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Abstract: Ruthenium complexes employing axially chiral ligands were found to be effective asymmetric
hydrogenation catalysts for the reduction of o,-unsaturated ene acid 1-E to give 2, a prostaglandin D,
(PGD_) receptor antagonist. With [(S-BINAP)Ru(p-cymene)Cly]. (3, S-BINAP = (S)-(+)-2,2'-bis(diphe-
nylphospino)-1,1'-binapthyl), it was discovered that low hydrogen pressures (<30 psi) were essential to
achieve high enantioselectivities (92% ee). A detailed mechanistic study was undertaken to elucidate this
pressure dependence. It was determined that compound 1-E is in a ruthenium-catalyzed equilibrium with
endocylic isomer 1-Endo and in photochemical equilibrium with Z isomer 1-Z. Each isomer could be
hydrogenated to give 2, albeit with different rates and enantioselectivities. Hydrogenation of 1-Endo with
3 was found to give 2 in high enantiomeric excess, regardless of pressure and at a rate substantially faster
than that of hydrogenation of 1-E and 1-Z. In contrast, isomers 1-E and 1-Z exhibited pressure-dependent
enantioselectivities, with higher enantiomeric excesses obtained at lower pressures. A rationale for this
pressure dependence is described. Deuterium labeling studies with 1-Endo and tiglic acid were used to
elucidate the mechanism of hydride insertion and product release from ruthenium. Under neutral conditions,
protonolysis was the major pathway for metal—carbon cleavage, while under basic conditions, hydrogenolysis
of the metal—carbon bond was predominant.

Introduction incorporation of asymmetric hydrogenation will, in many cases,
allow for the development of more efficient, economic, and

Asymmetric hydrogenation of unsaturated substrates is argu-elegant syntheses.

ably the most useful synthetic method for introducing chirality le2 h . i landi
into a moleculé-? In recent years, the number of applications, Indole 2 has been identified as a prostaglandis (BGD,)

; . o
chiral ligands, and commercial suppliers in this field has grown receptolr antagonist (Figure @' It is j[hought that 'excess.
dramatically® Despite this, the application of asymmetric production of PGRcauses the inflammation observed in allergic

hydrogenation to pharmaceutically relevant molecules has beerdiS€ases. In order to fully investigate this effect, we required a
somewhat limited-¢ Reasons for this include the cost of the Practical and efficient synthesis @ Toward that end, we
catalytic route vs the racemic route, the availability of the ligand Postulated that asymmetric hydrogenation could serve as a useful
on a large scale, and the difficulty associated with handling air- Method for introducing chirality into indol.*>+?

sensitive catalysts in conjunction with hydrogen gas. Nonethe-
less, our laboratories have recently focused our efforts on (7) Hsiao, Y. Rivera, N.; Rosner, T.; Krska, S. W.; Njolita, E.; Wang, F..

. . K X ) A ; Sun, Y.; Armstrong, |., J. D.; Grabowski, E. J. J.; Tillyer, R. D.; Spindler,
implementing catalytic asymmetric hydrogenation into synthetic F.; Malan, C.J. Am. Chem. So@004 126, 9918-9919.

12 HH ; : H (8) Ikemoto, N.; Tellers, D. M.; Dreher, S. D.; Liu, J.; Huang, A.; Rivera, N.;
processgé? In_ addition to _th_e envwonmental beneflts_ obtained Njolita, E.: Fisiao. .- McWiliams, 3. C.: Williams, J. M... Armstrong. J.
from using this atom-efficient chemistry, we believe that D., lll; Sun, Y.; Mathre, D.; Grabowski, E. J. J.; Tillyer, R. D. Am.

Chem. S0c2004 126, 3048-3049.
(9) Maligres, P. E.; Krska, S. W.; Humphrey, G.@®rg. Lett.2004 6, 3147
3150

(1) Tang, W.; Zhang, XChem. Re. 2003 103 3029-3069.

(2) Noyori, R.; Ohkuma, TAngew. Chem., Int. E001, 40, 40-73. (10) Shultz, C. S.; Dreher, S. D.; lkemoto, N.; Williams, J. M.; Grabowski, E.
(3) Blaser, H.-U.; Spindler, F.; Thommen, M.; Blaser, H. U.; F. S., Thommen, J. J.; Krska, S. W.; Sun, Y.; Dormer, P. G.; DiMichele,Qrg. Lett.2005
M. Industrial Applications. IrHandbook of Homogeneous Hydrogenation 7, 3405-3408.
de Vries, J.G., Elsevier, C. J., Eds.; Wiley-VCH: Weinheim, Germany, (11) Tellers, D. M.; Bio, M.; Song, Z. J.; McWilliams, J. C.; Sun, Y.
2006. Tetrahedron: Asymmetrg006 17, 550-553.
(4) Blaser, H.-U.; Malan, C.; Pugin, B.; Spindler, F.; Steiner, H.; Studer, M. (12) Hansen, K. B.; Rosner, T.; Kubryk, M.; Dormer, P. G.; Armstrong, J. D.,
Adv. Synth. Catal2003 345 103-151. 11l. Org. Lett.2005 7, 4935-4938.
(5) Thayer, A.Chem. Eng. New2005 36, 40—48. (13) Sturino, C. F.; Lachance, N.; Berthelette, C.; Li, L.; Wang, Z. U.S. Patent
(6) Hawkins, J. M.; Watson, T. J. Mingew. Chem., Int. EQ004 43, 3224~ 0124680, 2005.
3228. (14) Sturino, C. F.; et all. Med. Chem2008§ in press.
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Figure 1. Retrosynthetic analysis &

The retrosynthetic analysis @f presented in Figure 1, relies
upon construction of the prochiral indadgS-unsaturated acid
1 via a Fischer indole reaction. Subsequent asymmetric hydro-
genation of intermediaté would yield chiral acid2. Key to
the successful implementation of this process was the identifica-
tion of a catalyst which was readily accessible and could be
employed at relatively low loading. In addition to these practical
constraints, to the best of our knowledge, asymmetric hydro-
genation ofa,B-unsaturated acids similar tb has not been
reported-® 2% In particular, the exocyclic ene acid functionality
coupled with the indole framework makdsa unique asym-
metric hydrogenation target. Surprisingly, a broader examination
of the literature revealed that there were no examples of
asymmetric hydrogenation of exocychics-unsaturated acids.
Herein we describe the enantioselective hydrogenation of
trisubstituted olefinl. Details of the synthesis d? will be
reported elsewher.

Results and Discussion

1. Reaction Discovery, Optimization, and Implementation.
A. Substrate and Catalyst Identification. Efforts to identify
a suitable hydrogenation catalyst were performed in parallel with
the development of the synthesis of chiral a2i€Consequently,
our initial screening efforts focused on discovering a hydrogena-
tion catalyst forl-Br-E (eq 1), a readily available intermediate
at the time?’

E. F.
N—\\_COH catalyst, H, N, _cosH
N \ 1)
X X
cl \\Q\m
X = Br (1-Br-E) X = Br (2-Br)
X = SO,Me (1-E) X = SO,Me (2)

Based upon literature precedenagi-unsaturated carboxylic
acids can be hydrogenated in alcoholic solvents with both

(15) Methods have been reported for setting the chiral cent& Bee refs
16-18.

(16) Campos, K. R.; Journet, M.; Lee, S.; Grabowski, E. J. J.; Tillyer, R..D.
Org. Chem.2005 70, 268—-274.

(17) Shafiee, A.; Upadhyay, V.; Corley, E. G.; Biba, M.; Zhao, D.; Marcoux,
J.-F.; Campos, K. R.; Journet, M.; King, A. O.; Larsen, R. D.; Grabowski,
E. J. J.; Volante, R. P.; Tillyer, R. Dretrahedron: Asymmetr3005 16,
3094-3098.

(18) Hillier, M. C.; Marcoux, J.-F.; Zhao, D.; Grabowski, E. J. J.; McKeown,
A. E.; Tillyer, R. D.J. Org. Chem2005 70, 8385-8394.

(19) For a diastereoselective heterogeneous hydrogenation of an mgoele
unsaturated ester, see: Beard, R. L.; Meyers, A. Org. Chem1991
56, 2091-2096.

(20) For a diastereoselective homogeneous exocyglitunsaturated ester,
see: Ohba, M.; Haneishi, T.; Fujii, Heterocycled994 38, 2253-2265.

(21) For examples of asymmetric exocyclic dehydroamino acid hydrogenations,
see refs 2225.

