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Racemization in Suzuki Couplings: systematic investigation into the racemization produced in
A Quantitative Study Using certain aryl—aryl Suzuki couplings.
4-Hydroxyphenylglycine and Tyrosine Derivatives Initially, we focused on the model reactions shown in Scheme

1, where the aryl halide coupling partner is a racemizeable probe
molecule and its counterpart a simple arylboronic acid. Any
racemization in the biaryl products should be quantifiable by
Monica Prieto! Silvia Mayor, Katy RodrigueZ, HPLC analysis on a chiral stationary ph&se.

Paul Lloyd-Williams,*" and Ernest Giralt** We chose the brominated and protected derivativedRdf (

as Probe Molecules
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more accurately what we felt would be more typical levels of
Received October 13, 2006 substrate racemizatid. We elected to use inexpensive and

easily prepared arylbromides as substrates in all Suzuki cou-
plings. Although they are somewhat less reactive than the more
expensive aryl iodide%? they are considerably more reactive

OMe than the corresponding aryl chlorides.
Br IV We proposed attempting to suppress any racemization
uzuki . . . . .
/©/ _— produced in these model couplings by judicious choice of
BocHL'\‘. OMe (HO):B coupling inorganic base or other reaction parameters. We planned to
o 1 3 continue our study by submitting the phenylglycine derivatives
Base Equivalents  Yieldof d(%) RIS (%) 1to Suzuki coupllngs with more complex aryl partners in order
NayCOs 075 s 80120 to produce optically pure biaryl amino acids related to those
NaHCOs 075 75 90:10 found in certain natural products. In particular, we were
(CH,COONa, 31 55 100:0 interested in employing the indolylboronic aciéis! 6—8 and
KOAc 31 34 100:0 the cyclic boronic acitf derivative9. The indolyl amino acids

Reaction conditions considered to be typical in Suzuki 10-12produced are models of the biaryl bisamino acids found
couplings can cause significant (up to 34% of the unwanted In the chloropeptinZ4The biaryl amino acid6, derived from
enantiomer) loss of optical purity in sensitive substrates such SUZuki coupling product3 by subsequent synthetic manipula-
as hydroxyphenylglycind. This may be remedied using tions, is an analog of actinoidinic acid found |r.1 vancom)ﬂéln..
sodium succinate instead of sodium carbonate as base, but T_d(PhP)“ ;"’as “??dl as Calt/"lj“)gha’:_i gllgﬁup_llngs were CﬁmEd
chemical yields are somewhat lower. Optically pure biaryl 2UtIN @ Mixture ot tolueneVieLn=rypL). The Inorganic saits
amino aciZs related to those found in thep chlo)r/0|paeptins a>r/1d KOAc, (CH,COONaj, NaHCQ, N&CO; and kPO, were

vancomycin were synthesized by Suzuki coupling efith screened as bases (see below). Each series of couplings was
. . . . . . - carried out using similar stoichiometries, catalyst batches,
indolylboronic acid6—8 and with cyclic boronic aci®.

solvent compositions, concentrations, reaction times, and tem-
peratures. The conditions employed reflect typical current
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SCHEME 1. Model Reactions
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practice for such couplings. Each reaction was performed at TABLE 1. NaCOs Stoichiometry vs Racemization in Suzuki

. . . Couplings between Probe Molecules 1 or 2 and Arylboronic Acid 3
least twice and repeated as necessary to establish yield : - -
reproducibility. No attempt was made to maximize these yields ___Probe NaCOs (equiv) yield RIS(%)
since the primary objective of this investigation was to ascertain 1 1.50 57% 66:34

the effect of variation of inorganic base strength and stoichi- i 8-;2 ;g‘o’f’ ggfig
ometry on the degree of racemization engendered. > 310 650/2 100:0
2 1.50 61% 100:0
5 MeO 2 0.75 47% 100:0
A \@CO
8 g B
(HO)B™ 7 ﬁ OMe OH TABLE 2. Base Type and Stoichiometry vs Racemization in
Suzuki Couplings between Probe Molecule 1 and Arylboronic Acid
6 indol-5-yl boronic acid 9 3
7 indol-6-yl boronic acid
8 indol-7-yl boronic acid base equiv yield4 R/S(%)
NaCOs (pKa 10.3) 1.50 57% 66:34
ome I T\ 0.75 75% 80:20
= N 0.25 55% 87:13
7N NaHCGQ; (pKa 6.35) 1.50 70% 84:16
0.75 75% 90:10
H 0.50 52% 94:6
BocHN® Ny OMe (CH,COONa} (pK, 5.61) 3.1 55% 100:0
0 2.1 52% 100:0
10 indol-5-vl 13 R-OH 15 44% 100:0
e 3R KOAGC (pKa4.74) 31 54% 100:0
12 indol-7-yl 15 R=Ns 2.1 40% 100:0
16 R=NH; 1.5 36% 100:0

