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Application of [Ru((R)-BINAP)(MeCN)(1-3:5,6-1-
CzH,,)1(BF,) as a catalyst precursor for
enantioselective hydrogenations

Christopher J.A. Daley, Jason A. Wiles, and Steven H. Bergens

Abstract: A catalyst system employing [RIRJ-BINAP)(MeCN)(1-3:5,6n-CgH;4)](BF,) as catalyst precursor was
evaluated using the enantioselective hydrogenations of tiglic eaeatetamidocinnamic acid, itaconic acid, methyl

tiglate, dimethyl itaconate, geraniol, ethyl acetoacetate, and dimethyl oxaloacetate as a series of typical substrates.
Acetone and MeOH were used as model aprotic and protic solvents, respectively. The hydrogenation of substrates
containing aro B-unsaturated carboxylic acid functionality required stoichiometric quantities of dEbccur at

reasonable rates in acetone solution, while in MeOH solution it did not. The enantioselectivities were typically higher
in acetone than in MeOH. This catalyst system is among the more enantioselective ruthenium—BINAP type systems
reported for the catalytic hydrogenation of substrates containing,&onsaturated acid or ester functionality. The
enantioselectivities for the hydrogenation of ketones ranged from poor (15%) to moderate (74%). 1,4-Dicarboxylate
substrates with the prochiral olefin or ketone at the 2-position were all hydrogenated in good to high ee with the same
enantioface selectivity both with our system and other catalysts reported in the literature. This raised the possibility
that these substrates were hydrogenated through intermediates with similar structural features.

Key words ruthenium, BINAP, enantioselective, hydrogenation, catalysis.

Résumé: Utilisant les hydrogénations énantiosélectives des acides tiglipaegtamidocinnamique et itaconique, du

tiglate de méthyle, de I'itaconate de diméthyle, du géraniol, de 'acétoacétate d’'éthyle et de I'oxaloacétate de diméthyle
comme substrats typiques, on a évalué un systéme de catalyseur faisant appel R+BRIAP)(MeCN)(1,3,5,6r-

CgH19)1(BF,) comme précurseur du catalyseur. On a utilisé I'acétone et le méthanol comme modéles de solvant
respectivement aprotique et protique. Les énantiosélectivités sont généralement plus élevées dans I'acétone que dans le
méthanol. Pour réaliser I'hydrogénation d'acides carboxyliques insaturés a une vitesse raisonnable dans I'acétone, il est
nécessaire d'utiliser des quantités stoechiométriques de triéthylamine; ce n'est pas le cas dans le méthanol. Pour
I'hydrogénation catalytique d'acides et d’esterf-insaturés, ce systéme de catalyseur se trouve parmi les systéemes de
type ruthénium—BINAP les plus énantiosélectifs. Les énantiosélectivités pour I'hydrogénation des cétones vont de
mauvaises (15%) a modérées (74%). Avec les substrats portant des 1,4-dicarboxylates et une oléfine ou une cétone
prochirale en position 2, les hydrogénations conduisent a des ee allant de bons a élevés; notre systeme et les autres
catalyseurs proposés antérieurement dans la littérature ont les mémes sélectivités et ceci suggere que les hydrogénation:
de ces substrats se produisent par des intermédiaires possédant des caractéristiques structurales semblables.

Mots clés: ruthénium, BINAP, énantiosélectif, hydrogénation, catalyse.

[Traduit par la Rédaction]

Introduction ref. 1). While rhodium-BINAP systems are highly enantio

Asymmetric catalysis by chiral transition metal complexes
is among the most successful methods to synthesize opty,
cally active organic compounds. Of the hundreds of chiral
ligands reported, 2;:bis(diphenylphosphino)-1;binaphthyl
(BINAP) is one of the most successful (for recent reviews

selective catalysts for the hydrogenation of certain prochiral
olefins (2), ruthenium—BINAP systems hydrogenate a much
ider range of prochiral olefins and ketones with high
enantioselectivities (3; for earlier references see fl and
refs. cited therein).

We previously reported the synthesis of [RRI

on the use of BINAP in enantioselective catalysis, SeeBINAP)(MeCN)(1-3:5,6F]-C8H11)](BF4) (1) and its use as a

catalyst precursor for several catalytic processes (4).-Com
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poundl reacts with H in acetone, THF, or MeOH solution
to generate [Ruf)-BINAP)(H)(MeCN),(Sol)_,l(BF,) (I,

C.J.A._ Daley, J.A. \_Niles, and S.H. Bergend.Department of  Sol = acetone, THF, or MeOHj = 0-3), which we believe
Chemistry, University of Alberta, Edmonton, AB T6G 2G2, s the active catalyst for the described reactions.

