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Figure S1. Hydrogenation of a-methylcinnamic acid B using 2™ Generation Hoveyda-

Grubb’s catalyst with 1g.
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GC Data
Determination of enantiomer using known structure.
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Stereosel ectivities were determined using known structure.
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Prior studies have shown affeetive way to produce diverse ligand sets for catalyst disc
by using mixtures of monodentate forms to generate catatysitl. Research described h

was performed to illustrate that alkene-functionalized monodentate ligands could be uged in th

way and in another that increases the diversity of the ligand library in an interestin
Specifically, we hypothesized that as well as being used as monomers, these alkenes

cross metathesized situ immediately before the catalysis steéfhis combination of metathe
to form ligandsn situ, then catalysis is referred to heremastacatalysis. In the event, a libra
of quinidine and quinine alkaloiderived phosphites were tested as mixtures of monome

Keywords: . . . . . .

W ’ ’ dimers formed via metathesis situ. The data obtained illustrated that metacatalysis c
asymmetric hydrogenations - o L . . T T
metathesis used to identify ligands that positively and negatively modulate enantioselectivities in iridium
alkaloids mediated hydrogenations aff3-unsaturated carboxylic acid derivatives, relative to theumext
combinatorial of the monomeric forms used
catalysis 2013 Elsevier Ltd. All rights reserved

1. Introduction

) ] o ) ) a prior work
In situ catalyst formation by mixingronodentate ligands with M
a reactive metal salt or complex (Figure 1) has been used L + L — MLL  + MLL + MLL
extensively for rapid identification of superior catalysts by homo- hetero-

Reetz* Feringa/VrieS® and by other§™ Those
groundbreaking studies lead to several conclusions that were not
appreciated before this approach was conceived. First, evénthis study
though it was known that high enantioselectivities could be .
obtaine_:d using cer;aimpnodentate ligands®® fc_)rma’_[ion of X o~ metathesis
dynamic combinatorial mixtures of complexes in this way has

proved to be an exceptionally efficient catalyst optimization

monodentate ligand combinations in
dynamic combinatorial catalysis

strategy.  Second, mixtures of two ligands sometimes give L~ xt TS T N T L
higher enantioselectivities than experiments in which two

equivalents of either of the two pure ligands are used. Third, |l MEPS Y Xk

there are situations in which superior enantioselection has been "\ / AN AN /
achieved when one of the monodentate ligandsadsral. M M

Fourth, time has shown that this approach is reasonably general, homo- hetero-

having be(_en widely applied to_asymmetric hydrogenations of combinatorial catalysis via metathesis

alkenes with coordinating functional groups (CF&ESand to "metacatalysis"

1,4-additions to electron-deficient  alkert&s’ allylic

substitution*** hydrovinylation?** and cross coupling. Figure 1. (a) Dynamic combinatorial catalysis is known; big) ¢an

. . . . . . . bidentate ligands be similarly formed via metathesis?
In reality, mixtures in dynamic combinatorial catalysis usuall

ﬂ;:&%‘;‘f'ﬁag% (;2 :irt()el ec c:gi";gttsg tlg:; pFI:egXlér: \jb?ihSL:)?’]%e?)trs 'thlre‘@i?(tures being screened for the ability to make potential catalysts
ligands might be involved. Moreover, Hartwig has shown thaﬂu'Ckly'

ostensibly monodentate ligands in some reactions are, in fact, Efficiency is possible in dynamic combinatorial catalysis by
bidentate as a result of metalation proce8§&s. In short, generating different combinations of monodentate ligands.
dynamic combinatorial catalysis trades some control of thejowever, it would be highly desirable to produbientate

ligands instead, without significantly compromising the
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efficiency. This is because appropriately designed bidentate, )
chelating ligands have several attributes conducive to the desig O),P
of stereoselective catalysts, mostly related to the fact that thelr ' "0 ) )
complexes exist in fewer accessible low energy conformers. A N pse”gjﬁg:’gfg’e”c
superior bidentate ligand may exist corresponding to each!! quinidine phosphites
effective combination of monodentate ligands identified in
dynamic combinatorial chemistry; in practice the problem is
finding this ligand.

OMe

Research described in this manuscript was undertaken { o
obtain proof-of-principle for the concept illustrated in Figure 1b. -
We envisaged olefin metatheé€iscould be used to convert 0. Pr
alkene-containing ligands with one-center into mixtures of @: & @Vo @\ Y ©i _
compounds with two. In simple cases in which only Bie 0‘2{ & o . 0%
centers coordinate to the metal, this represents conversion of Pr

d

monodentate ligands to bidentate ones; metathesis to form a2 b c
ligand that are then useéd situ for catalytic reactions is referred

here asmetacatalysis. Thus, if the metathesis reactions are(RO), =

efficient enough that purification of the ligands before the test, Ph. .O OO OO

reaction is unnecessary, then metacatalysis could be almost as]‘\‘ & j’ & Oﬂgd Oﬁfu

convenient as dynamic combinatorial processes featuring,-~No%  pp- 0% OO 0% I ] o%
f g h

Ro), = RO =

monodentate ligands, but have the distinction that bidentate
“catalyst space” is covered.

2. Results and Discussion e

) ) Figure 2. Alkenephosphites featured in this work. Ultimately, the s

Reactions. Several considerations guided selection of the

alkenes that were used as metathesis substrates in this wop¥drogenations. The data accumulated indicated sygteras
First, the alkenes should be conveniently assembled frofnost influential of the phosphite substituents, so that system and

commercial starting materials. Second, carbene intermediatesb'ﬁ'r‘i‘Orgher tr:je_ 2,2"-binaphthol-based ligahdwere selected for
the catalytic cycle should not permit a stable 5-ring chelate to H&Tther studies.
formed since this would tend to depress the catalytic acfiity.

The third consideration follows because the previous one tends to 0.02 Ir(COD),BARF

impose design constraints that favor large-ring chelates, and, ‘s, _Ph 0.0441a-g Ph JVPh
because these would predominantly feature E-alkenes (assuming CH,Cl,, 50 bar H,

standard metathesis catalysts were used). Thus it was desirable 250C, 12 h 100 %

to use monomers for which the anticipated macrocyclic chelates 1, % ee;
would be formed from large fragments; our hypothesis was that a,30;b, 45, ¢, 10; d, 12;

e 22;f 27; 9, 71

this would tend to decrease the number of accessible .
reaction 1

conformational states as a result of steric packing effects.
Finally, it was necessary to avoid situations in which the
corresponding combinations of monodentate ligands for the Metathesis Of The Alkene Monomers. Alkene metatheses
featured catalytic reaction already gave high stereoselectivity. lof substrateslg, h and 2g, h were studied as a prelude to the
other words, the objective of this study was to see iffeatured catalytic reactions. It was not obvious that these
metacatalysis could give improved enantioselectivities, so it wagietatheses reactions would proceed with high conversions
logical to choose situations that allowed for substantiabecause even monosubstituted alkenes tend to react slowly if the
improvement. allylic site is bulky®® Moreover, the alkenes featured here also
Based on the considerations outlined above, we elected ontain phosphite centers that could similarly retard the catalysis.