17 R=NHZ

Optically pure probe molecules and 2 were synthesized  carried out with different quantities of these bases are sum-
using standard chemistry. (See Supporting Information for marized in Table 2.
reaction schemes and experimental data.) In preliminary experi- Although NaHCQ is a weaker base than p&0O;, it promoted

ments we noted that Suzuki couplings betwé&eamd 4-meth- similar yields of biaryl4 in Suzuki couplings betweehand3.
oxyphenylboronic acid® gave biaryl4 in yields and levels of However, the optical purity of the coupling product was
optical purity that depended on the amount of,8@; used. significantly improved in comparison to that obtained using-Na

With 1.5 equiv of this base with respectloa yield of 57% of CGOs;. We were unable to suppress racemization completely using
4 was obtained. HPLC analysis of this product on a chiral these bases. On the other hand, use of eithee@QCHDNa) or
stationary phase indicated 34% of the unwanted enantiomer.KOAc, both of which are weaker than NaHGQdid allow
On reducing the amount of base to 0.75 equiv, yield4 aise optically pure biaryl4 to be obtained, albeit at the cost of
to 75% and optical purity was also improved (20% of the diminished chemical yields in comparison with J&&; and
undesired enantiomer). When the amount of base was loweredNaHCG;. Marginally better yields of optically pure biarglwere
further to 0.25 equiv, yields o were 55% with 13% of the obtained using (CHCOONa).
unwanted enantiomer still being detected. Having achieved the synthesis of the optically pure biaryls
Similar Suzuki couplings involving, on the other hand, gave  in our model Suzuki couplings, we proceeded to subjett
moderate to good yields of optically pure biabylEven when Suzuki coupling with indolylboronic acidé—8 and cyclic
3.1 equiv of NaCO; were used, no unwanted enantiomer was boronic acid9. Yields and optical purities for these couplings,

detected (see Table 1). mediated by both sodium carbonate and sodium succinate, are
In attempting to suppress racemization in the Suzuki cou- listed in Table 3.
plings betweenl and 4-methoxyphenylboronic acid, we When 1.5 equiv of NgCO; was used as base in couplings

screened the inorganic bases, KOAc, ¢CB®ONa), and betweenl and6—8, biaryls10—12were produced in yields of
NaHCG;, as alternatives to N&Os. The results of couplings  85%, 68%, and 77%, respectively. HPLC analysis of biayl
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TABLE 3. Comparison of Sodium Carbonate and Sodium
Succinate in Suzuki Couplings between Probe Molecule 1 and
Indolylboronic Acids 6—8 and Cyclic Boronic Acid 9

yield (%) RIS(%)

ArB(OH), biaryl NaCO; (CH,COONa) NaCO; (CH,COONa)
6 10 85 52 71:29 100:0
7 11 68 46 a 100:0
8 12 77 42 a 100:0
9 13 54 20 62:38 100:0

a Enantiomer ratios were not determined for these couplings

JOCNote

Methyl (R)-N-Boc-3-(indol-5-yl)-4-methoxyphenylglycinate
(10). KH (32 mg, 0.80 mmol) was suspended in anhydrous THF
(0.2 mL) under an argon atmosphere &) 5-Bromoindole (152
mg, 0.78 mmol) in anhydrous THF (1.3 mL) was added, and the
mixture was stirred for 15 min. After cooling to78 °C, a solution
of ‘BuLi in pentane (1.53 mmol), previously cooled 678 °C,
was added dropwise. The mixture was brought to rt, stirred for 10
min, and re-cooled te-78 °C. B(OMe); (0.18 mL, 1.53 mmol)
was added, and stirring was continued for a furthd at rt. HO
(5 mL) was added, and the mixture was extracted with AcOEt (2
x 10 mL). The aqueous phase was acidified to pH 1 with 10%
HCI and re-extracted with AcCOEt (X 10 mL). The combined

on a chiral stationary phase indicated that 29% of the enantiomer2rganic extracts were dried over anhydrous Mg®@d filtered.

had been produced. When these same couplings were carrie

out using 2.1 equiv of (CHCOONa) as base, yields df0—12

dropped to 52%, 46%, and 42%, respectively, but all three

compounds were optically pure. Indolylphenylglycirigs—12

are related to the biaryl amino acids found in the chloropeptins.