Canada. The catalyst systemi is distinguished from other ruthe
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E-mail: Steve.Bergens@UAlberta.CA the active catalyst is generated in high concentrations under
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mild conditions. In acetone, THF, or MeOH solution, the We previously reported (4) that hydrogenation &)-(
catalyst precursor reacts under 1-2 atm of bt room tera methyl a-acetamidocinnamate (MACRZb) to N-acetyt
perature to generate compléix in minutes. Third, the sys phenylalanine methyl estedq) in MeOH goes to comple
tem has at least two readily available coordination sitegion in high ee (86%R)) under mild conditions. This result
(occupied by labile solvento ligands) to allow easy access bys included for comparative purposes (Table 1, entry 6): Sur
substrate molecules to the ruthenium centre. This feature igrisingly, hydrogenation of the corresponding aaidaceta
essential for the study of substrate—catalyst interactions. midocinnamic acid Za)) under similar conditions proceeds
We now report the use df as a catalyst system for the much more slowly, with only 10% conversion after 94 h{Ta
enantioselective catalytic hydrogenation of a representativble 1, entry 4). To obtain complete conversion it was neces
series of prochiral substrates. This work will define the-util sary to increase the pressure of t& 100 atm, resulting in
ity of Il as a catalyst system relative to the other ruthenium-46% ee R) (Table 1, entry 5).
BINAP catalyst systems reported in the literature, and it will  The hydrogenation of itaconic aci@4) (Table 1, entry 7)
explore any possible general trends in enantioselectivity byyroceeded smoothly under mild conditions giving methyl
such catalysts. It is only through such trends that the generguccinic acid 8c) in 90% ee §). The corresponding hydro
components of enantioselectivity (if they exist) by ruthe genation of dimethyl itaconatéi) (Table 1, entry 8) under

nium-BINAP catalysts can be established. similar conditions was more successful, yielding dimethyl
methylsuccinate 3d) in 95% ee §. We note that the net
Results and discussion enantioface selection by the catalyst for substr@eeand3b
is the same as that for the structurally related substr2des
The nature of II and 2b.

The MeCN ligand is rapidly exchanged between all the To investigate the use of an aprotic solvent, the hydregen
available vacant coordination sites in acetone solution$ of ations were carried out in acetone. The results of these reac
at room temperature. This exchange halts upon cooling to —80°tlons are reported in Table 2. As we previously reported (8),
to give a static mixture of eight hydrides ranging from the hydrogenation o2b proceeds smoothly under mild con-
[Ru((R)-BINAP)(H)(acetonejl(BF,) to [Ru((R)-BINAP)(H)-  ditions to give2d in higher ee (92%R)) than does the hy-
(MeCN)](BF,). These compounds all contain the hydride drogenation in MeOH (86%R)). This result is included for
ligand in a coordination siteis to both phosphorus centres. comparative purposes (Table 2, entry 6). The hydrogenation
This mutuallycis disposition of the coordinated hydride and of 3b also proceeded under mild conditions in acetone (Ta-
phosphorus centres presumably results from the kighs  ble 2, entry 10) to yield3d in similar ee to that obtained
influencecommonly observed for both of these types of lig- from the hydrogenation in MeOH (95% e§)). As was the
ands (5). In THF solution, the system exists mairi3§%)  case in MeOH1b did not undergo hydrogenation in acetone
as one diastereomer of the mono-MeCN complex [Ru(( (Table 2, entry 3). The hydrogenations d&, 2a, and 3a
(BINAP)(H)(MeCN)(THF)](BF,). In MeCN solution, it ex- were extremely slow under these conditions (4 at H
ists solely as [Ru@)-(BINAP)(H)(MeCN)](BF,). To a first  25°C, acetone), giving low to moderate conversions ranging
approximation, the system can be regarded as a source of tflem <10% to~55% (Table 2, entries 1, 4, and 7, respec-
catalyst fragnent “[Ru(®-(BINAP)(H)]*.” For example, the tively). Even at 50°C and 4 atm of fthe hydrogenation of
solvento andMeCN ligands can all be displaced by arene do 3a proceeded to a maximum 6f65% conversion (Table 2,
nors to geerate the corresponding [REJ((BINAP)(H)(n®-  entry 8). It is well known that addition of an equivalent of

arene)](BR) complexes (6). base (e.g., amines) for every acid unit in the substrate often
(but not always) yields higher ee and rates for the hydroge
Hydrogenations using Il as catalyst nation of acid substrates using both ruthenium and rhodium

Figure 1 shows the representative substrates we hydrogeatalyst systems (9). We examined this effect on the
nated using as the catalyst precursor. Figure 1 also showdydrogenations of the acid44, 2a, and3a) in acetone. The
the major enantiomer of the hydrogenation products. Tahydrogenations ofla and 3a (Table 2, entries 2 and 9, 1e
bles 1, 2, and 4 summarize our results. spectively) proceeded to completion under mild conditions

in the presence of 1 equiv. of NFper acid group. Further,
Substrates containing ano B-unsaturated acid or ester ~ the ee improved from 90%R] for 1a and 90% §) for 3ain
functionality the absence of added base in MeOH to 95%R)ea(id 95%

Hydrogenations were performed in MeOH as a modele€e @) with added base in acetone. The addition of 1 equiv.
protic solvent. The hydrogenation of tiglic acida) (Ta=  Of NEt; did not enhance the rate of hydrogenatior2ef(Ta-
ble 1, entry 1) was quantitative under mild conditions,-giv ble 2, entry 5).
ing 2-methylbutyric acid 1¢) in high ee (90% R)). The ee Table 3 compares our results to the best results reported in
decreased to 729} when the initial pressure of Hvas in the literature for other ruthenium-BINAP systems we are
creased from 3 to 55 atm (Table 1, entry 2). Attempts to hy aware of. Apart from the hydrogenation 2,2 all the litera
drogenate methyl tiglatelb) were unsuccessful under 3 atm ture examples reported in Table 3 were performed in pure al
of H, (Table 1, entry 3). This difference in reactivity -be cohol or binary alcohol-solvent solutions (solvent = THF or
tween tiglic acid and methyl tiglate has been previously re CH,Cl,), under mild temperatures (20-50°C), and under low
ported for another ruthenium—-BINAP catalyst system (7). to moderate pressures o}, lfl-5 atm). The results obtained

