote olefin bonding.

C(1)-C(2) = 1.453(7)
o C(2)-C(3) = 1.430(7)
MeO 2 C(3)-C(4) = 1.362(8)

TSRS RL CACOS) = 1.41009)
C(5)-C(6) = 1.354(9)
e C(1)-C(6) = 1.409(7)

Table 1 shows '3C and 3'P data for a set of BINAP and
MeO-Biphep arene complexes that show this type of 6e donor
character [19].

4. An extension to MOP

Once it is recognized that the biaryl fragment is not always
“innocent” with respect to its bonding characteristics, one can
begin to imagine (and search for) new and related complexa-
tion modes in biaryl-based ligands. The monodentate auxiliary,
MOP, prepared and studied by Hayashi and co-workers [20-23],
provides a natural extension of this type of olefin coordina-
tion. The stable dinuclear Pd(I) salt, 21; contains a bridging
diene moiety which uses a part of the MOP biaryl backbone
for the complexation [24]. Each Pd-atom complexes one double
bond. The 31P data are fairly routine, however, the 13C data for
21 reveal the two fully substituted carbons at low-frequency
positions, due to the complexation: C1 (99.7 ppm) and C6
(136.7 ppm), plus the two =CH carbons, C4 (85.0 ppm) and C5
(79.4 ppm). The latter two chemical shifts can be seen in Fig. 6.
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In Pd(I) dinuclear chemistry, this type of bridging behaviour has
been recognized, e.g., 22 [25], and 23 [26], and even more so
in the recent compounds reported by Murahashi and Kurosawa
[27,28].

65 X X=H MeOorCN
PR, R = aryl substituent

MOP ligands, 20

A,
=5 PBu B
P
! \ Ph, PN o
P— pd—Pd—P | (BFy): [PH(-Bu),-Pd ——Pd—PH(-Bu),)
Ph., / e
1 /\r/
o ¥/
21 22

cl
PN
(t-Bu),P =Pd ——Pd~Cl

—_—

O

23

The acetyl acetonate Pd-complexes, 24 and 25, derived from
the HO and MeO-MOP ligands, are very interesting [29]. Neu-
tral complex 24, was obtained directly from Pd(acac), by
adding HO-MOP, whereas cationic 25 was prepared starting
from [Pd(acac)(CH3CN),]BF4 and adding MeO-MOP. In 24,
the hydroxyl function has lost a proton to afford a keto-anionic

chelating ligand.
Qe o Qe
P\ /0 N /0
Pd Pd
o o j “OMe 0 )
40 o
24 25

The 3!'P chemical shifts for 24 and 25, §=46.5 and 48.5,
respectively, appear at considerably higher frequency than
for the routine trans-PdClo(MOP), types and are sugges-
tive of the known “ring effect” [30], on the 31p chemical
shift that results from the formation of five-membered
rings.

The 3C,'H long-range correlations again provide the
key assignments for the fully substituted carbon resonances
directly bound to the Pd-atoms (see Fig. 7). For both 24
and 25 the ipso carbons, Cl, involved in the Pd-bonding,

Table 1
Selected C and 3'P NMR data for the Ru-BINAP and MeO-Biphep arene
complexes 18 and 19

Ra_@_m (SbF ¢), Ra_@i\_m(SbFﬁ)z

18a, 19a

18b (R=Ph), 18¢ (R=iPr)and 19b (R=Ph)

18, p-cymene = R ;=CH3, R,=CH(CH3),
19, benzene = R ;=H, Ry,=H

Complex 3¢ 3ce 31p1 31p2
18a 98.0 67.5 3.3 68.7
18b 93.0 80.1 7.7 67.1
18¢ 102.5 79.1 273 82.6
19a 101.7 73.0 19.0 64.0
19b 90.9 86.0 15.4 64.7

BINAP and MeO-Biphep complexes of Ru(Il) [19].

appear at lower frequency, §=70.5 and 86.7, respectively.
For 25, one can also use the three-bond coupling constant,
from the protons of the methoxy group, 3J(C6, HMeO)) to
confirm the assignment of C6 [29] (see 20 for the number-
ing).