The Suzuki coupling between probe molecliend the cyclic
boronic acid derivativéd gave analogous results. When Na
COs; was used as base biafyd was formed in 54% yield. HPLC

he solvents were evaporated, leaving the crude indolylboronic acid
as a pale brown oil.

Solutions of Pd(PPJ (10 mg, 0.009 mmol) in toluene (0.5 mL)
and of the crude indolylboronic ac&l(2/5 of the product prepared
above) in MeOH (0.4 mL) were added to a stirred solution of
sodium succinate (65 mg, 0.4 mmol) and methi)-N-Boc-3-
bromo-4-methoxyphenylglycinate (72 mg, 0.19 mmol) in toluene
(0.6 mL) and HO (0.4 mL) under an argon atmosphere. The
mixture was brought to 90C and stirred for 60 min. The additions

analysis on a chiral stationary phase indicated the presence obf indolylboronic acidb (1/5 of the crude prepared above) in MeOH

38% of the epimer. Using 2.1 equiv of (GBIOONa) as base
the coupling yield dropped to 20% buit3 was produced
optically pure. This biaryl alcohol was transformed via tosylate
14, azidel5, and amind 6 into the protected amino derivative
17, which may be considered to be a model of actinoidinic acid,
a component of the vancomycin family of antibiotics. No

(0.2 mL) and Pd(PRJy (5 mg, 0.005 mmol) in toluene (0.3 mL)
were repeated a further three times at 60 min intervals. The mixture
was then stirred for a further 5 h. The solvents were evaporated,
and the crude product was purified by column chromatography
[silica gel, AcOEt in hexanes (015%)], giving the product as a
yellow oil (41 mg, 52%): IR (film NaCl) 3405, 1701, 1607, 1499,
1368, 1250, 1163 cni; 'H NMR (200 MHz, d-acetone)) 1.42

racemization was observed in these subsequent synthetic Operdmy; s), 3.68 (3H, s), 3.80 (3H, s), 5.29 (1H, 18.0), 6.51 (1H

tions.

m), 6.75 (1H, d,J 6.8), 7.06 (1H, d,) 8.4), 7.28—7.47 (5H, m),

This study shows that reaction conditions that are considered7.72 (1H, s), 10.27 (1H, s}3C NMR (50 MHz, d-acetone) 28.5

to be typical for Suzuki couplings can give rise to significant
loss of optical purity with sensitive substrates suchLaghis

(CHg), 52.5 (CHy), 55.9 (CH), 58.3 (CH), 79.4 (C), 102.5 (CH),
111.3 (CH), 112.3 (CH), 121.9 (CH), 124.1 (CH), 125.7 (C), 125.8

can be completely suppressed using sodium succinate as baséCH), 127.8 (CH), 128.8 (C), 129.8 (C), 130.0 (C), 130.8 (CH),

although yields are somewhat lower. The sensitivity of probe
moleculel to racemization makes it an excellent test case for
screening reaction conditions in Suzuki couplings of other
racemization-sensitive substrates.

Experimental Section

Methyl (R)-N-Boc-3-(4-methoxyphenyl)-4-methoxyphenyl-
glycinate (4).Solutions of Pd(PPJy (7 mg, 0.006 mmol) in toluene
(0.8 mL) and of 4-methoxyphenylboronic acid (32 mg, 0.21 mmol)
in MeOH (0.35 mL) were added to a solution of sodium succinate
(91 mg, 0.57 mmol) and methyR{}-N-Boc-3-bromo-4-methoxy-
phenylglycinate (100 mg, 0.27 mmol) in toluene (0.8 mL) an®H

133.1 (C), 136.3 (C), 157.4 (C), 172.5 (C); M&z 449 [(M +
K)*, 68%], 433 [(M+ Na)*, 100%]; HRMS calcd for gH,sN2Os
(M**), 410.1842: found, 410.1845¢]p —92.3 (CHCI, c 1.1).
Methyl (R)-N-Boc-3-(2,4'-dimethoxy-6 -hydroxymethylphen-
yl)-4-methoxyphenylglycinate (13)A solution of"BuLi in hexanes
(4.2 mmol) was added to a stirred solution of 3,5-dimethoxy-2-
bromobenzyl alcohol (494 mg, 20 mmol) in anhydrous THF (4 mL)
under an argon atmosphere-af8 °C. The mixture was allowed
to warm to rt over 15 min. After re-cooling t6 78 °C, B(OMe)
(0.45 mL, 4.0 mmol) was added and the mixture was allowed to
warm to rt and stirred for 2 h. # (4 mL) was added, and the
phases were separated. The aqueous phase was extracted with
AcOEt (10 mL), acidified to pH 1 with 10% HCI, and re-extracted

(0.7 mL) under an argon atmosphere. The resulting mixture was With ACOEt (3 x 10 mL). The combined organic extracts were

stirred at 9C°C for 1 h. The additions of 4-methoxyphenylboronic
acid (17 mg, 0.11 mmol) in MeOH (0.35 mL) and Pd(RR'{4

mg, 0.003 mmol) in toluene (0.4 mL) were repeated a further three

times at 60 min intervals. The mixture was then stirred for a further

dried over anhydrous MgSQOFiltration and solvent removal gave
the crude boronic acif as a pale yellow semisolid.