2This is the only literature example we are aware of whards hydrogenated using a ruthenium—BINAP catalyst.
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Fig. 1. Representative substrates and their respective hydrogenation products (major enantiomers shown) investigatad using
hydrogenation catalyst precursor.
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with complexI as the catalyst precursor show it to be amongsystems. That methyl tiglatd lf) does not undergo hydroge
the better ruthenium—-BINAP systems examined to date fonation but tiglic acid does suggests that substrates with one
the hydrogenation of these substrates. ester group that are not easily supported by chelation upon
Inspection of Table 3 shows no real trends in the absoluteoordination to ruthenium will not undergo hydrogenation.
configuration of the major enantiomer produced by hydroge Indeed, we observed no evidence of interaction between the
nation of tiglic acid (&) using ruthenium-BINAP catalyst active catalyst specie$ and an up to 100-fold excess of

© 1998 NRC Canada
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Table 1. Hydrogenation of substrates containing @f-unsaturated carboxylic acid or ester functionality in
MeOH usingl as catalyst precursér.

Entry Substrate K (atm) Temp. (°C) Time (h) % Conv. % ee
1 la 3 25 9.5 100 90R)
2 la 55 25 17.5 100 72R)
3 1b 3 25 18 0 —

4 2a 4 35 94 10 —

5 2a 100 40 20 100 46R)
6° 2b 4 30 30 100 86 R)
7 3a 4 25 20 100 209
8 3b 4 25 19 100 959

#Reaction conditions: 1 mol% catalyst, [Ru] = 3.0 mM.
PReaction conditions: 2 mol% catalyst, [Ru] = 2.6 mM (ref. 4).

Table 2. Hydrogenation of substrates containing @fi-unsaturated carboxylic acid or ester functionality in
acetone using as catalyst precursér.

Entry Substrate KSP H, (atm) Temp. (°C) Time (h) % Conv. % ee
1 la 0 4 25 20 <10 —
2 la 1 4 25 18 100 95R)
3 1b 0 4 25 20 0 —
4 2a 0 4 25 20.5 <10 —
5 2a 1 4 25 20.5 <10 —
6° 2b 0 4 30 1 100 9R2R)
7 3a 0 4 25 18.5 ~55 —
8 3a 0 4 50 18 ~65 —
9 3a 2 4 25 18 100 959
10 3b 0 4 25 20.5 100 959

#Reaction conditions: 1 mol% catalyst, [Ru] = 3.0 mM.
®N/S is defined as moles of NE&dded per mole of substrate.
‘Reaction conditions: 2 mol% catalyst, [Ru] = 2.6 mM (ref. 6).

Table 3. Comparison of Ru@)-BINAP) catalyst systems in the hydrogenation of substrates containirgfannsaturated
carboxylic acid or ester functionality.

Substrates
Catalyst system la 2a 2b 3a 3b Reference
[Ru(BINAP)(CgH11)(MeCN)](BF,) 95 R 46 R 22 R 95 (9 95 (9 4,8
Ru,Cl,(BINAP),(NEts) 85 (9 86 R — 90 (9 68 (9 10-12
RuHCI(BINAP), 79 R 80 R — 93 (9 54 (9 9%, 11, 12
[RUH(BINAP),](PFe) 88 R — — 94 (9 — 9a
RuCL(RCN),(BINAP) 84 (9 — — 89 (9 — 10
[Rul,(p-cymene)} + BINAP 87 R — — — — 13
Ru(BINAP)(2-methylallyl} + 2 HBr — — 85 R)? — — 14
Ru(BINAP)(2-methylallyl} 0 R — — — — 15
Ru(BINAP)(OCOCH), 94 R) — — — — 16

@ Reaction performed under 100 atm of.H

methyl tiglate in acetone solutichThe acids and other es sic framework, a 1,4-dicarbonyl unit with the prochiral func
ters studied in this report all react stoichiometrically (1:1)tionality at the 2-position). That hydrogenation a2a, 2b,
with 1l to generate a variety of products. The structures of3a, and 3b all proceed with the same face selectivity for
these ruthenium-substrate compounds are under investigmost, if not all reported ruthenium—BINAP systems {Ta
tion in our laboratories. ble 3) under similar conditions, raises the possibility that
Substrate®a, 2b, 3a, and3b are hydrogenated with good they proceed through structurally related intermediates. Fig
to excellent ee and with the same enantioface selectivityure 2 illustrates one possible structure type for such a spe
Figure 2 shows that these substrates all contain the same bzies ). We suggest this structure based on the recently

3[Ru((R)-BINAP)(H)(MeCN),(acetone) J(BF,) (n = 0-3) was the only species detected®y NMR spectroscopy.
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Fig. 2. Model for a possible common intermediate structure type.