As indicated in Fig. 7, the ketonic carbon in 24, at
8=193.7, is readily observed and found at a much higher

of
‘| '
1 (BFy), e
- 78
cs b
- 82
L] § ca i
L 36
3("'c)
T ¥ T T ¥ o
8.0 7.5 7.0 6.5 6.0  §('H)

Fig. 6. 13C 'H one-bond correlation for the MeO-MOP complex, 21. The two
carbon signals for C4 (85.0ppm) and C5 (79.4 ppm) appear at typical low-
frequency positions (see 20 for numbering) [24].
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Fig.7. 13C,'Hlong-range correlation for 24 showing the fully substituted carbon
at §="70.5, as well as the ketonic carbon at §=193.7 [29].

frequency than one would expect for a phenolic sp? car-
bon. Moreover, the organic '>C NMR literature suggests that
this is exactly the correct § value for the carbonyl of an
o,B-unsaturated ketone [31]. Several analogous Pt-complexes
[32], have also been reported and the various values of
13(193Pt,13C) help in understanding how the metal-atom bonds
to these MOP carbons. The charge distribution in the cation
25 is not obvious; however, the coordination chemical shifts,
indicated below, suggest that the positive charge in 25 is
spread across alternating carbons in both of the naphthyl rings
[29].

+0.5

+1.1

B¢ coordination chemical shifts for

24 and 25

The solid-state structures for cationic 24 and neutral
25 were determined via X-ray diffraction methods (see
Fig. 8) and confirm that both structures contain Pd-C
o-bonds arising from the MOP naphthyl backbone [29].
As expected, based on the relative positions of the two
13C C1 resonances, 24, possesses the shorter Pd—C bond
length.

Slowly, subtle but related variations on these bonding modes
are emerging. Chauvin and co-workers [33], have found a diene
mode of bonding in the Rh-cation, 26, and, in a series of
papers Kocovsky, Lloyd-Jones and co-workers [34,35] have
found that “MAP” (the NMe; analog of MeO-MOP) can also
form a sigma bond from the ipso carbon to palladium, as in
27.

SOl NN

P
N\ ~Ppd (allyl)

+
%R]](PMePh ) OO HMez
=
26

27

It is interesting that the now well-known binol-based phos-
phoramidite ligands do not (to-date) show this type of biaryl
olefin bonding when complexed. However, they do reveal
P,(olefin) chelate-type behaviour in that they are capable of
complexing a pendant aryl ring in an m? fashion, e.g., as in
the Ru-complexes 28 and 29 [36]. Once again the long-range
BC 'H correlation helps to secure the solution structure (see
Fig. 9). The coordination chemical shifts for C1 and C2 are not
quite so large, as in the previous examples, but nevertheless,
these are consistent with the proposed bonding mode.

Fig. 8. The solid-state structures 24 (top) and 25 (bottom) [29].
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Fig. 9. (left) '*C-"H long-range correlation from a heteronuclear multibond correlation (HMBC) spectrum of 29 and (right) ORTEP plot of (Sa, Sru, Rc, Rc)-29.

The two carbons on the vertical axis are C1 and C2 (not C6).
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Summarizing, it is clear that for the BINAP, MeO-Biphep and
MOP structural types, the backbone biaryl m-system can become
involved in the bonding. It may appear that some of the double
bonds are remote from the metal center; nevertheless, the late
transition metals have no trouble in accessing these electrons.
31p and especially '*C NMR data are important for the proper
characterization of these species in solution.

5. P,C bond cleavages and 3Ip 1Y correlations

Reaction of either the Ru(OAc),(MeO-Biphep) complex, 30
[37] (or the analogous BINAP complex, 31 [17]) with wet HBF4
leads to the exotic O—B(F),—O-P chelate complexes, 32 and 33,
as indicated in Scheme 2. These complexes each contain an H-
bonded HBF, molecule. These two rather unusual species (for
which there exist solid-state structures) arise from a series of

reactions.
BF,

F“--:]—[\S =11.20

§=63 5=183
Jpp =45 JF]—| =66

el
P
e i o
Rl
L""'0=Q5= 166.1
5= 80.6
Jp?[: b 157

§=202(10),
0.66 ('H)