. ; . . L roughout, we restricted our studies to the more convenient Ru-
work with pseudo-enantiomeric phosphite derivatives of . .
L - . . based metathesis catalysts; the related Mo-centered catalysts
quinidine and quininel and 2 respectively (Figure 2). A

monodentate ligand,1e where (RO) = 1,2-diphenyl-1,2- were not explored.

ethylenedioxy, has been reported previously and used for Pd- In the event, the Grubbs-Hoveyda second-generation system
mediated allylation reactions; enantioselectivities up to 88% wera gave good conversion of the monomers to the disubstituted
obtained®® In the event, ligandsa — hand2g — hwere prepared alkeneslg’ — 19’ and2g’ — 2g’ (Figure 3). This transformation

in one-pot reactions and isolated in yields ranging from 30 - 85 %vas monitored by loss of the methyléiheand™*C NMR signals
after flash chromatography. while the vinylic CHshifted to the product resonance. Only one

. . . vinylic CH NMR signal was observed in each case indicates that
Hydrogenations of largely unfunctionalized alkenes were

) . only the E-isomer of the alkene was formed in detectable
selected as the test reactions, for the following reasons. Some 0 1 .
) ~. “amounts. Thé'™ NMR resonances of the products were within
the most successful catalysts in these processes are iridi

complexes with N,P-ligand&® systems1 and 2 have the 0’5 ppm (CDGY) of the starting materials.

potential to use P- and N-atoms to coordinate in this way. Test reactions performed using mixtures of ligafdand 2
Consequently, the archetypical hydrogenation of this kind wagave mixtures with complicatetH and**C NMR spectra'P

used to triage some of the monomers (reaction 1); based on dUMR signals of the products in the crude reaction mixtures could
work and that by other§;** N,P-based catalysts that hydrogenatenot be resolved, and we were unable to separate the components
this substrate with significae's tend to have potential in other of the mixture using either normal or reverse phase HPLC. In
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retrospect it is clear that the product polarities in these metathesismbinations of our ligands in these reactions, beginning with a

- N _ a
S (3
P P 0.02 A, 0.044 1g
(0] O (0] O 27 o J\/Ph . no hydrogenation
N N 0.05A N N CHCl,, 50 bar H, product
B —
25°C,12h
NA CH,Cly, 40°C, 12h | N<F b
OMe L OMe _|»o
19 1g'-1g' (\ |
g-ts A
— \. — (o) 0
| e : N 0.05 A, CH.Cl,
I S Ty crude metathesis
OMe OMe N~ 400°C,12 h product
N N
0.05A OMe
—_— ,
| h (I) o | = CIJ 19
J B CH,Cl,, 40°C, 12 h NP
R 9 9 d tathesi duct
crude metathesis produc
L K/ - JV Ph P > no hydrogenation
% 29'-2¢' Ph CH,Cl,, 50 bar H, product
25°C,12h
Mes N TN “Mes Figure 4. (a) Catalyst A did not mediate hydrogenatiortet,2-
al.. diphenylpropene under the conditions showl). GatalystA was used to
cl /T”_ mediate metathesis, then hydrogen and a trisubstituted alkene were
0 introduced; the latter was not hydrogenated.
ipr”

substrate that is relatively easy to hydrogenate with significant

A enantioselectivityg-methylcinnamic acid.

O The first step in probing the featured hydrogenation reactions
was to establish “baseline data” representing enantioselectivities
obtained using the monodentate ligands,precursors to the

O fragments to be connected via metathesis. Figure 5a showed that
catalysts formed in situ from Irf(COPBARF and ligandlg in a

ratio of approximately 1:2 gave complete conversion to product

with anee of 60 %.

(@] o
<

h

Figure 3. Alkene-phosphitetgandh, and2gandh, were dimerized

Another series of experiments was performed to compare
by alkene metathesis reaction.

rhodium- and iridium-based catalyst precursors in reactions using
reactions are dominated by the amine-alkaloid parts; addingixtures of the monodentate ligandlg, 1h, 2g, and 2h; these
different hydrophobic fragments to the phosphite does not impagtata are shown in Figure 5. Throughout, 100 % conversion to the
differences that are large enough even to see the isomers Bfpduct was obtained under the conditions indicated. The data in
analytical HPLC. Figure 6 clearly shows that the iridium complexes featured in
) . . . part a generally gave superior enantioselectivities when

Crude Metathesis Reactions Do Not Give Viable compared to their rhodium analogs).( For the Ir-data in pag,
Hydrogenation Catalysts ~ There have been reports of g the homo-combinations gave superior enantioselectivities than
hydrogenation reactions mediated by Ru-based complexes fgie nheterocombinations (eg experiments with ~2 equivalents of
metathesid” ~ However, these processes did not featurgigand 1g, and with ~2 equivalents of ligaridh, both gave better
trisubstituted alkenes without coordinating functional groupsspantioselectivities than whég and1h were used together in a
(CFGs) for which exceptional hydrogenation catalysts arq:1 ratio; top of Figure 5a). In the Rh-series (Figure 5b) there
requ]reds, SO it was necessary to test if complexes Akeould 46 heterocombinations that proved to be more enantioselective
mediate hydrogenation. In the event, they did not as indicated {5 one of the homo-combinations, but never both.
Figure 4.

? . Hydrogenations of a,B-Unsaturated Ester Derivatives

The rest of the paper concerns hydrogenationsa  \ith Monodentate Ligands. From the perspective of potential
unsaturated ester derivatives liReC, D andE (see Figure 5, 6, users, reduction ofi-methylcinnamic acidB is probably less
7 and 8). Similar control experiments were performed for thesﬁ]teresting than the corresponding reactions ofw-
and in each case the hydrogenation product either could not e, tionalized substrates like the alcolishown in Figure 6a,
detected, or were less than 2 %. or the acetat® shown in Figure 6b. Data were collected only

Hydrogenations of Cinnamic Acids Derivatives With  for the Ir-based complexes because such catalysts tend to be
Monodentate Ligands. Hydrogenations ofa,B-unsaturated ~More suitable for this type of substrate Where the catalyst can
acids and esters can be used to make chirons for polyketid€ ligated by N,P-ligands and the substrate has functional groups
derived natural products and other materf&f, but these that are only weakly coordinating), and because Ir-based
reactions with simple substrates are difficult to perform with higffOmplexes were superior to the Rh-based ones for sutBtrate
enantioselectivitie®¥  Consequently we decided to test
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alkene substrate were added, then hydrogen was applied. Thus,
no effort was made to purify the mixture of potential
0.03 M(COD),BARF o hydrogenation catalysts formed after the metathesis reactions.

0.066 ligands
Ph A\Hk OH —_— Ph /Yk OH a
0.5 Cs;CO3, MeOH 0.03 Ir(COD),BARF

B 50 bar Hp, 25 °C, 24 h 100 % 0.066 ligands
HO_ I\ _COMe ———— » HO CO,Me

aM=lIr CH,Cl,, 50 bar H,

25°C,12 h
C 100 %

1g+1g
1g+1h
1th+1h

1g+1g
1g+2g
2g+2g

1g+1g
1g + 2h
+2h

1h+1h _

1h
2g:223

1h+1h
1h+2h
2h + 2h

29428

80 2h + 2h

% ee

0.03 I(COD) ,BARF

0.066 ligands
lg+1g AcO x_COMe ———— > AcO CO,Me

1g+2g

2g+2g CH,ClI,, 50 bar H,

1g+1g 250C,12 h

1g + 2h D 100 %

o 10 20 30 40 50 60 70 80
% ee

Figure 5. Hydrogenation ofi-methylcinnamic aci® using catalysts
formed from the monodentate ligantiy 1h, 2g, and2h with: (@) Ir(COD),";
and, p) Rh(COD}".