(22) Jiang, X.; van den Berg, M.; Minnaard, A. J.; Feringa, B. L.; de Vries, J.
G. Tetrahedron: Asymmetr004 15, 2223-2229.

(23) Imamoto, T.; Ochara, N.; Takahashi, Slynthesi2004 9, 1353-1358.
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Table 1. Selected Hydrogenation Results with 1-Br-E and 1-E?

entry  substrate ligand® metal precursor %ee
1 1-Br-E  R-BINAP [Ru(p-cymene)Cl];, —85
2 1-E R-BINAP [Ru(p-cymene)Ci], —84
3 1-Br-E  R-xyIBINAP [Ru(p-cymene)Gl], —87
4 1-E R-xyIBINAP [Ru(p-cymene)Gl], —87
5 1-E R-CI-MeO-BIPHEP [Rup-cymene)Ci], —81
6 1-E R-N-MeSolphos [Rug-cymene)Cl],  —83
7 1-Br-E  (+)-TMBTP Rh(COD}BF,4 —87
8 1-Br-E  (S,S)f-BINAPHANE  Rh(COD)BF,4 85

aConditions: 105 psi B 50 °C, MeOH, triethylamine (100 mol %),
catalyst (10 mol %), [substrate} 2.3 x 10-2 M. All reactions gave>99
area % conversion (HPLC 215 nm) except for entry 8 (88 HPLC area %
conversion at 215 nm}.See Supporting Information for structures of
ligands.

ruthenium and rhodium catalysts to produce the corresponding
chiral acid with good enantioselectivity?82°As such, ene acid
1-Br-E was screened against rhodium and ruthenium catalysts
prepared from our chiral ligand library at the practical hydrogen
pressure of 105 psi. Preliminary screening reactions in methanol
with the free acid showed little reactivity. This was likely a
result of the poor solubility ofl-Br-E in MeOH (1.7 x 1074

M at 22 °C).30 In order to improve the solubility, subsequent
hydrogenations were performed with the more soluble triethyl-
amine salt ofl-Br-E (1.8 x 1072 M at 22 °C). Under these
conditions, we were pleased to find that both rhodium and
ruthenium catalysts providetdBr with good enantioselectivity.
Selected data from this screen are presented in Table 1.
Ruthenium catalysts employing axial chiral ligands, like BINAP,
gave the best reactivity and enantioselectivity. In general,
catalysts derived from rhodium were substantially less reactive
and enantioselective than ruthenium catalysts under the condi-
tions examined.We were encouraged by the results from this
initial screen, as it demonstrated that asymmetric hydrogenation
could serve as a useful means for prepa@ngs envisioned in
Figure 1.

During hydrogenation screening bfBr-E, an efficient, high-
yielding synthesis of sulfone ene acldE was developed®
Hydrogenation ofl-E serves to set the stereocenter as the last
step in the chemical synthesis, thereby avoiding the loss of

(24) Oohara, N.; Katagiri, K.; Imamoto, Tetrahedron: Asymmet3003 14,

2171-2175.

(25) Ohashi, A.; Kikuchi, S.; Yasutake, M.; Imamoto, J..Org. Chem2002

15, 2535-2546.

(26) Humphrey, G. R.; et al. Manuscript in preparation.

(27) Preliminary screening was also performed with the methyl estéfBif.
In dichlorobenzene, this compound could be hydrogenated \R{{S)-
PhP-F-C-P(tBu)Rh(COD)BFR, to give the corresponding chiral ester
88% ee.

(28) Ratovelomanana-Vidal, V.; Ge&ne.-P.J. Org. Chem.1998 59, 163—
171.

(29) Ohta, T.; Takaya, H.; Kitamura, M.; Nagai, K.; Noyori, R.Org. Chem.
1987 52, 3176-3178.

(30) Compound. exhibited poor solubility in most solvents at room temperature.

A detailed list of solubilities can be found in the Supporting Information.
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valuable chiral intermediates. In addition, asymmetric reduction TMG prepared either by in situ addition of stoichiometric TMG
of 1-E, as opposed tt-Br-E, supported the overall convergent to the hydrogenation mixture or by crystallization and isolation

synthetic pathway defined by our project te&m! Conse- prior to hydrogenation. Under these conditions, hydrogenation
quently, emphasis was shifted toward identifying a catalyst of 1-E-TMG with (SBINAP)Ru(p-cymene)C (3) produced
suitable for hydrogenation df-E (eq 1, X= SO,Me). 2:-TMG in 84% ee and 97% assay yield (eq3@With 1-E-

A screening protocol identical to that employed foBr-E
was performed withl-E using only catalysts derived from F

ruthenium. Selected results from this screen are presented in NN\ CoH NH 3(0.3-12 mol%), H
Table 1. In general, the replacement of the bromide for the N + i 2
sulfone had little impact on enantioselectivity. Again, axially SO,Me o Me,N" "NMe; 50 °C, MeOH, 15 h

chiral ligands gave with the highest enantiomeric excess. In

particular, R-BINAP)(p-cymene)RuGl and R-xyIBINAP)(p- 1-E T™G

cymene)RuGlproduced in —84% and—87% ee, respectively. " @
Given the project development timeline, we initially focused N, _COH

on optimizing the hydrogenation wittfSBINAP)(p-cymene)- N ™G

RuCb (3),32 which was prepared in situ from [Rafgymene)- X \\Q

Cly], and SBINAP, a readily available ligang=3¢ It is 2oTMG “

presumed thaB liberatesp-cymene during the hydrogenation
reaction to generate an active catalyst similar 3B(NAP)-
RuX; (X = CI, OAc)3 This is supported by the fact that
hydrogenations performed with eithgor (SBINAP)RuX; (X
= ClI, OAc) produce2 with the same enantiomeric excess.

B. Hydrogenation Optimization. With a suitable catalyst
in hand, development efforts focused on optimizing the hydro-
genation such that it could be reproducibly performed on a
multiple kilogram scale in a cost-effective manner. Our first
attempt at addressing this goal focused on improving the
solubility of ene acidl-E. At useful substrate concentrations )
(>0.20 M), hydrogenation mixtures were thick slurries, even A key discovery was made when the effects of pressure and
in the presence of stoichiometric amounts of triethylamine. temperature were examined (Figure 2). We were surprised to
Preliminary reactions performed under these conditions were find that the reaction enantioselectivity improved wakbcreas-
sluggish and irreproducible. In addition to the practical issues iNg hydrogen pressure. At 25 psipHsaturated acid® was
associated with handling thick slurries, we postulated that this obtained in 92% ee, while at 515 pspFsaturated aci@ was
limited solubility would likely attenuate reactivity; i.e., the obtainedin 47% ee (Figure 2a). The inverse correlation between
reaction rate would be limited by substrate solubility, not by €€ and pressure was also observed at different temperatures,
the inherent reactivity of the substrate. In order to increase the With lower pressures giving higher enantioselectivites (Figure
solubility of 1-E, salts derived froni-E and 28 different bases ~ 2b). Interestingly, at 65 and 105 psi, 4Q appeared to give
were prepared and their solubilities measured. In general, saltsthe optimum enantioselectivity, whereas at 25 psi, temperature
prepared from strong organic bases (collidine, TMG) and had a less pronounced effect on enantioselectivity. Most
inorganic bases containing large cations {B@ CsCOs) importantly, an increase of nearly 10% enantiomeric excess was
exhibited the best solubilities. We decided to focus on the use achieved by simply lowering the hydrogen pressure from 105
of tetramethylguanidine (TMG) since it had been independently to 35 psi (Table 2). On the basis of these data; 25 psi H
demonstrated that, under appropriate conditions, solutions ofpressure and a reaction temperature ofGQvere selected, as
2:-TMG could be crystallized in high optical purity. For they offered the best compromise between rate and enantio-
example,2:-TMG with an enantiomeric excess of 80% could Selectivity (eq 2, 35 psi k). Importantly, at this lower pressure,
be crystallized once to provid@ TMG in 99% ee. This little impact on rate was observed, with99.9 area %
crystallization allowed us to meet the strict optical purity conversiof® obtained in<15 h. These conditions were suc-
requirements necessary for this compound, even if the asym-cessfully employed on a 1.2 kg scale in our hydrogenation
metric hydrogenation proceeded in less than 99% ee. All facility. Details can be found in the Experimental Section.

