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Binap and MeOBiphep biarylbis(phosphane) complexes of
Ru'! are shown to undergo a series of stereospecific P-C bond
cleavage reactions. The products are novel cationic chiral ar-
enebis(phosphane) compounds which contain stereogenic Ru
centers. Upon further solvolysis in alcohols, additional P—C
cleavage reactions lead to stereogenic P atoms. Several novel

olefin m-bonding modes are recognised, including one in
which only a single arene carbon atom i.e. an n! n-bond,
weakly coordinates to Ru'’.

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

1. Introduction

There is an increasing interest in the area of enantioselec-
tive homogeneous catalysis!'! involving relatively small
quantities of chiral catalytic materials that can produce sub-
stantial amounts of an enantiopure product. Although
there are numerous examples of successful chiral nitrogen
chelates,>3! as well as mixed P,N-ligands,® many auxiliaries
are still based on chelating tertiary phosphanes.

MeO E PR, ‘ ‘ PR,
MeO. O PRZ OO PRz

1a R = 3,5-di-fBu-phenyl 2aR=Ph

1b R =Ph 2b R = p-tolyl
1c R = p-tolyl

1d R =iPr
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The atropisomeric phosphanes MeO—Biphep 15! and
Binap 2[° are known to be excellent auxiliaries. These func-
tion exceptionally well in Ru-based homogeneous hydro-
genation,”-8 but can also be used in allylic alkylation,®! and
Heck reactions using palladium.!'”! The syntheses of 1 and
2 are sufficiently flexible such that various R groups can
be introduced and the backbone modified.[>!'! The catalyst
precursor most often used in hydrogenation is the octahed-
ral complex Ru(OAc),(1), Ru(OAc),(2), or a related trifluo-
roacetate complex.

Despite the widespread use of these biaryl ligands, not a
great deal is known with respect to their fundamental or-
ganometallic chemistry. Several hydride compounds have
been prepared,l'” e.g. [RuH(iPrOH),(1a)]BF, (3),['*] how-
ever, olefin and alkyl compounds seem to have been neg-
lected. Given the utility of 1 and 2, it seems reasonable to
ask how these might modify classical coordination behavi-
our. Moreover, if catalysts based on these ligands behave
poorly or “die” in the course of the reaction, then perhaps
knowledge of the possible decomposition pathways is im-
portant.
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As an example, reaction of [Ru(OAc),(1a)] with 3 equiv.
of methyllithium or trimethylsilylmethyllithium affords the
dialkyl complexes [RuR,(1a)] (4a or 4b) in good yields [see
Equation (1)].'41

OMe
OMe

R TUPR,

R1
4aR'=Me
4b R' = CH,SiMe,

R = 3,5-di-tBu-phenyl

The molecule achieves this coordinatively saturated elec-
tronic structure by dissociating one tertiary phosphane
donor, thereby making room (electronically) for an m°-
arene. This reduction from a bidentate to a monodentate
ligand is hardly a common occurrence; however, we believe
that this propensity for the Ru atom to complex one face
of the biaryl ligand is related to the observation of facile
P—C bond breaking. In this Microreview, we will focus on
acid- and solvent-induced P—C bond cleavage in complexes
containing the bidentate phosphane ligands 1 and 2, and
the array of arene—ruthenium bonding modes that are as-
sociated with these reactions.

2. P—C Bond Cleavage

2.1 Acid-Induced Cleavage

As the starting compound in hydrogenation chemistry is
often protonated to open one or more coordination posi-
tions, we begin with a discussion of the chemistry of
Ru(OAc),(1 or 2) on addition of a strong acid. Reaction
of Ru(OAc),(1) with 2 equiv. of HBF, in dichloromethane
afforded product 5, in which a P—C bond is cleaved [see
Equation (2)].['

OMe
OMe

FaB @)

1 |
F"H\O/?U\PRZ
PR,

/
/Eli\o’
F
5a R = 3,5-di-fBu-phenyl
5b R = Ph
5¢ R = p-tolyl

F

Complex 5 contains new P—O and B—O bonds, in addi-
tion to an unsymmetrical n® Ru—arene interaction, which
arises from the complexation of the biaryl ring which loses
the P-donor. The bis(phosphane) bidentate ligand has been
cleaved affording two different chelating ligands.