For alcoholC, Figure 6a shows that homocombinations of
ligand 1g (blue bars) gave the best enantioselectivities. In these 0 10 20 %0 40 50 60 70 80
iridium-mediated reactions, enantioselectivities for some
heterocombinations (yellow bars) were superior to one
homocombination, but there was no heterocombination that wa:
superior to both the corresponding homocombinations. This is
the same trend that was observed in the rhodium-catalyzed
reactions in Figure 5. For example, in Figure &g+ 1h refers to the combination of

Hydrogenations of a,B_Unsaturated Ester Derivatives monodentate ligands, whereas in Figure 7, where these same
With Bidentate Ligands Formed Via Metathesis. Having Mmonodentate ligands are subjected to metathesis as in Figure 3,
established enantioselectivities for the hydroxye§teand the 19’ - 1h' refers to that heterocombination (which contains two
acetoxyesterD using monodentate ligands, we then usedhomodimers and one heterodimer; see above). The bars in
metathesis to form bivalent ligands from the same quinidine- angigure 8 show the enantioselectivity differences obtained relative
quinine-based phosphites in situ and tested these. In this, and @I the corresponding hydrogenations with the corresponding
the other examples reported from this point on, the metathesp®mbinations of monodentate ligands; positive values indicate
reactions were performed, the crude reaction mixtures wer@e dimer combinations gave superior enantioselectivities.
evaporated to dryness, dichloromethane, Ir(GBBRF, and  Throughout, the sense of the enantioselection is governed by the

Figure 6. Hydrogenation of hydroxyestér (a) andacetoxyesteb (b)
using catalysts formed from the monodentate ligdmgidh, 2g, and2h
with: Ir(COD),".



binaphthyl chirality, serieg gives theS-enantiomer while the R-
enantiomer is consistently formed from thbh series.
Enantioselectivity values (as opposed to differences) are
indicated by the numbers on the bars themselves.
improvement of up to 37 %ee was observed under the

metacatalysis for the hydroxyester C (Figure 7a), and up to 34 %

for the acetoxyester (7b). Interestingly, the same combination,
1h' — 2g’, gave the maximum improvement for the hydroxyester
C and the acetoxyester D. However, the overall best selectivities
for these reactions were in the monomer combination séwes (

1g in Figure 6a and b) and not for the dimers formed via
metathesis.

0.03 Ir(COD) ,BARF
0.033 ligand dimers
e
CH,Cl,, 50 bar H,
25°C,12 h

HO \}VCOZMe

100 %

ee worse than monomers

ee better than monomers

1g'-1g'
1h' = 1h*
2g'-2g'
2h' - 2h'
1g' -1k’
19'-2¢g'
1g' - 2h'
1h' - 2g' s2(m
1h' -2k’

2g' - 2h' 42 (5)

A% ee!

0.03 Ir(COD),BARF
0.033 ligand dimers
7
CH,Cl,, 50 bar H,
25°C,12 h

AcO J\/COZMe

100 %

ee worse than monomers ee better than monomers

1g' - 1g' 50 (5)

1h' = 1h z(m
2q9' -2q'
2h' - 2h'

52(8)
35 (M

1g' - 1h' 10(85)

19'-2¢' 50 (5)

1g'=2h' 12(5

1h' - 2g' 52 (A)

10 - 2h 33 (A
e
¢

2g' - 2h' 40(8

-50 -40 =30 =20 -10 0

A% e=2

10 20 30 40 50
Figure 7. Hydrogenation of hydroxyestér(a) andacetoxyesteb (b)
using catalysts from the monodentate ligahglslh, 2g, and2h after
metathesis (as in Figure 3) then addition of Ir(CODYhe bars are

calibrated to the corresponding combinatiomafodentate ligands, and

overall enantioselectivities are indicated by the numbers on thi

e

Thus arf*©

substrates that correspond to one of Figure 7.

the esters in Figure 6 with monodentate ligands.
hydrogenation of the acetoxy adid(Figure 8) show a maximum
improvement of 32 %ee (for 2g' — 2g). The best overall
selectivity for the carboxylic acid hydrogenations in Figure 8 is
for 2g + 2g and 2g’ — 2g’, ie the same combination in the
monomer

0.03 I(COD) ,BARF

AcO \}\/COZH

100 %

\)\/COZH

E

L
?

0.066 ligands
0.5 Cs,C0O3, MeOH, 50 bar H,
25°C,12h

1go1g
1g+1
1h+1h

1g+1g
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2g+2g

1g+1g
1g + 2h
+2h
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2g+2g

1h+1h
1h +2h
2h + 2h
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gﬁnh
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% ee
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AcO J\VCOZH

E

0.03 Ir(COD) ,BARF

0.033 ligand dimer
0.5 Cs,CO3, MeOH, 50 bar H,

250C, 12 h 100 %

ee worse than monomers ee beffer than monomers

1g'-1g'
1h' = 1n'

2g'-2g' 22(5

2h' - 2h'
1g' = 10’
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1g' - 2h' 26 (5
1h' - 2g'
1h' -2

2g' - 2K’ 40(5)
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Figure 8. Hydrogenation of the acetoxy adidusing: @) catalysts from
the monodentate ligands), 1h, 2g, and2h; and ) from the same ligands
after metathesis (as in Figure 3). The bars in part b are calibrated to the
corresponding combination of monodentate ligands, and the
enantioselectivities are indicated by the numbers on th.

Finally, we decided to test one of the carboxylic acid
For these
xperiments the acetoxy ackl was selected because acetates
ave marginally higher enantiosectivities than the alcohols for
Data for

& and dimer I§) series. The optimal
nantioselectivity was superior for the dimerb) (from

metathesis relative to the monomes$ (92 vs 60 %ee for the

combinations involvin@g).
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Data was also collected for hydrogenation of the acetoxgombinations to find the best ligand-metathesis products: we
acid E with and without metathesis using Rh(C@Djrather  were able to demonstrate proof of concept without doing that.
than Ir(COD)" as in Figure 8}. Some of the reactions with This is fortunate because, as alluded to above, the polarities of
metathesis showed improvements relative to the ones withoutese particular molecules are dominated by the huge and similar
but the best overall enantioselectivity (75 %) was observed for alkaloid parts, hence we were unable to separate the various
monomer combination. This data is shown in the supportingnetathesis combinations even by analytical HPLC. There is an

materials. important conclusion to be drawn from this: separations in of
. ligands formed via metathesis can be problematic, so the “end
3. Conclusions game” in the method is likely to be easiest to implement if the

alkenes combined have different polarities or other features that

The paper must include the following: (1) Introduction, (2 o
pap ust Incit wing: (1) et ( )r@ake homo- and hetero-combinations separable.

Results/Discussion, (3) Conclusion, (4) Experimental Section an
(5) References. Supplementary data and other sections are®p study of the monometg showed that its chemical shift
optional. You will usually want to divide your article into was shifted to 144.9 when Ir(COD)was added. Same study
(numbered)  sections and subsections  (perhaps  evaflas done for thehomo-combination1g’ — 1g'. The results
subsubsections). Code section headings using the options in tigowed that theé'P chemical shift of dimedg’ — 1g' with
‘Styles’ menu. Headings should reflect the relative importance off(COD)," was shifted to 145.2 ppm compared to the one without
the sections. Note that text runs on after a 4th order heading. UseCOD)," (148.5 ppm). Even though the chemical shift wasn’t
the heading style for the whole paragraph, but remove the italighanged significantly, this study still indicated that there is
coding except for the actual heading. These studies have showhelation between P-centered of ligand with metal.