105 psi Ho: 84% ee, 97% assay yield
35 psi Hy:  92% ee, 97% assay yield

TMG prepared in situ, catalyst loadings0.8 mol % were
required to obtair-95% conversiori? whereas with crystallized
1-E-TMG, loadings as low as 0.3 mol % gave complete
conversion. It is likely that crystallization serves to remove
catalyst poisons produced during the synthesik-Bf With the
appropriate base in hand, we began to optimize additional
reaction variables.

subsequent hydrogenations were therefore performediwith It is important to note that hydrogenation b{E represents
one of a handful of homogeneous asymmaeidrjé-unsaturated
(31) Synthesis ofl-Br-E employing the chemistry used to prepdré& results ene acid hydrogenations used to prepare pharmaceutical inter-

in 10—30% debromination. . L. .
(32) Mashima, K.; Kusano, K.; Sato, N.; Matsumura, .; Nozaki, K.; Kumo- Mmediates:® Mechanistic work on these hydrogenations has not
ga%asal]é 'r':]-?1332053‘-?30"'813\8?7'65“'2“" T.; Akutagawa, S.; Takaya)H.  peen reported. Furthermore, the majority of literature examples
(33) For reviews on the application of BINAP and its derivatives to asymmetric Of asymmetric ene acid hydrogenations describing either ligand
catalysis, see refs 346.
(34) Noyori, R.; Takaya, HAcc. Chem. Red4.99Q 23, 345-350.

(35) Kumobayashi, H.; Miura, T.; Sayo, N.; Saito, T.; Zhang,S¢nlett2001, (38) Assay yields were determined by preparing a known concentration of
1055. analytically pure2 and comparing the UV response (HPLC) of this solution

(36) Akutagawa, SAppl. Catal. A1995 128 171-207. against that of a hydrogenation reaction solution.

(37) This is supported by the NMR spectroscopic observation that thermolysis (39) In all cases, percent conversions refer to HPLC area percent measured at
of 3 in the presence of stoichiometricE liberatesp-cymene over ca. 6 215 nm. Conversion= (area product)/(area product area starting
min. material).
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(a) 100 A. Synthesis of 1-Endo.A typical hydrogenation reaction
profile performed at 30 psi Hs illustrated in Figure 3. Greater
80 7 than 99% conversion was obtained in approximately 5 h, with
a good correlation between the hydrogen uptake data, IR data,
3 607 and HPLC analysis. The enantioselectivity, obtained from
S 40 periodic reaction sampling, does not change as a function of
conversion (9691% ee). Most importantly, the reaction
20 samples revealed the presence of a new compound, as deter-
mined by HPLC. This species, identified &&Endo-TMG, is
0 T T T T T T an endocyclic isomer of-E (see eq 3). It was generated in
0 250 500 750 1000 1250 1500 small quantities during the initial stages of the reaction and
H, Pressure (psi) consumed to give-TMG prior to reaction completion (vide
(b) 94 . infra).
92 - 25 psi For characterization purposes, the endocyclic isakviéndo
90 - 0/_\ TMG was synthesized in appreciable amounts by heating
88 - 65 psi 1-E-TMG with catalyst3 in the absence of hydrogen (eq 3).
g 86 - This process generated a 77:23 equilibrium mixturé-aMG
= 841 105 psi
82 - F
80 - \ N COzH Keq(1) =0.29
78 - \ ™G
76 ———————— SOzMe\\Q\
10 20 30 40 50 60 70 c
temperature (°C) 1-Ee TMG 3)
Figure 2. (a) Impact of pressure on enantioselectivity. (b) Impact of

temperature and pressure on enantioselectivity of hydrogenatidrEof
TMG . Reaction conditions: 0.5 mol % MeOH, 20 h.

) - 100
0.2 -

-8 3
0.15 - s
< 60 3
g
0.1 7 1-E*TMG 40 o
(&)
x

0057 1Endo*TMG 20

0 l\/\,{'\ - 0
0o 1 2 3 4 5 6
time (h)

Figure 3. Reaction profile of hydrogenation df-E-TMG (30 psi H).

1-EndoeTMG
conditions: 3 (1.2 mol%), MeOH, 3 h, 50 °C

and1-Endo-TMG, respectively Keq= 0.29)#° The maximum

rate of isomerization was determined to be £.4075 mol/L-s

and was calculated from data obtained via the periodic sampling
of the reaction as it approached equilibrium. The endocyclic
isomer was isolated in pure form from this reaction mixture by
selective precipitation ofl-E upon addition of excess acetic
acid. Finally, crystals suitable for single-crystal X-ray diffraction
analysis were obtained from THF/heptane. The ORTEP diagram
can be found in the Supporting Information and provides

The triangles, diamonds, and squares represent HPLC samples (mol/L), andjefinitive evidence for the molecular architecture shown in

the solid lines represent ReactIR data expressed as a function of conversio
(1-E-TMG, 1625 cnl; 22-TMG, 1588 cnrl).

discovery or mechanism have been limited to simple acyclic
model compounds. Prompted by these facts, we decided to
further investigate the mechanism of the asymmetric hydrogena-
tion, with the goal of elucidating the origin of the reaction
hydrogen pressure dependence.

2. ldentification and Characterization of Olefin Isomers
of Ene Acid 1. Having successfully demonstrated the hydro-
genation reaction, we chose to utilizesitu ReactIR, H uptake,
and reaction sampling to follow the hydrogenation reaction
kinetics and probe for intermediates that might provide insight
into the inverse relationship between pressure and enantio-
selectivity.

17066 J. AM. CHEM. SOC. = VOL. 128, NO. 51, 2006

bq 3.

B. Synthesis of 1-Z We were initially surprised that catalyst
3 isomerizedl-E to 1-Endo and not tol-Z, theZ isomer of1.
This was due, in part, to the observation made previously in
our laboratories that the free indole, which lacked fhBnCl
functional group, could be prepared as a 1:1 mixtureeft
isomers'! In this case, the endo isomer was not observed.
Intrigued by this difference, we attempted to prepare Zhe
isomer ofl by photochemical means. A methanol solution of
1-E-TMG was exposed to UV light (254 nm), and after 90 min,
an equilibrium mixture containing-E-TMG and 1-Z-TMG

(40) Heating a methanol solution dfE-TMG in the absence of catalyst for 12
h at 50°C does not producé-Endo-TMG .
(41) Journet, M.; Sarraf, S. Personal communication.
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N hv N—\COH 3 N\ COH
COzH e TMG ——— N E N °
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SO,Me ™G T™MG
SO,Me

1-ZeTMG 16TMG 1-EndoeTMG

]‘ ¥ |

Figure 4. Summary of the thermal and photochemical isomerization behavior observéd for

2 [Ru], H, [Ru], H; 2
All H, pressures Press;r;/’r:gependent All H, pressures
Low EE 4 High EE
[Ru]
— 1-E 1-Endo —
Pressure Dependent
[Ru], H; Pathway [Ru], H;
2 2
High H, pressure, Low EE High H, pressure, Low EE
Low H, pressure, High EE Low H; pressure, High EE

Figure 5. Rationalization of enantioselectivity via pressure-dependent and -independent hydrogenation pathiviyaridrl-Endo.

(63:37) was observed (eq 4). Prolonged irradiation did not alter above, this steric interaction is absent, soZh@efin geometry
this ratio®2 Compound1-Endo-TMG was not formed under  is accessible under thermal conditions.
We were interested in ruling out the intermediacy of the
F isomer in the hydrogenation reaction pathway. Despite the fact
N\ -COH Keq(z) = 0.60 that the Z isomer was not observed by HPLC and NMR
N TK/IG spectroscopic analysis whelrE was heated witlB, it was
SO,Me difficult to conclusively rule out the formation of very small
Cl amounts of this material during the hydrogenation reaction.
Catalyst3 was therefore added to a methanol solution containing
a mixture of1-E and1-Z and heated. After 3 h, by HPLC, a
F. mixture containing theE, Z, and endo isomers was present.
N AN Importantly, the concentration df-Z remained unchanget¢
N the endo isomer was generated exclusively fromBhsomer.
CO,H @ TMG - e . X
SO,Me @ This is represented_ in Figure 4. Since the conceqtra_ﬂohbf
remains constant in the presence 3fby the principle of
Cl microscopic reversibility3 does not catalyze the equilibrium
1-ZeTMG between1-Z and 1-E under thermal conditionsThe lack of
conditions: hv (254 nm), RT, MeOH isomerization reactity betweenl1-Z and 3 rules out the
intermediacy ofL-Z in the hydrogenation of olefia-E.
these photochemical conditions. The isomer, 1-Z, was 3. Examination of Hydrogen Pressure Dependence of
characterized by HPLC/MS and NMR spectroscopy and was 1.Endo, 1-Z, and 1-E. A. Pressure-Dependent Reaction
not separated froni-E. Of note are the benzyl methylene pechanisms.We postulated that two limiting mechanisms can
protons which, byH NMR spectroscopy in CEEN at 22°C,  pe ysed to rationalize the pressure dependence observed in the
exhibit resonances which are nearly broadened into the baselinepydrogenation of.-E (Figure 5). In the first case, the pressure-
These resonances sharpen upon warming the solution®6.60  jndependent pathwayl-E and 1-Endo are in a ruthenium-