O F
R,P~ B

2 | ~F
OH

6
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Formally, 5 contains the new phosphinite anion 6, which
arises by a hydrolysis reaction. The second BF,~ ion is held
close by through a hydrogen bond. The major features of
the structure of 5 were determined by one- and two-dimen-
sional multinuclear NMR spectroscopy and X-ray crystal-
lography.['3]

A more detailed NMR spectroscopic study of this pro-
tonation was carried out for the Binap analogue 7, and
these results are summarised in Scheme 1.1 These reac-
tions can be shown to involve an initial 6e~ donor Ru—F
complex 8 (and BF5-Et,0), followed by P—C bond split-
ting, yielding the monofluoro(phosphane) intermediate,
whose structure is assigned as 9. The *'P and '"F NMR
spectra of the PR,F ligand in 9 clearly show the expected
> 900 Hz one-bond !'Jpy values, as well as a very high-
frequency 3'P chemical shift due to the strongly electroneg-
ative fluorine atom. Reaction of 9 with CI~ afforded the
single diastereomeric chloro complex 10. Obviously, this re-
action produces Ru complexes that are sufficiently reactive
to extract a fluoride from the BF,~ anion. Apart from their
surprising structure, these compounds are noteworthy
in that they demonstrate an undesirable side reaction, the
potential loss of axial chirality.

OO Phe =
R 2HBF, B ]
_Ru(OAc) F-u o Ru—p
Ph : Ph,
SoL!
AN} [
2 HBF,
30 minat 213 K
BFa
Ph
OO N gH
gt 0
b \O:<
Phy CHj
l 8
“BF. —|BF.
< > O < >
"“ () <
I xs LiCl |
~Ru-p [ —— ~Ru-p
FPhoP | 'Phy 363K FPhP"| 'Phy
OAc Cl
or H,O
9 10
Scheme 1

The syntheses of the arene complexes 5 and 7 were com-
plicated due to the slow, but concurrent BF,~ anion hydro-
lysis. To avoid this complication, [Ru(OAc),(1 or 2)], was
allowed to react with slightly more than 2 equiv. of wet
CF3SO3H in 1,2-dichloroethane at 363 K [see Equations (3)
and (4)].0' These reaction conditions gave the
MeO—Biphep product 11 and the Binap analogue 12 in less
then 2 h and in good yields. Formally, the H* cation pro-
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tonates the acetate anion and the water molecule adds
across the P—C bond. Interestingly, we observed only one
of the two possible diastereomers (the metal atom is a ste-
reogenic centre), thus this reaction is stereospecific. The li-
gand P(OH)Ph, is not very common, but there are a num-

ber of such (and related) complexes reported in the literat-
ure.[17:18]

OMe __| oTf

Ph, OMe s
PtRu(OAc)2 2 HOTY I O 3)

~RU=pph
Ph, 10" | 2
PPh,OH

11

L e = 4
i:Ru(OAc)Z 2Hott | | O “)
Ph, RU=~pPh,
0" |

PPh,OH
12

Apart from oxidative addition reactions,!'>2%! there are
not many examples of related P—C bond cleavage reactions
in the literature and we show a selection of these in
Scheme 2.2 7231 The first four examples involve the splitting
of a P—C bond and the creation of a new P—X bond (X =
electronegative group), whereas in the last reaction, a new
P—C bond is formed at the expense of a P—O bond. More-
over, there are only a few examples of tethered
phosphane—arene complexes,?%?71 eg. 13 [see Equa-
tion (5)].2%4 Of course, lower valent Ru® clusters are also
capable of cleaving P—C bonds.I?®!

O QP
P R

N A +H,0 <P
“ P/RuC|2—> “~ R\uCIz “Hal Q .Fliu\p
RO R e
Cl
13 ®)

The structures of the new arene—phosphane compounds
11 and 12 were determined by X-ray diffraction and a view
of the cation of 11 is shown in Figure 1. The six
Ru—C(arene) bond lengths in both 11 and 12 are very dif-
ferent and seem to exist in three groups of two. Two bond
lengths are relatively short [Ru—Cl and Ru—C6 (ca.
2.13—2.16 A)] (but are fairly average),?* 33 two are slightly
long [Ru—C4 and Ru—CS5 (ca. 2.29—-2.32 A)], and two are
quite long [Ru—C2 and Ru—C3 (ca. 2.35—2.48 /0\)]. Inspec-
tion of the literature involving X-ray studies of arene com-
plexes of Ru'! suggests that the usual Ru—C distances in a
variety of substituted and simple Ru—arene complexes
should be in the range 2.15—2.28 A, with an average of
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ca. 2.23 A. Specifically, the observed values of 2.480(5) and
2.477(5) A for C2 and C3, respectively, in 11 suggest a weak
interaction. The lengths of these bonds might be related to
steric effects, since they involve the two sterically hindered
fully substituted arene carbon atoms. We shall return to this
theme in the discussion on possible flexible arene bonding
in the next chapter.