34
Via low temperature NMR, it can be shown that, immediately
after the addition of acid, one acetate ligand has been protonated

and removed. One of the intermediates, 34, can be character-
ized [38]. A fluoride has been extracted from the HBF, and this

J )

I T T
5("F) 121 -122 -123 -124

I

F T T T T T T T T T T
35'P) 160 140 120 100 80 60

Fig. 10. The "°Fand 3P spectra for 35b. The large ' J(*' P,'°F) value is diagnostic
of a P-F bond [38].

new salt contains a weak Ru—F bond, and not a coordinated HF
molecule. The magnitude of the value 1y (19F,1H), 66 Hz, is diag-
nostic and is much too small to be associated with a direct H-F
bond [38]. Note the low frequency 31p chemical shift, 6.3 ppm
for one of the P-donors and the complexed double bond! This
small ring strained species cleaves a P-C bond to afford 35a (as
a mixture of two components) that can be characterized, but is
not stable at room temperature. Structure 35a represents the net
result from the addition of HF across a P-C bond, although this
is not necessarily the mechanism. Reaction of 35a with excess
chloride affords the stable, isolable, 35b, in good yield (see Eq.
(6) and Fig. 10). The clearly resolved, large 1y (31P,19F) value of
>900 Hz is typical for a P-F bond [38]. The intermediate 35a
represents the species that reacts with the BF,0, anion from the
hydrolysed BF4 ™, to afford the observed product which contains
the P-O-B(F;)-O chelate ring.

(OAc or HZO)_I BF, Ph,  «Cl
Ph 2 _.-‘\ L

SSSPPh ,F

Pl

35a 35b (6)

xs LiCl

———

Part of the chemical complexity (that due the hydrolysed
BF;7) can be eliminated via the use of triflic acid, HOTf instead
of HBF, (see Scheme 3); however, the intermediates and prod-
ucts which result, are not trivial. Warming the neutral bis-acetate
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Sext
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Scheme 2. The P-C bond cleavage products 32 and 33 and a view of the structure of 33.

with HOTfin 1,2-dichloroethane at 353 K leads to a rapid regios-
elective cleavage of one of the P-C bonds. The first easily
isolable product is arene complex, 36 [38]. This shows an AX
31P spectrum in which one of the signals has a relatively high fre-
quency 3!P chemical shift, ca. 114 ppm, suggesting the presence
of an electronegative group on the P-atom.

Superficially, salt 36 appears to result from the addition of
water across the P-C bond. Partially, the water comes from the
triflic acid. However, an independent experiment using a '3C
enriched Ru-acetate complex (see Scheme 4 and Fig. 11) reveals
that acetic anhydride and water are produced in this reaction

N

(]
Jp=2HZ
‘ o Acetic
Cop?ég;r;?eted Acetic Acid Anhydride
r"‘JL—- — _‘:_/\__ A Ay S
r T T T L] L !
5(%cy 185 180 175 170 165

Fig. 11. The '*C NMR spectrum recorded after warming the solution for 30 min
at 353 K. The peaks for complexed acetate, acetic acid and acetic anhydride are
indicated. The expanded section shows the P, C coupling, 2J=2Hz (75 MHz,
1,2-dichloroethane with D,O capillary as internal lock) [39].

[39]! The new Ru-product reveals a 3'P signal at >185 ppm.
This chemical shift is suggestive of the presence of oxygen on
phosphorus but, most likely, within a five-membered chelate ring
given that the coordinated P(OH)Ph; ligand in 36 appears around
114 ppm. The product, 39, which has the structure shown in the
lower right hand corner of Scheme 4, can be isolated [16,39].
Further, as indicated in the scheme, 39 reacts with water to give
the initially isolated Ru-P(OH)Ph; complex, 36. The metallated
species in the center of Scheme 4 is postulated but not proven.
Fig. 12 shows views of the structure of the P(cyclohexyl), analog
(instead of PPhy) version of 39.

Subsequent reaction of 36 with methanol and other alcohols
leads to the complexes 37, as indicated in Fig. 13 and Eq. (7)
[40]. Further reaction with water affords 38.

