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A new chiral S,N-heterobidentate thioureaxazoline ligand was synthesized and isolated as two
atropoisomers4a, 4b). The ligands were employed in Pd-catalyzed enantioselective bis(alkoxycarbo-
nylation)s of terminal olefins under mild conditions, giving high yields and modest ee values, demonstrating
the potential of such ligands for use in Pd-catalyzed carbonylative reactions. Molecular strucdaes of

and of the PdGlcomplexes ofta and4b have been
both complexes, the ligands exhibit a bidentate S

Introduction

Optically active succinic acid derivatives are present in a
variety of biologically active moleculésand are also useful
materials for the production of macromolecules.

Because of their utility as flexible synthons for the function-
alization of the carbon backbone, methods for the synthesis of
succinic acid or its derivatives have been actively investigated.
Among them, the Pd-mediated carbonylation of olefins (Figure
1), first disclosed by Heck in 1968, is particularly interesting
to us?

However, the asymmetric version of the reaction has been
relatively undeveloped due to the ambiguity of its mechanism.
The first paper in this field was published by Consiglio and
co-worker§ in 1992. In their study, several atropoisomeric

diphosphines were used in the Pd-catalyzed alkoxycarbonylation

of olefins, and high enantioselectivity (90% ee) was achieved
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determined by single-crystal X-ray diffraction. In
,N bonding mode.
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Figure 1. Pd-catalyzed biscarbonylation of olefins.

when styrene was used as the substrate; however, the reactions
were low yielding, and a pressurized autoclave was required to
carry out the reactions.

In 1996, Inomata et al. employed chiral bisoxazolines as
ligands for Pd-catalyzed asymmetric biscarbonylations of
structurally diverse homoallylic alcohols and terminal olefins.
The product yields ranged from 35% to 74%, with moderate ee
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Figure 2. Heterobidentate ligands.

Scheme 1. Biscarbonylation of Styrerf®
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(40—66%)5 In 1998, Saigo’s group reported their efforts to use
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90% (33% ee)

(2.5 mol%)

chiral phosphine sulfides as ligands for Pd-catalyzed asymmetric
biscarbonylations of styrene; however, the results were less
satisfactory as both the yields and ee values of the products

were low?

More recently, Chan and co-workers reported the use of chiral
dipyridylphosphines for Pd-catalyzed asymmetric bis(methoxy-
carbonylation) of styrene, reaching up to 84% ee and 79%
chemoselectivity for dimethyl 2-phenylsuccinate (DMPS) under
optimal condition$.

We have shown that Pethiourea complexes can catalyze a

Organometallics, Vol. 26, No. 19, 20Q%57

Scheme 2. Synthesis of Thiourea Atropoisomers 4a and 4b
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Several features of ligand are attractive. First, the two
incorporated binding sites on the backbonetahould afford
a rigid metat-ligand complex with the bulky substituent on the

variety of carbonylative reactions under a balloon pressure of oxazoline ring close to the metal center, which might enhance

CO? When we used chiral thiourea(Scheme 1) as the ligand
in the Pd-catalyzed bis(methoxycarbonylation) of styréne
succinate2 was obtained in 90% yield with 33% ee.

the facial differentiation ability of the complex toward its
substrates and consequently lead to good ee values of the
products. Second, thioureas are renowned for their great

Therefore, we initiated a program focused on the development tunability 13 thus, their steric and electronic properties can be

of chiral thiourea-oxazolines. In this paper, we describe the

modified by fine-tuning the nitrogen substituents. Third, ligand

synthesis of the first member of this new class of ligands and 4 is pidentate, which is good for preventing Pd(0) aggregétion.
its application in asymmetric catalysis, namely, the Pd-catalyzed |n addition, its stability to air and moisture might allow the use

bis(methoxycarbonylation) of terminal olefins.

Results and Discussion

The structure of thioured was designed on the basis of
currently well-established heterobidentate ligands suck*&s
and6!! (Figure 2), and its stereocontrol element is derived from
oxazoliné? chirality. As the Pd-catalyzed bis(alkoxycarbonyl-
ation) was found to correspond tosgrraddition to the olefin
double bond&5awe therefore envisaged that the ee values of
the formed products would depend on the ability of the-Pd
ligand complex to differentiate the two faces of the double bond,
as well as its orientation.
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of O, as an oxidant in Pd-catalyzed carbonylative reactions. This
is an important consideration with regard to oxygen’s unique
features in terms of resource efficiency, operational simplicity,
and health and environmental saféty.

