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Abstract: Complexation of 3-iodo-L-tyrosine with 9-borabicy-
clo[3.3.1]nonane (9-BBN) provides a convenient substrate
for a palladium-catalyzed coupling reaction. The complex is
stable to silica gel chromatography (hexanes/ethyl acetate),
dilute triethylamine in THF, and potassium fluoride in
DMF. The desired product, 3-ethynyl-L-tyrosine, was re-
leased from the complex by simply diluting its solution in
methanol with chloroform. Interestingly, the complex re-
mains stable in solutions of either methanol or chloroform
individually.

As part of our laboratory’s continuing interest in
iodotyrosine deiodinase,1 3-ethynyl-L-tyrosine (2) was
designed as a probe for its mechanism as well as a
potential covalent label for its active site.2 The Sono-
gashira reaction,3,4 a palladium-catalyzed cross-coupling,
was expected to provide a rapid and high-yielding
synthesis of this unnatural amino acid. The mild condi-
tions associated with the Sonogashira reaction were
particularly attractive when compared to possible alter-
natives such as the Castro-Stephens coupling5,6 that
requires refluxing pyridine, or the classical synthesis of
alkynes by dehydrohalogenation of vicinal or geminal
dihalides that requires strong base. The harsh conditions
of these latter procedures would likely lead to decomposi-
tion of the reactive ethynylphenol moiety.

Although a simple coupling might be envisioned for
synthesis of 2 with ethynyltrimethylsilane and com-
mercial 3-iodo-L-tyrosine (1) (see Scheme 1), the differing
polarity of these reagents and lability of 2 necessitated
use of an organic-soluble complex of the amino acid
derived from 9-borabicyclo[3.3.1]nonane (9-BBN). Such
complexes may offer a general and expedient method for
solubilizing amino acids in organic solvents7 and protect-
ing the R-amino acid moiety from undesired reactions.
The complex of 3-iodo-L-tyrosine in particular should

provide a convenient entry into novel tyrosine analogues
that serve as the structural core of various pharmaceu-
ticals, neurotransmitters, and other biologically active
molecules. Attempts at a one-step conversion of com-
mercial 3-iodo-L-tyrosine (1) to an alkynyl derivative (2)
failed when using suspensions of iodotyrosine in the
solvents typically used for Sonogashira coupling, such as
1,4-dioxane, triethylamine, or a mixture of the two. No
reaction occurred at ambient temperature, and at el-
evated temperatures, these mixtures underwent exten-
sive decomposition. Protecting group strategies such as
those used to generate ethynyltyrosine terpyridine ligands8

were consequently unavoidable. Still, minimal protection
was pursued to limit possible decomposition of the
desired product during final deprotection.

The amino acid 1 was initially converted to its methyl
ester, but cross-coupling of this derivative was also
unsuccessful in the presence of Cl2(Ph3P)2Pd and CuI in
triethylamine. Alternative protection of the R-amino
group as the N-tert-butyl carbamate (BOC) similarly
did not support the cross-coupling under equivalent
conditions. In contrast, the fully protected N-BOC-3-
iodo-L-tyrosine methyl ester efficiently cross-coupled
with ethynyltrimethylsilane in yields of 96%. The result-
ing product was easily desilylated with KF in DMF
to yield the terminal alkyne and hydrolysis of the meth-
yl ester was conveniently promoted by R-chymotryp-
sin. In contrast, removal of the BOC protecting group
proved to be troublesome since strongly acidic conditions
(neat TFA, 10% TFA in CH2Cl2, or 1 M HCl in EtOAc)
and even dilute aqueous acid (0.1 M HCl) resulted in
hydration of 3 to form the acetyl derivative 4 (see
Scheme 2).

Other methods of protection, including those based on
chelation, were then sought to protect both the amino
and carboxylic acid groups simultaneously under mild
conditions. Boron-amino acid complexes are generally
formed under mild conditions and at ambient tempera-
ture.7,9-12 The resulting products, boroxazolidones, are
stable to both water and atmospheric oxygen, and yet
are readily hydrolyzed in the presence of either aqueous
acid or base depending on the nature of the substituents
on boron.11,12 Addition of excess ethylenediamine also
releases the amino acid from its boroxazolidone complex,7
but we found the mildest condition for decomplexation
to be dilution of its solution in methanol with CHCl3 (vide
infra).