1-EeTMG

In contrast, the benzyl methylene protonslirE-TMG and catalyzed equilibrium with each other. At all hydrogen pressures,
1-Endo-TMG are sharp at room temperature in € NMR 1-Endo is hydrogenated by the ruthenium catalyst with high
spectrum. The broadened proton signals in the cadedére enantioselectivity, andl-E is hydrogenated with lower enantio-

most likely a result of hindered rotation about the nitrogen  selectivity. In order to achieve the highest enantioselectivity,
benzyl carbon bond df-Z. We attribute this hindered rotation  ihe reaction must funnel entirely throughEndo. At low

to the fact that the carboxylic acid group is now oriented directly ressure, the rate of isomerization is faster than the rate of

into the benzyl group. For the case of the free indole described pyqrogenation. This is a CurtirHammett-type regime, in that

(42) Photolysis ofl-E-TMG in CDsOD does not incorporate deuterium into the re_latlve ra}tes of hydmgena_tlon biE a”O_' 1'E”d9 dictate
either 1-E-TMG or 1-Z-TMG . enantioselectivity, not the relative rates of isomer interconver-

J. AM. CHEM. SOC. = VOL. 128, NO. 51, 2006 17067
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0.3 95

30 psi
H, Introduced 100 90 - - R .
0.2 1 2TMG | 4 g5 115 psi
g 9 80
o 02 leo 8 o
3 o s 75
£ =]
01 B 40 IN 70
1-Endo consumed 515 psi
65 A
0.1 1 + 20 —A
[ 1-EndosTMG %0 A,
0.0 Kaad . 0 0 20 40 60 80 100
0 5 10 15 20 25 Area% conversion of 1-E/1-Endo
. Figure 7. Reaction %ee vs high-performance liquid chromatography
time (h) (HPLC) area % conversion of tHeE/1-Endo mixture as a function of K
Figure 6. Isomerization and hydrogenation reaction profilele-TMG / pressured?
1-Endo-TMG at 25 psi H. The diamonds, triangles, and squares represent P
HPLC samples, and the “X” represents hydrogen uptake. The lines through . 1 i
these symbols serve to better illustrate the reaction profile. 1-E + [Ru] k.1 1-Endo + [Ru]
sion#3 Deviation from the CurtirHammett regime is observed ka[H2] ks[Hol
at high pressures, where the relative rates of hydrogenation and
isomerization are competitive. At these high pressutes, is 2;g + [Ru] 24.endo * [Ru]

consumed faster than it can isomerizelt&ndo. The second Figure 8. |somerization and hydrogenation mechanismifd. Compound
mechanism has-E and1-Endoin equilibrium. In this pressure- 21— refers to product derived from-E, and2;-gndo refers to product

X o . derived from1-Endo.
dependent pathway, both isomers exhibit a negative pressure erved from=-Endo

effect, with higher hydrogen pressures25 psi) giving lower 6 reaction enantioselectivity drops substantially until it eventu-
enantioselectivities. Pressure effects of this type have been noteqjl"y levels off near reaction completion. From these data, it is
previously!*~#’Alternatively, the overall mechanism can be cjear thathe enantioseleatity of the endo isomer hydrogenation
described as a combination of the hydrogenation pathwaysig not influenced by pressur@he inherent enantioselectivity
illustrated in Figure 5, with one isomer exhibiting a pressure o, the endo isomer is 92% at the pressures examined.
dependence while the other isomer does not. In order to identify - 1_g Hydrogenation Kinetics. We next sought to examine
which pathway is operational, it was essgntial to _ascertain the the influence of hydrogen pressure on the reaction enantio-
hydrogen pressure dependence of each isomer independentlyse|ectivity for isomel-E. In contrast tal-Endo, determination

B. 1-Endo Hydrogenation. An equilibrium mixture of1-E of the inherent enantioselectivity fot-E hydrogenation is
and1-Endowas prepared by heatiflgE with 3 for 3 h. This  ¢omplicated by the fact thatEndois in equilibrium with1-E.
solution was then exposed to 25, 115, and 515 psPi8amples  \ye have shown that-Endo is consumed faster than theE/
were taken per|0d|ca"y and analyzed by chiral and achiral 1-Endo isomerization, and as Such’ the measured ee frdm
HPLC. A typical reaction profile is illustrated in Figure 6, and  hydrogenation is a function of the contribution from both
the resulting determination of enantiomeric excess vs conversion].gndo and 1-E, as illustrated in Figure 8.
?s.s.hown in Figu.re 7. Each reaction is characterize.d by the rapid \ye initially tried to circumvent this problem by performing
initial consumption ofL-Endo, followed by the relatively slow reactions at elevated sHpressures in hopes of identifying a
consumption ofl.-E. These rate differences are consistent with regime wherein the contribution from-Endo was minimized
the observation that little endo isomer is observed during (i.e., k[Hs] > ki). The results from these experiments are
hydrogenations of theE isomer; i.e., the endo isomer is presented in Figure 9a. Nearly zero-order kineticslimre
consumed as soon as it formed. Another striking feature from gpserved over 70% of the reaction (480% conversion). The
these data is highlighted in the profile of the reaction enantio- corresponding rate data obtained in this zero-order region are
selectivity as a function of conversion (Figure 7). As soon as piotted as a function of pressure at a specified conversion in
the endO Isomer Is Consumed n the |n|t|al Stages Of the reaCUon,Figure gb and ||Sted in Table 2. Note that, as hydrogen pressure
is increased, a nonlinear increase in reaction rate is observed

(43) Carey, F. A.; Sundberg, R. Advanced Organic Chemistry, Part A:

Structure and MechanismBlenum: New York, 1993. (Figure 9b). Recall that the maximum rate of isomerization in
(44) Landis, C. R.; Halpern, J. Am. Chem. S0d.987 109, 1746-1754. 5 .
(45) Yoshikawa, K.; Murata, M.; Yamamoto, N.; Inoguchi, K.; Achiawa, K. the abser?ce of hydrogen was fou.nd to .be 1'5(.)_ mOIIL S
Chem. Pharm. Bull1992 40, 1072-1074. (see section 2A). Thus, at 33 psi, the isomerization rate and

(46) Saburi, M.; Takeuchi, H.; Ogasawara, M.; Tsukahara, T.; Ishii, Y.; Ikariya, P i H _
T Takahashi. T Uchida, . Organomet. Chen1992 438, 155167 hydrogenation rate are nearly identical, and the rate of hydro

(47) Daley, C.J. A;; Wiles, J. A.; Bergens, S.€an. J. Chem1998 76, 1447 genation kj[Hz]) at 515 psi (7.5x 107> mol/L-s) is still
1456. competitive with the rate of isomerizatiok;( Table 2)

(48) Solutions of purd-Endoin the presence of catalyst isomerize to generate X X . L e
an equilibrium mixture with1-E. As such, we opted to start with the Despite the inability to reach a limiting regime where

equilibrated mixture instead of pureEndo to ensure that the starting i it i i ; i
concentration ofl-Endo was constant between experiments. Consistent |some.r|zat|on'd.|d not compete Wlt,h hydmg,enatlon’ the inherent
with results from Figure 7, the high-pressure syringe pump addition of enantioselectivity forl-E reduction at different hydrogen
gggg'ves; to a solution of-Endo at 100 psig H and 50°C produced? in pressures could be approximated using the hydrogenation rate
(49) At 515 psi, the reaction rate was sufficiently fast that complete consumption data at different pressures. In order to do this, two approxima-
of 1-Endo isomer and some of the-E isomer had occurred at 20 area % ; . i At ;
conversion. The point at 10 area % conversion at 515 psi is calculated by tions were made: (l) the Isomenzat_lon rate is COnStam r(_agardless
removing the contribution from-E. of hydrogen pressure and (2)JEndois consumed immediately

