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4-Phenylphenylalanine is present as a structural element
in certain biologically active compounds; for example, the
potent, long-acting angiotensin II antagonist.! A biphenyl
residue is also present in the cyclic tripeptide antibiotic
WS-43708A.2 To our knowledge, the only chiral synthesis
of 4-arylphenylalanines is that reported by Yabe® via en-
zymatic resolution. Tilley* has shown that (carboalkoxy-
alkyl)phenylalanines are obtained in high optical yield
from the palladium(0)-catalyzed cross-coupling of tyrosine
triflate and organostannanes. Huth® and Snieckus® have
reported that achiral diaryl compounds were synthesized
by palladium-catalyzed reaction of aromatic triflates with
arylboronic acids. Since the cross-coupling reaction of a
CHIRAL aryltriflate with a boronic acid has not yet been
reported, we decided to investigate these reactions for the
synthesis of chiral 4-arylphenylalanines.

Our process begins with N-Boc-(S)-tyrosine triflate 1
(Scheme I), which was readily available in excellent yield
from N-a-Boc-(S)-tyrosine methyl ester and trifluoro-
methanesulfonic anhydride. The palladium-catalyzed,
cross-coupling reaction of tyrosine triflate 1 with phe-
nylboronic acid 2a was first investigated using tetrakis-
(triphenylphosphine)palladium(0) (3 mol %) and anhyd-
rous potassium carbonate in DMF at 90 °C for 16 h, con-
ditions described by Suzuki.” Although the isolated yield
of 3a was high (90%), we found (HPLC) that there was
17% of the undesired R isomer in 4a, indicating some
racemization occurred during reaction. However, we did
not observe any racemization under a homogeneous con-
dition (triethylamine, DMF, 90 °C) even though this re-
action took 2 days for completion. It is clear that both the
rate and degree of racemization depend on the conditions
used. After considerable experimentation,® we found that
the cross-coupling reaction works extremely well under
heterogeneous conditions: 3 mol % of tetrakis(tri-
phenylphosphine)palladium(0) and anhydrous potassium
carbonate (2 equiv) in toluene at 90 °C for 2 h. Under
these conditions, the isolated yield of 3a was high (94%),
and the optical purity was determined to be >99% (HP-
LC).
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Figure 1. Preparation of (S)-4-arylphenylalanine methyl ester
hydrochloride salts.

For the preparation of 3b and 3d, the cross-coupling
reactions of 1 with 2b and 2d were fast (3 h) in the presence
of 3 mol % of palladium(0) at 90 °C (Figure 1). Under
the same conditions, reaction of 1 with either 2¢ or 2e was
slow (incomplete after 48 h). However, when we increased
the catalyst loading to 30 mol %, both reactions were
complete in 3 h.

In order to examine the optical purity of the amino
esters obtained by this methodology, 3a was deprotected
with anhydrous hydrogen chloride to afford 4a, which was
analyzed by HPLC using a modified Kinoshita method®
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(see Experimental Section). We employed a buffered so-
lution of aqueous ammonium formate (0.025M, pH = 4)
and methanol as the mobile phase. Under these condi-
tions, complete resolution of the diastereomers was ob-
tained and no racemization was detected.

In conclusion, a variety of chiral 4-arylphenylalanines
have been efficiently prepared by palladium-catalyzed
cross-coupling reactions. Advantages of this methodology
include high optical and chemical yields, ease of operation,
commercially available arylboronic acids, easily prepared
tyrosine triflate, and a short synthetic sequence. In ad-
dition, the minimal environmental impact of this sequence
makes this process useful for both industrial and research
operations.

Experimental Section

Melting points were obtained on an Electrothermal melting
point apparatus and are uncorrected. Proton magnetic resonance
gpectra (\H NMR) were recorded at 270 MHz on a Bruker AF
series FT-NMR spectrometer. Microanalyses were performed
by Robertson Laboratory, Inc. of Madison, New Jersey. Chemical
ionization mass spectra (CIMS) were measured on a Hewlett-
Packard GC-MS 5985B using methane as reactant gas. Column
chromatography was performed on silica gel (EM Science, silica
gel 60, 230-400 mesh ASTM No. 9385-3). High-performance liquid
chromatography (HPLC) was performed on a Waters system
equipped with a 300 X 3.9 mm C-18 column. Optical rotations
were recorded at 20 °C with a Perkin-Elmer 241 polarimeter.
Concentration refers to removal of solvent under reduced pressure
using a Buchi rotary evaporator.