Substrate Type

R = OMe, OH

R' = OMe, OH, Me 8
R" = CHg, CHPh, O

Z =NH, CH2

reported (6) crystallographically characterized compound w&he reasons why NEtis not required to promote these
isolated from the reaction of MAC2p) with Il (Fig. 2, 8, hydrogenations in MeOH is unknown.

R = OMe, R= Me, R' = CHPh Z = NH). If such species

form with these and other related substrates, and if thes&eraniol

species contribute to the enantioselection by the catalytic hy- We found that the enantioselectivity for the hydrogenation
drogenation must be investigated by experiment. of geraniol @a) usingll as catalyst was inversely dependent

The role of NEj§ as promoter for the hydrogenation of On the pressure of JThe sense of the enantioselectivity in-
tiglic acid and itaconic acid in acetone is unknown. We haveverted and its magnitude increased when the pressure, of H
found, however, that reaction of tiglic acid with in ace- ~Wwas increased from 1 atm (Table 4, entries 1-3). The maxi-
tone results in immediate protonolysis of the Ru—H bond tomum ee, 86% &), was obtained at 100 atm of,HNoyori
generate a Ru-tiglato complex (eq. [1]). Reaction of Ru—Dand co-workers (20) reported increases in ee from 70 to 98%
(formed by deuteration of with D) resulted in the forma- (S) when the pressure offWas increased from 4 to 100 atm
tion of the Ru-tiglato complex and concomitant formation of Using Ru(R)-BINAP)(O,CMe), as catalyst precursor. Sowa
HD. We were unable to identify the absolute configurationand co-workers (21) found that the isomerization of geraniol
of the tiglato complex about the ruthenium centre. We postut© Y-geraniol occurs at a rate comparable to that of hydroge-
late that it is theA configuration on the basis of the argu Nation —using [ENH,](Ru,Cl5((S-Tol-BINAP),)  (Tol-
ments previously reported for the related complex R(( BINAP = (di-p-tolylphosphino)-1,%binaphthyl) as catalyst
BINAP)(O,CCMe=CHMe), (17). Two possible roles of the Precursor. The enantioselectivity for the direct hydrogen_a
NEt; as promoter for hydrogenations of unsaturated acidéion of geraniol was found to be opposite to that for the di
may therefore be to enhance the rate of carboxylate exect hydrogenation of-geraniol, resulting in an inversion of
change on such complexes, or to prevent protonolysis of thg_nantloselectlvny_ over the course of the catalytic hydrog_ena
Ru—H bond by deprotonating the acid substrate. King andion. Our resu'lts indicate that use bf as catalyst results in
Others have reported that Mmecomposes (perhaps V|@_a S|m|lar beh_aVIQur. We I’eport, hOWeVer, that reaC“on”Of
hydride elimination (18)) upon reaction with [RuGCOD)], ~ With geraniol in the absence of ;Hesults in a complex
and R®)-BINAP, or similar bis(phosphines), from 110 to Mixture of.oleﬂn isomerization products, not just formation
140°C to generate [ENH,](Ru,Cls((R)-(BINAP),) (19). It  of y-geraniol.
seems unlikely, however, that such a process occurs under
H, at 25°C usingdl as catalyst (Table 2, entries 2, 5, and 9).

Me —|+

i
o]
|

Q |
H mk OH N
P, | 1 /==<L CP."“RL/NZC—Me
[1] +  “Ru(MeCN)n(acetone)s.n > \ o TN + H,
p 2. MeCN P | i
I _—
n=0-3
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Table 4. Hydrogenation of an allylic alcohol and ketones in MeOH usinas catalyst precursér.

Entry Substrate K (atm) Temp. (°C) Time (h) % Conv. % ee
1 4a 1 25 5 100 21R)
2 da 4 25 5 100 709
3 4a 100 25 0.25 100 869
4 5a 100 50 24 100 159
5P 5a 100 50 24 100 20R)
6° 6a 100 50 28 100 749)

*Reaction conditions: 1 mol% catalyst, [Ru] = 3.0 mM.
®10 equiv. of LiCl added.
‘Reaction done in acetone.

a- and B-Keto esters tion by ruthenium-BINAP catalysts are underway in our
The hydrogenation of ethyl acetoacetaf®)(to ethyl 3- laboratories.