17068 J. AM. CHEM. SOC. = VOL. 128, NO. 51, 2006



Asymmetric o,3-Unsaturated Carboxylic Acid Hydrogenation

ARTICLES

Table 2. Rate Data and %ee for the Hydrogenation of 1-E at
Different Hydrogen Pressures

hydrogen
pressure (psi)

0
33
115
515

rate
(mol/L-s)

1.4x 10752
1.5x 1073
4.8x 1073
7.5x 1075

%eelula\
(measured)”

Y%ee—g
(calculated)

a|somerization rater(som), See section 2A2 Enantiomeric excesses were
measured at 100% conversion.

after it is generated; therefore, hydrogenatiod-&ndois only
as fast as the rate of isomerization frdsE to 1-Endo. The
first approximation assumes that the isomerization catalyst is
the same at all pressures examined. This is supported by the
fact that solutions exposed to hydrogen for 0, 15, 30, and 60
min exhibit near identical isomerization rafsThe second
assumption relies on the fact thatEndo does not build up

(a)0.25

[2] (mollL)

0.2 4

0.15 A

0.1 /

0.05 A

33 psi

o

3

T

4

time (h)

~
g o
~N o

L

during the hydrogenation reactions. This is demonstrated by
independent studies whefleEndo is consumed substantially
faster thanl-E (Figure 6).

Using the approximations described above, the overall
reaction enantioselectivity (%gg) of the hydrogenation can
be expressed as a contribution from batk and1-Endo (eq
5)51 This contribution is defined by the relative rates of
hydrogenation ofl.-E and 1-Endo, noted as;-g andri—gndo,
respectively. The rate of-Endo hydrogenation r—gndgo) IS
substituted with the rate of isomerizations{y) since the rate
of endo hydrogenation is limited by the rate at whitfe
isomerizes tol-Endo (eq 6). Rearranging eq 6 in terms of
%eq_g yields eq 7.

rate (x 10° mol/L*s)
= N W A OO O

o

T T

200 400

pressure (psi)

Figure 9. (a) Kinetic profile of the reaction of-E with 3 at different
hydrogen pressures, as monitored by ReactIR. (b) Zero-order rate data
plotted as a function of hydrogen pressure at 50% conversion.

o

600

Table 3. Hydrogenation of 1-E-TMG/1-Z-TMG Mixture at Two
Different H, Pressures with 3 (1.2 mol %), Comparison with Pure

%08y = 1-E-TMG, and Calculation of Inherent Enantioselectivity of 1-Z
rle rl—Endo H, pressure Y%ee Y%ee;—z
T %eq,E + T %eq,Endo (5) entry (psi) %1-E %1-Z (measured) (calculated)
1-E 1-Endo, 1-E 1-Endo, 1 25 62 37 59 5
2 25 100 0 91 na
Y0€€oa = 3 105 62 37 46 -13
r r 4 105 100 0 82 na
1-E isom
| %ee g+ (—n)%e‘ils do (6)
(rl—E + rl—isom) Mg 1 Mo nee ) ,
At elevated pressures (LO0O psi), the rate of hydrogenation of
%eg g = 1-E is faster than the rate of isomerization tEndo;

consequently, the contribution df-E to the overall ee is
substantial. As noted above, these calculations rely upon the
assumption that the rate of isomerization is independent of
hydrogen pressure. While this phenomenom cannot be experi-
mentally verified, additional support for this pressure-dependent
mechanism was determined fbiZ, where complications arising
nfrom 1-Endo are nonexistent (vide infra).
D. 1-Z Hydrogenation. While the Z isomer (-Z) is only

r-e

r.
%eQOtaI - (%‘)%eel—Endo /(—) (7)
Mg+ lso Mgt " endo

With eq 7, the data in Table 2, and the inherent enantio-
selectivity for 1-Endo (%eq-gndo = 92, see section 3B), the
inherent enantioselectivity of th& isomer (-E) can be
calculated at different hydrogen pressures. The results, show
in the last column of Table 2, reveal thdhe inherent ) ) ) - )
enantioselectity of the1-E isomer hydrogenation is a function ~ accessible via photochemical means, we were still interested in
of hydrogen pressureln particular, the enantioselectivity —©€X@mining its ee pressure dependence with hydrogenation
exhibits negative pressure dependence, with %ee decreasing a§2talyst3. After photolysis of1-E-TMG, the resultingl-E-
hydrogen pressure increases. This is most clearly illustrated at! MG /1-Z"TMG mixture (62:37) was added to a solution
115 and 515 psi, where the calculated ee XeE drops from containing catalys8 and placed .underi—lat 25 and.105 pst.
74% to 36% as the hydrogen pressure is increased. At 33 psi,Greater than 95 area % conversion of bothEendZ isomers
the reaction rate and isomerization rate are nearly identical; asaS oPtained” The enantioselectivities at each pressure, along

a result, it is difficult to accurately calculate the %ee 1oE, with a comparison of the hydrogenation of par&, are shown
as its final contribution to the overall ee is negligible7%). in Table 3. Sincd-E and1-Z do not interconvert under thermal

conditions, the inherent enantiomeric excess for the hydrogena-

(50) This information can be found in the Supporting Information.
(51) An identical result is obtained when the relative ratios of fhand S
enantiomers are used in place of %ee.

(52) Qualitatively, theZ isomer was less reactive than tBeisomer toward
hydrogenation witt8.
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Figure 10. Proposed hydrogen dependence for isonieEs 1-Z, and1-Endo.

tion of the Z isomer at both pressures can be calculated. The This is likely because the corresponding isomer is typically
overall reaction enantioselectivity (%&g) is a function of both more stable due to conjugation of the olefin and carboxylic acid
the E andZ contributions (eq 8). Since the %eelE (%eq_g) 7 orbitals. We therefore saw this as a unique opportunity to
can be measured independently, the inherent enantioselectivitygain further insight into the mechanism b#Endo hydrogena-

of 1-Z can therefore be measured by rearranging eq 8 in termstion via use of deuterium labeling studies.

of %eaq-z, to give eq P! Compoundl-Endo was treated witt8 and Dy in CHzOH

(eq 10). Notably, this reduction is both regioselective and
%eg,, = (%1-E x %eg_) + (%1-Z x %eg_,) (8)

F
%e6,,, — (%1-E x %eg_g) @) ‘ Co,H _ 3,Dy(25psi)
N

%eq ;=

%1-Z TMG, CH,0H, 50 °C

With eq 9, theZ isomer’s hydrogenation enantioselectivity SOMe
was determined at different pressures (Table 3, column 6). Upon cl
increasing the pressure from 25 to 105 psi, the reaction 1-Endo
enantioselectivity changes frofrb% ee to—13% ee. Analogous 80%D
to a,S-unsaturated acid-E, the inherent enantioselecify of .wH 88%
the hydrogenation of the Z-isomer is a function of hydrogen F _D 76%
pressure Figure 10 summarizes the hydrogen pressure-depend- 4"'/K,-002H*TMG
ent behavior of isomers-E, 1-Endo, and1-Z. H H

E. Remarks on the Pressure-Dependent Hydrogenation SO,Me o a0 (10)
Mechanism of 1-E.Rationales for pressure effects in hydro- 102%, 97%
genation reactions have been proposd previously. Work by
Achiawa and co-workers described the hydrogenation of tiglic cl 2.TMG
acid at low and high pressures with (BIMOP)Ru(OAca
catalyst employing an axially chiral ligand similar to BINAP. diastereoselective, with deuterium formally adding in a cis
It was found that the enantioselectivity of tiglic acid hydrogena- fashion across the double bond HfEndo. Relatively little
tion did vary with pressure, with lower pressures giving higher hydrogen from the solvent is incorporated i2oThe location
enantioselectivitie4® To rationalize this, the authors proposed of deuterium observed in hydrogenation @fEndo was
a mechanism whereby the rates of hydrogenation of the somewhat surprising in light of the fact that hydrogenation of
diastereomeric rutheniuntiglic acid complexes dictated enan- tiglic acid and related substrates with (BINAP)Ru(OAcq
tioselectivity. This mechanism is analogous to that invoked by catalyst similar t@8, results in the incorporation of one hydrogen
Halpern and Landis for dehydroamino acids and can be appliedatom and one deuterium atd>° In this case, it was postulated
to 1-E.** In particular, the reaction enantioselectivity is set by that, following olefin insertion into the ReD bond, the resulting
the relative rates of rutheniuasubstrate diastereomer inter- metal carbon bond is cleaved by a proton from the solvent. For
conversion and their subsequent hydrogenation. Further elucida+iglic acid, the reaction is performed under neutral conditions,
tion of this mechanism fol-E will necessitate identification  i.e., in the absence of added base as is the caselwkihdo.
of intermediates via direct spectropic evidence and kinetic We therefore decided to explore the impact of base on the
decoupling from thel-Endo pathway. hydrogenation of boti-Endo and tiglic acid with (BINAP)-

