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The dichloro complexes [RugPNNP)] Ra—c) undergo double chloride abstraction when treated
with AgSbF; (2 equiv) (PNNP is one of 829-N,N-bis[o-(diphenylphosphino)benzylidene]cyclohexane-
1,2-diamine,la; (1S29-N,N-bis[o-(bis(4-trifluoromethylphenyl)phosphino)benzylidene]cyclohexane-
1,2-diamine lb; (1S29-N,N-bis[o-(bis(3,5-bis(trifluoromethyl)phenyl)phosphino)benzylidene]cyclohexane-
1,2-diamine, 1¢). The resulting elusive species form the corresponding bis(aqua) complexes
[Ru(OH,)(PNNP)E" by reaction with water. The bis(aqua) complexes [RugiIRNNP)](Sbk), (6a—

c) were fully characterized, including an X-ray structureéof The X-ray structure ofc with the new
electron-poor chiral tetradentate PNNP ligahalis also reported. Complexda and 6¢ catalyze the
cis-selective asymmetric cyclopropanation of styrene, albeit with low yield. Thediesans ratio and
enantioselectivity were obtained wifit (87:13 and 92% ee for th@sisomer, respectively). The products
of double chloride abstraction from [RUFPNNP)] gave moderate to high conversion of styrene-(37
70%), but the yield of the cyclopropane product was generally modest6d%). The bestis- and
enantioselectivity were 86:14 and 81% ee, respectively.

Introduction

Chiral tetradentate ligands containing aNP donor set
(PNNPY have attracted some attention in coordination chemis-
try and homogeneous catalysis in view of their conforma-
tional rigidity, which is expected to produce an effective transfer
of chiral information2 This approach is particularly suitable
in combination with five- or six-coordinated complexes. Thus,
Gao and Noyori used the bis(amino)bis(phosphino) ligand
(1S29-N,N'-bis[o-(diphenylphosphino)benzyl]cycloexane-1,2-
diamine to prepare the octahedral ruthenium(ll) complex [RuCl
(PNNP)], which is an effective catalyst for the asymmetric
transfer hydrogenation of ketontan appealing aspect of chiral

tetradentate PNNP ligands is that they have been investigated

in less detail than salen ligarfdand offer, thus, still unexplored
potential.

We have used the imino analogu&s@sS)-N,N'-bis[o-(diphe-
nylphosphino)benzylidene]cycloexane-1,2-diamih&) to pre-
pare the five-coordinate cation [RuCH)]™ (3a) by reaction of
[RuClx(18)] (2a) with TIPFs (1 equiv). The formally 16-electron
cation 3a is highly oxophilic and readily adds water to give
[RUCI(OH,)(1a)] * (4a).6 Complex3a catalyzes the asymmetric
epoxidation of olefins with hydrogen peroxfde and the

*To whom correspondence should be addressed. E-mail:

mezzetti@inorg.chem.ethz.ch.
T X-ray structures.
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asymmetric cyclopropanation by decomposition of diazoacetate
(Scheme 1§.In the latter case, theis- and enantioselectivity
were optimized by means of the electronic tuning of the PNNP
ligand based on the study of the substrate-based electronic
effects? However, electron-poor PNNP ligands strongly disfavor
the formation of the Lewis acidic 16-electron complex [RuCl-
(PNNP)I, and [RuC}(1b)] (2b) (1bis (1S,29)-N,N-bis[o-(bis-
(4-trifluoromethylphenyl)phosphino)benzylidene]cyclohexane-
1,2-diamine) does not react with TIR#e give the corresponding
five-coordinate compleX?

Recently, we discovered that the monocationic complex
[RuCI(1b)]Y can be prepared by treating [RuClb)] (2b) with

catalyst:

(S,5)-3a (Ar = CgHs) or
(S,9)-3b (Ar = 4-CF3-CgHy)
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silver(l) salts (1 equiv) of low-coordinating anions AgY ¥
SbFs or BF,). The resulting 16-electron complex [Ru@itj]-

SbRs (3b) is the most efficient of the [RUCI(PNNP)]series
for styrene (Scheme 1) and 1-octéfeAdditionally, we ob-
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Figure 1. ORTEP view of [RuCi(1c)] (2¢) (30% probability
ellipsoids).

In a preliminary experiment, the condensation o 25)-
diaminocyclohexane with 2-bromobenzaldehyde (2 equiv) gave
quantitatively the corresponding diimine,§2S)-N,N'-bis(2-
bromobenzylidene)cyclohexane-1,2-diamine, which can be iso-
lated and stored (Scheme 2, left). The diimine was selectively
lithiated with 'BuLi at —78 °C, and addition of chlorodiphe-
nylphosphine yieldedain 75% yield. This procedure requires
less steps than the original one, and the diimine derivative can
be exploited as a common framework to prepare PNNP ligands
bearing different PArgroups. A further synthetic improvement
is that the phosphine, which is the most valuable component,
is added in the last step as the easily available chloro derivative

served that Ag(l)-based chloride scavengers cause doublePArRCI.

chloride abstraction from [RuglPNNP)] when more than 1
equiv of the AgY salt is uset, These results prompted us to
investigate the double chloride abstraction from [R{ENNP)]

As the introduction of different PArgroups was directed to
the synthesis of electron-poor PNNP ligands, we used the new
protocol to prepare the previously reported ;&kbstituted

complexes containing PNNP ligands with different electronic ligand1b'®and the new 3,5-bis(GJderivativelc. In the case

properties. To this goal, we also developed a modular synthesisOf ligand 1b, the overall yield based on phosphorus was
of substituted PNNP ligands containing a variable number of improved from the previous 50% to 75% with the new protocol.

electron-withdrawing groups, such as in the new ligarg&i23)-
N,N'-bis{ 2-[bis(3,5-bis(trifluoromethyl)phenyl)phosphino]-
benzylidengcyclohexane-1,2-diaminé¢). We report herein the
first results concerning double chloride abstraction from [RuCl

(PNNP)] (PNNP= 1a, 1b, or 1¢). These studies, aimed at the
preparation of a new family of chiral Lewis acids, eventually

led to the dicationic bis(aqua) complexes [RUEXPNNP)F*
described below.

Results and Discussion

Synthesis of the PNNP LigandsThe classical synthesis of

imine-based PNNP ligands reported by Rauchfuss is based o
the condensation of the corresponding phosphinoaldehyde with

a diamine in refluxing ethandl!2 Gad® and ourselve®
prepared ($,29-N,N'-bis[o-(diphenylphosphino)benzylidene]-
cycloexane-1,2-diamind.§ by minor variations of this method

(Scheme 2, right). A disadvantage of this approach is the
synthesis of o-(diphenylphosphino)benzaldehyde, which is

performed according to the published procedure with 55%
yield.22We developed a simpler synthetic approach that avoids

the protection/deprotection step of the formyl group.

(11) Bonaccorsi, C.; Mezzetti, AOrganometallic2005 24, 4953.

n

As we have not been able to develop efficient purification
methods forlb and1c so far, the crude products were used to
preparetrans[RUCL(PNNP)] (PNNP= 1b, 2b; PNNP = 1c,
2¢), which are easily purified by column chromatography.
[RuCly(1c)] (2c). The reaction of ligandlc with [RuCl-
(PPh)3] in toluene at reflux gave the dichloro compleans
[RuCl(10)] (2¢). Crystals of2c were grown by slow diffusion
of hexane into CDGl The results of the X-ray study are
summarized in Figure 1 and Table 1. The unit cell contains
two essentially identical, crystallographically independent mol-
ecules of 2c that are related to each other in a pseudo-
centrosymmetric way (see below). The complex has a severely
distorted octahedral coordination wittanschlorides. Although
a stronger Re-P bond may be expected in connection with the
mores-acid ligandlc, the Ru-P distances i2c (average 2.28
A) are not significantly different from those of the unsubstituted
parent complex2a (2.295(2) and 2.288(2) Af The Ru-Cl
distances ir2c (average 2.422 A) and 2a (2.439(2) and 2.403-
(2) A) are the same within experimental error, too. The bite
angles for the P,N and N,N chelate rings are unexceptional.
Several features indicate that the substituents in the 3,5-
positions of the P(3,5-(G»-CsHs)2 groups induce severe steric