With the above in mind, we synthesized the heterobidentate
ligand4, as shown in Scheme 2. Thus, 1-bromo-2-nitrobenzene
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Table 1. Calculated Barriers for Rotation around the
Phenyl C—N Bond in the Gas Phase (g) or in Methanol (s)
Using DFT (B3LYP, 6-31G*p

Ground state Transition state AE(s) AG(g) AG(s)”

114 11.9 12.0
| O +
| t Y
o o Figure 3. Molecular structure of liganda.
i 2y 3 , 5 36.9 36.8
(Y [ () O ] Table 2. Selected Bond Distances (A) and Angles (deg) in
O A O 4a, PdCh/4a, and PdCh/4b

) 4da PdCb/4a PdCb/4b
™ | . 379 371 Pd—CI(1) 2312(2) 2.318(1)
(Y [ ) C) ] Pd-CI(2) 2200(2) 2.275(1)
& ) ) Pd-S 2271(3) 2.268(1)
Pd—N(13) 2.021(7) 2.001(3)
aThe IEFPCM model and UAHF radii were used to model solvent S—C(2) 1.663(2)  1.656(2) 1.678(10) 1.708(4)
(MeOH) effects. N(1)—C(2) 1.384(3) 1.387(3) 1.398(11) 1.364(4)
N(3)—C(2) 1.378(3) 1.384(3) 1.374(10) 1.357(4)
(7) first underwent Pd-catalyzed coupliignith 2-isopropy- S-C(2)-N(1) 131.4(2)  131.2(2) 137.0(7) 135.2(3)
Iphenylamine9, and the nitro group of the monoarylated amine g:g((jz_)&(l\ig’)) 1224(2)  1232(2) 9:%127('24)(7) 9111%?8()3)
product9 was then reduc_ed to the c_orrespo_nding an*liﬁday S—C(2)-N(3)-C(21) ~171.1(2) —9.0(3) _8'(1) 5_8'(5)
Pd-catalyzed hydrogenation. Alkylation D® with bromoacetic C(2-N(3)-C(21>-C(22) 90.6(3) 90.4(3) 100(1) —91.8(4)
acid ethyl ester in the presence oglEtgave estefd2 in 87% C(2-N(1)-C(11)-C(12) 149.7(2) 144.9(2) 60.4(9)  60.6(4)
yield. Thioureal3 was obtained in 86% yield via treatment of 31_(1)—C(11)—c_(}2)— N(13) 129.3(2) 129.9(2)—85(1) —88.2(4)
. . . ihedral angl@ifii 8.2 5.0 4.1 9.2
12 with thiophosgen¥ in the presence of NaHGO ifii 86.4 792 868 86.9
With compoundsl3 in hand, we then started to make the ijiv 83.9 762 771 73.1
key intermediatel7 for the formation of the chiral oxazoline v 37.7 34.8
ring of the target ligand. To this end3 underwent sequential Vv 53.6 53.6
methylations (LIHMDS/Mel) to install thgemdimethyl groups, aFor a definition of the planes, see the text and Figure 3.

and the desired produd4 was obtained in 76% yield. The ) ) .
installation of the two methyl groups should increase both the 1€ molecular structure of liganth, determined by single-
rigidity and the stability of ligand on the basis of previous ~ CTystal X-ray diffraction, is illustrated in Figure 3. .
experimental results which showed that the presence of two | "€ @Symmetric unit ofacomprises two molecules of similar

hydrogensy to the enamine led to decomposition of the ligands conformation (Figure 3, Table 2). The central®6 moiety (i)