N-a-Boc-(S)-tyrosine methyl ester was purchased from
Schweizerhall Chemicals. Trifluoromethanesulfonic anhydride,
phenylboronic acid, and tetrakis(triphenylphosphine)palladium(0)
were purchased from Aldrich Chemical Co. 4-Methylbenzene-
boronic acid, 4-chlorobenzeneboronic acid, and 1-naphthalene-
boronic acid were purchased from Lancaster Synthesis. 2-
Furanboronic acid was prepared according to literature proce-
dure.l® All chemicals and solvents were used as purchased without
purification.

(S)-a-[[(1,1-Dimethylethoxy)carbonyl]amino]-4-[[(tri-
fluoromethyl)sulfonyl]oxy]Jbenzenepropanoic Acid Methyl
Ester (1). A solution of N-a-t-Boc-(S)-tyrosine methyl ester (5.9
g, 20 mmol) and pyridine (8 mL, 100 mmol) in methylene chloride
(30 mL) was cooled to 0-5 °C. Trifluoromethanesulfonic anhy-
dride (4 mL, 23 mmol) was added at 0-5 °C, and the resulting
mixture was held for another 30 min. The reaction mixture was
diluted with water (60 mL) and methylene chloride (100 mL) and
washed sequentially with 0.5 N sodium hydroxide solution (1 X
50 mL), water (1 X 60 mL), 10% citric acid solution (2 X 75 mL),
and water (1 X 60 mL). The organic phase was dried over MgSO,
and concentrated to an oil. The oil was purified by column
chromatography (silica gel, hexane/ethyl acetate (2/1)) to give
7.75 g (91%) of colorless 1 which crystallized on standing: mp
47-48 °C; [a]®p +33.6° (¢ = 1, CHCl,); *H NMR (CDCl,) 8 7.2
(s, 4 H, ArH), 5.05 (d, J = 7.1 Hz, 1 H, NH), 4.6 (m, 1 H, «-CH),
3.7 (s, 3H, OCH,), 8.17 (m, 1 H, CHH), 3.03 (m, 1 H, CHH), 1.4
(s,9 H, C(CH;);). Anal. Caled for CigHyF3NO;S: C, 44.97; H,
4724 N, 3.28; F, 13.34; 8, 7.50. Found: C, 45.22; H, 4.82; N, 3.15;
F, 18.60; S, 7.21.

General Procedure for the Preparation of N-a-Boc-
(S)-4-arylphenylalanine Methyl Esters 3, Nitrogen was passed
through a suspension of 1 (1.75 mmol), arylboronic acid (3.5 mmol),
anhydrous potassium carbonate (2.63 mmol), and toluene (17 mL)
for 15 min. Tetrakis(triphenylphosphine)palladium(0) was added,
and the mixture was heated at 85-90 °C for 2 h. The reaction
mixture was cooled to 25 °C, diluted with ethyl acetate (17 mL),
and washed sequentially with saturated sodium bicarbonate (1
X 20 mL), water (1 X 20 mL), 10% citric acid (1 X 20 mL), water
(1 X 20 mL), and saturated sodium chloride solution (1 X 20 mL).
The organic phase was concentrated, and the residue was purified

(9) Kinoshita, T.; Nimura, N.; Ogura, H. J. Chromatogr. 1980, 202,
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by column chromatography (silica gel, hexane/ethyl acetate (2/1)).
The compounds obtained by this method are listed below.

(S)-Methyl a-[[(1,1-dimethylethoxy)carbonyl]lamino]-
(1,1’-biphenyl)-4-propanoate (3a): mp 83-85 °C; [«]®*p +54.81°
(c = 1, CHCI,); 'H NMR (CDCl;) 6 7.15-7.65 (m, 9 H, ArH), 5.04
(d, J = 8.3 Hz, 1 H, NH), 4.65 (m, 1 H, «-CH), 3.75 (s, 3 H, OCHy),
3.02 (m, 2 H, CH,), 1.4 (s, 9 H, C(CHjy)3); CIMS m/z (relative
intensity) 356 (M* + 1) (18), 300 (M* + 1 - C(CH,);) (69), 256
(M* + 1 - CO,C(CHjy);) (100). Anal. Caled for Co;HysNO,: C,
70.96; H, 7.09; N, 3.94. Found: C, 70.59; H, 6.90; N, 3.91.