(12) Hoots, J. E.; Rauchfuss, T. B.; Wrobleski, D.lAorg. Synth1982
21, 175.
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Table 1. Selected Bond Lengths (&) and Angles (deg) for
[RuCl,(1c)] (2¢)

molecule 1 molecule 2
Ru(1)-CI(1) 2.4135(10) Ru(2)CI(3) 2.4196(11)
Ru(1)-CI(2) 2.4275(11) Ru(2yCl(4) 2.4260(11)
Ru(1)-P(1) 2.2804(10) Ru()P(3) 2.2875(10)
Ru(1)>-P(2) 2.2778(11) Ru(®)P4) 2.2796(12)
Ru(1)-N(1) 2.077(3) Ru(2yN(3) 2.111(3)
Ru(1)-N(2) 2.109(3) Ru(2)N(4) 2.110(3)
Cl(1)-Ru(1)-Cl(2) 171.32(4) CI(3yRu(2)-Cl(4) 172.87(4)
Cl(1)—Ru(1)-P(2) 85.59(4) CI(3yRu(2)-P(3) 87.37(4)
Cl(1)—Ru(1)-P(2) 94.90(4) CI(3yRu(2)-P(4) 92.91(4)
CI(1)—Ru(1)-N(1) 86.17(9) CI(3)Ru(2-N(3) 81.61(9)
Cl(1)-Ru(1)-N(2)  89.36(10) CI(3yRu(2)-N(4)  92.04(10)
Cl(2)—Ru(1)-P(1) 102.44(4) Cl(4yRu(2)-P(3) 99.19(4)
Cl(2)—Ru(1)-P(2) 87.15(4) Cl(4yRu(2)-P(4) 88.83(4)
Cl(2)—-Ru(1)-N(1) 90.79(9) Cl(4y-Ru(2-N(3)  95.59(10)
Cl(2-Ru(1)-N(2)  82.11(10) Cl(4yRu(2)-N(4) 81.01(10)
P(1-Ru(1)}-P(2) 99.14(4) P(3yRu(2)-P(4) 98.99(4)
P(1-Ru(1)-N(1) 87.88(9) P(3yRu(2)-N(3) 89.57(9)
P(1)-Ru(1)-N(2) 167.37(10) P(3yRu(2)-N(4) 169.98(10)
P(2)-Ru(1)-N(1) 172.96(9) P(4yRu(2)-N(3) 169.64(10)
P(2-Ru(1)-N(2) 92.81(11) P(4yRu(2)-N(4) 91.02(10)
N(1)—Ru(1)-N(2) 80.23(14) N(3)Ru(2)-N(4) 80.46(13)
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(featuring the isotopic pattern of antimony) and at 380 (with
isotopic peaks at the distance of hatfz units), which were
attributed to the monocationic species [Ru(§F)]" and to

the dication [Rufa)]?" (exact mass 760), respectively. The
reaction of2awith AgBF, (2 equiv) gave a mixture of products,
whose low-temperaturé®c NMR spectra contained signals
indicating the desymmetrization of the tetrafluoroborate anion.
Thep-CFs-substituted derivativ@b reacted with AgSbgto give
several products, too, probably including [Ru(gi§Eb)]* (m/z
1267), whose signal was observed in the high-resolution ESI
MS trace of the reaction solution.

Eventually, after failing with TIPE; NaBArF, or (EtQ)PFs,
chloride abstraction from [RuglLc)] (2¢) occurred with AgSb
both in 1:1 and in 1:2 molar ratio, but the resulting products
were not identified. In the latter case, the high-resolution ESI
MS trace of the reaction solution showed the signal of a dication
(on the basis of the isotopic peaks at the distance of rélf
units) atm/z 652, whose exact mass corresponds to JR\¢".

A signal atnVz 1339 featuring the isotopic cluster of antimony
can be attributed to the monocationic $taelduct [Ru(Sb§)-
(10)]*. The low reactivity of electron-pod2c toward chloride

crowding in the complex. Thus, the coordination angles about abstraction is in line with our previous observation that electron-

ruthenium widely deviate from 90the PAp groups assume a

non-C,-symmetric conformation, and the bis(benzylidene)-
cyclohexane unit is distorted away from the usual “stepped”

withdrawing substituents in the PNNP ligand decrease the
stability of the five-coordinate species owing to the reduced
electron density at ruthenium and require the use of Ag(l) salts,

conformation into a saddle-like shape (compare Figure 1 andwhich are stronger chloride scavengers than TI(l) salts. On this
Figure 1a in ref 4a). The cyclohexyl ring, however, retains its topic, it should be noted that the previously obsefvirde-
regular chair conformation. Interestingly, the conformation of coordinate [RuCt{a)]* (3a) is formed even when an excess (2
the two crystallographically independent molecules is such that equiv) of TIPF is used. Thus, the abstraction of the second
these are arranged in the asymmetric unit in a fashion that ischloro ligand occurs only with AgSkFand AgBR as the

P1-symmetric except for the stereogeniS@S)-cyclohexane-

1,2-diamine moiety. This latter observation implies that the steric

chloride scavenger, but not with TIRF
In conclusion, the precipitation of AGCI upon addition of AgY

crowding outweighs the effect of the stereogenic 1,2-cyclohex- to [RUCI(PNNP)} affords circumstantial evidence that double
anediyl bridge in determining the overall conformation of the chloride abstraction from [RugPNNP)] does occur. ESI mass

complex.

Double Chloride Abstraction from [RuCl 2(PNNP)] with
AgY. We have recently reported that the reaction of [RuCl
(PNNP)] (PNNP= 1a or 1b) with AgSbFs (1 equiv) in CDQ-

spectrometry!®F NMR spectroscopy, and the different outcome
of the reactions o2a with AgSbk; or AgBF, are suggestive of
counterion coordination, but the formulation of these species
remains unclear. Although we cannot exclude completely that,

Cl; yields the corresponding monocation complexes [RUCI- despite all precautions (see Experimental Section), some of these
(PNNP)]Sbfs as the main product, along with variable amounts unknown species contain coordinated water, this possibility is

(up to 24% of total) of a new product featuring brodg NMR
signals ab 73 and 43 (1:1 intensity ratio) at room temperattire.
We now find that, when a second equivalent AgsitsFadded

restricted to the coordination of a single® molecule, as the
corresponding bis(aqua) complexes have been completely
characterized (see below). Even though a large number of

to this reaction solutions, both chloro ligands are abstracted, ascomplexes containing coordinated anions have been reported

indicated by the precipitation of silver(l) chloride. Similar
reactions occur with AgBE The double chloride abstraction
from [RUCL(PNNP)] formally produces the fragment [Ru-

and are known to react with water to give aqua complexes, their
involvement in catalysis is by far less well-documenttds
for chloride dissociation from [RUGIPNNP)],2ais known to

(PNNP)ET, which must coordinate at least a fifth ligand because give [RuCl(MeCN)(a)]* by reaction with AgBE in acetoni-

of its 14-electron count. An investigation of the reactiorzaf-c
with AgSbFs or with AgBF; (2 equiv) yielded circumstantial
evidence of anion coordination, [S§F or [BF,4]~, and showed

trile,” and the chloride-free complex [RufOCHs)x(1aH-)]
(wherelaH; is the diamino analogue dfa) has been prepared
by treating [Ru(QCCHg)»(PPh),] with ligand 1laH».15 A

that the resulting products are extremely water-sensitive, which cyclopropanation catalyst prepared by activation2afwith
prevented their isolation. A summary of this study is given AgBF, (2 equiv) has been reported, but the nature of the

below (see Supporting Information for further details).
[RuClx(1a)] (2a) reacted with AgSb(2 equiv) in CDBCl,
to give a single product (see Experimental Section), but¥re

NMR spectra were not informative because the quadrupole

moment of121Sh (57%) and23Sb (43%) causes tHé€F NMR
signal of the [SbE]~ anion to broadef® The high-resolution
ESI MS trace of the reaction solution showed peaks/at995

(13) (a) At room temperature, tHéF NMR spectrum of the reaction
solution shows a broad signal{, = 990 Hz) centered at —123.5 in the
range expected for uncoordinated [gpF It should be appreciated that
the 1% NMR signal of the [SbE ~ anion has, in general, not been observed;
see: (b) Honeychuck, R. V.; Hersh, W. Hhorg. Chem.1989 28, 2869.

resulting species has not been investigafed.
Bis(aqua) Complexes [Ru(OH)(PNNP)J?*. The products
of double chloride abstraction froi®a—c with AgSbFs react

(14) For an extensive review article, see: (a) Beck, Wnka&ly K. Chem.
Rev. 1988 88, 1405. For tetrafluoroborato complexes in catalysis, see: (b)
Rybtchinski, B.; Oevers, S.; Montag, M.; Vigalok, A.; Rozenberg, H.;
Martin, J. M. L.; Milstein, D.J. Am. Chem. So@001, 123 9064. (c) Vela,

J.; Smith, J. M.; Yu, Y.; Ketterer, N. A.; Flaschenriem, C. J.; Lachicotte,
R. J.; Holland, P. LJ. Am. Chem. So@005 127, 7857.