under the catalytic reaction conditions. is slightly inclined to the fused benzene ring (ii) and almost
To prepare the final target, compoubdiwas first hydrolyzed normal to the.isop.ropyllated phenyl ring (iii) and the mean plane
under basic conditions, and the acid formed was coupled with ©f the oxazoline ring (iv). _
amino alcohol16 to afford 17 in 90% yield. Oxazoline ring To confirm the bidentate nature of ligandaand4b, and to
formation was achieved using the Burgess reddent give ob;erve their conformation upon_blndmg_to Pd(ll), we prepared
equal amounts of targes and4b in 80% yield. It is important their PAC} com_plexes and ex_amlned their structures by single-
to note that4a and 4b are atropoisomers, differing in the Crystal X-ray diffraction studies (Figure 4).
orientation of the 2Pr substituent on the phenyl ring attached 11 two chiral palladium complexes, which are conforma-
to one of the two thiourea nitrogen atoms. These isomers werelional isomers, crystallize in the tetragonal space gidpfor
separated by chromatography on silica (see the ExperimentalPdCb/4@and orthorhombic space gro2:2,2, for PdCb/4b.
Section) and are configurationally stable in solution, as evi- [N PdCb/4a, the isopropylpheny! group adopts roughly the same
denced by NMR spectroscopy of the free ligands and their PdClI orientation as in free_ I|_ganda, from which it was synthesized,
complexes, vide infra. In fact, via DFT calculations (Table 1), Whereas, in PAGMD, itis rotated by ca. 180around the N(3y
we have evaluated the barriers to interconversion of the two C(21) bond (Figure 4) as expected. Thus, the two isopropyl
atropoisomers via rotation around thg,G,—N bonds in either ~ 9r0UPS have aanti disposition in PdGl4aand aresynrelated
direction. For an unsubstituted phenyl ring, both directions of N PACk/4b. The former conformation is obviously less compact,
ring rotation are equivalent, and the computed barriers in MeOH "esulting in a lower (by ca. 2.5%) packing density and a wider
solution or in the gas phase are both ca. 12 kcaltadlor the ~ |€eway for thermal vibrations. Indeed, in Pdi@h, the atomic
2-isopropylphenyl analogue (akin 4a,b), the barriers are also _dlsplacement parameters are on average 1.7 times higher thz?m
similar in solution and in the gas phase, as well as for rotation N PdCbk/4band in some cases are large enough to suspect static
in either direction, with computed free energies of activation disorder. In both structures, the Pd atom has a distorted square-
of ca. 37 kcal mat®. This high barrier is consistent with our planar. coordination with thg chelating ligand bound through both
experimental observations that even in the melt, at a temperaturdN€ thiourea S and oxazoline N atoms. In P44 the Pd, S,

of 125°C, the two atropoisomers do not interconvert. N(13), and CI(1) atoms are coplanar within experimental error
and CI(2) deviates by 0.19 A from their plane, whereas in FdCl

(16) (a) Muci, A. R.; Buchwald, S. LTop. Curr. Chem2002 219, 131. 4b the Pd, S, N(13), and CI(2) atoms are coplanar and CI(1)
S)) lj‘?)rtwlifgyf% F.Pure A”pr(le_- Chgffl:l%& 71F 1%17- (©) l'SlartV;l)ig, J. ,Fr-]_ln deviates by 0.22 A. The planar PASNCI moiety (v) forms similar
anapook O rganopalladium emistry for Organic Synt QSEQIS I, i i i i
E., Ed.; Wiley-Interscience: New York, 2002; p 1051. (d) Seiders, T. J.; aCUt.e angles with the chelating grOUps. (fand IV)'.
Ward, D. W.: Grubbs, R. HOrg. Lett 2001, 3, 3225. It is noteworthy that the sulfur atom is always tilted toward

(17) Wipf, P.; Miller, C. P.Tetrahedron Lett1992 33, 907. the isopropylphenyl substituent, so that the(2)—N angles
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PdCL/4a

PdCL/4b

Figure 4. Molecular structure of the complexes Pg@h (left) and PdCl/4b (right), showing 50% thermal ellipsoids.

Table 3. Pd-Catalyzed Carbonylation Using Thiourea 4a as a Ligartd

PdL, (3 mol%), 4a COOMe
©/\ CuL, (20 mol%) COOMe
solvent, CO, O,
1 2

temp time yield® ee

entry Pdl, Pd4a CuL, solvent (°C) (h) (%) (%)
1 PdC} 11 CuCl MeOH 50 24 22 56
2 Pd(OACc) 1:1 CuCl MeOH 50 24 77 60
3 Pd(OAc» 11 CuBr MeOH 50 24 60 52

4 Pd(OAc) 1:1 (CuOTfHCeHs MeOH 50 24 - -
5 [PACI(GHs)]2 1:1 Cucl MeOH 50 24 41 61
6 [PACI(GHs)]2 1:1 cucl MeOH 20 52 84 67
7 [PACI(GH5)]2 1:2 CuCl MeOH 20 52 95 75
8 [PACI(GHs)]2 1:2 (CuOTfCeHs MeOH 20 52 90 58
9 PdC} 1:2 (CuOTfHCsHe MeOH 20 52 90 61

10 Pd(OAc) 1:2 (CuOTHCsHs MeOH 20 52 - -
11 [PACI(GHs)]2 1:2 CuCl MeOH/THF 20 52 94 66

aReaction conditions: styrene (1.0 mmol), RqD.03 mmol), ligand4a (0.03 or 0.06 mmol), Cui(0.2 mmol), and solvent (4.0 mL) under a balloon
pressure of CO and {ca. 4:1). Dashes in the table refer to reactions in which the starting materials decomposed affeisblated yield after silica gel
chromatography: The enantiomeric excess was determined by HPLC analysis (Daicel Chiralcel OJ-H).