(8)-Methyl a-[[(1,1-dimethylethoxy)carbonyl]amino]-4"-
methyl(1,1’-biphenyl)-4-propanoate (3b): mp 77-79 °C; [2)®;
+52.24° (¢ = 1, CHCl,); 'H NMR (CDCly) 6 7.50 (t, J = 8.2 Hz,
4 H, ArH), 7.2 (dd, J = 8.0, 8.2 Hz, 4 H, ArH), 5.02 (d, J = 8.0
Hz, 1 H, NH), 4.63 (m, 1 H, «-CH), 3.75 (s, 3 H, OCHj), 3.13 (m,
2 H, CH,), 2.4 (s, 3 H, ArCHj), 1.4 (s, 9 H, C(CHy);); CIMS m/2
(relative intensity) 370 (M* + 1) (7), 314 (M* + 1 - C(CHjy),) (62},
270 (M+ +1- COQC(CH3)3) (100). Ana.l. Ca.lcd for 022H27N04:
C, 71.52; H, 7.37; N, 3.79. Found: C, 71.70; H, 7.36; N, 3.59.

(S)-Methyl a-[[(1,1-dimethylethoxy)carbonyl]amino]-
(1,V-biphenyl)-4-propanoate (3c): mp 94-96 °C; [a]*p +52.74°
(c = 1, CHCl,); 'H NMR (CDCl,) 6 7.32-7.57 (m, 6 H, ArH), 7.2
(d,J =7.8Hz, 2 H, ArH), 5.0 (d, J = 7.7 Hz, 1 H, NH), 4.62 (m,
1 H, «-CH), 3.75 (s, 3 H, OCH;), 3.1 (m, 2 H, CH,), 1.4 (s, 9 H,
C(CH;)y); CIMS m/z (relative intensity) 390 (M* + 1) (13), 334
(M* + 1 - C(CHy),) (74), 290 (M* + 1 - CO,C(CHy)s) (100). Anal.
Caled for Co;H,, CINO,: C, 64.69; H, 6.20; N, 3.59; Cl, 9.09. Found:
C, 64.37; H, 6.19; N, 3.43; Cl, 9.28.

(§)-N-[(1,1-Dimethylethoxy)carbonyl]-4-(1-
naphthalenyl)phenylalanine methyl ester (3d): mp 100-102
°C; [a]® +48.16° (¢ = 1, CHCly); *H NMR (CDCl,) 6 7.85-7.95
(m, 3 H, NapH), 7.22-7.55 (m, 8 H, ArH + NapH), 5.1 (d, J =
8.2 Hz, NH), 4.7 (m, 1 H, «-CH), 8.77 (s, 3 H, OCHj), 3.2 (m, 2
H, CH.,), 1.41 (s, 9 H, C(CHs)3); CIMS m/z (relative intensity)
406 (M* + 1) (9), 350 (M* + 1 — C(CH,)3) (54), 306 (M* + 1 -
CO,C(CHy)3) (100). Anal. Calcd for CosHyyNO,: C, 74.05; H, 6.71;
N, 3.45. Found: C, 74.02; H, 6.60; N, 3.28.

(S)-N-[(1,1-Dimethylethoxy)carbonyl]-4-(2-furanyl)-
phenylalanine methyl ester (3e): mp 72-74 °C; [a]®p +59.80°
(c = 1, CHCl,); 'H NMR (CDCl;) 4 7.6 (d, J = 8.3 Hz, 2 H, Ar;H),
7.46 (d, J = 1.6 Hz, 1 H, Fur;H), 7.25 (d, J = 8.2 Hz, 2 H, Ar,H),
6.62 (d, J = 3.4 Hz, 1 H, Fur;H), 6.45 (dd,J = 3.3,1.8 Hz, 1 H,
Fur,H), 5.3 (d, J = 7.9 Hz, 1 H, NH), 4.6 (m, 1 H, «-CH), 3.72
(s, 3 H, OCH,), 3.1 (m, 2 H, CH,), 1.4 (s, 9 H, C(CH,),); CIMS
m/z (relative intensity) 346 (M* + 1) (28), 290 (M* + 1- C(CH,),)
(67), 246 (M* + 1 - CO,C(CHy),) (100). Anal. Caled for
C;sHxNO;: C, 66.07; H, 6.71; N, 4.06. Found: C, 65.69; H, 6.53;
N, 3.90.

General Procedure for the Preparation of (S)-4-Aryl-
phenylalanine Methyl Ester Hydrochloride Salts (4). To
a solution of 3 (1.25 mmol) in ethyl acetate (2 mL) was added
a saturated solution of anhydrous hydrogen chloride in ethyl
acetate (4.5 mL). The solution was stirred at room temperature
for 3 h. The reaction mixture was concentrated to obtain a white
solid. The compounds obtained by this method are listed below.