WOTF 0 OTf
Yy ROH S
[ I
~Ru—p -HOTE  pyy Ru—
N~ P
HOPh ,P* | C p
2 THO Y2 RT RO P \ Ph 2
og Ph
36 37 R=a)Me, b) Et, ¢) i-Pr

)
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[
‘\‘.-?U*Pphg
@ PPh(OH)(OMe)
38 37
Scheme 3. Related P-C bond cleavage chemistry starting from triflic acid.
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Scheme 4. Intermediates in the Ru(OAc),(BINAP) triflic acid chemistry.

The hydrolysis product 38 [41] represents the first example of
a phosphorus acid ligand functioning as a P (rather than an O)
donor and demonstrates a clear chair-like (P—O)3 six membered
ring (Fig. 14).

As part of the structural analyses for the arene complexes
36-38 it was useful to assign the ortho protons of the P-phenyl
rings. Fig. 15 shows the high frequency section of the 3!'P,'H
correlation for compound 36 [38]. The correlation to the high
frequency OH proton is clear, as are the two strong sets of cross-

peaks due to the two kinds of ortho P-phenyl protons (each with
relative integral =2). Further, there are weaker correlations to
naphthyl backbone and meta protons and to one of the protons
of the complexed arene ring.

Fig. 16 (top) gives a slice through the 3'P,'H correlation (for
the high frequency resonance at § = 142.4 [40]) for 37b showing
only one set of strong cross-peaks from the ortho protons of the
remaining P-phenyl ring, ca. 6.6 ppm. In addition, one sees the
two non-equivalent methylene protons of the ethoxy-group as
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Fig. 12. View of the solid-state structure of the P-cyclohexyl version of 39
[16].

multiplets (one of which is almost completely covered by the
THF-dg OCHj of the solvent). Fig. 16 (bottom) gives the lply
correlation for 38. For the high frequency 3'P resonance one
finds only cross-peaks to the two diastereotopic P(OH) groups
(all the phenyls are gone [41]). The low frequency 3'P signal
reveals the expected cross-peaks to the two P-phenyl ortho pro-
tons from the remaining PPh, group. Thus careful application
of this PH-methodology allows us to keep track of the number
of P-C cleavage reactions.

Fig. 13. The solid-state structure of 37¢ with R =i-Pr [4].

6. An HMQC excursion: technical bits and pieces

Both 3!'P HMQC and 3C HMQC spectra have been indis-
pensable in this area of phosphorus chemistry. Nevertheless,
with respect to phosphorus-proton correlations, it is useful to
distinguish between *' P,'H-COSY and *!P,'H HMQC type mea-
surements.

In general, the HMQC approach is especially useful for find-
ing correlations to nuclei with small magnetic moments and
is the recommended method for determining '*Rh and '33W
chemical shifts amongst many others [42-46]. Occasionally
one experiences problems [45]; nevertheless, this approach is
favored since the gain in signal-to-noise (relative to conven-
tional methods), represents several orders of magnitude [42].

Fig. 14. The solid-state structure 38 showing the flattened chair conformation of the six-membered ring [41].
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Fig. 15. High frequency section of the 3'P,'H correlation belonging to com-
pound 36 (400 MHz, CD,Cl,, ambient temperature) [38].

For these metal nuclei the magnitudes of the spin—spin coupling
constants to protons are modest (and often unknown). Since one
needs to input an estimate of this coupling constant (the waiting
time called “A” in the pulse sequence is equal to (1/2)J, where
J is this coupling constant, see Fig. 17a), one often makes an
“educated guess” with respect to its magnitude. The following
two examples are now fairly typical.