differ by 8—9° in uncoordinatedla and slightly more so in the
complexed ligand. The oxazoline ring #a shows a slight
envelope-like distortion; in one molecule, C(14) deviates from
the plane of the other four atoms by 0.10 A, whereas in the
other molecule C(I5 deviates by 0.13 A. The latter conforma-
tion also occurs in Pd@¥b, C(15) deviating by 0.16 A, whereas
in PdCl/4a, C(14) and C(15) deviate from the OC(12)N(13)
plane in opposite directions by 0.08 and 0.10 A. Upon
coordination to Pd, the €S bond lengthens noticeably with
concomitant shortening of the two adjacent-@® bonds,
reflecting a redistribution of electrons in the®E unit of the
thiourea ligand. This is more evident in the more accurate
structure of PdGl4b. In addition, it is clear that the thiourea
exerts a strongdransinfluence than the oxazoline, as judged
by the lengthening of the PeCI distancedransto S compared
with thosetransto N in both Pd complexes.

With thioureas4a and4b, as well as the structures of their
complexes with PdGlin hand, we turned our attention to

The enantiomeric excess (ee) of prod@atias determined by
chiral HPLC after workup. Details are listed in Table 3.

Accordingly, we evaluated the effect of various reaction
parameters (Pd and Cu salts, ratio of Pdd#& solvent, and
temperature, etc.) on the outcome of the reaction. It was found
that among the Pd and Cu salts tested (Rd@(OAc), [PdCI-
(73-C3Hs)]2, CuCl, CuBr, (CuOTHCgHs), [PACI(73-C3Hs)]2 and
CuCl proved to be the most efficient. Among the solvents used
(MeOH, EtOH, 'PrOH, THF/MeOH), MeOH was the best
choice. A 1:2 Pdlaratio gave the best overall result, showing
ca. 10% improvements in both yield and ee compared with the
1:1 ratio. Thus, a 95% yield of compourdvith moderate ee
was eventually obtained when a catalytic system composed of
[PACI(@3-C3Hs)]/4alCuCl (Table 2, entry 7) was utilized at
25 °C for ca. 2 days under a balloon pressure of CO apd O
(ratio ca. 4:1¥° It is worth noting that, in contrast to our
previous observation with ligan8, the color of the reaction
mixture was still yellow after completion of the carbonylative

investigating their potential in the Pd-catalyzed enantioselective reactions, indicating that, as we expected, the-tfAturea

carbonylation of styren®. For the catalytic studies, we first
selectedda as the ligand for the carbonylations using in situ
generated Pd catalysts. Pd(3.0 mol %) and4a (3.0 mol %)
were premixed in the presence of CuCl (20.0 mol %) at room
temperature in methanol undep d allow formation of the Pd
complex, then styren& was injected, and a balloon attached
to the flask was charged with a mixture of CO angd(€a. 4:1).

complex, once formed, is stable under the reaction conditions.
Preliminary studies suggest that the catalyst precursor is a 1:1
Pd/L species, probably analogous to the above structurally
characterized complex Pd4a. Thus, using the pure, isolated
complex gave a high yield in a test catalytic reaction, and the
solution remained yellow throughout. The advantage of employ-
ing a 2:1 ratio of ligand to Pd in the in situ generated catalyst
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Table 4. Ligand 4a Based Pd-Catalyzed Table 5. Ligand 4b Based Pd-Catalyzed
Bis(methoxycarbonylation) of Terminal Alkenes Bis(methoxycarbonylation) of Terminal Alkenes
[PACI(C3Hs)]z (1.5 mol%) COOMe [PACI(C3Hs)]2 (1.5 mol%) COOMe
4a (6 mol%), CuCl (20 mol%) 4b (6 mol%), CuCl (20 mol%)
AN AN COOMe AN L AN CoO0Me
MeOH, 20 °C, CO, O MeOH, 20 °C, CO, O,
entry starting material product time  yield? ee® entry starting material product time  yield? eef®
COOMe COOMe
N COOMe N COOMe
1 18a 18b 52h  96%  65% 1 1 28b 52h  96%  57%
EtO EtO COOMe
COOMe COOMe
2 -~ 52h  93% 9 X coome
19a 19b o 65% 2 19 200 52h  90%  61%
MeO MeO COOMe a
MeO MeO
SN COOMe COOMe
3 20a 20a 52h  95%  65% N COOMe
Me Me COOMe 3 20a 30b 52h 96% 61%
N COOMe Me’ Me’ Coom
e
4 21a 21b 52h  76%  60% N COOMe
Me Mecoome 4 24a 31b 52h  95%  55%
N COOMe cl c
5 " 22a 22b 52h  94% 60% aReaction conditions: styrene (1.0 mmol), [PdGIds)]2 (0.015 mmol),
© Me Me Me oom ligand4b (0.06 mmol), and CuCl (0.2 mmol) in MeOH (4.0 mL) at 20
e