Figure 1. View of the cation of 11
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Although we reasoned that the presence of water was due
to the wet triflic acid, there was another possible source.
To test whether the acetate was a source of water,
Ru(OAc*),(Binap) was synthesised containing > 98% '3C-
1 acetate (enriched at the carbonyl group).**! The reaction
of this complex with ca. 2.2 equiv. of high-purity (> 99%)
triflic acid at 80 °C for 30 min in 1,2-dichloroethane was
monitored by *C NMR spectroscopy (see Figure 2). The
spectrum shows a coordinated acetate (6 = 188 ppm), as
well as acetic acid (6 = 176 ppm) and acetic anhydride (& =
167 ppm). Clearly, the presence of acetic anhydride implies
that water is produced.

~ "
il

2pc=2Hz
i
[‘ Coordinated Acetic Acid Acetic
. Acetate Anhydride
L ——— %J»WNWWWWMNW [,
I T T T T T 1
5("c)y 185 180 175 170 165

Figure 2. 3C{'H} NMR spectrum of the reaction solution after
30 min at 80 °C, with peaks for complexed acetate, acetic acid and
acetic anhydride; the expanded section shows the P—C coupling,
2J = 2.0 Hz (75 MHz, 1,2-dichloroethane with D,O capillary as
internal lock)

Warming of a fresh sample of the enriched starting mat-
erial to 80 °C for 5 min afforded a small amount (< 10%)
of product 12, a parallel amount of acetic anhydride (and
thus water), in addition to a large quantity of a new com-
pound, 14 [see Equation (6)].

(OTH),

< D
=)
RU(OAC"),(Binap) 2 HOTf - ‘.IIRu\p :82 Izzce(a)tlc anhydride
A, 5 min o\“ l Ph, : 2
37 PPh
H3C/C\ PPh;
14 (6)

The ratio of 14 to 12 approaches unity after roughly 1 h.
In the *'P NMR spectrum of the new species, an AX 3'P
spin system is seen, with one of the signals found at rela-
tively high frequency (6 = 185.8 ppm). This new complex
contains one acetate ligand as shown by 'H and '*C NMR
spectroscopy. Interestingly, this intermediate species reacts
quickly with water to form 12. Indeed, workup of the NMR
reaction solution, by simply pouring it into ether is suffi-
cient to convert it immediately into 12. The evidence for
structure 14 is based on detailed NMR spectroscopic data.

2.2 Solvent-Induced Cleavage

We considered that the triflate compounds 11 and 12
might undergo solvolysis affording useful Lewis acids, so
we treated these compounds with methanol. To our surprise
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we obtained good yields of the MeO—Biphep phenyl com-
plex and its Binap analogue 15a*% [see Equation (7)].

O OTf O OTf

< > __>
<) <)
| I
HOPh.P \“'FU\P ﬂ. \“'TU\P (7)
2P Ph : Ph
A (& R E
PR\ “OH
OR
12 15aR=Me 15¢R = iPr
15b R=Et 15d R = C,H,OH

Additional compounds, 15b and 15¢, have been prepared
using EtOH and /PrOH, respectively. The new phenyl com-
plexes are unique in that

a) they are produced in only one diastereomeric form, i.e.
phenyl migration and P—O bond formation are specific,

b) they contain three different forms of stereogenicity:
atropisomerism, from the biaryl moiety, a chiral transition
metal atom and the newly formed stereogenic P atom, and

¢) these are the first reported transition metal complexes
of the ligands P(OH)(OR)Ph.

This kind of solvolysis and subsequent migration of a
phenyl group from the phosphane group to the metal atom
has been observed previously, see Equation (8).[3%

| |
- MeOH, KOAc ---Ph
C|\\\'"2u PPhZ —— ph\\“"(l‘:u P\OMe (8)
7R 7R
tBu {Bu

The solid-state structure of the iPrOH analogue 15¢ was
determined by X-ray diffraction methods and a view of the
cation is shown in Figure 3. The immediate coordination
sphere consists of the two phosphorus atoms, the m-arene
and the n'-phenyl ligand. While four of the Ru—C(arene)
are fairly average and fall

distances in the range

Figure 3. View of the cation of 15¢
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2.217(7)—2.272(8) A, again, the remaining two distances,
involving the bridgehead carbon atoms C(2) and C(3), are
quite long and suggest that little or no bonding to the metal
atom occurs.