hydroxybutyrate §b) (Table 4, entry 4) proceeded in a quan

titative fashion, but in low ee (15%S)). Takaya and co-

workers (22) reported that addition of 2 equiv. of HX (e.g.,

X = ClI, Br) to Ru(R)-BINAP)(O,CMe), followed by re

moval of all volatiles in vacuo gave rise to highly efficient

catalysts which hydrogenate . yarlom’aketo esters ,W'th using standard Schlenk techniques. The solvents were dried
greater than 98% ee. The addition of 10 equiv. of LiClt0 g gistilled under an Ar atmosphere before use by standard
(Table 4, entry 5) increased the ee, but only to 20% and ifethods (24). The Ar (Praxair, 99.998%) was passed
the opposite absolute configuratioR)( The role of LICI i {hr4ugh a drying train containin3 A molecular sieves and
unclear but the enantioselectivity of complék remains  p o “hefore use. Trace quantities of oxygen were removed
poor compared to other reported ruthenium-BINAP Systemg o ihe H, (Praxair, 99.99%) by passage through an All-
which often vyield enantiomeric excesses greater than 95%, .1, Oxy-Trap. All commercial reagents (Aldrich or Fluka)
for the hydrogenation of such substrates (23). were recrystallized or distilled under an Ar atmosphere be-
Examining the structural framework of the model sub-fore use.” [Ru(R)-BINAP)-(MeCN)(1-3:5,6f-CgH;,)](BF,)
strates for our catalyst system (Fig. B, led to our use of  (4), (R)-(+)-a-methoxya-(trifluoromethyl)phenylacetylchlo-
dimethyl oxaloacetate6g). Dimethyl oxaloacetate has simi- ride (25), [Rh(f-norbornadiene)(DIPHOS)](CIf (26), and
the olefinic bond is replaced by a carbonyl functionality. Theprocedures.
hydrogenation oba proceeded to co_mpl_etion_ (100 atmy,H Unless stated otherwise, &#, 1°C, and3!P NMR spectra
50°C, acetone, Table 4, entry 6) yielding dimethyl hydro-\yere measured with a Bruker AM-400 spectrometer operat-
xysuccinate §b) in 74% ee §). Although the ee is moderate, jng at 400.1 MHz, 100.6 MHz, and 161.9 MHz, respectively.
it is a substantial increase from the hydrogenation of ethykiy 3n¢13c NMR chemical shifts are reported in ppB) (el-
acetoacetate. Further, the hydrogenation prodét) fe-  ative to TMS, using the solvent as an internal refererie.
sulted from the same enantioface selection as those for thgmr chemical shifts are reported in ppid) (elative to an
hydrogenations ob and 3b. These findings support the gsoy H;PO, external reference. Mass spectra were measured
possibility that substrates with similar structural featuresusing a Kratos MS50 spectrometer. Microanalyses were per
proceed through structurally related intermediates (Fig. 2). formed at the University of Alberta Microanalysis Labera
tory. Optical rotations were measured with a Perkin—Elmer
241 polarimeter at 589 nm using 1.0 dm cells. Specific-rota
Conclusions tions, plp, are repprted_ in degre_:es per decimeter at 25°C,
and the concentratiorc) is given in grams per 100 mL.
Complex Il is among the more effective ruthenium-—
BINAP catalysts reported for the asymmetric hydrogenatiorHydrogenation procedure
of substrates containing amB3-unsaturated carboxylic acid A glass pressure reactor (Lab Glass) was employed for
or ester functionality. Its success in the asymmetric reduchydrogenation reactions where the pressure gfds< 4
tion of ketones is only moderate. Prochiral substrates wittatm. For reactions requiring elevated pressures, a Parr cell-
the general structur@ shown in Fig. 2 are hydrogenated disruption bomb was used. A typical hydrogenation proce
with the same enantioface selection. Extrapolations of thesdure is described below.
results from mechanistic investigations of one combination Under an Ar atmosphere, the catalyst precursbr (
of substrate, catalyst, and reaction conditions are precarioy®.010 mmol), substrate (1.0 mmol), and NEt equiv. per
in their nature because of the large number of variables inacid unit as required, Table 2), were introduced into the re
volved in such reactions. That substrates of the generalctor. The dry, deoxygenated solvent (MeOH or acetone)
structure? are hydrogenated with the same enantioface sewas then added (3.8 mL), and the solution was stirred for
lection raises the possibility that a general trend may exist irb min. The atmosphere was then replaced bydtd the so
these catalyst systems. Further investigations into the trukition was allowed to react under the prescribed conditions
significance of this apparent general trend in enantioseleqTables 1, 2, and 4). On completion of the reaction, the sol

Experimental

Materials and methods
All operations were performed under an Ar atmosphere
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vent was removed under reduced pressure, and the products 7.7 Hz, 1H), 6.72 (m, 3H), 7.00-7.45 (m, 20H)HNig-
were worked up as detailed below. Complete conversion andals not observed.
identification of the products were confirmed by CIMS and

(or) *H NMR analyses. Itaconic acid @a)
The product residue was converted directly to the di
Tiglic acid (1a) methyl ester with CEN, (30), whereas the acetone—NEt

The product residue from the hydrogenation in MeOHproduct was first worked up in a manner similar to that de
was dissolved in CKCl, and passed through a Florisil plug scribed for tiglic acid 2a), and then treated with Cil,.
to remove the catalyst. The solvent was then removed undéthe product was then dissolved in gEl, and passed
reduced pressure, and the residue was converted to the cahrough a Florisil plug to remove the catalyst. The solvent
responding diastereomeric amides &)-(—)-a-methylben  was removed under reduced pressure to yield dimethyl
zylamine (28). The ee and absolute configuration weranethylsuccinate. The ee and absolute configuration were
determined by comparison of tHél NMR spectrum of the then determined as described in the dimethyl itaconaing (
derivatized residue to that of the corresponding amide derivhydrogenation work-up.
atives prepared from (x)-2-methylbutyric acid and authentic
(9-(+)-2-methylbutyric acid, respectively. Dimethyl itaconate 3b)

To the acetone—NEtproduct residue was added 10% aq. The products of the MeOH and acetone reactions were
HCI (10 mL). The solution was filtered, and the filtrate-ex treated in a similar manner. The product residue was dis
tracted with EXO (5 x 40 mL). The combined organic layers solved in CHCI, and passed through a Florisil plug to-re
were washed with 5% ag. HCI (3 x 8 mL), dried over move the catalyst. The solvent was removed under reduced
MgSQ,, filtered, and concentrated under reduced pressure tpressure, yielding dimethyl methylsuccinate. The ee was
give 2-methylbutyric acid. The ee and absolute configuratiorspectroscopically determinedH NMR, CD,Cl,) upon addi
were then determined as described above. NMR data for thigon of chiral lanthanide shift reagent ((+)-Eu(pf (31).