COOMe under a balloon pressure of CO ang(@a. 4:1).” Isolated yield after silica
52h 92% 55% gel chromatography:. The enantiomeric excess was determined by HPLC
23b ° o . . .
analysis (Daicel Chiralcel OJ-H).

o
-

N
§ /
_ni

COOMe
7 24\ 24b coone 80h  95% 46% (entries £3), presumably because of a steric interaction
cl 2 o between the methyl group and the ligand, which disfavors the
N COOMceoo,v.e ligand differentiation.
8 25a 25b 80h  92%  44% We then tested the carbonylative reaction with as the

Br ooMe ligand. Especially interesting is the fact that the selected

Br
9 OO N QO coome son oo 56% substituted styrenes gave the same high yields of products but
26a 26b with opposite enantioselectivity as compared with those gener-
y

COOMe ated using liganda (see the Supporting Information for details).

10 27a %e 52h  91%  32% For example, 4-methoxy- and 4-methylstyrenes (Table 5, entries
2 and 3) gave 61% ee vs 65% ee in the opposite sense 4&ing

2 Reaction conditions: styrene (1.0 mmol), [PdGiE)]2 (0.015 mmol), (Table 4, entries 2 and 3). This suggests that a significant

ligand 4a (0.06 mmol), and CuCl (0.2 mmol) in MeOH (4.0 mL) at 20 ; ; ; ;
under a balloon pressure of CO angl(@a. 4:1).” Isolated yield after silica influence on the stereochemical outcome of these reactions is

gel chromatography:. The enantiomeric excess was determined by HPLC the_or'entat'on of the PrGsH, rng, in addition t.O the oxazollng
analysis (Daicel Chiralcel OJ-H). moiety. However, for styrene, the ee was slightly lower using
4b, (65%) than withda (75%), whereas, for 4-chlorostyrene,
the ee was slightly higher usirtp, (55%) vsda (46%). In these
latter cases, both atropoisomerism and the chirality of the
oxazoline must be exerting an effect, and it seems that the former
is predominant.

systems is therefore likely to be enhanced formation of the active
complex, as PdGlitself is a poor catalyst which, due to the
lack of chiral ligands, will generate racemic product, lowering
the observed ee values, and which rapidly deposits inactive Pd
black.

To assess the generality of the optimized carbonylation
conditions using in situ generated catalysts, other terminal olefins
were selected for the biscarbonylation reaction (Table 4). From In summary, we have developed a route to synthesize a new
the results in Table 4, we can make the following observa- class of S,N-ligands, and the structures of the first such ligand
tions: (1) The selected substrates gave high yields of carbo-and its atropoisomeric PdCtomplexes were determined by
nylation products (range from 90% to 96%), with the exception single-crystal X-ray diffraction. In a preliminary study of its
of the o-methylstyrene21a (entry 4). (2) The lower ee values application in the Pd-catalyzed bis(methoxycarbonylation) of
for the products derived from substituted styrenes (entries terminal olefinsat room temperature, under a balloon pressure
1-10), relative to styrene (see Table 2, entry 7), indicate that of CO with Q as the oxidantwe obtained excellent yields in
the catalyst is sensitive to the substitution pattern of the all but one case and moderate ee. The catalyst has been
substrates. (3) Substituted styrenes with methyl, alkoxy, and generated in situ via premixing of the ligand with a Pd(ll)
halide moieties at thpara position afforded high yields of their ~ precursor. Preliminary studies suggest that the catalyst precursor
corresponding succinic acid derivatives, but only moderate eeis probably a 1:1 Pd/L species, such as the above structurally
values (44-65%) were obtained. (4) The more hindemtho- characterized complex Pdf4a. Thus, the advantage of using
substituted styrene (entry 4) gave a low yield of product; 2 equiv of ligand probably results from more efficient complex
however, the ee value was within the same range as that obtainedormation at room temperature in the short premixing time. This
with the para-substituted styrenes. (5) Low ee values were avoids catalysis by any uncomplexed Pgi®elf, which leads
obtained when F-, Cl-, and Br-substituted styrenes (enti€y 6  to racemic product and the formation of Pd black. Current efforts
were used as substrates as compared with the value obtainedre directed toward catalysis using isolated Pd complexes of
with the EtO-, MeO-, and Me-substituted styrene (entrieS)L the ligands, such as Pdffla and PdCl4b, to carry out
(6) o-Methyl-substituted styrenes (entries 4 and 5) gave lower mechanistic studies and to further explorations of the coordina-
ee values compared with styrenes lackingoaimo substituent tion chemistry of these novel thioureaxazoline ligands. In