(15) Wong, W. K.; Lai, K. K.; Tse, M. S.; Tse, M. C.; Gao, J. X.; Wong,
W. T.; Chan, SPolyhedron1994 13, 2751.

(16) Zheng, Z.; Yao, X.; Li, C.; Chen, H.; Hu, Xetrahedron Let2001,

42, 2847.



Chiral Bis(aqua) Complexes [Ru(QH(PNNP)E*

Scheme 3
1. AgSbFg ] (SbFe)o
o @equv) AnFl | OH,
=N_T _N= CH,Cl, RS
LN N\ | OH,
P & P 2. H,0 PAr;
Arp ™" Arp (2 equiv)
2a, Ar = Ph 6a, Ar=Ph

6b, Ar = 4'CF3-CBH4
6¢, Ar = 3,5-bis-CF3-CgHs

2b, Ar = 4'CF3'CGH4
2¢, Ar = 3,5-bis-CF3-CgH3

Table 2. 3P NMR Data (at 20 °C)

o (ppm) 2Jp p(H2)
[RuClx(10)] (2¢) 52.4(s)
[Ru(OH,)2(18)](BF4)2 (6aBF4) 63.6 (d), 48.3 (d) 29.9
[Ru(OH,)x(1a)](SbFs). (6aSbF) 63.5 (d), 47.1 (d) 29.7
[Ru(OH,)2(1b)](SbFs) (6b) 66.4 (d), 49.3 (d) 29.7
[RU(OH,)2(10)](SbFs)2 (6¢) 67.5 (d), 51.7 (d) 29.7

Organometallics, Vol. 25, No. 8, 2002005

with a stoichiometric amount of water to give the corresponding Figure 2. ORTEP view of [Ru(OH)(10)](SbRy)> (6¢) (30%

bis(aqua) complexes [Ru(Q}(PNNP)E" as a single diastereo-

isomer (Scheme 3). As the derivative containing the bis-

(trifluoromethyl)-substituted ligandic has been fully character-
ized, including an X-ray investigation, it will be discussed first.
The dicationic bis(aqua) complex [Ru(Qkx{(10)](SbFs)2 (6¢)
features an AX pattern in thé!lP NMR spectrum whose
chemical shifts indicate ais-3 geometry (Table 2)° A 31p—

probability ellipsoids).

the phosphorus atom at49.3, as well as a weak one with the
phosphine atd 66.4. Additionally, the room-temperatutél
NMR spectrum features a very broad signad &.6 that arises
from an aqua ligand in fast exchange with noncoordinated water,
as indicated by the broad diagonal peak in the NOESY

'H HMQC experiment revealed the signal of one aqua ligand spectrum. Upon lowering the temperature+80 °C, this signal

at o 3.4 as a cross-peak to tR& NMR signal atd 51.7. A

decoalesces into two sharp peaks of coordinated and free water

signal ato 4.5 was attributed to the second aqua ligand on the at ¢ 4.45 and 2.59, respectively. In analogy with compéex

basis of its'TH NOESY cross-peak to that of noncoordinated
water ¢ 2.25), which is indicative of rapid exchange~ 150

and supported biH NOESY andP—H HMQC experiments,
we attribute the signal ai 4.45 (—30 °C) to the aqua ligand

s 1). A complete assignment indicated that the latter signal refers transto P (atd 66.4 in the3!P NMR spectrum) and that at

to the agua liganttansto the deshielded P ator 67.5), which
explains its lability, whereas the one resonating at4 istrans

2.91 to HO transto nitrogen.
Also 2aforms a singlecis- diastereoisomer of [Ru(Ohb-

to an imine and, therefore, is more tightly bound to ruthenium (1a)](SbFs). (6aSbFs) upon treating?a with AgSbFs (2 equiv)

and does not exchange with freeg®on this time scale (mixing
time 0.6 s).

and water (2.2 equiv). Neither aqua ligand was detected in the
1D and 2D spectra of [Ru(Ohi(1a)](SbFs),, which is indicative

The IR spectrum (KBr) shows broad bands at 3626 and 3200 of faster exchange between free and coordinated water in the
cm~1 that are attributed to the stretching modes of coordinated case of the less Lewis-acid&a derivative. Thus, the overall
water. For mono(aqua) complexes, the antisymmetric and sym-spectral trend suggests that the exchange rate decreases on going
metric stretching vibrations give rise to two broad, sometimes from 6a to the electron-poo6c. The spectral behavior of the

overlapping bands in the region 3268550 cn1?, along with
the HOH bending near 1600 crh!? In the neutral palladium
complex [Pd(dmba)(Fmes){)] (dmba= orthometalated\,N-
dimethylphenylamine; Fmes 2,4,6-tris(trifluoromethyl)phe-

dicationic complex [Ru(Ob)x(18)]2+ depends on the counterion,
too. The tetrafluoroborate salt [Ru(Q¥A1a)](BF.). (6aBF,),
formed by treatin@awith AgBF, (2 equiv) and water, features
a sharptH NMR singlet ato 3.18 (with a cross-peak to tiéP

nyl), two medium-intensity signals are observed at 3607 and NMR doublet até 48.3 in the3'P—1H HMQC spectrum) that
352918 In a system more similar to ours, the cationic bis(aqua) is attributed to the aqua ligangans to nitrogen by analogy

ruthenium complex [Ru(TPr(OH)(THF)]OTf (Tp'Pr = hy-
drotris(3,5-diisopropylpyrazolyl)borate), th¢OH,) stretching
vibrations give weak and broad signals at 3640 and 3359.&n
The analogous reaction a2b with AgSbR (2 equiv),
followed by addition of water (2.2 equiv), yields the bis(aqua)
complex [Ru(OH)2(1b)]2* (6b) as a singlecis-A diastereoiso-

with 6¢. The effect of the counterion on the rate of exchange
between free and coordinated water may be mediated by the
hydrogen bonds between the aqua ligand and {[Stt [BF4] .

The existence of a network of such hydrogen bonds in the solid
state is revealed by the X-ray structuresefSbFg), (see below).
Additional support for this hypothesis comes from the observa-

mer, which was characterized in solution (Table 2). One aqua tion that the’’P NMR chemical shifts o6a(SbF), and6a(BF,),

ligand gives a sharp signal t2.91 in the room-temperature
IH NMR spectrum and a strorfgP—'H HMQC cross-peak with

(17) (a) Kubas G. J.; Burns C. J.; Khalsa G. R. K.; Van Der Sluys L. S.;
Kiss G.; Hoff C. D.Organometallics1992 11, 3390. (b) Nakamoto, K.
Infrared and Raman Spectra of Inorganic and Coordination Compounds
Part B: Applications in Coordination, Organometallic, and Bioinorganic
Chemistry Wiley: New York, 1997; p 53.

(18) Bartolome C.; Espinet, P.; Vicente, L.; Villafane, F.; Charmant, J.
P. H.; Orpen, A. GOrganometallic2002 21, 3536.