PhZP\Ru';“\I;h
L2
N7 4

Ru-C2 = 2.433(7) A Ru-C3 = 2.419(8) A

The Ru{P(OH)(OR)Ph} fragment is readily depro-
tonated and in some cases, e.g. the ethylene glycol derivat-
ive, 16, rather than 15d, was isolated.

7\

2.3 Stereochemistry and Protonation Studies

With a view to preparing chiral complexes with an open
coordination site, two of the Ru—{P(OH)OR)Ph} com-
pounds (15a: R = Me; 15¢: R = iPr; both with racemic
phosphane ligands), were allowed to react with excess triflic
acid in dichloromethane.

O OTf

‘ OTf

=2 =
() <
] HOTf | 9
~Ru-p T— \\‘..Ru\p
. F‘,_ Ph, TIOT 4 Phy
pr | "oR PH L "OH
OH Ph
15aR = Me 12
15¢ R = iPr

Instead of removing the Ru—phenyl ligand, the observed
protonation product was either exclusively 12 (methoxy), or
primarily 12 (isopropoxy).’”! For these acid reactions only
a single diastereomer is observed, i.e. epimerisation at the
Ru atom is not found. This type of migration reaction is
known, but rare. A relevant example is shown in Equa-
tion (10).38!

&

: HCI; NaBPh, !

= loc™"

TN ~
ocC !3\/) LICH, \ P\\OO
o\O,J H’N\,/IJ

As an additional check on the stereospecificity of the
transformation, we carried out several protonation reac-
tions using the commercially available, optically pure (S)-
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(—)-p-tolyl—Binap 2b. While only marginally different from
2a, this ligand afforded yet another subset of complexes, 17.

“‘"] oTf
5 5

¢ <
P P

xs HOTf |

|
~Ru-p e Ru~p
"1 p-Tol, MeOH, Base TfO Pl p-Tol,
p-Tol /\\‘Q/OMG p-Tol” | "OH
o p-Tol
17 18

Addition of excess triflic acid to 17 immediately afforded
only one diastereomeric form of 18. Consequently, both the
formation of the MeO analogue 15a and the reformation of
12 proceeded stereospecifically. It was recognised that epi-
merisation at Ru can (but need not always) be facile.3~4!]
Therefore, we repeated the protonation of 17 with excess
triflic acid in dichloromethane at dry ice/acetone temper-
atures. After addition of HOTT to a precooled NMR probe
at 220 K, we observed only a single product with a broad
resonance at 6 = 123.2 ppm and a sharp doublet at & =
52.4 ppm. Slowly warming to 270 K using 10° increments,
afforded a sharp peak in the 3'P NMR spectrum of the pure
P(OH)(p-tolyl), analogue of 12. Since there is no evidence
for a second diastereomer, we concluded that the reaction
is very facile and, indeed, proceeds stereospecifically.

2.4 Kinetics of the Formation of 15a—c

The rates of reaction for 12 with ROH were not all ident-
ical. Consequently, these reactions were monitored by *'P
NMR spectroscopic methods. Reaction of 12 using either
methanol or ethanol as the solvent proceeded essentially
within mixing time to afford 15a and 15b, respectively. The
difference in reaction rates as a function of the alcohol con-
centration becomes obvious when 12 is allowed to react us-
ing 4:1 alcohol/[Dg]benzene mixtures at 21 °C.

To reduce the reactivity of complex 12 with methanol
and to obtain rate data at similar alcohol concentrations,
1:4 MeOH/[D¢]benzene mixtures were studied. The ob-
served rate constant at 21 °C for the formation of 15a is
kops = 6.4:107* s~!. For the reaction of 12 with ethanol
under similar conditions, kyps = 5.6:10™% s~ 1; therefore, for
these somewhat more dilute alcohol solutions, the reactions
with both MeOH and EtOH proceed at similar rates. In
both cases, a new intermediate in the *'P NMR spectrum
is observed.’”] Due to its relatively slow rate, the reaction
with 2-propanol was carried out at 27 °C, and not 21 °C.
The major peaks observed are those of the starting mat-
erial, together with a weak, unresolved resonance at § =
94 ppm. The product 15¢ reacts slowly with traces of water
to form a new species, which we believe to be a dinuclear
complex. After 16 h, the two products are present in similar
amounts. The observed reaction rate, k,ps = 8.8:107> s~!
(27 °C), was calculated using the disappearance of the sub-
strate. Obviously, the reaction with 2-propanol can be con-
sidered to be one order of magnitude slower than with
either methanol or ethanol.