that ligands can be formed via metathesis reactions, then used in ) ) .
hydrogenation catalysts formeih situ, thus the concept of Based on ob_servatlons from this work, further stgdles of
metathesis then catalystsetacatalysis, is validated. Residual Metacatalysis might focus on ligand fragments that give more
ruthenium complexes from the metathesis steps do not medigfistinct differences betweer_1 homo- and hete_:ro-dlmerlc products.
hydrogenations of the substrates studied here. Relative fg'at strategy would be desirable because mixture analyses would
controls with monomeric starting materials (serlesand 2), be easier, and the diversity of ligands created would be greater.

metathesis of the ligands can have positive and negative effectgother obvious modification would be to use alkene-monomers
on the enantioselectivities (see Figure 8 and 9b). Only fouWIth potential complexing atoms that are closer to the metathesis

monomeric starting materials were uséd andh, 2g andh) to site. This strategy would produce smaller chelates, but it is
explore metacatalysis here, but in general fioligands there somewhat limited by the undesirable potential for deactivation of

would ben(n + 1)/2 possible combinations; if is a larger the metathesis catalyst by association of the complexing atom to
number many combinations can be generaeédqr n=10 the the ruthenium carbene center. For this reason, the design of the
number of possibilities is 58)so, just like mixing monodentate alkene-monomers requires careful consideration.

ligands, this is an effective form of combinatorial catal§fé. Metacatalysis need not be restricted to hydrogenation
Overall enantioselectivities observed (up to 92 %) were good biygactions. Indeed, one intriguing possibility for alkaloid-based
not excellent, and there are several obvious reasons why thigands would be to explore oxidation processes including, and
might be so. Throughout, the bisphosphites formed in this study|ated to, Sharpless’ dihydroxylations, for which cinchona
would form huge chelates if they complexed in theRfMorm, so  gkaloids are known to be highly effectit’e Moreover, there are
they are likely to be somewhat flexible. Moreover, the alkengyossibilities for using other transformations to join monomeric
formed between the two monomeric fragments is almost Certaimﬁ{agmentsin situ, the only obvious restrictions being that they
reduced in these reactions, and rapidly compared with the mokpould be efficient and generate no by-products that adversely
substituted alkene substrates, hence the ligands change earlyeffect the subsequent reactions. We suggest metacatalysis is an
the hydrogenation. On the other hand, one of the objectives Wtion for expanding the combinatorial methodology established
had at the onset of this Study was to see if we could find Iigan Reetz and others, and it has the advantage of genera’[ing
via metathesis that were effective despite these factors, anferse, potentially chelating ligands. On a broader level, our
indeed enantioselectivities of up to 92 & were obtained. method complements others that allow generation of diverse

Rational design is most effective for I‘elatively Simple Systems fonbraries of bidentate |igands by Combining monodentate
which some parameters can be predicted with certainty, wheregges®**™ notably, those include dynamic combinatorial

combinatorial methods tend to be relatively more effective as thgyraries formed from fragments having complementaty
opportunities for rational design diminish. Thus an attribute ohonding topologie&®®

the strategy described here is that the “ligand space” can be

screened includes cases wherein the preferred mode of

coordination of the ligands cannot be reliably predicted. 4. Experimental section

This research has shown that the dominant parameter

governing stereodifferentiation by ligantisand2 is the alkoxy . X )
P-substituent, and binaphthyl was the best studied here. THRE't atmosphere (nitrogen or argon where stated) with dry

alkaloid fragment in the ligands has much less impact than the!Vents under anhydrous conditions. Glassware for anhydrous

binaphthyl. Metathesis coupling of the alkaloid fragments id€actions was dried in an oven at £afor minimum 6 h prior
relatively slow, requiring 12 h in refluxing dichloromethane, 1© US€. Dry solvents were obtained by passing the previously
though, given time, conversion to the dimeric fortisand 2", degassed solvents through activated alumina columns. Reagents

was near complete. were purchased at a high commercia_l _qua}lity (typically 97 %_or
higher) and used without further purification, unless otherwise
The most enantioselective catalyst found in this study wastated. High field NMR spectra were recorded at 300 MHz for
from the metathesis coupling prod&g’ — 29’ (92 %ee, Figure  'H, 75 MHz for**C and 121 MHz fof'P. Chemical shifts of 1H
8b, third entry). This ligan®g’ — 29, is ahomo-combination so  and 13C spectra were referenced to the NMR solvents. Flash
it was not necessary to deconvolute mixtures frbetero-  chromatography was performed using silica gel (230-600 mesh).

General Procedures:All reactions were carried out under an
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Thin layer chromatography was performed using glass plategH, m), 2.39-2.30 (4H, m), 2.20-2.08 (3H, m) 2.19-1.84 (4H,
coated with silica gel 60 F254. The following abbreviations werem), 1.71-1.09 (8H, m);®C _NMR (75 MHz, CDC))

used to explain the multiplicities: s = singlet, d = doublet, t =00 10000000 Cn0 0D 000 1010n0 0 00 10

triplet, q = quartet, dd = double doublet, dq = double quartet m

PClg, THF RO, Et3N, THF, 60 °C, 24 h RO
2R-OH ——>» PCl ——m > P —alkaloid
250°C,6h RO cinchona alkaloid RO
1and2

multiplet, br = broad.

General Procedure for Preparation of 1 and 2

A solution of appropriate alcohol (2 equiv) or diol (1 equiv) in
THF was added dropwise to phosphorus trichloride (0.42 g,
mmol) under nitrogen. The mixture was stirred at room
temperature until completion (TLC). Subsequently, selecte

cinchona alkaloids (3 mmol) were added to the mixture followed

by triethylamine (3 mL). The reaction was stirred and heated t
60 °C for 24 h, then the suspension was filtered and the moth
liquor was concentrated to give a light yellow solid. This solid
was dissolved in water and extracted with,CH (3 x 50 mL).
The combined organic layers were dried over anhydroyS®ja
Solvent was removed under reduced pressure to give light yelloj
crude product. The product purified by flash column
chromatography on silica gel using n-
hexane/acetonel/triethylamine (3:3:1) as the eluent.

(1S,2R,4S,5R)-2-((S)-(Benzo[d][1,3,2]dioxaphosphol-2-
yloxy)(6-methoxyquinolin-4-yl)methyl)-5-vinylquinuclidine;
1a(0.85 g, 72 %)"H NMR (300 MHz, CDCJ) 58.55 (1H, dJ =
4.5 Hz), 7.90 (1H, dJ = 9.3 Hz), 7.52 (1H, dJ = 45 Hz), 7.24
(1H, dd,J =24, 6.0 Hz), 7.16 (1H, dJ =2.7 Hz), 6.12-6.00 (2H,
m), 5.72 (1H, dJ = 3.3 Hz), 5.31 (1H, s), 5.10-5.08 (1H, m),
5.06-5.04 (1H, m), 3.82 (3H, s), 3.54-3.46 (1H, m), 3.08-2.7
(4H, m) 2.27-2.22 (1H, m), 2.16-2.07 (2H, m), 1.77 (1H, br),

157-1.47 (1H, m) 1.26 (1H, s), 1.13-1.04 (1H, m), 0.90-0.87°%HssN

(1H, m); *C NMR (75 MHz, CDC)) & 10000 Cho00
1000 1 1000 101 1000 1000 1000 1000000,
119.9, 118.9, 118.0, 116.5, 100.0, 70.6, 59.4, 55.3, 48.9, 45.
37.5, 27.8, 23.6, 18.5"P NMR (121 MHz, CDG) & 143.5.
HRMS (ESI): Exact mass calc’d for,8El,;N,O,P ie [M+H]"
463.1787. Found 463.1762.