(19) Takahashi, Y.; Akita, M.; Hikichi, S.; Moro-oka, Ynorg. Chem.
1998 37, 3194.

are slightly different (Table 2).

In sum, based on the spectroscopic data of the aqua com-
plexes, the lability of the water ligand decreases according to
6a > 6b > 6¢, that is, parallel to the donor properties of the
PNNP ligand. Thus, the Lewis acidity of the 14-electron frag-
ment [RU(PNNPJ* increases along the serita < 1b < 1c.

X-ray of [Ru(OH 2)(1c)](SbFs)2. Crystals of [Ru(OH)»(1c)]-
(Sbks)2 (6¢) were obtained from a saturated &I, solution.

The asymmetric unit contains one discrete complex dication
[Ru(OH,)2(10)]?", a total of two [Sbk]~ anions that are
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Table 3. Selected Bond Lengths (A) and Angles (deg) for

Bonaccorsi et al.

[Ru(Ohb(1c)] (6¢), Including Shortest Hydrogen Bonds

Ru—P(1) 2.2524(16) RuP(2) 2.3220(17)
Ru—N(1) 2.106(5) Ru-N(2) 2.029(5)
Ru—0(1) 2.229(5) Re-O(2) 2.180(5)
P(1)-Ru—P(2) 97.35(6) N(LrRu—N(2) 79.0(2)
P(1)-Ru—N(1) 87.94(15) P(2YRu—N(1) 164.25(16)
P(1)-Ru—N(2) 98.08(15) P(2rRu—N(2) 85.59(15)
P(1)-Ru—0(1) 167.39(14) P(2YRu—0O(1) 88.53(13)
P(1-Ru—0(2) 85.87(14) P(2YRu—0(2) 105.19(14)
N(1)-Ru—0(1) 89.34(19) N(2)Ru-O(1) 93.5(2)
N(1)—-Ru—0(2) 89.9(2) N(2)-Ru—0(2) 168.0(2)
O(1)-Ru—0(2) 81.82(19)
O—H HF O-F O—H--F
O(1)—H(1A)---F(25) 0.996(11) 1.91(4) 2.839(8) 154(6)
O(1)-H(1B)-++F(31) 0.998(11) 1.79(3) 2.756(8) 162(6)
O(2)—H(2B')-++F(34) 1.10(2) 1.79(2) 2.810(7) 152(5)
O(2)—H(2A")---F(28) 1.01(2) 1.81(2) 2.625(10) 135(3)
disordered over three sites, and a highly disordered dichlo-
romethane molecule. The octahedral coordination of ruthenium [
is severely distorted because of thecis--configuration of 1 B
the PNNP ligandlc (Figure 2, Table 3). The sam&-config- P o AR

uration of §,3-1c has been previously attributed to the related
complexes [RUCI(OB)((S,3-1a)] " (4a) and [RuCI(OE#)((S,9-
1a)]" (5a) on the basis of molecular modeliA®.However,
[RuCl(py)((R,R)-1a)]" has the A-cis8 configuration, tod,

which suggests that a generalized prediction based on the

absolute configuration of the diamine is not possible and that
the steric requirements of the ancillary ligands are crucial.
The Ru-P, Ru-N, and P-O bond lengths reflect thigans
influence of the ligand occupying theans position. Thus, the
Ru—P(1) distance (2.2524(16) Aransto O) is much shorter
than the Ru-P(2) one (2.3220(17) Aransto N). This accounts
for the largely different®¥P NMR chemical shifts of the P
atomg? and for the diagnostic downfield shift of the phosphine
transto the aqua ligané? For the same reason, ruthenium binds
more strongly to N(2)tfansto O(2), 2.029(5)) than to N(1)
(transto P(2), 2.106(5) A). Also, the aqua ligand O¢iansto
P(1) exhibits a longer RtO bond (2.229(5) A) than O(2) (Ru
(O(2)= 2.180(5) A), which igransto N(2), in agreement with
the observation (based on NMR spectroscopy) that O(1)
exchanges much more rapidly with free water than O(2). Even
though6c is a dicationic complex, the RuO(1) distance of

N(2)

- e

Figure 3. Shortest hydrogen bonds between [RuREc)](SbFs).
(60) and the [SbE]~ anions (30% probability ellipsoids).

bonds to the [Sbff~ anions (Table 3, Figure 3). This is the
most striking feature of the crystal packing, with the [gbF
anions pooled together in a “protic pocket” formed by tie

2.229(5) A falls at the upper end of the range observed for aquaaqua ligands of neighboring [Ru(QH(PNNP)F cations.

ligands trans to P-donors in mononuclear ruthenium com-
plexes?! The hydrogen atoms on both aqua ligands, which have
been located and refined, are involved in a net of hydrogen

(20) Pregosin, P. S.; Kunz, R. WP and'3C NMR of Transition Metal
Phosphine Complexes. HNMR Basic Principles and ProgresBiehl, P.,
Fluck, E., Kosfeld, R., Eds.; Springer: Berlin, 1979; p 52.

(21) Ru(ll) complexes (RuO distances are in the range 2.166229
A): (a) Albers, M. O.; Liles, D. C.; Singleton, FActa Crystallogr., Sect.
C: Cryst. Struct. Commurl987 43, 860. (b) Harding, P. A.; Preece, M,;
Robinson, S. D.; Henrick, KJ. Chem. Soc., Dalton Tran%988 415. (c)
Sun, Y.; Taylor, N. J.; Carty, A. Jnorg. Chem1993 32, 4457. (d) Mahon,
M. F.; Whittlesey, M. K.; Wood, P. TOrganometallics1999 18, 4068.
(e) Nenegas-Yazigi, D.; Lever, A. B. P.; Lough, A. J.; Vega, A.; Paredes-
Garcia, V.; Costamagna, J.; Latorre, &cta Crystallogr., Sect. C: Cryst.
Struct. Commun200Q 56, e323. (f) Bickley, J. F.; Higgins, S. J.; Stuart,
C. A.; Steiner, Alnorg. Chem. Commur200Q 3, 211. (g) Kuznetsov, V.
P.; Yap, G. P. A.; Alper, HOrganometallic2001, 20, 1300. (h) Albertin,
G.; Antoniutti, S.; Bacchi, A.; Boato, M.; Pelizzi, @. Chem. Soc., Dalton
Trans. 2002 3313. (i) Smolenski, P.; Pruchnik, F. P.; Ciunik, Borg.
Chem.2003 42, 3318. Ru(lll) (2.216(5) A): (j) Dinelli, L. R.; Batista, A.
A.; Wohnrath, K.; De Araujo, M. P.; Queiroz, S. L.; Bonfadini, M. R.;
Oliva, G.; Nascimento, O. R.; Cyr, P. W.; MacFarlane, K. S.; James, B. R.
Inorg. Chem1999 38, 5341. Ru(0) (2.201(3), 2.241(5) A): (k) Sustmann,
R.; Patzke, B.; Boese, R. OrganometChem 1994 470, 191. (I) Shiotsuki,
M.; Miyai, H.; Ura, Y.; Suzuki, T.; Kondo, T.; Mitsudo, TOrganometallics
2002 21, 4960.

In general, phosphine ligands are soft donors and do not
impart an oxophilic character to their ruthenium(ll) complexes,
whereas aqua complexes are quite frequent with hard ligands
(such as nitrogen donof8) according to the principle of
symbiosis?® However, the hardness of the metal ion can be
increased by a number of factors that include the effect of charge
and that of hard co-ligand4.Thus, the affinity of ruthenium-

(I1) for water is increased by strong-accepting co-ligands (in
particular CO§'-dk! or by hard donors (such as nitrogen and
oxygen¥a-ed or in dicationic complexesdld-*h These factors
often act in combination with each oth#r.

In the case of [Ru(O)(PNNP)E", the cis arrangement of
the two aqua ligands is electronically favored because of the
trans influence arguments discussed above. Additionally, this
configuration allows a pushpull interactio®® between the
s-accepting phosphine and thedonating oxygen and avoids
the extensive four-electron filleefilled interactiong® between

(22) See, for instance: Stultz, L. K.; Binstead, R. A.; Reynolds, M. S.;
Meyer, J. T.J. Am. Chem. Sod.995 117, 2520, and references therein.