1911



FULL PAPER

T. J. Geldbach, P. S. Pregosin

We have recently managed to isolate two of the dinuclear
species, 19 and 20, and the crystallographic results for 19
are shown in Figure 4.[47]

The structures show that water from the alcohol com-
petes favourably for the P atom, and indeed, one of these
two species was prepared by a reaction involving terz-butyl
alcohol, i.e. the rert-butyl alcohol reacts even more slowly
than 2-propanol, relative to water.

The reaction of 12 with 2-propanol was also studied in
the presence of an excess of sodium triflate. The starting
material was consumed after 4 h, whereas in the same time,
without added sodium triflate, ca 70% of substrate had re-
acted, i.e. addition of triflate increases the reaction rate.
From a mechanistic point of view, if triflate dissociation
was important, the rate should be slower. The kinetic data
suggest that the reaction with 2-propanol, as well with
methanol and ethanol, are first order with respect to com-
plex 12. A comparison of the values of k., obtained using
different concentrations of ethanol supports a rate depend-
ence on the concentration of the alcohol.

A possible reaction pathway, which rationalises the ste-
reospecific transformation of complex 12 into the products
is shown in Scheme 3 (only the reactive sites of these molec-
ules are shown). Solvent substitution is followed by arene
migration to afford a Ru—Ph complex. Protonation of the
OR group in the Ru—Ph complex restores the P(OH)Ph,
compound. Using the alcohol as the solvent favours the
formation of the dicationic solvent complex (as might the
presence of excess charged triflate). Presumably, these solv-
ent complexes are the unknown compounds that appear in
the 3'P NMR studies, when diluted with benzene. There is
always solvent alcohol in close proximity, partially due to

1912

the hydrogen bonding to both the triflate anion and POH
moieties (another possible source of an intermediate struc-
ture). In the transition state, the complexed solvent begins
to dissociate. Simultaneously, the phenyl group bridges the
Ru and P atoms and the proximate H-bonded solvent
begins to form the new P—O bond through a pseudo-back-
side attack. Possibly, these steps occur sequentially, al-
though the alcohol must be in the rate-determining step.
This mechanism is reminiscent of the formation of a non-
classical arenium ion (a typical intermediate in 1,2 shifts
of aryl rings), and would be consistent with the observed
stereospecificity. Since the alcohol is involved in the trans-
ition state, it is reasonable that both its concentration and
size affect the kinetics.

H

* LOTF 2 _0-
Rlll'o H  ROH Rlli’o R o
WP C_ "ot oR 3
pRVOH R prOH R
Ph Ph
H* (via A) J
il
Ph//,'-!— L @ N
'IIQU inversion @<T“ R
WP —H
HO"} “OR S~g"
Ph Ph OM R
B A

Scheme 3

To support this mechanism we have determined the 3-D
solution structure of {P(=0)(OMe)(p-tolyl)} complex 17 in
dichloromethane, using NOE methods (see
Scheme 4).137:43441 From these and additional NOE results,
it can be seen that the Ru—aryl ring is positioned in an
approximately antiperiplanar position relative to the me-
thoxy group. This structural feature allows us to rationalise
both the ease and specificity of the reactions indicated in
Scheme 3. The positive charge which would develop from
facile protonation of the P(OR) group by the strong acid,
can be stabilised by the Ru—p-tolyl group, again in analogy
with carbon cation chemistry (see structure A, Scheme 3).
Complete transfer of the aryl group to the P atom is then
accompanied by rapid triflate capture by the ruthenium cat-
ion affording the product, e.g. 15. Since A and B are posit-
ively charged, in dichloromethane the triflate anion will be
nearby. The excess triflic acid helps to facilitate rapid cap-
ture before epimerisation.

3. Flexible Arene Bonding

3.1. Olefin-Type Coordination

We noted above, without comment, that a proximate bi-
aryl double bond can complex the Ru'' atom, e.g. the
middle structure in Scheme 1. We believe this type of com-
plexation to be surprisingly common.

In dichloromethane, Ru(OAc),(1a) reacts with 1,5-COD
and HBF, to afford 21 in a good yield [see Equa-
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Scheme 4

(1

R = 3,5-di-Bu-phenyl

tion (11)].431 The 3'P NMR spectrum shows a routine AX
spin system; however, the chemical shifts at 6 = 69.6 and
—11.2 ppm (!) are unexpected, with the latter in a region
often associated with uncoordinated phosphane. The nature
of the organometallic ligand in 21 was not immediately ob-
vious; however, a routine 2-D '3C,'H-correlation showed
only three aliphatic CH,-type signals, and five CH absorp-
tions in the region & = 57—114 ppm. These '*C chemical
shift data are strongly suggestive of the cyclooctapentadien-
ylruthenium fragment, Ru(n®-CgH;;).4®1 At this point, we
noted two '3C resonances of nonprotonated carbon atoms
at 6 = 74.5 ppm as a strong doublet, and at 5 = 95.1 ppm
as a very weak triplet. A long-range '3C,'H-correlation re-
vealed connectivity between both of these nonprotonated
carbon atoms and the proton ortho to the P atom, plus
further 3J('3C,'H) correlations, as indicated.