bis(Adamantan-1-ylmethyl) ((S)-(6-methoxyquinolin-4-
yN((1S,2R,4S,5R)-5-vinylquinuclidin-2-yl)methyl) phosphite;
1b (0.5 g, 48%)’H NMR (300 MHz, CDCJ) & 8.74 (1H, dJ =
45 Hz), 8.02 (1H, dJ = 9.3 Hz), 7.58 (1H, dJ = 4.5 Hz), 7.53-
7.05 (3H, m), 6.10-5.97 (2H, m), 5.28 (1H,Jds 3.6 Hz), 5.18-
5.02 (1H, m), 4.03 (3H, s), 3.73-3.60 (2H, m), 3.48 (1H] d,
6.6 Hz), 3.40-2.75 (4H, br), 2.10-1.81 (9H, m), 1.74-1.48 (20H,
m), 1.45-1.23 (6H, m), 1.05-0.83 (2H, njC NMR (75 MHz,

S000000o0dnonodnoogoogod, oogoogds P
NMR (121 MHz, CDC}) 6 140.8. HRMS (ESI): Exact mass
calc’d for GHssN,O4P ie [M+H]+ 657.3821. Found 657.3797.

bis(2,6-Diisopropylphenyl)-((S)-(6-methoxyquinolin-4-

yI)((1S,2R,4S,5R)-5-vinylquinuclidin-2-yl)methyl) phosphite;

1d (0.6 g, 30%)*H NMR (300 MHz, CDC}) 5 8.51-8.50 (1H,
m), 8.15-8.13 (1H, m), 8.02-7.95 (2H, m), 7.33-7.29 (1H, m),
7.85-7.82 (1H, m), 7.42-6.97 (5H, m), 6.74-6.73 (1H, m), 5.93-
5.69 (2H, m), 5.11-4.92 (4H, m), 3.48-3.142 (2H, m), 3.27-3.15
(1H, m), 2.97-2.46, (10H, m), 2.14-2.07 (2H, m), 1.59-1.55 (3H,
m), 1.45-1.32 (3H, m), 1.29-1.26 (6H, m) 1.17-1.15 (6H, m),

.00-0.88 (6H, m);*C NMR (75 MHz, CDC}) &[5

000000000 0010010, 133.6, 1010 (2

@eak,s,)ml iOCi0Cmo0moOitho (2 peaks) 10n | O

000000, 101.0, 55.3, 50.0, 49.9, 49.7 (2 peaks), 49.6,
9.4, 49.3, 40.2, 39.9, 28.1, 28.0, 27.9, 27.5, 27.1, 26.3, 23.8,

%}.6, 23.4, 23.1, 22.8"P NMR (121 MHz, CDG) & 143.5.
RMS (ESI): Exact mass calc'd for,Es;N,O,P ie [M+H] "

709.4134. Found 709.4202.

(1S,2R,4S,5R)-2-((9)-(((4S,59)-4,5-Diphenyl-1,3,2-
Woxaphospholan-2-yl)oxy)(6-methoxyquinolin-4-yl)methyl)-
5-vinylquinuclidine; 1e (0.3 g, 52%). *H NMR (300 MHz,
CDCl;) 6 8.62 (1H, dJ = 4.4 Hz), 7.92 (1H, dJ = 9.3 Hz), 7.50
(1H, d,J =45 Hz), 7.15-7.03 (5H, m), 6.95-6.76 (7H, m), 6.18-
6.05 (2H, m), 5.80 (1H, d] = 3.3 Hz), 5.31 (1H, s), 5.10-5.02
(2H, m), 4.02 (3H, s), 3.62-3.47 (4H, m), 3.28-3.15 (2H, m) 2.27-
2.22 (1H, m), 2.10-2.03 (2H, m), 1.73-1.68 (1H, m), 0.90-0.87
(1H, m); ®®C NMR (75 MHz, CDC)) & 100a0Cq001
103NMG05%18 (2 peaks), 130.2 (2 peaks), 129.7,
100400m006000:002, 119.3, 118.5, 117.9, 117.0, 100.1,

¢/0-6, 64.8, 63.4, 59.4, 55.3, 48.3, 45.8, 37.3, 27.8, FPRIMR

(121 MHz, CDCY) 6 144.1. HRMS (ESI): Exact mass calc'd for
,O,Pie[M+H]" 567.2413. Found 567.2467.

(1S,2R,4S,5R)-2-((S)-(((4R,5R)-4,5-Diphenyl-1,3,2-
dioxaphospholan-2-yl)oxy)(6-methoxyquinolin-4-yl)methyl)-
8vinylquinuclidine; 1f (0.4 g, 50%). 'H NMR (300 MHz,
CDCl3) 4 8.75 (1H, dJ = 4.5 Hz), 8.03 (1H, dJ =9.2 Hz), 7.61
(1H, d,J = 4.5 Hz), 7.38-7.30 (5H, m), 7.11-6.94 (6H, m), 6.06-
5.95 (2H, m), 5.15 (1H, s), 5.11 (2H,H= 8.0 Hz), 3.91 (3H, s),
3.86-3.70 (1H, m), 3.27-2.85 (5H, m) 2.34-2.31 (1H, m), 2.22-
2.16 (1H, m), 1.86 (1H, m), 1.69-1.59 (2H, m), 1.12-1.10 (1H,
m); ®°C NMR (75 MHz, CDCJ) & 10010, 148,200 40018
101.71065:130.8 (2 peaks), 130.2 (2 peaks), 12915/4.(]
1000 CeO 03001, 119.5, 118.1, 117.0, 100.0, 71.2, 64.5,
63.7, 59.5, 49.0, 47.5, 46.0, 37.8, 27.8, 18'® NMR (121
MHz, CDCk) 6144.2. HRMS (ESI): Exact mass calc'd for
CsHasN,O4P ie [M+H] " 567.2413 Found 567.2471.

CDCly) 8 159.6, 147.5, 145.6, 144.9, 137.0, 126.1, 122.5, 122.0, (1S,2R,4S,5R)-2-((1S)-(Dinaphtho[2,1-d:1',2-

119.5, 118.6, 75.4, 74.9, 74.7, 66.8, 61.7, 56.4, 49.9, 49.0, 39.9
peaks), 39.8, 38.7, 38.6, 38.5, 38.3, 37.6, 37.5 (2 peaks), 37
28.6, 28.4, 24.2, 19.F'P NMR (121 MHz, CDG) & 145.2.
HRMS (ESI): Exact mass calc’d for,ls;N,O,P ie [M+H]"
685.4134. Found 685.4198.

bis(Adamantan-1-yl) ((S)-(6-methoxyquinolin-4-
yN((1S,2R,4S,5R)-5-vinylquinuclidin-2-yl)methyl) phosphite;
1c (0.6 g, 32%)'H NMR (300 MHz, CDC)) 5 8.73 (1H, dJ =
45 Hz), 7.98 (1H, dJ = 9.3 Hz), 7.61 (1H, dJ = 4.5 Hz), 7.33-
7.29 (1H, m), 7.20-7.19 (1H, m), 6.06 (1H, dd; 9.6, 12.9 Hz),
5.99-5.92 (1H, b), 5.14 (2H, s), 5.12-5.08 (1H, m), 3.86 (3H, s)
3.64-3.59 (1H, m), 3.51, (10H, b), 3.17-3.00 (6H, m), 2.94-2.8