(23) Jgrgensen, C. Knorg. Chem.1964 3, 1201.

(24) For a discussion, see: Becker, C.; Kieltsch, I;
Mezzetti, A.Inorg. Chem.2003 42, 8417.

Broggini, D.;
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Table 4. Catalytic Asymmetric Cyclopropanation of Styrené

.+ N,CHCO,Et AN ;
T () R (S e
(5 mol%) cis trans

eda conv yield cistrans eecis eetrans
run complex (equiv) (%) (%) ratio (1S2R) 1s 29
1 [RuCl(18)]SbFs (3a)® 1 27 21 91:9 95 10
2 [RUCI(1b)]SbFs (3b)° 1 80 69 99:1 96 58
3 [RUCK(10)] (20) + AgSbFs 1 47 33 71:29 94 78
4 [RuUCK(1a)] (2a) + 2AgBF, 2 37 21 57:43 36 59 @2R)
5 [RuCh(1a)] (2a) + 2AgSbFg 2 65 64 55:45 61 64 @,2R)
6 [RuChk(1b)] (2b) + 2AgSbFs 2 83 28 86:14 81 35
7 [RUCkL(10)] (2¢) + 2AgSbFs 2 70 13 53:47 21 ®29 10
8 [Ru(OH)2(18)](SbFs)2 (63) 2 57 6 62:38 48 9 R2R)
9 [Ru(OH)2(10)](SbFs)2 (60) 2 25 10 87:13 92 5
10 [RUCI(OH)(1a)]PFs (43)° 2 61 28 86:14 91 8
11 [RuCI(OEL)(18)]PFs (58)° 2 73 28 86:14 80 rac

aSee Experimental Section for analytical detdillsrom ref 11.6 From ref 10.

the ¢ metal center and the oxygen atoms that would occur with their activity and chemoselectivity can be recognized. A first
mutually trans aqua ligands. Obviously, the electronic factors surprising result is that electron-poor PNNP ligands do not

outweigh the angular strain of tha@s-$ arrangement of the
PNNP ligand. However, in the case@d, the bulky(CF).CsHs
groups may contribute to stabilize tloés-3-configuration. In
fact, the structure ofc shows that tharans configuration of
ligand 1cis highly crowded.

Catalytic Cyclopropanation. Both the products of double
chloride abstraction and the bis(aqua) compléeand6cwere

necessarily increase the cyclopropane yield. In f2ggSbFs

(1 or 2 equiv, runs 3, 7) and the bis(aqua) com@exrun 9)
give yields not exceeding 33%. This is not consistent with the
expectation that ligand@lc would impart the highest electrophi-
licity, and thus the highest reactivity, to the carbene intermediate
as compared tda and1b. A closer inspection shows that the
low vyield results from different causes, depending on the

tested as catalysts in the asymmetric cyclopropanation of styrenecatalytic system. The bis(aqua) compkxis intrinsically low
by decomposition of ethyl diazo acetate. For the sake of reactive, as conversion and yield are comparable. In contrast,

comparison with [RuCl(a)]SbFs; (3aSbFs) and [RuClb)|SbFs
(3bSbFR),11 we first tested the system formed by activation of
dichloro complexX2c with AgSbks (1 equiv), which results in a

the doubly abstracted species with and1c give high olefin
conversion but low cyclopropane yield (runs 6, 7), which is
attributed to styrene polymerization (or oligomerization) com-

mixture of unidentified complexes as discussed above. The peting with cyclopropanatiol. Olefin polymerization becomes

resulting catalytic system givesca.transratio of 71:29, which
is in the lower range for five-coordinate complexes of the type
[RUCI(PNNP)T", but the enantioselectivity for both tleés and

increasingly important with the increasing Lewis acidity of the
catalyst, as observed in the homogeneous series JERNNP)]/
2AgSbks with ligandsla, 1b, and1c (runs 5-7). However, as

transisomers is rather high, 94% and 78% ee respectively (Table the reactivity of the Ru/PNNP fragment is modulated by the

4, run 3). However, this system is less active tBasbFs, the

ancillary ligand(s), the most Lewis acidic Ru/PNNP fragments

cyclopropane yields being 33% and 69%, respectively (runs 3 do not give necessarily active polymerization catalysts, as

Vs 2).

Overall, the catalysts produced by double chloride abstraction

from 2a—c are notcis-selective and give modest enantiomeric
excesses, with th2b/2AgSbk; catalytic system as an exception
(run 6, 86:14cisitrans ratio, 81% ee for thecis isomer). A
surprising trend in this series is that the cyclopropane yield
decreases parallel to the donor properties of the, Rfoups
(runs 5-7).

The main feature of the bis(aqua) compleX@sand 6¢ is

discussed below.

Intrinsically low-reactive species give both lower cyclopro-
pane yield and lower styrene conversion. Such is the case of
bis(aqua) complegc (25% conversion, 10% yield), as compared
to 6a, which gives 57% styrene conversion, but only 6%
cyclopropane yield (runs 9, 8). This is perfectly in line with
the slow water exchange observed in solution for the bis(aqua)
complex of the electron-poor ligantt. Obviously, these 18-
electron complexes must undergo dissociation of os@ li¢jand

that they are the least effective in each homologous series withto react either to form the carbene intermediate of cyclopropa-

the same PNNP ligand. Thus, [Ru(@k{1a)]2" (6a, run 8) gives
lower cyclopropane yield as compared3a(run 1),2a/2AgY
(Y = BF4, Sbk; runs 4, 5), or the monocationic chloroaqua
and chloro(diethyl ether) species [RuCI(13§]* (runs 10, 11}°
An analogous observation holds for ligahd(runs 3, 7, 9). In
view of the low cyclopropane yield, thes- and enantioselec-
tivity obtained with6cis not really useful (run 9), and, therefore,
6b was not tested.

In general, all the new catalysts give lower performances in
terms of cyclopropane yield and/ois- and enantioselectivity
than the corresponding [RuCI(PNNP)Bome trends concerning

(25) (a) Caulton, K. GNew J. Chem1994 18, 25. (b) Poulton, J. T;
Sigalas, M. P.; Folting, K.; Streib, W. E.; Eisenstein, O.; Caulton, K. G.
Inorg. Chem.1994 33, 1476.

(26) Mayer, J. M.Comments Inorg. Chem988 8, 125.

nation or to induce polymerization. The same considerations
apply to2dAgSbFs (1 equiv), as it can be argued that the highly
acidic cationic fragment [RuCl)]* binds the anion more
strongly than [RuCI{b)]* to give an inert 18-electron complex.
On the same lines2a + 2AgBF, is less active tharRa +
2AgSbks (runs 4, 5) because the tetrafluoroborate anion interacts
more strongly with ruthenium cationic species that [§bFas

we have previously observéd.

In sum, the interplay of the donor properties of the PNNP
and of the ancillary ligand(s) determines the efficiency of these
catalysts in terms of cyclopropane yield. The above results stress
the pivotal role played by the bulkyr-donating chloro ligand
in stabilizing the five-coordinate, 16-electron complex [RuCl-
(PNNP)J",2425 which is reactive, yet stable enough to be the
main species formed by chloride abstraction with a number of
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PNNP ligands. Furthermore, [RuCI(PNN®P)eacts with ethyl
diazoacetate to form &ans carbene complex, as previously
observed with [RuCl(a)]PFs,® both for electronic reasons (the
push-pull effect between the carbene and chloro ligands) and

Bonaccorsi et al.

refluxed in a Dean-Stark apparatus for 12 h. The solvent was
evaporated under high vacuum, and the pure product was obtained
as a dense yellow oil in quantitative yield (4.5¢99%). [o]p%° =
—2.6+ 0.1 (c 1, CHCE). *H NMR (250 MHz, CDC}): 6 8.56 (s,

because of the stereochemistry of ligand addition to 16-electron2H, HC=N), 7.93-7.89 (m, 2H, arom.), 7.487.45 (m, 2H, arom.),

complexes??7In fact, we have preliminary evidence that ligand
exchange on six-coordinate complexes of the tyiggs-[RuX-
(L)(PNNP)P* occurs with retention of theis-8 configuration.