Solutions of Pd(PPJ (40 mg, 0.035 mmol) in toluene (1 mL)
and of the crude arylboronic ac®l(1/3 of the product prepared

5 h. After cooling, the solvents were evaporated and the crude above) in MeOH (0.9 mL) were added to a stirred mixture of

product was purified by column chromatography [silica gel, ACOEt
in hexanes (613%)], furnishing4 as a white semisolid (56 mg,
52%): mp 129—132C; IR (film NaCl) 3377, 2956, 2933, 2838,
1746, 1715, 1519, 1495, 1248, 1167, 1049, 1030%¢cAH NMR
(400 MHz, CDC}) 6 1.44 (9H, s), 3.72 (3H, s), 3.80 (3H, s), 3.84
(3H, s), 5.29 (1H, dJ 7.2), 5.51 (1H, dJ 6.0), 6.92—6.96 (3H,
m), 7.27—7.39 (2H, m), 7.42—7.46 (2H, mfC NMR (100 MHz,
CDCl;) 6 28.3 (CHy), 52.6 (CH), 55.3 (CH), 55.6 (CH), 57.0
(CH), 80.1 (C), 111.4 (CH), 113.5 (CH), 127.0 (CH), 129.0 (C),
129.3 (CH), 130.2 (C), 130.6 (CH), 130.8 (C), 154.8 (C), 156.5
(C), 158.8 (C), 171.9 (C); MSn/z 440 [(M+K)™*, 97%], 424
[(M+Na)*, 100%]; HRMS calcd for gH,7NOs (M**), 401.1838:
found, 401.1856; [a —95.9 (CHC}, ¢ 1.30).

sodium succinate (254 mg, 1.57 mmol) and mettR)-N-Boc-3-
bromo-4-methoxyphenylglycinate (184 mg, 0.5 mmol) in toluene
(2 mL) and HO (1 mL) under an argon atmosphere. The mixture
was heated to 98C and stirred for 4 h. The additions of arylboronic
acid 9 (1/3 of the crude prepared above) in MeOH (0.8 mL) and
Pd(PPh)4 (40 mg, 0.035 mmol) in toluene (1 mL) were repeated
twice more at 4-h intervals. The mixture was then stirred for a
further 16 h at 90C. The solvents were evaporated, and the crude
product was purified by column chromatography [silica gel, ACOEt
in hexanes (2655%)], furnishing the product as a yellow oil (45
mg, 20%): IR (film NaCl) 3384, 2927, 2856, 1717, 1605, 1507,
1488, 1466, 1264, 1200, 1160, 1059, 1034 &nH NMR (400
MHz, CDCkL) 6 1.43 (18H, s), 3.67 (3H, s), 3.68 (3H, s), 3.71
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(3H, s), 3.72 (3H, s), 3.73 (6H, s), 3.86 (6H, s), 41931 (4H,
m), 5.27 (2H, dJ 6.8), 5.50 (2H, sa), 6.496.50 (2H, m), 6.71
(1H, d,J 2.0), 6.72 (1H, dJ 2.0), 6.95 (1H, dJ 8.8), 6.96 (1H, d,
J8.4)7.10 (1H, d,) 2.4), 7.13 (1H, dJ 1.6), 7.30—7.35 (2H, m);
13C NMR (75 MHz, CDC}) 6 28.2 (CH), 52.5 (CH), 55.3 (CH),
55.7 (CHy), 55.8 (CH), 63.5 (CH), 80.0 (C), 98.3 (CH), 104.0
(CH), 111.4 (CH), 125.5 (C), 127.5 (CH), 128.7 (C), 131.2 (CH),
141.5 (C), 154.8 (C), 157.2 (C), 158.0 (C), 160.3 (C), 171.8 (C);
MS m/z500 [(M + K)*, 38%], 484 [(M+ Na)t, 100%]; HRMS
calcd for G4H3:NOg (M**), 461.2050: found: 461.2065p]p
—64.5 (CHC}, ¢ 1.00).
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