(S 9 diastereomertH (400.1 MHz, CDC}), &: 0.84 (t,J =  The absolute configuration of the product was determined
7.4 Hz, 3H), 1.13 (dJ = 6.9 Hz, 3H), 1.39 (m, 1H), 1.46 (d, by comparison of its optical rotation to that of authent}-(

J = 6.9 Hz, 3H), 1.64 (m, 1H), 2.10 (apparent sextets  dimethyl methylsuccinate ¢>°; = +4.8°,c = 4.0, CHC}).

6.9 Hz, 1H), 5.14 (apparent quintet,= 7.2 Hz, 1H), 5.89

(br s, 1H), 7.15-7.40 (aromatic, 5H); NMR data fd,(9 Geraniol @a)

diastereomer:'H (400.1 MHz, CDC)), & 0.92 (t, J = The product residue was purified by flash distillation and
7.4 Hz, 3H), 1.10 (dJ = 6.9 Hz, 3H), 1.38 (m, 1H, over- reacted with R)-(+)-a-methoxye-(trifluoromethyl)phenyl-
lapped with 8, S diastereomer), 1.47 (d, = 6.9 Hz, 3H), acetylchloride (25). The ee was determined 1y NMR
1.64 (m, 1H, overlapped withS( S diastereomer), 2.09 (ap- spectroscopy of the diastereomeric esfeiBhe absolute
parent sextetJ = 6.9 Hz, 1H, overlapped withS, §  configuration of the product was determined by comparison
diastereomer), 5.13 (apparent quinteét; 7.2 Hz, 1H, over- of its rotation with the reported optical rotation oR)¢
lapped with G, § diastereomer), 5.89 (br s, 1H, overlappedcitronellol ([a]?°; = +5.12°,¢ = 21.0, CHC}) (32). NMR
with (S, S diastereomer), 7.15-7.40 (m, 5H, aromatic, ever data for the diastereomeric estetst (400.1 MHz, CDC)),

lapped with §, § diastereomer). 0: 0.90 (d,J = 6.3 Hz, 3H; R, 9 diastereomer), 0.91 (d,=
6.3 Hz, 3H; R, R) diastereomer), 1.19 (m, 2H), 1.33 (m,
a-Acetamidocinnamic acid2g) 2H), 1.51 (m, 4H), 1.59 (s, 6H), 1.68 (s, 6H), 1.74 (m, 2H),

The product residue was converted to the corresponding.95 (m, 4H), 3.50 (br s, 3HR, S) diastereomer), 3.56 (br s,
diastereomeric amides 08} (-)-a-methylbenzylamine (28). 3H; (R, R) diastereomer), 4.37 (m, 4H), 5.06 (m, 2H), 7.35—
The absolute configuration of the product was determined.70 (m, 10H, aromatic)’H NMR signals for individual
by comparison of its optical rotation to that of the reporteddiastereomers were assigned when overlap did not occur.
optical rotation of R)-(—)-N-acetylphenylalanine2p) ([a]*',
= —40.3°,¢c = 1.0, MeOH) (29). The ee was determined by Ethyl acetoacetate5@)

'H NMR analysis (400 MHz, CDG) of the resulting dias The product residue was purified by flash distillation and
tereomeric amide$NMR data of the diastereomeric amides: reacted with R)-(+)-a-methoxye-(trifluoromethyl)pheny

H (400.1 MHz, CDC})), &: 1.21 (d,J = 7.0 Hz, 3H; R R) acetylchloride (25). The ee and absolute configuration were
diastereomer), 1.40 (d,= 7.0 Hz, 3H; R, S) diastereomer), determined by comparison of tdel NMR of the derivatized
1.88 (s, 3H; R, R) diastereomer), 1.95 (s, 3HR( 9 residue to that of the diastereomeric Mosher’s esters of (z)-
diastereomer), 2.92 (m, 2HR( S) diastereomer), 2.97 (dd, 3-hydroxybutyrate and authentic ethyl R){(-)-3-

= 13.4, 8.8 Hz, 1H; R, R) diastereomer), 3.10 (dd,= 13.4, hydroxybutyrate, respectively. NMR data for the diastere
6.1 Hz, 1H; R R) diastereomer), 4.70 (m, 2H), 4.91 (appar omeric esters:!H NMR (400.1 MHz, CDC)): (R, R)

ent quintet,J = 7.0 Hz, 1H; R R) diastereomer), 4.97 (ap diastereome: 1.23 (t,J = 7.1 Hz, 3H), 1.34 (dJ = 6.3 Hz,
parent quintet) = 7.0 Hz, 1H; R, S diastereomer), 6.49 (d, 3H), 2.57 (dd,J = 16.0, 4.7 Hz, 1H), 2.72 (dd] = 16.0,