As the previously developed stereochemical model for
carbene transfer to styrene suggests that [RuCI(PNNR)]
pivotal for highcis- and enantioselectivity we speculate that
at least two reasons may account for low stereoselectivity
observed with the [Ru(OpL(PNNP)F™ and [RUCH(PNNP)]/
2AgY catalysts. As for steric effects, the X-ray structure2of
shows that the 3,5-disubstitution pattern of ligabdlcauses

severe crowding with respect to the unsubstituted analogue

[RuClx(1a)],%2 which can be thought to destabilize thrans
carbene intermediate with respect to one ofdis isomers.
Additionally, the formation of ais carbene is favored in the

7.28-7.17 (m, 4H, arom.), 3.51 (m, 2H,N\CH), 1.87 (m, 6H,
CHy), 1.52 (m, 2H, ®l,). 13C{'H} NMR (62.9 MHz, CDC}): ¢
160.1 (s, 2 C, l€=N), 134.8 (s, 2 C, arom.), 132.7 (s, 2 C, arom),
131.4 (s, 2 C, arom), 128.9 (s, 2 C, arom), 127.4 (s, 2 C, arom),
124.6 (s, 2 C, arom); 73.6 (s, 2 C,BH); 32.8 (s, 2 CCH,), 24.3
(s, 2 C,CHy). IR (KBr, cm™1): 1633 (s,vc=n), 753 (S,vc—gr). Anal.
Calcd for GgH2gNLBro: C, 53.60; H, 4.50; N, 6.25. Found: C,
53.76; H, 4.64; N, 6.01.
(1S,2S)-N,N'-Bis[o-(diphenylphosphino)benzylidene]cyclo-
hexane-1,2-diamine (1a)(1S,2S)-N,N'-Bis(2-bromobenzylidene)-
cyclohexane-1,2-diamine (0.100 g, 0.223 mmol) was dissolved in
THF, and the solution was cooled 80 °C. A 2.3 M solution of
BuLi (0.19 mL, 0.45 mmol, 2 equiv) in pentane was added
dropwise. The solution turned dark red-violet. The reaction solution
was stirred at-80 °C for 40 min, then chlorodiphenylphosphine

bis(agua) complexes by the mechanism of ligand substitution (0.099 g, 82uL, 0.45 mmol, 2 equiv) was added dropwise. Upon

and, in the chloride-free species, by the lack of tirdonor

warming to room temperature during 3 h, the reaction solution

chloride. In both cases, these effects may influence the enantio-became pa|e ye”owl The solvent was e\/aporatedl arﬂ:{éM/aS
and diastereoselectivity to the extent of reversing the sense ofadded. Filtration of the salts and evaporation of the solvent in a

asymmetric induction in thecis cyclopropane isomer, as
observed with catalys2c + AgSbFs (2 equiv) (run 7).
Conclusion

Double chloride abstraction from [Ru{PNNP)] by silver-
() salts of low-coordinating anions yields highly hygroscopic

vacuum gavdaas a yellow solid. Yield: 75% (110 mg}'P NMR
(101 MHz, CDC}): 6 —13.9 (s, 2P). Same properties as previously
reported®

(1S,29)-N,N'-Bis{ 2-[bis(4-trifluoromethylphenyl)phosphino]-
benzylideng cyclohexane-1,2-diamine (1b)(1S2S)-N,N'-Bis(2-
bromobenzylidene)cyclohexane-1,2-diamine (0.2 g, 0.45 mmol) was
dissolved in THF (15 mL). To the cooled solution&0 °C), a 1.7

products that react with water to produce the corresponding M pentane solution oBuLi (0.53 mL, 0.90 mmol, 2 equiv) was

dicationic bis(aqua) complexes [Ru(@k(PNNP)E". The latter
are, to the best of our knowledge, the first chiral bis(aqua)
complexes of ruthenium. Preliminary tests in the asymmetric
cyclopropanation of styrene show that both [Ru(®H
(PNNP)F* and the chloride-free catalysts formed from [RuCl
(PNNP)] and AgSbk (2 equiv) are less efficient in terms of

added dropwise. The solution turned dark red-violet. The reaction
solution was stirred at-80 °C for 1 h, and then bis(4-trifluorom-
ethylphenyl)chlorophosphine (0.318 g, 0.89 mmol, 2 equiv) was
added dropwise. The solution was allowed to reach room temper-
ature during 3 h, during which its color turned pale yellow. The
solvent was evaporated in high vacuum, the solid residue was

cyclopropane yield and enantio- and diastereoselectivity than dissolved in CHCI,, and the salts were filtered off. Evaporation

their monochloro analogues [RuCI(PNNP)]The low yield
obtained with the chloride-free complexes containing electron-
poor PNNP ligands is attributed to the high Lewis acidity of
the Ru/PNNP fragments, which either promote olefin polym-
erization as competing reaction to cyclopropanation or strongly
bind ancillary ligands, such as water or the fluorinated anions,
to give inert 18-electron complexes.

Experimental Section

General Comments.Reactions with air- or moisture-sensitive

of the solvent gavdb was a yellow solid. Yield: 75%'P NMR
(101 MHz, CDC}): 6 —10.2 (s, 2P). Same properties as previously
reportedt?

(1S,2S)-N,N'-Bis{ 2-[bis(3,5-bis(trifluoromethyl)phenyl)-
phosphino]benzylidengcyclohexane-1,2-diamine (1c)(1S2S)-
N,N'-Bis(2-bromobenzylidene)cyclohexane-1,2-diamine (0.755 g,
1.69 mmol) was dissolved in THF (15 mL), and the solution was
cooled to—78 °C. Upon dropwise addition of a 1.7 M pentane
solution of'BuLi (1.98 mL, 3.37 mmol, 2 equiv), the solution color
turned dark red-violet. After stirring at78 °C for 45 min, neat
bis(3,5-bis(trifluoromethyl)phenyl)chlorophosphine (1.66 g, 3.37

materials were carried out under an argon atmosphere using Schlenknmol, 2 equiv) was added dropwise. The reaction solution, which

techniques!H, 13C, 1%, and3!P NMR spectra were recorded on
Bruker DPX spectrometers. The @O, solvent was distilled over
CaH; and immediately stored in a glovebox under purified nitrogen.
1H and 13C positive chemical shifts in ppm are downfield from
tetramethylsilane3P and°F NMR spectra were referenced to
external 85% HPO, and external CFGJ respectively. ESI MS

had become pale yellow, was allowed to reach room temperature
under stirring during 3 h, and then MeOH (1 mL) was added. The
solvents were evaporated under high vacuum, the residue was
dissolved in benzene, and the salts were filtered off. The product
1c was obtained together with undentified impurities, and all
attempts of purification failed. The reaction crude was used to

measurements were performed using a Finnigan TSQ QuantumPrepare2c (see below)*P NMR (CDCE): 6 —12.7 (s, 2 P).

instrument. IR spectra were recorded on a Perkin-Elmer Paragon

1000 FT-IR spectrometer. Complexes [RyCH]*? (2a) and
[RuClx(1b)]*° (2b) were prepared according to literature procedures.
(1S,25)-N,N'-Bis(2-bromobenzylidene)cyclohexane-1,2-di-
amine. (1S29-(+)-1,2-Diaminocyclohexane (1.142 g, 0.01 mol)
and 2-bromobenzylaldehyde (3.701 g, 0.02 mol, 2 equiv) were
dissolved in freshly distilled toluene (50 mL), and the solution was

(27) Bachmann, S. Ph.D. Thesis, ETHrigh N. 14882, 2002, p 58.