S C(1) =951 ppm & C(6)=74.5 ppm

The '3C signals for the noncomplexed analogous carbon
atoms (C1": & = 139.7 ppm; C6": 6 = 135.4 ppm) are at a
higher frequency. Given these assignments we conclude that

Eur. J. Inorg. Chem. 2002, 1907—1918

the C1—C6 biaryl double bond is coordinated to the metal
atom, thereby affording an 18e~ coordinatively saturated
complex, and thus making the ligand la a six-electron
donor to the metal atom. The low-frequency 3'P signal at
& = —11.2 ppm is associated with the unexpected coordina-
tion mode.

The 'H phase-sensitive NOESY spectrum®+# for 21 at
ambient temperature reveals a slow exchange process in
which the two halves of the MeO—Biphep ligand are ex-
changed. Since the product has exactly the same structure,
one observes only one set of resonances. Presumably, the
biaryl double bond dissociates, thus making room for its
counterpart in the second biaryl ring [see Equation (12)].

=

- R
R2P/ RR, R,P ARR, (12)
MeO OMe MeO  OMe

This new type of pseudo-allylic olefin bonding is unusual,
however, White and co-workers reported®” the solid-state
structure for [Ru(Cp)(Binap)]CF;SOs3, in which they found
the same type of six-electron donation from the Binap li-
gand. They also noted widely dispersed 3'P chemical shifts
at 6 = 74.0 and 14.1 ppm. They were kind enough to pro-
vide us with samples of two Cp complexes, 22a and 22b, for
NMR spectroscopic studies (see Scheme 5). These show
both the typical '3C shifts and exchange dynamics [see
Equation (13)].148]

N

23a_{@

O o
MeQO
23b—< )l
MeO. Ru
Ph H
th 2 AN

23¢c —

&

Scheme 5

Oy, OO
/RU‘@
w0 OrR

Subsequently, we prepared the complexes 23a—c, and the
solid-state structures of 23b and 23c¢ are shown in Figure 5
and Figure 6, respectively. All of these compounds contain
the complexed proximate double bond.
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Figure 6. View of part of the cation 23c

In recent literature reports, we found two related cases of
this type of bonding: The Pt complex 24! is clearly re-
lated, whereas the Mo complex 255% might be of a more
general nature due to the ubiquitous triphenylphosphane.

0L, fon ™
O/ < oc /M"\\/©
"R oC
OO th Ph/ Ph
24 25

Once it is known that 21—23 are stable, then it is a rela-
tively simple task to extend the known range of complexes

1914

showing this type of bonding by extracting chloride from
[RuCl{bis(phosphane)}(arene)]Cl to afford the cymene

complex 26a.0311
SbF,
O P —|( 6)2
P

MeO —
R —
MeO p/ u
O Pr,
26a

Compound 26a and related species are shown in
Scheme 6, along with several other derivatives, and selected
NMR spectroscopic data are given in Table 1.1

| P-P: Arene:
P(.\\?U\ 26a iPr-MeO-Biphep p-cymene
P cl 26b MeO-Biphep p-cymene
26¢ MeO-Biphep benzene
27a Binap p-cymene
27b Binap benzene
2(AgSbFg

\\Ru
MeOH // 1 (BusN)(F,SiPh;)
1 ](SbF
Sb/ % 27 @,{7( o)

Ru FPh, P“ Pphz
\\/ N
Cé
P-P:
Binap
MeO-Biphep Arene
NC p-cymene
benzene

ol

|
Ru JRu
A PN
CF Ner C# onr
P-P: R: P-P: R:

Binap Ph Binap CH,CO,Et
MeO-Biphep ph '\Bﬂlﬁg -Biphep CHZCOZEt
Binap CH=CH, P
MeO-Biphep CH CH,
Binap

Meo-Biphep Me

Scheme 6

Reaction of 12 with Cs,CO;5 gave compound 28, which
also shows an n2-olefin interaction, albeit of a different na-
ture. Interestingly, the two carbon atoms complexed are
those which can coordinate before P—C cleavage.