4The ratio of the acyl peaks &t= 1.94 (s, CH, S) andd = 1.78 (s, CH, R) were used to determine the ee. The ratio of these peaks was 1:1
for racemicN-acetyl phenylalanine.
5The ratio of the methoxy signals (ca. 4 ppm) were used to determine the ee. The ratio of these peaks was 1:1 for racemic dimethyl

methylsuccinate.
6 The ratio of the methyl peaks &t 0.91 (d,J = 6.4 Hz, CH, R) andd = 0.90 (d,J = 6.4 Hz, CH, S were used to determine the ee. The ra

tio of these peaks was 1:1 for racenficitronellol.
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8.5 Hz, 1H), 3.49 (br s, 3H), 4.13 (qd,= 7.1, 1.3 Hz, 2H), (A-H): H (400.1 MHz, (CDQ),CO, -80°C),5: —19.87 (br,
557 (m, 1H), 7.3-7.7 (m, 5H, aromatic);R( S A), —19.60 (apparent £J,,_p = 30 Hz, B), —19.45 (br, C),
diastereomer): 1.19 (t,J = 7.1 Hz, 3H), 1.43 (d)=6.3 Hz, —-19.26 (apparent £J,_p = 30 Hz, D), —13.50 (apparent t,
3H), 2.53 (dd,J = 16.0, 5.0 Hz, 1H), 2.68 (dd) = 16.0, 2J,_p = 25 Hz, E), —13.20 (apparenti],_p = 25 Hz, F),
8.3 Hz, 1H), 3.55 (br s, 3H), 4.06 (d,= 7.1 Hz, 2H), 5.57 -13.15 (dd2J,_p = 28 Hz,%),, p= 24 Hz, G), —12.88 (appar

(m, 1H), 7.3-7.7 (m, 5H, aromatic). ent t,2)_p= 27 Hz, H), 1.65-2.35 (12 s, Ru-NE{3), 6.00—
8.50 (aromatic)2*P{*H} (161.9 MHz, (CDy),CO), &: 59.4
Dimethyl oxaloacetate6@) (d,%Jp_p=43.0 Hz, A), 60.8 (d?Jp_p= 46.4 Hz, B), 63.2 (d,

The product residue was dissolved in &H, and passed 2Jp_p= 44.2 Hz, F), 63.6 (d2Jp_p = 40.6 Hz, E), 66.0 (d,
through a Florisil plug to remove the catalyst. The solvent?Js_p= 43.0 Hz, A), 68.2 (d2Jp_p= 46.0 Hz, C)] 69.6 (d,
was removed under reduced pressure, and the residue wak_p = 40.6 Hz, E), 71.2 (d2Jp_p = 49.6 Hz, D), 71.5 (d,
reacted with R)-(+)-0-methoxye-(trifluoromethyl)phenyl  2Jp_p = 42.9 Hz, G), 74.2 (d2Jp_p = 47.0 Hz, H), 75.4 (d,
acetylchloride (25). The ee was determined by comparisoRls_p = 42.9 Hz, G), 76.5 (d?Jo_p = 46.4 Hz, B), 79.3 (d,
of theH NMR spectrum of the derivatized residue to that of 2J_p = 49.6 Hz, D), 80.3 (d2Jp_p = 44.2 Hz, F), 82.7 (d,
the Mosher's esters of (+)-dimethyl hydroxysuccinate (se€Js_p = 47.0 Hz, H). Approximate percentages of hydrido
achiral hydrogenation for NMR data). The absolute configu species present: A(3), B(14), C(5), D(22), E(15), F(15),
ration was determined by comparison with the optical vota G(11), H(15). Although we were unable to assign individual

tion of authentic §)-(-)-dimethyl hydroxysuccinate]?>; =  structures for each hydride, we have independently prepared
—-8.85° ¢ = 5.2, MeOH). fac-[Ru((R)-BINAP)(H)(MeCN)](BF,) which corresponded
to hydride E.

Achiral hydrogenation of dimethyl oxaloacetate

A stainless-steel autoclave was charged with [Rh( Stoichiometric reaction of [Ru((R)-
norbornadiene)(DIPHOS)](CI® (6.9 mg, 0.01 mmol), di  BINAP)(H)(MeCN) ,(Sol); ,J(BF,) (Il, n = 0-3) with
methyl oxaloacetate (160.0 mg, 1.0 mmol), and acetone (3.8 mbjiglic acid in acetone
The solution was stirred for 5 min, and the atmosphere was A Schlenk flask was charged with(40.0 mg, 4.18 x 1€
then replaced with K The solution was allowed to react for mol), tiglic acid (4.2 mg, 4.18 x 18 mol), and acetone
75 h at 50°C and 100 atm HThe product was worked up as (4.0 mL) under an Ar atmosphere. At room temperature, the
described for the hydrogenation of dimethyl oxaloacetatdlask was flushed with K pressurized (1-2 atm), and
with | as catalyst precursor and reacted witR)-(+)-a- shaken until a deep orange—yellow solution was generated
methoxye-(trifluoromethyl)phenylacetylchloride (25). NMR (-5 min). The H atmosphere was then replaced by Ar. To
spectroscopic data’H (300.1 MHz, CDCJ): (R, R) this solution was added MeCN (2.6 mL, 4.98 x~1@nol),
diastereomer): 2.88 (dd,J = 16.7, 8.4 Hz, 1H), 2.96 (dd]  and the flask was shakerg min) to ensure complete reac-
= 16.7, 5.0 Hz, 1H), 3.60 (s, 3H), 3.63 (br s, 3H), 3.81 (s,tion. The solvent was removed under reduced pressure, and
3H), 5.72 (dd,J = 8.4, 5.0 Hz, 1H), 7.42 (m, 3H), 7.60 (m, the remaining orange solid was washed with hexanes (3 x
2H); (R, S diastereomer): 2.92 (dd,J = 16.9, 8.9 Hz, 1H), 5 mL). The isolated solid was stored under an Ar atmo-
3.02 (dd,J=16.9, 4.0 Hz, 1H), 3.55 (br s, 3H), 3.70 (s, 3H), sphere at —30°C. The product readily loses MeCN in vacuo.
3.76 (s, 3H), 5.71 (dd) = 8.9, 4.0 Hz, 1H), 7.42 (m, 3H), NMR spectroscopic data of the complebd (400.1 MHz,