[RuCly(1c)] (2¢).[RuCL(PPh)3] (1.62 g, 1.69 mmol) and crude
1c(ca. 2.2 g, 1.8 mmol, 1 equiv) were dissolved in toluene, and
the resulting solution was refluxed for 10 h. After evaporation of
toluene, the orange solid was filtered over alumina with hexane
and then with toluene as eluents. Overall yield based on the
phosphine: 41%'H NMR (300 MHz, CDC}): 6 8.98 (m, 2H,
HC=N), 7.9-7.3 (m, 20H, arom.), 6.4 (m, 2H, arom.), 4.1 (m,
2H, N—CH), 2.8 d, 2H, NCH-CHH', Jy v = 12 Hz), 2.1-2.0
(m, 4H, CHy), 1.5 (m, 2H, G1y). 3P NMR (121 MHz, CDC)): ¢
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52.4 (s, 2P)1°F NMR (188 MHz, CDC}): 6 —63.4 (m, 24F). MS
(MALDI): m/z1374 (M*, 14), 1339 (M — Cl, 20), 1303 (M —
2Cl — 1, 100). Anal. Calcd for &H3,CloF24NoP,Ru: C, 45.43; H,
2.35; N, 2.04. Found: C, 45.56; H, 2.41; N, 1.92.

Reaction of 2c with AgSbk (1 equiv). Complex2c (29.7 mg,

21 umol) and AgSbk (7.4 mg, 21umol) were dissolved in dry
CD,Cl; in a NMR tube fitted with a Young valve under an
atmosphere of purified nitrogen in a glovebox. A white salt
precipitated from the solutio#’P NMR (121 MHz, CRCl,): o

76 (br, 24% of the total intensity), 61.4 (8llpp = 29.1 Hz, 8%),
54.1 (d,%Jpp = 29.1 Hz, 8%), 50 (br, 32%), 47 (br, 28%)P
NMR (121 MHz, CQxCl,, —40 °C): 6 78 (br, 9% of the total
intensity), 76 (br, 13%), 70 (br, 6%), 61.5 (fpp = 29.0 Hz,
8%), 53.5 (d2Jpp = 29.0 Hz, 8%), 52 (br, 10%), 50 (br, 13%), 48
(br, 9%), 45 (br, 24%).

[Ru(OH),(1a)](SbF), (6a). Complex2a (100 mg, 0.12 mmol)
was dissolved in freshly distilled Gi&l, (5 mL), and AgSbk (82
mg, 0.24 mmol, 2 equiv) was added. The solution was stirred for
10 h, and then the salts were filtered off. Upon addition of water
(2.2 equiv), the brown solution turned yellow. Crystallization from
CH.Cly/hexane gave a yellow solid (136 mg, 90% yield). To remove
any residual water, the solid was heated at@@nder high vacuum
for 12 h.*H NMR (300 MHz, CQCl,): ¢ 9.01 (d, 1H,HC=N,
Jpn = 9.3 Hz), 8.73 (s, IHHC=N), 8.7-6.5 (m, 28H, arom.),
3.98 (m, 1H, N-CH), 2.68 (m, 2H, &), 2.27 (m, 2H, &), 1.7—

1.9 (m, 3H, ®Gy), 1.20 (m, 1H, ®,), 0.86 (m, 1H, ®,). The

Organometallics, Vol. 25, No. 8, 200€009

CD,Cly): 0 172.9 (d, 1C, =N, Jpc = 5.6 Hz), 166.5 (s, 1C,
HC=N, Jp,y = 5.6 Hz), 140.3-121.7 (36C, arom.), 79.5 (s, 1C,
N—CHy), 69.5 (s, 1C, N-CHy), 31.7 (s, 1C,CHy), 31.5 (s, 1C,
CH,), 24.9 (s, 1CCH,), 23.4 (s, 1CCHy,). 3P NMR (202 MHz,
CD,Cly): 0 66.4 (d, 1PJpp = 29.7 Hz), 49.3 (d, 1PJpp = 29.7
Hz). °F NMR (376 MHz, CDCly, 293 K): 6 —64.0 (m, 12F, €3),
—122 (br, 12F, Sbg, Wi = 1.4 kHz, 233 K): 6 —63.7 (m, 12F,
CF3), —121 (br, 12F, SbBg, Wi = 790 Hz).

[Ru(OH )2(10)](SbFs), (6¢). Complex2c (63 mg, 0.046 mmol)
was dissolved in freshly distilled Gi&l, (5 mL), and AgSbk (31
mg, 0.092 mmol, 2 equiv) was added. The solution was stirred for
10 h, and the salts were filtered off. Water (2.2 equiv) was added,
and the brown solution turned to yellow. Crystallization from£H
Cl,/hexane gave a yellow solid (77 mg, 94% yield). The solid was
heated at 60C under high vacuum for 12 h to remove any residual
water.'H NMR (700 MHz, CBQCl,): ¢ 9.10 (d, 1H,HC=N, Jp 4
= 9.8 Hz), 8.91 (s, IHHC=N), 8.26-7.14 (m, 19H, arom.), 6.29
(m, 1H, arom.), 4.51 (br, 2H, }0), 4.17 (m, 1H, N-CH), 3.43 (s,
2H, H,0), 2.77 (m, 1H, Ely), 2.32 (m, 1H, ®ly), 2.04 (m, 1H,
CHy), 1.98 (m, 1H, ®1y), 1.95 (m, 1H, ®&,), 1.73 (m, 1H, N-CH),
1.44 (m, 1H, ®,), 1.30 (m, 1H, ®&), 0.91 (m, 1H, E&y). 13C
NMR (176 MHz, CQCly): 6 173.0 (s, 1C, Ii&=N), 166.6 (s, 1C,
HC=N), 140.7119.2 (36C, arom.), 79.7 (s, 1C,ACH), 69.2 (s,
1C, N—CH), 31.2 (s, 1C,CHy), 30.8 (s, 1C,CHy), 24.7 (s, 1C,
CHy), 22.6 (s, 1CCHy). 3P NMR (283 MHz, CDCly): 6 67.5 (d,
1P,Jpp = 29.7 Hz), 51.7 (d, 1PJpp = 29.7 Hz).2°F NMR (188

signals of water (either free or coordinated) were not detected at MHz, CD,Cl,): 6 —63 (m, 24F), the signal of [SRF was too

room temperature’P NMR (121 MHz, CRCly): ¢ 63.5 (d, 1P,
2)pp = 29.7 Hz), 47.1 (d, 1P2Jpp = 29.7 Hz).2% NMR (188
MHz, CD,Clp): ¢ —116 (br,wy, = 5200 Hz, 12F). MS (MAL-
DI): m/z995 (M* + Sbk;, 8), 779 (M" — H,0, 100), 573 (M —
2PPh, 14). IR (KBr, cnml): 3625 (W,von), 3200 (w bryoy), 3060
(m), 2940 (m), 2842 (m), 1986 (m) 1622 (mg—n), 1483 (M),
1436 (s), 1311 (m), 1132 (m), 1096 (s), 999 (m). Anal. Calcd for
CaaHaNOoF1,P,RUSR: C, 41.70; H, 3.50; N, 2.21. Found: C,
40.14; H, 3.91; N, 1.92.

[Ru(OHy),(1a)](BF4)2 (6a(BFs)2). Complex2a (27 mg, 0.032
mmol) and AgBR (12.6 mg, 0.064 mmol, 2 equiv) were dissolved
in dry CD.Cl, in an NMR tube fitted with a Young valve under an
atmosphere of purified nitrogen in a glovebox. The solution was
stirred for 10 h, and water (2.2 equiv) was added to the brown
solution, which turned yellow. The complex was characterized in
solution.*H NMR (300 MHz, CDB,Cly): ¢ 9.00 (d, 1H,HC=N,
Jpn= 9.6 Hz), 8.73 (s, IHHC=N), 8.01-6.50 (m, 28H, arom.),
5.10 (br, 2H, HO), 4.12 (m, 1H, N-CH), 3.18 (s, 2H, HO), 2.5
(br, free HO), 2.8-2.5 (m, 2H, G,), 2.1-1.8 (m, 4H, G1,), 1.43
(m, 1H, CHy), 1.20 (m, 1H, &,), 0.80 (m, 1H, Ei,). 3P NMR
(121 MHz, CDQCly): 6 63.6 (d, 1P2Jpp = 29.9 Hz), 48.3 (d, 1P,
2Jpp = 29.9 Hz).1%F NMR (188 MHz, CQCly): 6 —149.4 (br,
BF4, Wy, = 27 Hz, 8F)