Fig. 18 shows the !*Rh,'H correlation for the unrelated salt
40 [47]. There are four strong cross-peaks in the region ca.
2.83-3.48 ppm, stemming form the four non-equivalent SCH»
protons, as well as the expected four absorptions from the indi-
vidual olefinic protons of the 1,5-COD ligand. All of these
coupling constants are of the order of 2 Hz or less. The ca. -2 Hz
interaction for the Rh(COD) moiety was known (and used for
the measurement), but the rhodium coupling constants to the
methylene groups of the P,S ligand were not known before the
measurement. Clearly the spectrum shows even more contacts
and although a guess for *J (183Rh,'H) (based on the Rh(COD)
literature) was sufficient to produce the metal chemical shift,

(a)

l : | :’ 142 ;,;:
o é 5(1H) IB A
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bl g
__JWUT‘JJ W‘Imﬂm i j»-J‘l'dﬁ'i-J'%L“JVL
I — .
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S— . .
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Fig. 16. (top) Slice through the 3! P-'H correlation for 37b (8 = 142.4) showing
only one set of strong cross-peaks from the ortho protons of the remaining
P-phenyl ring, ca. 6.6 ppm, plus the hydroxy P(OH), at high frequency [40].
(bottom) The 3'P,'H correlation for 38 showing (a) only cross-peaks to the two
diastereotopic P(OH) groups (all the phenyls are gone) and (b) the expected
cross-peaks to the two P-phenyl ortho protons [41].

the observed result can be considered as having a number of
bonuses (i.e., extra correlations which might be useful in the

.
¢

Fig. 19 shows the HMQC proton—tungsten correlation for the
W(V1) imido-complex, 41 [48]. The J-value to the benzyl CH»

l;h
O\ /0/\l

0P\ _S-CH,CH;
Rh
(1,5-COD)

40

(€)

| i

(b)
1
s |1 |

Fig. 17. Heteronuclear multiple quantum correlation (HMQC) pulse sequences. (a) Sequence for small J(I,S) values, (b) for larger, resolved J(I,S) values and phase
sensitive presentation, (c) zero or double quantum variant for the determination of the I-spin-multiplicity, and (d) with refocussing and optional S-spin decoupling.
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Fig. 18. HMQC '3Rh spectrum for 40 showing the numerous contacts due to the
various J('**Rh,' H) spin—spin interactions. The separation of the two horizontal
cross-peaks represents LJ103Rp,31p) [47].

group (correlation not shown) was used for the measurement.
However, it can be seen that the '83W spin—spin couples not
only through four bonds to the ortho but also through six bonds
to the para protons of the imido-phenyl group. This was the
first report of such long-range aryl-proton—tungsten interactions.
These coupling constants to the protons of the phenyl group are
less than 1 Hz, and their observation came as somewhat of a
surprise.

Mez

O-*W'_—N

41

Any reasonable literature based estimate of the 183W,IH
spin—spin coupling gives the spectrum with its metal chem-
ical shift, and again there is a bonus: one could have
used the much smaller tungsten-proton interaction. Indeed,
in both examples, 40 and 41, a guess for xJ(M,lH) which
was incorrect by more than 100%, would have resulted in
an observed spectrum due to the presence of several other,
not previously recognized, coupling constants. One can con-
sider that the HMQC is a “forgiving” method as it allows
for a range of choice for J, while still performing suffi-
ciently.

Although not immediately obvious (and certainly not rele-
vant for these two examples), this chemical shift information
comes at the cost of some selectivity, i.e., there can be too
many interactions due to the various metal-proton coupling
constants and, for every nucleus, this is not always desir-
able. For 31P,lH correlations, it is often important to limit

the number of observed connectivities in order to (a) be
certain of an assignment, (b) utilize their relative intensi-
ties and (c) find hidden resonances. A Pd-BINAP example is
illustrative.!

42

Fig. 20 shows two 3'P,'H correlations for the cyclomet-
allated BINAP Pd-complex 42 [49a]. The bottom trace was
obtained via a 3'P/H-COSY and the top trace from an
HMQC measurement. In the HMQC version one finds 8 or
more contacts for each of the two non-equivalent 3'P sig-
nals and it is not simple to assign these cross-peaks based
solely on their relative intensities. Admittedly, an interest-
ing four-bond contact to the methine proton, H7, and other
long-range interactions with H2 and H3 are visible. Further,
these long-range P,H coupling constants are not all obvi-
ous from the 1D proton spectrum and, although they may
have potential value, they are not immediately helpful. In the
3IpIH-COSY spectrum there are fewer contacts and these
are (mostly) restricted to the three-bond interactions. In con-
trast to the situation for 40 or 41, where one is attempting
to measure the metal chemical shift, the 31p chemical shift
is not difficult to obtain. Rather one is using this correlation
as a form of filter through which one can make assign-
ments and occasionally find hidden (overlapped) resonances.
If one is seeking to assign the specific P-phenyl protons
(e.g., in order that they may be used as NOE probes), gen-
erally, one is better served by the 3'P,'H-COSY spectrum
[50].