Conclusions
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addition, we are examining alternative Pd precursors which will
allow even more efficient in situ catalyst generation. Importantly,

Organometallics, Vol. 26, No. 19, 20Q%761

Hz, H17), 0.99 (dJy_n = 7 Hz, H18), 0.96 (dJy_n = 7 Hz,
H15), 0.86 (dJy_n = 7 Hz, H16).33C{1H} NMR (125 MHz): 6

although the chiral oxazoline moiety is required to separate and 171.6 (C7), 168.9 (C6), 147.7 (C25), 134.4 (C8), 133.7 (C20), 132.4

isolate the two atropisomers of these ligands, in the cada,bf
it would appear that the configuration of the P:CsH, ring

(C13), 130.0 (C24), 129.2 (C11), 127.3 (C23), 127.0 (C22), 122.6
(C10), 122.5 (C21), 112.1 (C12), 109.7 (C9), 72.8 (C4), 71.0 (C3),

exerts a considerable influence on the stereochemical outcome®2-5 (C5), 32.5 (C14), 28.3 (C19), 27.2 (C1), 26.9 (C2), 23.6 (C17),
of the catalytic reactions. This suggests that improved ee values?3-1 (C18), 19.1 (C15), 18.4 (C16). Mp: 110. HRMS (El): m/z

may result from changing the P substituent or from the use
other bulky aromatic ring systems which would also display

atropoisomerism, and studies to evaluate this hypothesis are in

progress. Likewise, changing th&r substituent on the oxazoline
may allow the two effects to work together more effectively.
In view of the excellent catalytic activity of the system under
very mild conditions, the promising ee values obtained to date,

and the exceptional potential for tuning the steric and electronic

properties of this novel type of S,N-ligand, we are currently

developing more concise synthetic approaches to construct a

library of such ligands and are carrying out detailed experimental

and theoretical studies to develop a better mechanistic under-

standing of the catalytic process.

Experimental Section

Synthesis of 1-[1-(4-Isopropyl-4,5-dihydrooxazol-2-yl)-1-me-
thylethyl]-3-(2-isopropylphenyl)-1,3-dihydrobenzoimidazole-2-
thiones 4a and 4b To a stirred solution of compouri¥ (see the
Supporting Information for its synthesis) (1.98 g, 4.5 mmol, 1 equiv)
in dry THF (60 mL) was added the Burgess reagent (1.28 g, 5.4
mmol, 1.2 equiv) at room temperature under nitrogen, and the
reaction mixture was stirred at 7@ for ca. 1 h. The solvent was
evaporated in vacuo, and the residue was purified by flash
chromatography (hexane:GEl,:ethyl acetate= 10:10:1) on silica
gel to give ligands4a (0.76 g) and4b (0.76 g) in 80% overall
yield.

Assignments of the NMR spectroscopic data for the free ligands
and their PdGl complexes was based on a series of 2D NMR
studies.

Characterization Data for 4a. *H NMR (500 MHz, CB,Cly):

0 7.63 (d,Jy—n = 9 Hz, H12), 7.51 (m, H23, H24), 7.23 (m, H22),
7.14 (m, H11, H21), 7.08 (-1 = 8 Hz, H10), 6.62 (dJy-n =

8 Hz, H9), 4.20 (m, H3), 3.98 (m, HB 3.93 (m, H4), 2.51 (m,
H19), 2.26 (s, H1), 2.19 (s, H2), 1.77 (m, H14), 1.193g,n = 7

Hz, H17), 0.98 (dJy-n = 7 Hz, H18), 0.94 (dJy-n = 7 Hz,
H15), 0.87 (dJy—n = 7 Hz, H16).13C{H} NMR (100 MHz): &
171.6 (C7), 168.8 (C6), 147.8 (C25), 134.4 (C8), 133.7 (C20), 132.4
(C13), 130.0 (C24), 129.1 (C11), 127.3 (C23), 127.1 (C22), 122.6
(C10), 122.6 (C21), 112.1 (C12), 109.8 (C9), 72.5 (C4), 70.8 (C3),
62.5 (C5), 32.5 (C14), 28.3 (C1), 28.3 (C19), 25.9 (C2), 23.7 (C17),
23.0 (C18), 18.9 (C15), 18.2 (C16). Mp: 126. HRMS (El): m/z
calcd for GsH3iN3OS (M*) 422.2221, found 422.2262.