4. Elucidation of 1-Endo Hydrogenation Mechanism via RuU(OACc).%0 It is stressed that hydrogenation of bdtiE and
Deuterium Labeling Studies.There are few reported examples 1-Endowith either catalys8 or (BINAP)Ru(OAc) gives2 with

of asymmetrig3,y-unsaturated olefin hydrogenatio?fs'6.53-56 identical enantioselectivity.
(53) Bulliard, M.; Laboue, B.; Lastennet, J.; RoussiaSsg. Process Res. De (56) Yamamoto, K.; Ikeda, K.; Yin, L. KJ. Organomet. Chenil989 370,
2001, 5, 438-441. 319-332.
(54) Burk, M. J.; Bienewald, F.; Challenger, S.; Derrick, A.; Ramsden, J. A. (57) Ashby, M. T.; Halpern, 1J. Am. Chem. Sod.991 113 589-594.
Org. Chem.1999 64, 3290-3298. (58) Ager, D. J.; Babler, S.; Froen, D. E.; Laneman, S. A.; Pantaleone, D. P;
(55) Boulton, L. T.; Lennon, I. C.; McCague, Rrg. Biomol. Chem2003 1, Prakash, I.; Zhi, BOrg. Process Res. De2003 7, 369-378.
1094-1096. (59) Ohta, T.; Takaya, HTetrahedron Lett199Q 31, 7189-7192.
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Figure 11. '™H NMR spectroscopic results from the hydrogenatioriéEndo with and without added TMG, catalyzed by RBINAP)(OAC),.

H CO,H Ru(S-BINAP)(OACc),, H; (25 psi) H CO.H o o
/\'/\ CD,;0D, 22 °C HeC CHy [Ru]~o> , Insertion |py1< Insertion  |Ry]—)
30D, DH 107 N gow N~ fast | © g
92%  98% H SN H

H  CO,H Ru(S-BINAP)(OACc),, H; (25 psi) H CO,HeTMG #~ b ES

— HsC CHs 1-E Pathway 1-Endo Pathway

TMG, CD;0D, 22 °C H H
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Figure 12. 'H NMR spectroscopic results from the hydrogenation of tiglic
acid with and without added TMG, catalyzed by BUEINAP)(OAC),. Ry + 2

As illustrated in Figure 111-Endo was treated with R&& J|

BINAP)(OAC), (5 mol %) and H in CDsOD with and without Figure 13. Postulated mechanism for hydride insertion and hydrogenolysis
TMG. Markedly different deuterium incorporation patterns are for 1-E and1-Endo.

seen in these two reactiof’s.When the hydrogenation is

performed with TMG, results similar to those observed in eq H/D incorporation pattern. In the presence of TMG (1 equiv),
10 are obtained; namely, hydrogen incorporation is predomi- the H/D incorporation pattern changes, with hydrogen incor-
nantly seen in both th@ and y positions. In contrast, the  poration dominant ifboththe a. andf positions. These results
hydrogenation in the absence of base results in the incorporationsuggest that, under basic conditions, hydrogenolysispro-

of hydrogen in they position and deuterium in the position, tonolysis, is the primary mode of metatarbon bond cleav-
similar to the reports with tiglic acid. As noted by others, H/D age$36

exchange between hydrogen gas and alcoholic solvents by this On the basis of the results from the labeling studiek-Bhdo
class of ruthenium catalysts is raph#!6:57.59.62As such, the and tiglic acid, a more detailed mechanistic picture for the
results illustrated in Figure 11 for the reaction run in the absence hydrogenation ofl-E and 1-Endo under basic conditions can
of TMG are complicated by this exchange. Nonetheless, this be discerned. The insertion and reductive elimination steps for
result suggests that, fd~Endo, ruthenium is placed in thg 1-E and 1-Endo are shown in Figure 1% For theE isomer,
position, not they position, following insertion (vide infra). which is analogous to tiglic acid, RtH insertion places the
Under basic conditions, reaction with hydrogen, not solvent, ruthenium in theS position, creating a five-member che-

liberates the product. late57:6264 Hydrogenolysis liberate2 and regenerates the
In order to ascertain whether this observation wlitEndo, catalyst. Forl-Endo, Ru—H insertion places the ruthenium in

a f,y-unsaturated acid, was pertinent to tiglic acid, @y- the 8 position, to produce the same intermediate proposed for

unsaturated acid, we attempted the tiglic acid hydrogenation 1-E hydrogenation. Subsequent hydrogenolysis liberates

with RuS-BINAP)(OAc), with and without TMG (Figure 12). Despite the fact thal-E and 1-Endo produce the same

As described by Ashby and Halpern, under “neutral” conditions, intermediate after insertion, the hydrogenation rae enan-

hydrogen incorporation is observed in tle position and tioselectivity for these two compounds are markedly different
deuterium incorporation is observed in fii@osition>’ Gratify- (vide supra). This is attributed to a difference in energy between
ingly, the presence of base does indeed have an impact on the
(63) A similar observation was noted by Chan and co-workers in the hydrogena-

(60) The acetate catalyst, FRBINAP)OAC,, was employed because catalyst tion of a naproxen precursor with a ruthenium catalyst under basic
3 does not react with the free acid. It is thought that base is required to conditions. See ref 64.
facilitate cymene displacement and generation of the active catalyst. (64) Chan, A. S. C.; Chen, C. C.; Yang, T. K.; Huang, J. H.; Lin, YIr®rg.
(61) The reaction enantioselectivity with (S-BINAP)Ru(OAwjth and without Chim. Actal995 234, 95-100.
TMG was 92-93.%. (65) The substrate is assumed to be bound to the metal via the carboxylate
(62) Daley, C. J. A,; Wiles, J. A.; Bergens, S. IHorg. Chim. Acta2006 359, linkage. This is supported by literature reports (see ref 57 and 66) and the
2760-2770. observation that the methyl ester derivativela$ not hydrogenated b§.
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the two insertion steps. We postulate that rearrangement to theovernight age, the vessel was vented to atmospheric pressure, and the

geometry necessary for insertion is more facile for fhe-
substituted olefinl-Endo, as it is not locked in as rigid a
conformation asy,3-substituted olefinl-E. The difference in
enantioselectivity can be attributed to the fact thdndo can
coordinate to the metal by both the carboxylate and olefin
groups. The rutheniurt-Endo intermediate is analogous to
the rhodium-acetamidocinnamate described by Landis and
Halpern?* This binding mode should offer more stereo-
differentation than the rutheniutE intermediate, where only
the carboxylate group can bind to the méta6.67

Summary and Conclusions

This work describes the implementation of an asymmetric

reaction solutions were analyzed by HPLC or SFC.

Crystallization of 1,1,3,3-Tetramethylguanidinium (2E)-[4-(4-
Chlorobenzyl)-7-fluoro-5-(methylsulfonyl)-1,4-dihydrocyclopenta-
[blindol-3(2H)-ylidenelacetate (1-ETMG). 1,1,3,3-Tetramethylguani-
dine (TMG, 99%, 25.0 mL, 193 mmol) was charged to a slurry of
compoundl-E (70 g, 160 mmol) in isopropylacetate (IPAc, 280 mL)
and MeOH (140 mL) at 23C, whereupon the solids dissolved.
Additional IPAc (125 mL) was added with previously generated seed,
resulting in the formation of a slurry. Additional IPAc (125 mL) was
added and the mixture stirred overnight. The slurry was distilled at
constant volume by the simultaneous addition of IPAc. When the
supernatant reached 5 mg/mL, distillation was discontinued and the
slurry cooled in an ice bath. The crystals were filtered and washed
with ice-cold IPAc. Drying yielded 86.0 g of crystalline solid of 96.8
wt % purity.'H NMR (400 MHz, CROD): ¢ 6.87 (dd, 1HJu = 9.6

hydrogenation of a pharmaceutically relevant compound. Itis v 3. =27 Hz), 6.76 (dd, 1HJw = 7.9 Hz,Jue = 2.7 Hz), 6.43 (d,
clear from this example that, despite the increased substratezH, 3., = 8.5 Hz), 6.06 (d, 2HJ = 8.5 Hz), 5.36 (s, 2H), 5.21 (t,

complexity, asymmetric hydrogenation can be a practical

Jun = 2.2 Hz), 2.79 (bm, 2HJun = 3.2 Hz), 2.16 (s, 3H), 2.14 (s,

industrial tool. Surprisingly, this work represents a rare example 15H), 2.10 (bm, 2H)*3C{*H} NMR (101 MHz, CROD): ¢ 175.9
of a mechanistic study on an asymmetric hydrogenation of (s), 163.3 (s), 157.1 (d] = 239 Hz), 148.8 (s), 145.5 (s), 138.9 (s),

industrial relevancé? It is exactly a result of the increased

136.4 (s), 134.0 (s), 133.5 (d,= 5 Hz), 130.0 (s), 129.8 (dl = 8.8

substrate complexity that new mechanistic challenges and ) 128.6 (s), 127.9 (d] = 7 Hz), 118.1 (s), 115.6 (s), 115.3 (s),

opportunities, not available with structurally less diverse
substrates, become available.