&

{f1,3,2]dioxaphosphepin-4-yloxy)(6-methoxyquinolin-4-
yhmethyl)-5-vinylquinuclidine ; 1g (0.5 g, 31%)."H NMR (300
MHz, CDCL) & 8.70 (1H, d,J = 4.5 Hz), 8.05 (1H, dJ = 9.3
Hz), 7.96-7.78 (2H, m), 7.70-7.51 (4H, m), 7.51-7.03 (9H, m),
6.24-6.06 (2H, m), 5.85-5.70 (1H, m), 5.29 (1H, s), 3.98 (3H, s),
3.25-3.16 (1H, m) 2.90-2.53 (2H, m), 2.05-1.90 (1H, m), 1.81-
1.75 (1H, m), 1.52-1.27 (3H, m), 0.92-0.85 (3H. ML NMR

(75 MHz, CDC}) 6 1017.6, 147.9, 145.8, 145.3, 142.1, 135.7,
135.5, 132.7, 132.6, 132.5, 132.4, 132.2, 131.6, 131.5 (2 peaks),
131.3, 131.2 (2 peaks), 130.9, 130.7, 130.0, 129.5, 129.1, 128.8,
127.5, 127.3;113.5, 119.3, 102.1, 80.1, 62.1, 55.8, 52.1, 50.9,
7.3, 27.8, 27.0, 26.1, 12.f'P NMR (121 MHz, CDG) &
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148.6. HRMS (ESI): Exact mass calc'd fogq@sN,O4P ie (1S,2R,4S,5R)-2-((19)-(Dinaphtho[2,1-d:1',2"-
[M+H] " 639.2413. Found 639.2477. f][1,3,2]dioxaphosphepin-4-yloxy)(6-methoxyquinolin-4-
. h - . S A o i
(1S.2R 4S,5R)-2-((1S)-((1bS)-Dinaphtho[2, 11", 2" yl)methyl)-5-vinylquinuclidine dimer; 1g’ — 1g’. 35 % isolated

; 1 —
f][1,3,2]dioxaphosphepin-4-yloxy)(6-methoxyquinolin-4- yield. *H NMR (300 MHz, CDC 5 8.65 (1H, d.J = 45 H),

yl)methyl)-5-vinylquinuclidine ; 1h (0.5 g, 35%)."H NMR (300 ;'gﬂ'gg ((2: ”r;‘])) 2‘%62_(5';;3 cz'le&i;ﬂ%'67<)'f155;178'481|(41Hr{1)m)5' 03
MHz, CDCk) & 8.67 (LH, d,J = 45 Hz), 8.10 (1H, dJ =93 > F M), 0.9275. » M), 9.60U-5. M), >

Hz), 8.05-7.82 (2H, m), 7.78-7.70 (4H, m), 7.65-7.08 (9H, m)-(glgHA.%ég ?ﬂ:”% 43933(_12'*585)('1?44%"3209(2_';'5r2)'(23|;|62n$)3H2’ 3)9'_
6.32-6.25 (2H, m), 5.80-5.70 (LH, m), 528 (LH, 5), 3.96 (3H, S)y 53 11y m). 1 76.1.47 (1H, m). 161127 (2H. m). 0.95.0.87
3.283.19 (LH, m), 2.02-253 (2H, m), 2.05-1.90 (IH, m), 17857 "3\ 2™ (76 MHz, CDG) 5 158.3, 153.3, 148.1,
%7;51\/(|1HH2 nc?:clg)séllég le'Sg% 01'35'2'854(73?' 'l]'z% 1NM1F; 46,1455, 145.0, 1395, 135.8, 135.3, 132.8, 132.6 (2 peaks), 132.4

J . o . S - ‘(2 peaks), 132.2, 131.8 (2 peaks), 131.5, 130.0 (2 peaks), 128.9,
1442, 140.1, 139.9, 133.8, 131.9, 131.8, 131.7, 130.6, 129.

128.5, 128.2, 126.9, 126.0, 125.8, 124.6, 123.5, 121.7, 121. 51812%2;83{23’26:]-%9ié]éqésNhZIgRs(’lgi4l\'Az§3bgz(§;’ 650'8'
118.7, 118.2, 115.0, 114.8, 112.6, 100.8, 679, 59.8, 55.8, 55. 48’6 T e e ’

55.5, 49.7, 49.1, 48.5, 46.0, 39.7, 39.6, 29.7, 27.9, 27.7, 27.6,
26.3, 26.2, 25.6"'P NMR (121 MHz, CDG) 5 148.6. HRMS (1S,2R,4S,5R)-2-((19)-((11bS)-dinaphtho[2,1-d:1',2'-
f][1,3,2]dioxaphosphepin-4-yloxy)(6-methoxyquinolin-4-

(ESI): Exact mass calc’d for H3sN,O,4P ie [M+H]" 639.2413.
yl)methyl)-5-vinylquinuclidine dimer; 1h’ — 1h’. 31 % isolated

Found 639.2437.
. o yield. H NMR (300 MHz, CDCJ) & 8.65 (1H, dJ = 45 Hz),
(15,25,4S,5R)-2-((1R)-((11bR)-Dinaphtho[2,1-d:1',2'- 7.94-7.80 (5H, m), 7.56 (2H, d,= 3.3 Hz), 7.45-7.40 (1H, m),

f][1,3,2]dioxaphosphepin-4-yloxy)(6-methoxyquinolin-4- ) \ )

yl)methyl)-5-vinylquinuclidine ; 2g (0.4 g, 80 %). 'H NMR /.31 7'03_ (8H, m), 6.02-5.98 (1H, m), 5.60-5.48 (1H, m), 5.03

(300 MHz, CDCY) 5 8.63 (1H, d.J = 4.5 Hz), 7.97-7.80 (5H, m) (1H, d,J = 3.6 Hz), 4.95 (1H, s), 4.41-4.30 (1H, m), 3.62 (3H, s),
' : ' ; - . ' 3.34-3.29 (1H, m), 3.03-2.98 (1H, m), 2.94-2.54 (2H, m), 2.09-

7.53 (2H, d.J = 3.3 Hz), 7.48-7.40 (1H, m), 7.29-7.04 (8H, M), 1 g3 (114 m),'1.76-1.47 (1H, m), 1.51-1.27 (2H, m), 0.95-0.87
6.45-6.40 (2H, m), 5.65-5.48 (LH, m), 5.03 (IHJds 36 Ha), o8 |l eie¥ ol i T 9 290 A T

s 2’H4'3.;?)_4'2335%10?1'H3§)(3?bz)-’l?;a'?‘l(_fl#zgm()mi M145.5, 145.0, 139.5, 135.8, 135.3, 132.8, 132.6 (2 peaks), 132.4
1-46 (iH m) ‘1 3é-1l15 (éH m) ’0 9é-0.85 (éH Hﬁy;’ NM]R "7 (2 peaks), 132.2, 131.8 (2 peaks), 131.5, 130.0 (2 peaks), 128.9,
46 (1H, m), 1.32-1. M), 0.92:0. ’ 128.8, 125.8) 133, 119.5, 101.3, 79.8, 62.4, 55.3, 52.1, 50.8,

(75 MHz, CDC) & 158.3, 158.2, 148.1, 145.5, 145.0, 139.5, 307 "> 0 =) o0 o 425 27 0 2= Do
135.8, 135.3, 132.8, 132.6 (2 peaks), 132.4 (2 peaks), 132%46'6 gl !

131.8 (2 peaks), 1315, 130.0 (2 peaks), 128.9, 128.8, 1258, "

1133, 119.5, 101.3, 79.8, 62.4, 5.3, 52.1, 50.8,, 3.8, 27.3,
26.3, 12.57'P NMR (121 MHz, CDG) 5 148.7. HRMS (ESI):
Exact mass calc’d for gHzsN,O,P ie [M+H] " 639.2413. Found
639.2437.