[Ru(OH 2)2(1b)](SbFs), (6b). Complex2b (35 mg, 0.032 mmol)
and AgSbk (21.8 mg, 0.063 mmol, 2 equiv) were dissolved in
dry CD,Cl, in an NMR tube fitted with a Young valve under an
atmosphere of purified nitrogen in a glovebox. The solution was
stirred for 3 h, and water (2.2 equiv) was added to the brown
solution, which turned yellow. The complex was characterized in
solution.*H NMR (500 MHz, CQCl,, 293 K): 6 9.03 (d, 1H,
HC=N, Jp 4= 9.5 Hz), 8.84 (s, 1HHC=N), 8.08-7.05 (m, 23H,
arom.), 6.49 (m, 1H, arom.), 4.06 (m, 1HACH), 2.91 (s, 2H,
H0), 2.72 (m, 1H, ®l,), 2.56 (br,H,0O, free and coordinated in
rapid exchange), 2.38 (m, 1HH3), 1.92 (m, 4H, E&,), 1.41 (m,
1H, CHy), 1.27 (m, 1H, ¢i3), 0.85 (m, 1H, ®&i,); (400 MHz, CD-

Cl,, 243 K): 6 8.96 (d, 1H,HC=N, Jp 4y = 9.2 Hz), 8.79 (s, 1H,
HC=N), 8.08-6.76 (m, 23H, arom.), 6.44 (m, 1H, arom.), 4.45
(s, 2H,H;0), 4.00 (m, 1H, N-CH), 3.25 (s, 2HH;0), 2.65 (m,
1H, CH,), 2.59 (br,H,0, free) 2.33 (m, 1H, €;), 1.84 (m, 4H,
CH,), 1.32 (m, 2H, &1,), 0.85 (M, 1H, E1,). 13C NMR (125 MHz,

broad to be observed. MS (MALDI)m/z 1323 (M" — H,0, 94),
1303 (Mt — 2H,0, 100), 1109 (M — H,O — Ar, 56), 1089 (M"

— 2H,0 — Ar, 4), 895 (M" — H,0O — 2Ar, 18). IR (KBr, cnl):
3626 (W,von), 3200 (w br,von), 3088 (M), 2946 (m), 2850 (m),
1620 (m,vc=n), 1440 (m), 1357 (s, GJf, 1280 (s, Ch), 1182 (s,
CF), 1137 (s, CFE), 1096 (s, Ck). Anal. Calcd for GaHzgF3gN20Px-
RuSh: C, 34.48; H, 2.00; N, 1.55. Found: C, 34.70; H, 2.10; N,
1.61.

X-ray of [RuCl ,(1c)] (2c). Red crystals ofc were grown by
slow diffusion of hexane into CDGl Crystal data for GHsx-
ClF24NoP,Ru: triangular prism (0.68& 0.45x 0.23 mm), triclinic,

P1, cell dimensions (293 Ka = 12.5439(18) Ab = 12.7227(19)

A, c=17.051(3) Ao = 94.138(33, = 91.495(33, y = 101.742-

(3)°, andV = 2655.0(7) B with Z= 1 andD. = 1.720 Mg/n3, u

= 0.581 mn1! (Mo Ka, graphite monochromated),= 0.71073

A, F(000)= 1 364. The data were collected at 293 K on a Bruker
AXS SMART APEX platform in thef range 1.66-28.28. The
structure was solved with SHELXTL using direct methods. The
unit cell contains two essentially identical, crystallographically
independent molecules of the complex that are related to each
other—except for the stereogenic cyclohexyl ringy a pseudoin-
version center. Of the 27 500 measured reflections with index ranges
—16<h=<16,-16<k=16,—22=<1| < 22,23982 independent
reflections were used in the refinement (full-matrix least squares
on F2 with anisotropic displacement parameters for Ru, P, Cl, and
nondisordered F atoms). Hydrogen atoms were introduced at
calculated positions and refined with the riding model and individual
isotropic thermal parameters for each group. Final residuals were
R; = 0.0308 (for 22 085 reflections with> 20(1)), Ry = 0.0339

(all data), WwR, = 0.0799 (all data), GOE= 1.049. The absolute
structure parameter refined to 0.014(14). Max. and min. difference
peaks weret-0.722 and—0.375 e A3, the largest and meat/o

= 0.036 and 0.002.

X-ray of [Ru(OH ,),(1c)]ShFs (6¢). Red crystals of6c were
grown from CQCl,. Crystal data for € g4H37CIFz¢N.0.P,RuSh:
yellow cube (0.23x 0.17 x 0.12 mm), orthorhombidZ222;, cell
dimensions (200 Kp = 12.3100(15) Ajb = 22.511(2) A.c =
47.384(6) A, andv = 13 131(3) R with Z = 8 andD, = 1.875
Mg/m?3, u = 1.277 mnt! (Mo Ko, graphite monochromated),=
0.71073 A F(000)= 7 192. The data were collected at 200 K on
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a Bruker AXS SMART APEX platform in thé range 0.86-26.37. for GC analysis, 8Q«L) were added to the catalyst solution. A
The structure was solved with SHELXTL using direct methods. solution of distilled ethyl diazoacetate (0.48 or 0.96 mmol, 50 or
The unit cell contains, besides [Ru(@k10)]%", the [Sbk]~ anions 100uL) in CHLCI, (1 mL) was added oveb h by syringe pump.

and a disordered Gi€l, molecule. The [Shif~ are distributed over After stirring for an additional 14 h the solution was filtered over
three sites, Sb(1)/Sb(1 Sb(2), and Sb(3) (the latter in a special alumina to remove the catalyst. Styrene conversion and yield of
position), with occupancies 0.599 0.343, 0.928, and 0.5, thecis andtrans products were determined by GC analysis with
respectively. Of the 39 875 measured reflections with index ranges decane as the internal standard. Achiral GC analysis: Optima 5,
—15<h=<11,-22=<k=<28,-59=<1|=<57,13418 independent 25 m, He carrier (100 kPa); temperature program:*G@sotherm
reflections were used in the refinement (full-matrix least squares for 5 min, then to 200C at 5°C/min.tg (min): styrene, 8.5; decane,
on F2 with anisotropic displacement parameters for Ru, P, Cl, and 12.8; ethylcis-2-phenylcyclopropane carboxylate, 26.6; etinghs:
nondisordered F atoms). Hydrogen atoms were introduced at2-phenylcyclopropane carboxylate, 27.8. The enantiomeric excess
calculated positions and refined with the riding model and individual of the cis and trans isomers were determined by chiral GC
isotropic thermal parameters for each group, whereas the H atomsanalysis: Supelco Beta Dex 120, 1.4 mL He mintemperature

on O(1) were located and refined. Final residuals viggre- 0.0543 program: 120C isotherm for 70 mintg (min): cis, (1S2R), 52.8;

(for 11 736 reflections with= > 40(F)), Ry = 0.0640 (all data), cis, (1R,29), 55.8;trans (1R,2R), 63.1;trans, (1S29), 65.1. For
WR, = 0.1312 (all data), GOF= 1.090. The absolute structure the determination of the absolute configuration, see ref 11.
parameter refined te-0.036(22). Max. and min. difference peaks

were+1.76 and—0.63 e A3, the largest and meat/o = 0.004 Acknowledgment. We thank Mr. Luca Cereghetti (ETH
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prepared with freshly distilled Ci&I, (2 mL). The catalysts formed
by chloride abstraction were prepared in situ by reacfagc
(0.024 mmol) with the appropriate amount of AgY (0.024 or 0.048
mmol) or AgBF, (9.4 mg, 0.048 mmol) in freshly distilled GEl,

(2 mL). After 2 h, silver chloride was filtered off (glass microfiber
filter). Styrene (0.48 mmol, 5&L) and decane (internal standard OMO0510627

Supporting Information Available: Details of double chloride
abstraction reactions and X-ray crystallographic data (cif files) for
complexe2c and 6¢ are available free of charge via the Internet
at http://pubs.acs.org.