(S)-Methyl a-amino(1,1’-biphenyl)-4-propanoate hydro-
chloride salt (4a); mp 205-207 °C; [«]® +11.8° (¢ = 1, CH;0H);
'H NMR (CDCl,) é 8.8 (s, 3 H, NH,), 7.3-7.7 (m, 9 H, ArH), 4.3
(t,J = 6.6 Hz, a-CH), 3.7 (s, 3 H, OCH,), 3.2 (m, 2 H, CH,); CIMS
m/z (relative intensity) 256 (M* + 1 - HCI) (100). Anal. Calcd
for C,cH,;sCINO,: C, 65.86; H, 6.22; N, 4.80; Cl, 12.15. Found:
C, 65.51; H, 6.29; N, 4.73; Cl, 12.47.

(S)-Methyl a-amino-4’-methyl(1,1’-biphenyl)-4-propanoate
hydrochloride salt (4b): mp 207 °C dec; [«]®p +11.83° (¢ =
1, CH,OH); 'H NMR (CDCl;) 6 8.72 (s, 3 H, NHy), 7.67 (dd, J
= 1.6, 7.8 Hz, 4 H, ArH), 7.28 (dd, J = 7.9, 7.8 Hz, 4 H, ArH),
4.28 (t, J = 6.2 Hz, 1 H, «-CH), 3.67 (s, 3 H, OCH,), 3.17 (t, J
= 6.3 Hz, 2 H, CH,), 2.31 (s, 3 H, ArCHj;); CIMS m/z (relative
intensity) 270 (M* + 1~ HCI) (100). Anal. Calcd for C,;HyCINO,:
C, 66.77; H, 6.59; N, 4.58; Cl, 11.59. Found: C, 66.65; H, 6.53;
N, 4.50; Cl, 11.71.

(8)-Methyl a-amino-4’-chloro(1,1’-biphenyl)-4-propanoate
hydrochloride salt (4c): mp 206-208 °C; [a]?'p +12.80° (¢ =
1, CH;0H); *H NMR (CDCl;) 4 8.73 (s, 3 H, NH,), 7.67 (dd, J
= 8.6, 8.2 Hz, 4 H, ArH), 7.52 (d, J = 8.3 Hz, 2 H, ArH), 7.35 (d,
J = 8.2 Hz, 2 H, ArH), 4.3 (t, J = 6.1 Hz, 1 H, a-CH), 3.70 (s,
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3 H, OCH,), 3.2 (m, 2 H, CH,); CIMS m/z (relative intensity)
290 (M+ +1- HCl) (100). Anal. Calcd for CmH”ClzNOZ: C,
58.91; H, 5.25; N, 4.29; Cl, 21.73. Found: C, 58.79; H, 5.25; N,
4.04; Cl, 22.05.

(S)-4-(1-Naphthalenyl)phenylalanine methyl ester hy-
drochloride salt (4d): mp 176-177 °C; [a]®p +9.41° (¢ =1,
CH,0H); 'H NMR (CDC};) 5 8.77 (s, 3 H, NH;), 8.0 (dd, J = 8.1,
8.2 Hz, 2 H, NapH), 7.8 (d, J = 8.0 Hz, 1 H, NapH), 7.35-7.6 (m,
8 H, ArH + NapH), 4.35 (t, J = 6.2 Hz, 1 H, «-CH), 3.72 (s, 3
H, OCHjy), 3.26 (m, 2 H, CH,); CIMS m/z (relative intensity) 306
(M* + 1 - HC]) (100). Anal. Caled for CyoH,CINO,: C, 70.27;
H, 5.90; N, 4.10; Cl, 10.37. Found: C, 70.27; H, 5.90; N, 4.10; C],
10.56.

(S)-4-(2-Furanyl)phenylalanine methyl ester hydro-
chloride salt (4e): mp 207-208 °C; [a]*p +16.36° (c = 1,
CH,OH); 'H NMR (CDCl,) 4 8.67 (s, 3 H, NH;), 7.75 (d, J = 1.6
Hz, 1 H, Fur;H), 7.67 (d, J = 8.1 Hz, 2 H, Ar;H), 7.27 (d, J = 8.1
Hz, 2 H, Ar,H), 6.95 (d, J = 3.2 Hz, 1 H, Fur;H), 6.57 (dd, J =
3.1,1.8 Hz, 1 H, Fur,H), 4.3 (t,J = 6.4 Hz, 1 H, «-CH), 3.68 (s,
3 H, OCHy), 3.15 (m, 2 H, CH,); CIMS m/z (relative intensity)
246 (M* + 1 - HC]) (100). Anal. Caled for C,,H;CINO,: C, 59.68;
H, 5.72; N, 4.97; Cl, 12.58. Found: C, 59.47; H, 5.60; N, 4.86; Cl,
12.37.