(1S,25,45,5R)-2-((1R)-((11bS)-Dinaphtho[2,1-d:1',2"-
f][1,3,2]dioxaphosphepin-4-yloxy)(6-methoxyquinolin-4-
yl)methyl)-5-vinylquinuclidine ; 2h (0.3 g, 72 %). '"H NMR
(300 MHz, CDC}) 8 8.79 (1H, d,J = 4.8 Hz), 8.05-7.87 (5H, m),
7.80-7.66 (2H, m), 7.54-7.52 (1H, m), 7.42-7.16 (8H, m), 6.9
6.79 (2H, m), 5.60-5.49 (1H, m), 5.03-4.95 (1H, m), 4.41-4.3
(1H, m), 4.33-3.56 (4H, m), 3.30-3.23 (1H, m), 2.65-2.64 (1H
m), 2.31-1.78 (5H, m), 1.55-1.01(3H, mMfC NMR (75 MHz,

(1S,25,4S,5R)-2-((1R)-((11bR)-dinaphtho[2,1-d:1',2"-
f][1,3,2]dioxaphosphepin-4-yloxy)(6-methoxyquinolin-4-
yl)methyl)-5-vinylquinuclidine dimer; 29’ — 2g. 40 % isolated
yield. 'H NMR (300 MHz, CDCJ) 5 8.65 (1H, d,J = 4.5 Hz),
7.94-7.80 (5H, m), 7.56 (2H, d,= 3.3 Hz), 7.45-7.40 (1H, m),
7.31-7.03 (8H, m), 6.02-5.98 (1H, m), 5.60-5.48 (1H, m), 5.03
(1H, d,J = 3.6 Hz), 4.95 (1H, s), 4.41-4.30 (1H, m), 3.62 (3H, s),
3.34-3.29 (1H, m), 3.03-2.98 (1H, m), 2.94-2.54 (2H, m), 2.09-
51.93 (1H, m), 1.76-1.47 (1H, m), 1.51-1.27 (2H, m), 0.95-0.87
7'(2H, m); ¥*C NMR (75 MHz, CDCJ) 5 158.3, 153.2, 148.1,
145.5, 145.0, 139.5, 135.8, 135.3, 132.8, 132.6, 132.4, 132.2,
'131.8, 131.5, 130.0 (2 peaks), 128.9, 128.8, 125.8.3, 119.5,

CDCly) 6 158.6, 152.3, 149.5, 149.4, 147.0, 144.3, 141.6, 141.%)(2)1'3’ 798, 62.4, 55.3, 52.1, 50.8, 39.1, 27.8, 27.3, 26.3, 128,

.31
138.0 (2 peaks), 137.8, 137.7, 137.5, 134.4, 132.6, 131.7, 131. ,'6’ P NMR (121 MHz, CDG) 3 148.7.
131.1, 130.1, 128.2, 127.8, 127.0, 125.9 (2 peaks), 125.5, 125.0, (1S,2S,4S,5R)-2-((1R)-((11bS)-dinaphtho[2,1-d:1",2'-
124.6, 122.8, 122.3 (2 peaks), 122.2 (2 peaks), 122.1, 122.0 {}1,3,2]dioxaphosphepin-4-yloxy)(6-methoxyquinolin-4-
peaks), 118.9 (2 peaks), 59.4, 54.3, 37.1, 26.8, 24.2, ¥8.7; yl)methyl)-5-vinylquinuclidine dimer; 2h’ — 2h'. 35 % isolated
NMR (121 MHz, CDC}) 5148.7. HRMS (ESI): Exact mass yield. 'H NMR (300 MHz, CDCJ) & 8.65 (1H, d,J = 4.5 Hz),

calc’'d for GH3sN,O4P ie [M+H] " 639.2413. Found 639.2437.

General Procedure for Metathesis of Cinchona Alkaloid
Ligands.

Appropriate cinchona alkaloid was added to 2nd Generatio
Hoveyda-Grubb’s catalyst (5 mol %) in El, in schlenk tube

7.94-7.80 (5H, m), 7.56 (2H, d,= 3.3 Hz), 7.45-7.40 (1H, m),
7.31-7.03 (8H, m), 6.02-5.98 (1H, m), 5.60-5.48 (1H, m), 5.03
(1H, d,J = 3.6 Hz), 4.95 (1H, s), 4.41-4.30 (1H, m), 3.62 (3H, s),
3.34-3.29 (1H, m), 3.03-2.98 (1H, m), 2.94-2.54 (2H, m), 2.09-
%.93 (1H, m), 1.76-1.47 (1H, m), 1.51-1.27 (2H, m), 0.95-0.87
(2H, m); *C NMR (75 MHz, CDCJ)) 5 158.3, 153.2, 148.1,

under Ar (Balloon). The mixture was stirred and heated 40 145.5, 145.0, 139.5, 135.8, 135.3, 132.8, 132.6 (3 peaks), 132.4
for 12 h. Ar (balloon) was changed every 4 - 6 h. Solvent wa§2 peaks), 132.2, 131.8 (3 peaks), 131.5, 130.0 (2 peaks), 128.9,
removed under reduced pressure and the crude metathesis #28.8, 125.8;13.3, 119.5, 101.3, 79.8, 62.4, 55.3, 52.1, 50.8,
used in the next step without further purification. 39.1, 27.8, 27.3, 26.3, 12.5/P NMR (121 MHz, CDQ) &

The following purification was used only for characterized 148.7.
homodimer to check the disappearance of monomer starting Preparation
material. The product was purified by flash columnenoate.
chromatography on silica gel using n-hexanefClH
triethylamine (6:3:1) as the eluent.

of (E)-Methyl 4-Hydroxy-3-methylbut-2-

(E)-4-Methoxy-3-methyl-4-oxobut-2-enoic acid
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To a solution of (1-methoxy-1-oxopropan-2-yltriphenyl- evaporated. The crude product was passed through a short
phosphonium bromide (42.9 g, 100 mmol, 1 equiv) in drysilica plug using 30% EtOAc/hexanes as the eluent.
CH;CN (300 mL) was added triethylamine (13.2 mL, 95 mmol,
0.95 equiv) and glyoxylic acid monohydrate (8.74 g, 95 mmol,
0.95 equiv) at 0°C. The solution was further stirred at 0°C for
h and at room temperature overnight. Half of the solvent wa

removed under reduced pressure, and ethyl acetate (100 mL) Sa”t?olT). The mlxtlﬁre Wads stirred Zmdger?tedstc; 4Ot c fcc;r 1t2hh.
added. The resulting solution was washed with saturate r (balloon) was changed every 4 - - >olvent and other

aqueous NaHCQ(3 x 50 mL). The combined aqueous Iayersvolatlle compounds were removed under reduced pressure. The

were extracted with ethyl acetate (2 x 50 mL), acidified (pH 1 residue was used for the next step without further purification.