Experimental Section

112.5 (s), 112.3 (s), 51.1 (s), 45.1 (s), 40.1 (s), 37.0 (s), 23.4 (s).
(2E)-[5-Bromo-4-(4-chlorobenzyl)-7-fluoro-1,4-dihydrocyclopenta-
[blindol-3(2H)-ylidene]acetic Acid (1-Br-E). To a solution of [4-(4-
chlorobenzyl)-7-fluoro-5-bromo-1,2,3,4-tetrahydrocycloperjtafiol-
3-yllacetic acid 2-Br, 44.0 g, 0.10 mol) in toluene (450 mL) was added

Materials. Unless otherwise noted, reagents were purchased from N-chlorosuccinimide (16.0 g, 0.12 mol) portionwise over 5 min. The

commercial suppliers and used without further purification. All NMR

resulting solution was stirred at room temperature for 1 h, after which

spectra were recorded at room temperature unless otherwise notedacetic acid (11.5 mL, 0.20 mol) was added. The reaction mixture was

Compoundsl-E,?5 2,16 2-Br,'8 and RuGBINAP)(OACc),®® were pre-

stirred for an additiona2 h at 22°C to crystallize the product. The

pared according to literature procedures. Resealable pressure vesselglurry was filtered, rinsed with toluene (150 mL), and dried at’@0

were purchased from Andrews Glass Co., and the Multimax IR
instrument was purchased from Mettler-Toledo.

Preparation of Catalyst 3. A modified version of a literature
procedure was followet. In an inert atmosphere glovebox, degassed
methanol (75 mL) was charged to a round-bottom flask containjmrg [(
cymene)RuCl» (0.37 g, 0.60 mmol),9-BINAP (0.77 g, 1.2 mmol),

under vacuum for 24 h to give 40.4 g of the ene acid (93%) as the
pure E isomer. Due to its limited solubility, compouridBr-E was
characterized spectroscopically as the TMG shiBr-E-TMG. 'H
NMR (400 MHz, CQXOD): ¢ 7.25 (d, 2H,Juw = 8.4 Hz), 7.17 (dd,
1H, \]HH =84 HZ,JHH =20 HZ), 7.15 (dd, 1HJHH =84 HZ,JHH =

2 Hz), 6.96 (d, 2HJun = 8.4 Hz), 5.98 (s, 1H), 5.89 (s, 1H), 3.60 (bs,

and a stir bar. Degassed toluene (25 mL) was added, and the orangéH). 2.95 (s, 12H), 2.79 (t, 2Kln = 5 Hz). *3C{*H} NMR (101 MHz,
heterogeneous solution was transferred to an ampule with a resealabléD:OD): 0 174.8 (s), 161.8 (s), 158.0 (s), 155.6 (s), 146.3 (s), 144.7
Kontes adapter. The ampule was sealed, removed from the glovebox,(S): 137.7 (s), 136.2 (s), 132.4 (s), 130.8 J¢; = 4.8 Hz), 128.3 (s),

and heated for 22 h at 56-60 °C with stirring. The clear, orange

127.2 (s), 126.5 (dler = 10.4 Hz), 116.3 (dJer = 29 Hz), 115.6 (s),

solution was brought into a glovebox and stored at room temperature 1038 (d.Jcr = 23 Hz), 102.7 (dJcr = 12 Hz), 38.5 (s), 35.6 (s), 22.0

as a stock solution (approximate molarity0.012).

Typical Catalyst Screening Protocol.Solid substrate (0.023 mmol)
was weighed into an HPLC vial (2 mL) containing a stir bar. A total
of 14 HPLC vials containing substrate were brought into a glovebox
and charged with degassed methanol (2BPand triethylamine (0.023

(s). HPLC/MS: mVz for [C2oH14BrCIFNO,] " (M + HT) calcd 433.9959,
obsd 433.9957.
[4-(4-Chlorobenzyl)-7-fluoro-5-(methylsulfonyl)-1,4-dihydro-
cyclopentap]indol-3-yl]acetic Acid (1-Endo). To a stirred slurry of
1-E (50.0 g, 0.12 mol) in MeOH (400 mL) was added TMG (13.0 g,

mmol). To the vials was added the appropriate catalyst solution (0.0023 0-12 mol). A stream of nitrogen gas was bubbled into the homogeneous

mmol in 20uL of MeOH/toluene). The HPLC vials were fitted with

red solution for 15 min to remove residual oxygen, upon whichRu(

perforated septa caps and transferred to a resealable pressure vessBINAP)(p-cymene)Ci (120 mL, 0.012 M, 1.2 mol %) was added. The
(purchased from Andrews Glass Co.) containing sand. The sand wasSolution was warmed to 58C and_ stirred for 6 h. After the squU_on
used as the heat-transfer medium and as a means of preventing th&00led to room temperature, an isopropyl acetate (25 mL) solution of
vials from tipping over. The vessel was sealed, removed from the acetic acid (7.3 mL, 1.1 equiv, 0.13 mol) was added over 45 min via

glovebox, placed in an oil bath, and attached to a hydroggéveisuum
manifold. After the solutions were set to stirring and the oil bath was
warmed to 50°C, the vessel was pressurized to 105 psi withaNd

addition funnel in order to precipitatie E. The solution was stirred an
additional hour and then filtered through a frit. The solvent was removed
under reduced pressure, and the residual oil was redissolved in EtOAc

then vented to atmospheric pressure. This was repeated three times{250 ML). This solution was washed with 0.1 N HCI (175 mL), water

after which the vessel was pressurized with 05 psi). After an

(66) Ashby, M. T.; Khan, M. A.; Halpern, DrganometallicsL 991, 10, 2011
2015.
(67) A reviewer is acknowledged for suggesting this two-point binding mech-

anism to rationalize the higher enantioselectivity.
(68) Kitamura, M.; Tokunaga, M.; Noyori, R. Org. Chem1992 57, 4053—
4054.
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(150 mL), and brine (100 mL) and then transferred to a round-bottom
flask containing Darco (3 g of Darco KB3 g of Darco G-60) and
silica gel (3 g). The Darco and silica gel treatment was employed in
order to remove residual ruthenium. After this slurry was agitated for
30 min, the solution was filtered through a medium frit and the solvent
removed under reduced pressure. To the resulting foam was added
EtOAc (50 mL). Upon this solution being cooled t60, a white solid
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precipitated. This was collected on a filter frit, rinsed with additional 53 °C, pressure purged with hydrogen gasx3hydrogen/vacuum),
ethyl acetate (0C, 2 x 10 mL), and dried overnight under reduced and placed under hydrogen gas (10 psig). The stirred slurry was aged

pressure (4.30 g, 8.6% yield frotiE). *H NMR (400 MHz, DMSO- overnight €15 h) and then cooled to room temperature, and the
ds): 0 12.61 (s, 1H, CGH), 7.79 (dd, 1HJun = 8 Hz, Jur = 2 H2z), pressure vessel was vented to atmospheric pressure. The reaction was
7.52 (dd, 1H Iy = 10 Hz, e = 3 Hz), 7.33 (d, 2H )y = 8.4 H2z), determined to be complete-09.9 area % conversion, 215 nm) by
6.71 (d, 2H,Juy = 8 Hz), 6.28 (s, 1H), 6.11 (s, 2H), 3.35 (s, 2 H), HPLC. Assay yield= 98.2% (2.46 g); ee= 91%.