< |Cs
"

0" FVP(p-Tol),
o?°0 P(p-Tol),0
28

> (J
o T
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Table 1. Selected NMR chemical shifts for the carbon and phos-
phorus donors in Ru—arene complexes 26 and 27

(SbFs),

(SbFg),
6
MeQO 1\ Ru-
MeO.

26a R = /Pr; p-cymene
26b R = Ph; p-cymene
26¢ R = Ph; benzene

27a p-cymene
27b benzene

Cl Co6 P1 P2
26a 102.5 79.1 27.3 82.6
26b 93.0 80.1 7.7 67.1
26¢ 90.9 86.0 15.4 64.7
27a 98.0 67.5 3.3 68.7
27b 101.7 73.0 19.0 64.0

A section of the *C long-range correlation for 28 is given
in Figure 7 and reveals two “typical” chemical shifts for C1
and C6, the carbon atoms coordinated to the ruthenium
atom. The four remaining ring carbon atoms show normal
NMR characteristics.

H5 H7
Cs 80
- 90
C1 o]
/ -Tol

_c—0 \p(ffm?)ﬁ% L 100
L : = 3(°C)

3H) g 7 6

Figure 7. C,H long-range correlation for 28 showing the cross
peaks for the two coordinated carbon atoms C6 and CI stemming
from the interaction of the meta-protons H4 and H5, and H7, re-
spectively

3.2. Coordination from a Single Arene Carbon Atom

A number of derivatives of the [Ru—P(OH)Ph,] com-
plexes 11 and 12, containing nitrile, isocyanide and phos-
phane donors have been prepared (see Scheme 7).°% In
these compounds the arene has either been partially or fully
displaced. On the surface, all of the apparent five-coordin-
ate nitrile complexes appear to have structures in which the
n®-arene bonding has been completely displaced. However,
these nitrile complexes contain an interesting and unexpec-
ted feature as shown by their '3*C NMR spectroscopic data.
Just one of the (previously n°-arene) biaryl carbon atoms
(C6) remains situated in a pseudo-sixth coordination posi-
tion, and its '3C resonance is shifted to § = 105—112 ppm
from that of a “normal” arene hydrocarbon, which we es-
timate to be at § = 127—130 ppm.[>3 This difference in
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carbon chemical shift is much too large to arise from local
anisotropic effects. The signals of the adjacent carbon
atoms C1 and C5 are found at & = 130—140 ppm, i.e. in
rather typical positions, so that an n? description is not suit-
able for these molecules. The protons on C6 in these nitrile
compounds (6 = 7.69—8.27 ppm) are also of a routine na-

ture.
(OTf)2 (0T,
lFa ‘ 3)
P
/ Ph, 4
HOPh,P* PeLph HOPh,P"
33 34
YEtzPh /+ Hel
cN-Bu  1OTh: c
tBu-NC.,| LCN-Bu IOTf 1%
u # N
PhoP™| " “PPh,OH +4 CN-Bu :_ + x5 5,00, O
CN-Bu 7
\ p A\ Pp-To,
X HOPh,P* GO PiTo0
' 28 nz
ii + R-CN
% Tol-CN i + 1,0
7, 10T N, 1T
7N . VA
=4 2
RCN  FPhy pTOIY-CN-ogy PP
H,07 | NC- R HNT L _NC-p-Tolyl
P 2
PhaOH T Cof n'
30R =Me 29
31 R =p-tolyl
Scheme 7

Specifically, complex 29, which arises from attack of the
P—OH on a complexed nitrile ligand, shows this type of
novel ! bonding.

One could consider the observed bonding as arising from
a “remote agostic”, i.e. weak, interaction of the metal atom
with the biaryl C—H bond.’*>3] However, we do not be-
lieve this to be correct based on the normal observed values
of 'Jey (from the C,H correlations) and the H6 chemical
shifts, both of which seem rather unaffected by the bonding.
The most reasonable explanation involves a weak n'-m
bonding mode from a single CH biaryl arene carbon atom
to the ruthenium atom. A strong interaction might induce
larger coordination chemical shifts and shorter bond
lengths.