Characterization Data for 4b. *H NMR (500 MHz, CB,Cly):
0 7.62 (d,Jy_n = 8 Hz, H12), 7.52 (m, H23, H24), 7.35 (m, H22),
7.13 (m, H11, H21), 7.08 (Uy-n = 7 Hz, H10), 6.62 (dJy-n =
7 Hz, H9), 4.23 (tJ4—4 = 9 Hz, H3), 3.90 (m, H3, H4), 2.50 (m,
H19), 2.24 (s, H1), 2.20 (s, H2), 1.78 (m, H14), 1.18J¢,n = 7

calcd for GsHziN3OS (M) 422.2221, found 422.2263.

Synthesis and Characterization of PdCJ/4a. To a solution of
4a(213 mg, 0.05 mmol) in MeOH (4 mL) was added Pd(Ph{y)
(197 mg, 0.05 mmol). The reaction mixture was heated to reflux
at 50°C for 4 h. The solvent was removed on a rotary evaporator.
The residue was dissolved in GEl,, and then BO was added to
precipitate the product as an orange solid, which was collected by
filtration, washed with BO (3x), and then dried in vacuo. The
single crystal for X-ray diffraction was grown via slow evaporation
of a solution in CHCI,/MeOH (50:50). Yield: 274 mg, 92%H
NMR (500 MHz, CBClp): 6 7.99 (d,Ju-n = 8 Hz, H12), 7.63
(m, H23, H24), 7.44 (m, H22), 7.34 @4—n = 8 Hz, H11), 7.31
(t, JH-H = 8 Hz, HlO), 6.93 (dJHfH = 8 Hz, H21) 6.83 (d,]HfH
= 8 Hz, H9), 4.87 (m, H4), 4.46 (ly—n = 9 Hz, H3), 4.24 (t,
Ju-n = 9 Hz, H3), 3.38 (s, H1), 3.10 (m, H14), 2.55 (s, H2), 2.33
(m, H19), 1.27 (dJdy-n = 7 Hz, H17), 1.00 (dJy-n = 7 Hz,
H18), 0.87 (dJy—n = 7 Hz, H15), 0.75 (dJ4—n = 7 Hz, H16).
13C{1H} NMR (125 MHz): 6 167.4 (C7), 163.8 (C6), 147.4 (C25),
134.1 (C8), 132.2 (C23), 131.7 (C13), 131.1 (C20), 128.2 (C24),
128.1 (C22), 127.6 (C21), 125.5 (C11), 125.3 (C10), 114.8 (C12),
111.6 (C9), 71.1 (C4), 69.2 (C3), 62.2 (C5), 30.5 (C14), 28.7
(C19), 28.6 (C1), 28.3G2), 23.9 (C18), 23.2 (C17), 18.4 (C15),
14.6 (C16).
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Alternative Synthesis of PdC}/4a. To a solution ofd4a (10.7
mg, 0.026 mmol) in CBCl;, (1 mL) was added Pd(PhChQI; (10.3
mg, 0.026 mmol). The solution was transferred to an NMR tube,
and the reaction was shown to be complete and quantitative within
2 min at room temperature, as evidencedtyNMR spectroscopy.
The sample was transferred to a small round-bottom flask using
CH.Cl,, and the combined solution was evaporated to dryness on
a rotary evaporator. The solid sample was then dried in vacuo for
3 h and was shown to contain 1 equiv of benzonitrile of
crystallization by elemental analysis. Anal. Calcd fQktds;CIoN3-
OPdSCeHsCN: C, 54.75; H, 5.17; N, 7.98. Found: C, 54.47; H,
5.12; N, 7.94.

Synthesis and Characterization of PdCJ/4b. The same pro-
cedure and scale were employed as for RA@] but using4b in
place of4a. Yield: 270 mg, 90%H NMR (500 MHz, CQCly):



4762 Organometallics, Vol. 26, No. 19, 2007

0 7.99 (d,J4—n = 9 Hz, H12), 7.63 (m, H23, H24), 7.45 {,-n

= 9 Hz, H22), 7.35 (tJy—n = 9 Hz, H11), 7.29 (tJ4—n = 9 Hz,
H10), 7.17 (dJy-n = 9 Hz, H21) 6.81 (dJ4-n = 9 Hz, H9), 4.88