3.28 (s, 2 H), 3.20 (s, 3H}C{*H} NMR (101 MHz, DMSO¢): 0 Keq Determination and risom for 1-E-TMG/1-Endo-TMG. A typical

171.9 (s), 155.2 (dJer = 237 Hz), 152.3 (s), 138.2 (d, 25 H2), 131.7  gyneriment was performed as follows: a Mettler-Toledo Multimax
(d, 7 Hz), 130.4 (s), 128.8 (s), 127.8 (d, 10 Hz), 126.7 (s), 126.8 (d, \egge equipped with overhead stirring, a port for reagent additions,
=8 Hz),122.4(d) = 5 Hz), 110.2 (), 109.9 (), 109.6 (5), 109.4(S).  and a sample line was charged WtE (2.5 g, 5.7 mmol), MeOH (19

49.3 (s), 44.0 (s), 33.7 (s), 30.9 (s). HPLC/M®¥z for [CoHie mL), and tetramethylguanidine (724, 1.05 equiv). The solution was
CIFNOS]”™ (M + H") caled 434.0629, obsd 434.0628. degassed with vacuum/nitrogen purges three times. Cag{§st mL,
1,1,3,3-Tetramethylguanidinium (Z)-[4-(4-Chlorobenzyl)-7- 0.012 M) was added via the reagent addition port, and the solution
fluoro-5-(methylsulfonyl)-1,4-dihydrocyclopentaplindol-3(2H)-ylidene]- was warmed to 56C. Samples were taken periodically until equilibrium
acetate (1-2TMG). A quartz tube was charged withE-TMG (100 had been reached (3 h). The equilibrium constant was measured by

mg, 0.23 mmol) and methanol (5 mL) and placed inside a Rayonet Lp| C at 215 nmKequ,was determined to be 0.29. The maximum rate
photochemical reactor. At room temperature, the homogeneous solutiony jsomerization was determined by taking the derivative of the reaction
was exposed to UV radiation (254 nm) for 90 min. The solution was samples over the course of the isomerization. The fastest rate of

removed from the reactor and analyzed by HPLC. At 215 K isomerization som) Was determined to be 14 10-5 mol/L-s.
was determined to be 0.60. The isomers were not separated, and NMR

spectra were recorded on the mixtutd. NMR (400 MHz, CR3OD):
0 7.61 (dd, 1HJun = 8.0 Hz,dyw = 2.7 Hz), 7.49 (dd, 1HJynw = 8.0
Hz, Jun = 2.7 Hz), 7.04 (d, 2HJ4n = 8.5 Hz), 6.72 (d, 2HJunw = 8.5
Hz), 5.88 (bs, 1H), 2.96 (s, 12 HYC{*H} NMR (101 MHz, CDC}):
0176.1 (s), 158.0 (djcr = 240 Hz), 151.3 (s), 140.29 (s), 139.11 (s),
138.44 (s), 135.4 (s), 134.2 (s), 131.7 &; = 9 Hz), 129.6 (s), 129.3
(s), 129.0 (dJcr = 8 Hz), 119.7 (s), 114.3 (dlcr = 29 Hz), 112.0 (d,
Jcr = 23 Hz), 53.2 (s), 50.0 (s), 44.3 (s), 40.8 (s), 23.7 (8).
Hydrogenation Protocol Employing in Situ-Generated 1-ETMG.
CAUTION! Hydrogen gas is flammable. Appropriate precautions
should be exercisedlo accelerate processing, the TMG saltleE
was prepared in situ by addition of TMG to ene ati. As a result,
a catalyst loading of 1.2 mol % was employed to ensu®9.9 HPLC
area % conversion in 158 The hydrogenation was complete99.9%
conversion) in<10 h, and2-TMG was produced in 95% assay yield
and 92% ee. A reaction pressure vessel equipped with an overhea
stirred was charged with a methanol (9.2 L) slurryleE (1200 g, 2.8 Deuterium Labeling Experiments. A typical experiment was
mol). The slurry was set stirring, and TMG (320 g, 2.8 mmol) was Performed as follows: in a glovebox, a vial (8 mL) containing a stir
added. The resulting purple/brown slurry was degassed yacuum/ bar was charged witl-Endo (100 mg, 0.23 mmol), CkDH (800uL),
nitrogen), and the ruthenium catalysip{fymene)&BINAP)RUCH], tetramethylguanidine (28L, 0.23 mmol), and3 (230uL, 0.012 M).
(2.8 L, 0.012 M in methanol/toluene (3:1), 1.2 mol %), was charged to The vial was transferred to a resealable pressure vessel partially filled
the vessel. After the lines leading up to the pressure vessel wereWwith sand. The vial was placed such that the solution was surrounded
degassed (5¢ vacuum/nitrogen), the stirred solution in the pressure by sand. The pressure vessel was removed from the glovebox, placed
vessel was degassed x3nitrogen/vacuum) and pressure purged with  in an oil bath preheated to SC, and attached to a hydrogen/nitrogen/
hydrogen gas (3« hydrogen 40 psig/vacuum). The reaction solution vacuum manifold. After the solution was subjected to three nitrogen
was then placed under hydrogen gas (10 psig) and warmed-t60t5 (65 psi)/vacuum purges, the solution was exposedtD psi) for 2
°C. After an overnight age~(15 h), the resulting solution was cooled h. The vessel was vented, and the resulting solution containgG
to room temperature and the pressure vessel vented to atmospheriovas evaporated to dryness and redissolved insGND *H NMR

IR Kinetic Measurements. A typical experiment was performed

as follows: in a glovebox, a Mettler-Toledo Multimax vessel equipped
with overhead stirring, a port for reagent additions, and a sample line
was charged with-E (2.5 g, 5.7 mmol), MeOH (19 mL), tetramethyl-
guanidine (72QuL, 1.05 equiv), and (5.7 mL, 0.012 M). The vessel
was sealed, removed from the box, and placed in a Multimax IR
instrument. The agitation was initiated (1000 rpm), and the solution
was warmed to 50C. The solution was subjected to, KiL5 psig)/
vacuum three times and then placed under Fhe reaction was
monitored by infrared spectroscopy and periodic sampling. Reaction
concentrations were obtained by analysis of the samples by HPLC and
correlated with the IR data. Reaction profiles were obtained by
monitoring the absorbances at 1588 ¢nfl-E) and 1625 cm? (2)

and referencing each peak to two baseline points (1655 and 1509 cm
which did not change with time. In general, spectra were acquired every
d4 min at 4 cm?* resolution with 128 scans.

pressure. The reaction was determined to be complete by HPRG.9 spectroscopic analyses were performed by first determining an ap-
area % conversion, 215 nm). Assay yietd6% (1.16 kg2); % ee= propriate delay time (typically 15 s) between pulses where integration
91. Subsequent downstream processing26fMG proceeded as values between signals remained constant. A total of 16 scans
expected, producing in high chemical and optical purif. employing this delay were employed on the reaction sample. The

Hydrogenation Protocol Employing Crystallized 1-ETMG. aromatic C-H resonance ortho to the sulfone and fluoro groups was

CAUTION! Hydrogen gas is flammable. Appropriate precautions used as a reference signal (integration vatug proton). The8 andy
should be exercisedn a glovebox, a reaction pressure vessel was protons were distinguished by TOCSY and gradient NOE experiments.
charged withl-E-TMG (2.5 g, 4.6 mmol), degassed MeOH (25 mL),

[(p-cymene)&-BINAP)RUCH], (1.9 mL, 0.023 mmol), and a stir bar. Acknowledgment. The reviewers are greatly acknowledged
The vessel was sealed, removed from the glovebox, and attached to &or their insightful comments on the content of this manuscript.
hydrogen/nitrogen/vacuum manifold. After the lines leading up to the

pressure vessel were degassedx(¥acuum/nitrogen), the pressure Supporting Information Available: ~Crystallographic infor-
vessel was degassed (5nitrogen/vacuum). The vessel was heated to mation for 1-Endo, representative kinetic data, complete
hydrogenation screening data fofBr-E and 1-E, solubility

(69) In the absence of hydrogen, methanolic solutiorlsBfTMG and3 were data forl-E, and complete refs 14 and 26. This information is
found to liberate small quantities of the catalyst poisons dimethylamine . . .
and ammonia over 24 h (GC analysis). In order to maximize catalyst available free of charge via the Internet at http://pubs.acs.org.
turnover, solutions of the cataly® were added immediately prior to
hydrogen addition. JA0623358
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