Typical Procedure for the Determination of the Enan-
tiomeric Purity of Amino Ester. The amino ester 4a was
derivatized with 2,3,4,6-tetra-O-acetyl-8-p-glucopyranosyl iso-
thiocyanate (GITC) by the procedures reported by Kinoshita®
to form thio urea diastereomers. A 5-uL aliquot was injected
directly into the Waters HPLC system equipped with a C-18
column (Waters uBondapak, 300 X 3.9 mm). The sample was
eluted with an isocratic solution of aqueous ammonium formate
(0.025M, pH = 4) and methanol, 40/60 (v/v), at a constant flow
rate of 1.2 mL/min at room temperature and was monitored at
254 nm. A typical retention time for an (S)-4a derivative is 33
min and for an (R)-4a derivative is 40 min. The limit of detection
of each diastereomer monitored at 254 nm is less than 1% by
weight.
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Tertiary alcohols are generally inert toward oxidation
by Cr(VI) reagents.! Some exceptions, however, have been
reported such as strained cyclopropanols? and bicyclic
[2.2.1] tertiary alcohols® which react with chromic acid to

(1) Cainelli, G.; Cardillo, G. Chromium Ozxidations in Organic Chem-
istry; Springer-Verlag: New York, 1984, p 131.

(2) (a) Rocek, J.; Martinez, A. M.; Cushmac, G. E. J. Am. Chem. Soc.
1973, 95, 5425. (b) Hasan, F.; Rocek, J. J. Am. Chem. Soc. 1974, 96, 534.
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yield ketones resulting from C-C bond cleavage. When
an alkene double bond is suitably disposed near the ter-
tiary OH site, Schlecht has observed synthetically useful
intramolecular C=C oxidations initiated by pyridinium
chlorochromate (PCC), for example 1 — 2.* Furthermore,

OH
PCC
— (egqn. 1)
( j CHaClp :A i:
HOAc 0o
1 2

tertiary allylic alcohols react with PCC to give conjugated
ketones through allylic rearrangements.® Since the
mechanisms of some of these reactions remain in doubt
and since the synthetic potential of tertiary alcohol oxi-
dations has not been fully exploited, we became interested
in investigating further examples of PCC oxidation of
tertiary unsaturated alcohols.

Results and Discussion

One such compound is 3-phenyltricyclo[5.2.1.02¢}dec-
8-en-endo-3-ol (6) prepared from the known ketone 3°
according to Scheme I. Thus, NaBH, reduction of 3
yielded the alcohol 4 in which the conjugated double bond
of 3 was also saturated.” PCC oxidation of 4 followed by
PhMgBr treatment gave 6, where the endo orientation of
the OH group is assured since the nucleophilic Grignard
reagent must attack from the least hindered exo face of
the tricyclic ketone 5.8 Within the carbon framework of
6, the tertiary OH is positioned in a conformationally fixed
orientation with respect to the alkene group (in contrast
to 1). As a consequence, we might expect PCC oxidation
of 6 to proceed smoothly to a 8 keto ether in the manner
of the 1 to 2 conversion.? Indeed, oxidation of tertiary
unsaturated alcohol 6 gave crystalline 7, C,gH;405, in 70%
yield. This compound was fully characterized, and spectral
data are listed in the Experimental Section.

The mechanism of this reaction very likely parallels the
concept elegantly demonstrated by Schlecht for PCC ox-
idation of substrates such as 1. Here, the chromate ester
of the OH group rapidly forms and participates in a
transannular, intramolecular alkene oxidation.? Since the
strained double bond of 6 might be more reactive toward
PCC than the same group in 1, we have considered the
possibility of an intermolecular attack of PCC on the 8-ene

(3) Cawley, J. J.; Spaziano, V. T. Tetrahedron Lett, 1973, 4719.

(4) Schlecht, M. F.; Kim, H.-j. J. Org. Chem. 1989, 54, 583 and refer-
ences cited therein.

(5) Cainelli, G.; Cardillo, G. Reference 1, pp 175-178.

(6) Takano, S.; Inomata, K.; Ogasawara, K. J. Chem. Soc., Chem.
Commun. 1989, 271.

(7) Brown, H. C.; Hess, H. M. J. Org. Chem. 1969, 34, 2206.

(8) Wilson, K. E.; Seidner, R. T.; Masamune, S. JJ. Chem. Soc., Chem.
Commun. 1970, 213.
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