Crystals of the two aquo(nitrile) complexes 30 and 31
were grown and their solid-state structures determined by
X-ray diffraction. Figure 8 and Figure 9 show views of the
cations and, although there is strong disorder in these crys-
tals (the R values are not excellent), the coordination sphere
around the ruthenium centre is clear.’?! Atom C(6) occu-
pies the sixth position in both structures and P(2), pos-
sessing the P(OH) group, is in a pseudo-trans position to
this arene carbon atom. The Ru—C(6) distances of 2.62 and
2.63 A, for complexes 30 and 31, respectively, are clearly
too long for a routine o-bond, but approach the upper end
of what is knownP®! for weak Ru—olefin interactions. The
distances from the ruthenium atom to C(5) are both rather
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long for a bonding interaction, ca 3.3 A, which is consistent
with the 3C NMR results. Placing the H atom at a ca. 1 A
distance from C(6) affords Ru-H distances in the region
of 2.69—2.70 A, i.e. there is no reason to invoke a C—H
agostic interaction.

CI2N}

Pi2I
L=\

Ve

It

cin NH))//,,_H,,
T

N(2)

C4)

Figure 8. View of the cation 30; note the position of C(6), occupy-
ing the 6th coordination site

Figure 9. View of the cation 31; note the position of C(6), occupy-
ing the 6th coordination site

We are not aware of many examples of n' Ru—CH
bonds; however, Gusev et al.>7l have recently assigned the
Ru—CH interaction in 32 as a strong agostic interaction
based on the short M—C distance, ca. 2.1 A.

TtBUZ

Hl WH

i
PtBUz
32

Indeed the reported high frequency carbon chemical shift
of this Ru—CH carbon atom (& = 152 ppm) is consistent
with a strong M—C o-bond character.l*8 This interaction is
obviously different from those found in our Ru compounds.
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3.3. n* or 11° Bonding?

The PEt,Ph complex 33 in the upper half of Scheme 7 is
assigned to an n* diolefin structure. Although only slightly
different from 12, based on X-ray and NMR spectroscopic
data, there are clearly two complexed double bonds and one
remote, perhaps weak, interaction.

The question of n® vs. n* arene bonding in 12 and its
derivatives is one that is discussed using '*C NMR data.
Despite the observed Ru—C distances (ca 2.4 A or more),
we believe that the bonding is best described as strongly
asymmetric n°. The '3C chemical shifts for the two carbon
atoms in question, C-2 and C-3, are shown together with
three model compounds 28, 33 and 34 (see Scheme 7).

OTf

C-2' C-3'
28 136.6 1337 133.8 1348
33 116.4 1162 131.5 1349
34 111.6 1140 1318 135.1

Assuming that a “normal” '3C position (pure n* arene
bonding) would be at & = 130 ppm, then both C-2 and C-
3 experience some effect of the proximate Ru atom. Con-
sequently, it is somewhat superficial to draw the line be-
tween the n® and n* description; however, as expected, the
presence of stronger donating groups (e.g. phosphane vs.
chloride), leads to a weaker arene—Ru interaction and thus
to a shift towards higher frequency for the signals of C-2
and C-3.

4. Comments

The biaryl chelating phosphanes 1 and 2 do not display
“routine” coordination/organometallic chemistry. In gen-
eral, for Ru complexes of 1 and 2, the nature of the other
ligands bound to the ruthenium atom determines whether
these bis(phosphanes) function as 4e~ or 6e~ donors. There
is a definite propensity for this metal to “reach” for the
electrons of the biaryl m-system (as in 21—27) as soon as
the electron count for ruthenium is only 16e~. In order to
achieve this, the biaryl is severely twisted.[*>46] Once the Ru
atom has complexed the double bond next to the P atom,
it is reluctant to release it, and all of the X-ray data show
that the Ru—C1 and Ru—C6 distances are the shortest.
When the P—C bond has been broken, and a new n-ligand
formed, the nature of the different donor ligands (phos-
phanes, nitriles, carbonate etc.) determines whether the ring
of the biaryl ligand slips from a weak six- to a normal
four-, and then down to a two-atom donor. Rather than
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completely forsake this nearby m-system, these complexes
can adopt the novel n!-n bonding mode, as in 29—31; the
weakest interaction with the m-system manageable. This in-
terest in holding the m-cloud may well be responsible for
the observed ease of P—C bond breaking in bidentate biar-
ylphosphane compounds. In any case, the chemistry of 1
and 2 affords a variety of novel, new chiral phosphane com-
plexes of Ru!! in which arene complexation plays a major
role.

The undesirable second and third P—C bond breaking
reactions, i.e. the formation of 19 and 20, prohibits a con-
trolled synthesis of 16e™ intermediates. Nevertheless, both
19 and 20 are unique and offer opportunities for studying
interactions of these with additional harder metal centres,
e.g. the preparation of phosphorus-containing chiral com-
plexes of metals in higher oxidation states.
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