(m, H3), 3.98 (m, H4), 4.5 (V-1 = 9 Hz, H3), 4.28 (tJy-n =

9 Hz, H3), 3.37 (s, H1), 3.03 (m, H14), 2.54 (s, H2), 2.28 (m,
H19), 1.24 (d,Jy-n = 7 Hz, H17), 0.98 (dJy—n = 7 Hz, H18),
0.92 (d,J4—n = 7 Hz, H15), 0.85 (dJ4—n = 7 Hz, H16).13C{H}
NMR (125 MHz): ¢ 167.7 (C7), 163.9 (C6), 146.4 (C25), 134.1
(C8), 132.2 (C13), 131.8 (C24), 130.8 (C20), 128.6 (C21), 128.2
(C22), 128.1 (C23), 125.4 (C10), 125.1 (C11), 114.9 (C12), 111.4
(C9), 71.1 (C4), 69.2 (C3), 62.0 (CH), 30.3 (C14), 29.2 (C1), 28.5
(C2), 28.5 (C19), 24.1 (C17), 23.5 (C18), 18.6 (C15), 15.1 (C16).
Anal. Calcd for GsH3:CILbN3OPdS: C, 50.13; H, 5.22; N, 7.02.
Found: C, 49.83; H, 5.13; N, 6.50.
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Alternative Synthesis of PdCh/4b. Compound PdGl4b was
synthesized by the same procedure as for Fd&€lsing4b (11.0
mg, 0.026 mmol) in CBCl, (1 mL), to which was added
Pd(PhCN)ClI, (10.4 mg, 0.026 mmol). The reaction was complete
and conversion quantitative within 2 min at room temperature, as
evidenced byH NMR spectroscopy.

General Procedure for the Pd-Catalyzed Asymmetric Bis-
(methoxycarbonylation) of Terminal Olefins. To a solution of
MeOH (4.0 mL) in an oven-dried Schlenk tube were added [Pd-
(73-C3Hs)Cl]2 (5.5 mg, 0.015 mmol), liganda or 4b (25.3 mg,
0.06 mmol), and CuCl (20 mg, 0.2 mmol), and the mixture was
stirred at 20°C for 30 min under nitrogen. To this solution was
added the appropriate terminal olefin (1.0 mmol) via syringe, and
the mixture was stirred at 20C under a balloon pressure of CO
and Q (ca. 4:1) for an additional 52 h. The solvent was removed
in vacuo, and the residue was purified by flash chromatography
(hexane:ethyl acetate 8:1) on silica gel to give the corresponding

Liang et al.

Table 6. Crystallographic Data for the Ligand 4a and
Complexes PdC)/4a and PdCL/4b

4a PdCl/4a PdCL/4b
CCDC deposition640924 640925 640926
no.
empirical formula GsH3;N3OS GsH31ClLN3OPdS
fw 421.59 598.89
T(K) 120 120 120
cryst size (mm)  0.2& 0.20x 0.17 0.16x 0.03x 0.02 0.42x 0.13x 0.01
cryst syst monoclinic tetragonal orthorhombic
spaEce %roup P2, (4) P4, (76) P2,2,2; (19)
No.
a(h) 11.841(1) 9.2008(4) 9.7352(9)
b (A) 15.138(1) 9.2008(4) 12.5655(11)
c(A) 12.813(1) 31.348(1) 21.151(2)
S (deg) 90.95(1) 90 90
V (A3 2296.4(3) 2653.8(2) 2587.3(4)
z 4 4 4
Pealca (g €T 3) 1.219 1.499 1.537
u (mm~1) 0.16 1.00 1.03
max 2 (deg) 58 55 58
no. of total refins 29694 22405 13750
no. of unique 12198, 8487 6077, 3072 6345, 5514
refins
Rint 0.092 0.152 0.038
no. of params 565 304 310
R12b 0.050 0.068 0.039
WRZ 0.106 0.114 0.065
max/min electron 0.38/-0.26 1.52-0.66 0.42-0.65
density
Flack param —0.06(5) —0.04(5) —0.02(3)

aNumber of reflections witH > 20(1). °R1 = S||Fo| — |Fel|/3|Fol-.
CWR2 = { S[W(Fe? — F)2/S [W(Fs?)?[} 2

reflection intensities were corrected for absorption by Gaussian
integration based on crystal face indexing. The structures were
solved by direct methods and refined by full-matrix least squares
againstF2 of all reflections, using SHELXTL software. The
absolute configurations of all three compounds were determined
from anomalous scattering by the Flack metfdd.

Computational Studies Computations of the rotational barriers
for interconversion of the atropoisometa,b were carried out via
DFT calculations using Gaussian®3The B3LYP functional was
used, and the 6-31G* basis set was employed for all atoms. The
IEFPCM model and UAHF radii were used to model solvent effects.
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