7.60 (m, 2H). (CD5),CO),8: 1.45 (apparent t, C,LHC(CH3)CO,RuU, 43y

= 1.5 Hz,5J,._, = 1.2 Hz), 1.56 (dd, 6,CHC(CH,).CO,RuU,
Hydrogenation of [Ru((R)-BINAP)(1-3:5,6- *Jun = 7.2 Hz,%J,y = 1.2 Hz), 2.01 (s, g%CN). 2.03 (s,
CgH11)(MeCN)](BF,) (1) in acetone-dg CH3CN), 6.45 (dg, CHCHC(CH;)CORU, 3y = 7.2 Hz,

Compound (19.5 mg, 2.03 x 16 mol) was partially dis ~ “Jy-4 = 1.5 Hz), 6.58-7.89 (m, 32HBINAP). ¥P{'H}
solved in acetonek (0.6 mL) in an NMR tube under an Ar (161.9 MHz, (CR),CO), &: 52.6 (dd,?Jp_p = 37.5 Hz), 56.9
atmosphere. At room temperature, the tube was flushed wittd, 2Jp_p = 37.5 Hz).**C{*H} (100.6 MHz, (CD,),CO), &

H,, pressurized (1-2 atm), and shaken until a deep orange2-4 (CH;CN), 4.65 (CH,CN), 10.72 and 13.90
yellow solution was generated% min). The H atmosphere  (CHsCHC(CH3)CO,Ru),  123.99  (CHCN), 124.14
was replaced by Ar, and the resulting solution was analyzefCHsCN), 124.42-141.45 (BINAP and GEHC(CH,)-

by 'H and 3P NMR spectroscopy at —80°C. NMR spectro CO,Ru), 185.46 (CHCHC(CH;)CO,Ru).

scopic analysis indicated a mixture of eight rutheniurm-hy

drido species ([Ru)-BINAP)(H)(MeCN),((CD;),CO) J(BF,),  Stoichiometric reaction of [Ru((R)-

wheren = 0-3) and cyclooctane were present. At —80°G, D BINAP)(D)(MeCN) ,(Sol);_,](BF,) (I, n = 0-3) with

(5.0 mL) was injected into the headspace of the tube. Théglic acid in acetoneds

tube was removed from the cooling bath, shaken-f5 s, Compound (13.5 mg, 1.41 x 1& mol) was partially dis

and then immediately placed in a precooled (-80°C) NMRsolved in acetonel (~0.8 mL) in an NMR tube under an Ar
probe. The3P NMR spectrum at —80°C remained -un atmosphere. At room temperature, the tube was flushed with
changed, while th¢H NMR spectrum indicated that ex D,, pressurized (1-2 atm), and shaken until a deep orange—
change of all ruthenium-hydrido species with Qo form  yellow solution was generated$ min). The B atmosphere
ruthenium-deutero species) had occurred with concomitanwas replaced by Ar, and the solution was then transferred to
formation of HD. NMR spectroscopic data of the hydridesan NMR tube containing tiglic acid (1.41 mg, 1.41 x~10

7The corresponding*P{*H} NMR signal was obscured by resonances attributed to hydrides D and G ca. 71.3 ppm.
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mol) under an Ar atmosphere. To this solution was added

excess CECN (2.0pL, 3.83 x 10° mol) via a gas-tight sy
ringe. The solution was immediately analyzed i NMR.
The product was exclusively formed with concomitant-for
mation of HD.H (400.1 MHz, (CD),C0),&: 1.45 (appaJr
ent t, CHCHC(CH3)CO,RuU, 4y 1.5 Hz, %3,y =

1.1 Hz), 1.46-1.52 (br m, partially deuterated cyclooctane),

1.56 (dd, G1,CHC(CHy)CORu, 33y = 7.2 Hz, %y =
1.1 Hz), 1.99 (s, €,CN), 3.26 (br t,HD, 1, p = 240 Hz),
6.45 (dq, CHCHC(CHy)CORUY, 33, = 7.2 Hz, %3 =
1.6 Hz), 6.58-7.89 (m, 32H, BINAPJP{1H} (161.9 MHz,
(CD5),CO), & 52.6 (dd,2Jp_p = 37.5 Hz), 56.9 (d2Jp_p =
37.5 Hz).
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