Normally, there are no special problems associated with
13C,'H HMQC correlations. The assumption is made that
3113¢,'H) is larger than 2J(3C,'H) and this is often cor-
rect [31]. Not surprisingly, given the discussion above,
one often finds correlations due to the three-and-two—bond
interactions, and provided that the proton assignment is
clear, these can be helpful. Sometimes, relatively little is
clear until the HMQC Bce g spectrum has been mea-
sured.

Fig. 21 shows the Bc g HMQC correlation for 43, one of
the complexes in which the BINAP is a 6e donor [12].

! This example is complicated by the dynamics [49b] associated with the
restricted rotation of several of the P (phenyl) rings. Not all of the various
proton signals are visible at room temperature. Nevertheless, the two spectra
are sufficiently different to be informative.
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Fig. 21. HMQC '3C,'H correlation for 43, revealing the m? binding mode of
the olefin of BINAP to Ru(Il) [12]. The conventional 1D '3C signals are not

visible, but the cross-peaks clearly indicate the '>C chemical shifts for the two
fully substituted carbon signals (optimized on J(C-H) =8 Hz).

The proton assignment is anything but trivial and there was
not enough signal-to-noise in the conventional 1D 13C spectrum
to unambiguously find the fully substituted carbon resonances
for C1 and C2. Moreover, (as it develops) C1 is partially over-
lapped by the signal for the Cp ligand. Nevertheless, the 13C,'H
HMOQC correlation (which affords much better signal-to-noise
than the 1D variant) readily reveals the fairly strong cross-peaks
for the two sought after carbon resonances, via 333C,'H) and
2J(13C,'H) interactions. The protons H3 (which, via the three-
bond coupling, can be assigned with the help of a 3! P,/H-COSY
spectrum) and H4 (assigned from the proton COSY, once one
knows H3) give strong cross-peaks and clearly indicate the
chemical shifts of the two crucial carbon signals. Both signals
are shifted markedly to lower frequency in keeping with olefin
complexation. Although not emphasized in this presentation,
this example serves to illustrate the very significant sensitivity
gain associated with the '3C HMQC methodology. This should
not be overlooked when deciding how to measure a dilute solu-
tion of a material whose !3C signals are not easy to find. This is
clearly a most useful NMR tool.

7. Concluding remarks

Returning to the chemistry, it is interesting that several
P—C bonds in these Ru-biaryl phosphine complexes are readily
cleaved, especially as many of the reactions indicated above take
place under relatively mild conditions. Mechanistically speaking
it is likely that, after complexation of a proximate biaryl double
bond (see 34 and Scheme 4), the molecule is strained by the
formation of the four-membered ring and this is confirmed by
the solid-state X-ray studies. P-C bond breaking represents one
way to relieve the strain. As the Ru-atom is already attached to
the backbone m-system, via the olefin complexation, it need only
“shift” slightly to coordinate two more double bonds and attain
the stable n®-arene complexation mode. The available acid pro-
ton binds the backbone arene carbon while the oxygen of either
the acetate or water can attack the P-atom (see 36 and 39). Once
the complexed P-donor is bound to an oxygen atom, it represents
a much more electrophilic site and the remaining P-C cleavage
reactions become easier.

The ability to readily recognize these unexpected transfor-
mations stems from (a) the marked changes in the 3P chemical
shifts, (b) the ability to monitor the number of phenyl rings on
the P-atom (31P,1H correlation) and (c) the characteristic B¢
chemical shifts associated with olefin and/or arene complexa-
tion (13C,'H correlation). All of these NMR measurements are
currently of a fairly routine nature [51] (although not necessar-
ily routinely carried out), and the modest amount of extra effort
required is more than compensated by the additional insight they
provide.
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