2) at 0 °C with concentrated HCI (50 mL) and extracted with New CHCI, (0.5 M) was added to the residue, then alkene
ethyl acetate (3 x 50 mL). The combined organic layers wergd.25 mmol) was added to the mixture. The resulting mixture was
evaporated to dryness, yielding a clear oil (10.5 g, 73 %) whichegassed by three cycles of freeze-pump-thaw and then
was used for the next reaction without further purification. transferred to a Parr Bomb. The bomb was pressurized to 50 bar
with hydrogen and the mixture was stirred at 300 rpm for 16 h.
The bomb was then vented and solvent was evaporated. The
LiBH, (2 equiv) was added toEJ-4-methoxy-3-methyl-4- crude product was passed through a short silica plug using 30%
oxobut-2-enoic acid in THF (100 mL at 0 °C. The reactionEtOAc/hexanes as the eluent.
mixture was then allowed to ambient temperature and stirred for
12 h. The mixture was poured into 1N HCI and extracted with
ethyl acetate (3 x 50 mL). The combined organic layers were Condition A (for ester substrates);

dried over NgSQ, and solvent was removed under reduced . ] 0
pressure to yield the product as a white solid (16 g, 69 %) which FOr monodentate ligand study I((COD),BARF (3 mol %)

was used for the next reaction without further purification. and appropriatedgonodentate ligand (6.6 mol %) was dissolved in
CH,CIl, (0.5 M). The mixture was stirred for 15 min, then

(E)-Methyl 4-Hydroxy-3-methylbut-2-enoate C; corresponding unsaturated ester (0.25 mmol) were added to the

. . A mixture. The resulting mixture was degassed by three cycles of

To a solution of K50, (5 mL) in 50 mL of MeOH, &)-4 freeze-pump-thaw and then transferred to a Parr Bomb. The

hydroxy-3-methylbut-2-enoic acid was added at room . - .
temperature. The mixture was stirred and refluxed for 4 h. Aftepomb was,pressurized to 50 bar with hydrogen and the mixture

cooling to ambient temperature, solvent was removed undeyas Biiglee 2 300 rpm for 16 h. The bomb was then vented and
reduced pressure. The residue was dissolved sCGH The Solvent was evaporated. The crude product was passed through a

organic layer was washed with NaHE@rine and dried over short silica plug using 30% EtOAc/hexanes as the eluent. The

N&SO,. Solvent was removed under reduced pressure to obta antlomerlc_ ratio was then measured through chiral GC or
productC as a clear oil (8 g, 62 %H NMR (400 MHz, CDCJ) LC analysis.

5 6.82 (1H, s), 4.29 (2H, s), 3.77 (3H, s), 1.79 (3HQ;NMR For bidentate ligand study, Appropriate cinchona alkaloid
(100 MHz, CDC}) & 171.0, 167.2, 126.3, 52.8, 14.4. HRMS was added to"2 Generation Hoveyda-Grubb’s catalyst (5 mol %
(ESI): Exact mass calc'd for (8,00; ie [M+H]" 131.0708. based on cinchona alkaloid) in g, in schlenk tube under Ar
Found 131.0710. (Balloon). The mixture was stirred and heated t6@@or 12 h.

Ar (balloon) was changed every 4 - 6 h. Solvent and other
volatile compounds were removed under reduced pressure. The
residue was used for the next step without further purification.

Ir(COD),BARF (3 mol %) and appropriate cinchona alkaloid
igand (from previous step) was dissolved in,CH (0.5 M).

e mixture was stirred for 15 min, then corresponding
unsaturated ester (0.25 mmol) were added to the mixture. The
resulting mixture was degassed by three cycles of freeze-pump-
aw and then transferred to a Parr Bomb. The bomb was

For bidentate ligand; 2nd Generation Hoveyda-Grubb’s
atalyst (0.3 mol %, same amount as use in study reaction) and
g was dissolved in C}l, (0.5 M) in schlenk tube under Ar

(E)-4-Hydroxy-3-methylbut-2-enoic acid

Catalytic Hydrogenation Conditions

Preparation of (E)-Methyl 4-Acetoxy-3-methylbut-2-
enoate D.

To a solution of E)-methyl 4-hydroxy-3-methylbut-2-enoate
(1 mmol) and pyridine (3 mmol) in GBI, (7 mL), AcO (1.5
mmol) was added at room temperature and the mixture w
stirred until completion (TLC). After completion, the reaction
mixture was diluted with CKCl, (30 mL), washed with water (15
mL), brine and dried over N80,. The solvent was removed

under reduced pressure and the residue was purified 6 . . . .
chromatography E)Jsing 30% EtOAc/hexane to yielg 92 % ressurized to 50 bar with hydrogen and the mixture was stirred

roduct D as a clear ot NMR (400 MHz, CDCJ) 5 6.81 (1H at 300 rpm for 16 h. The bomb was then vented and solvent was
2) 4.30 (2H, s), 3.85 (3H, s), 2.08 (3H s), 1.81 (3Hl3-€)NMR’ evaporated. The crude product was passed through a short silica

plug using 30% EtOAc/hexanes as the eluent. The enantiomeric
&g(l\)/lglH(ZESCI;DC!E)Xigzr#a;Sm;lggSfzorléi% 5?é8‘[,\zﬂig']+l6'8'ratio was then measured through chiral GC or HPLC analysis.
. 812Uy

173.0814. Found 173.0881. Condition B (for acid substrates);
General Procedure for Hydrogenation Using Metathesis For monodentate ligand study Ir(COD),BARF or
Catalysts (without Ir) Rh(COD)BARF (3 mol %) and appropriate monodentate ligand

For monodentate ligand 2nd Generation Hoveyda-Grubb’s (6.6 mol %) was dissolved in MeOH (0.5 M). The mixture was

. . jrred for 15 min, then corresponding unsaturated acid (0.25
catalyst (0.3 mol %, same amount as use in study reaction) aﬁH :
1g was dissolved in C}LI, (0.5 M). The mixture was stirred for mmol) and C5CG; (0.13 mmol) were added to the mixture. The

15 min, then alkene (0.25 mmol) was added to the mixture. THe sulting mixture was degassed by three cycles of freeze-pump-
resulting mixture was degassed by three cycles of freeze-pum aw af‘d then transfer'red to a Parr Bomb. . The bomb was
thaw and then transferred to a Parr Bomb. The bomb w essurized to 50 bar with hydrogen and the mixture was stirred

300 rpm for 16 h. The bomb was then vented and solvent was

pressurized to 50 bar with hydrogen and the mixture was stirre I
at 300 rpm for 16 h. The bomb was then vented and solvent ngaporated. The crude product was passed through a short silica
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plug using 30% EtOAc/hexanes as the eluent.
enantiomeric ratio was then measured through chiral

analysis.

The
GC

For bidentate ligand study, Appropriate cinchona alkaloid
was added to" Generation Hoveyda-Grubb’s catalyst (5 mol %
based on cinchona alkaloid) in @&, in schlenk tube under Ar
(Balloon). The mixture was stirred and heated t6@&@or 12 h.

Ar (balloon) was changed every 4 - 6 h. Solvent and other
volatile compounds were removed under reduced pressure. The
residue was used for the next step without further purification.

Ir(COD),BARF or Rh(COD)BARF (3 mol %) and
appropriate cinchona alkaloid ligand (from previous step) was
dissolved in MeOH (0.5 M). The mixture was stirred for 15 min,
then corresponding unsaturated acid (0.25 mmol) an€@s
(0.13 mmol) were added to the mixture. The resulting mixture
was degassed by three cycles of freeze-pump-thaw and then
transferred to a Parr Bomb. The bomb was pressurized to 50 bar
with hydrogen and the mixture was stirred at 300 rpm for 16 h.
The bomb was then vented and solvent was evaporated. The
crude product was passed through a short silica plug using 30%
EtOAc/hexanes as the eluent. The enantiomeric ratio was then
measured through chiral GC analysis.
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Supplementary Material

'H and**C NMR spectra ofla — h 2g — h GC traces after
hydrogenation of 1,2-diphenylpropene;methylcinnamic acid
B, hydroxyester C, acetoxyesterD, acetoxy acidE with
Ir(COD),", hydrogenation ofa-methylcinnamic acidB with
ligand 1g and PPk and hydrogenation of acetoxy adidwith
Rh(COD)". The supplementary information was available
online.
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