At first, the B,B-diphenyl boroxazolidone of 3-iodo-L-
tyrosine was considered since this derivative was ex-
pected to be more stable than a corresponding alkyl
derivative13 and a number of such complexes of amino
acids had already been described in the litera-
ture.11,12,14-18 For synthetic ease, the air-stable reagent
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NaBPh4 was selected over Ph3B to generate the bor-
oxazolidone. Although the desired product was ob-
tained in high yield (94%), an 18 h reflux in aq HCl was
required (Supporting Information). An alternative boron
reagent was consequently sought that would complex the
amino acid under more gentle conditions. Only a few
bicyclononyl derivatives were known9,11,18 but were nev-
ertheless intriguing due to their convenient handling
and the commercial availability of 9-BBN as a solid or
solution in THF. Concurrent to the investigation de-
scribed here, others were also exploring protection of
amino acids with 9-BBN.2,7 Use of 9-BBN in THF readily
converted 1 to its boroxazolidone derivative 5 at am-
bient temperature in a quantitative yield (Scheme 3).
Simple removal of solvent provided suitable material
for immediate use in the Sonogashira cross-coupling
reaction.

Excellent yields (99%) of the alkyne product 6 were
obtained from the boroxazolidone 5 after cross-coupling
with ethynyltrimethylsilane, Cl2(Ph3P)2Pd, CuI, and
1.1-2.2 equiv of Et3N in THF. The product complex 6
was stable to chromatography on silica gel (hexanes:
EtOAc 50:50), and chelation was unperturbed by desily-
lation of the alkyne using KF in DMF to form 7 (78%). A
proton source is apparently necessary for successful
desilylation, as no loss of TMS was observed after 6 was
treated with KF in anhydrous DMF.

The product complex 7 was significantly more soluble
than the corresponding complex of tyrosine in chlorinated
solvents,7 and this difference in solubility may have
contributed to the extremely mild conditions used for
release of the desired amino acid, 3-ethynyl-L-tyrosine
(8). Previously, decomplexation of amino acids from their
bicyclononyl derivatives required either treatment with
strong acid (HCl) or greater than 4 equiv of ethylenedi-
amine.7 Either condition had the potential to decompose

our labile product. Deprotection in this case was found
to require merely diluting its solution in methanol with
CHCl3 (50-fold excess) and collecting the solid product 8
by filtration. In contrast, 7 is stable in methanol and
CHCl3 solutions individually. Decomplexation does not
appear to be effected by the presence of trace quantities
of HCl in the CHCl3, since decomplexation still proceeds
in CHCl3 that has been freshly washed with saturated
aqueous NaHCO3. Perhaps reversible decomplexation of
7 and precipitation of the free amino acid 8 drive the
overall deprotection process. A final purification with
anion-exchange chromatography yielded the desired
3-ethynyl-L-tyrosine (8) (62%). None of the synthetic
procedures for preparation of 8 caused any detectable
racemization of the R-carbon as detected by the complete
consumption of 8 by L-amino acid oxidase (>99.7%,
Supporting Information).

Structural transformations of water-soluble compounds
continue to challenge organic chemists due in part to the
lack of compatible reagents and the high density of
functional groups typically present. While numerous
protecting groups are available to address these prob-
lems, conditions necessary for protection and deprotection
can often add new limitations to synthetic approaches.
Construction of 3-ethynyl-L-tyrosine (8) illustrates the
advantage of 9-BBN as a selective protecting group
during cross-coupling of aromatic amino acids. On the
basis of the generality of forming boroxalidone com-
plexes,7 the synthesis of many other unnatural aromatic
amino acids may be envisioned simply by selecting the
appropriate amino acid precursor, coupling partner, and
cross-coupling protocol.
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Experimental Section

N-tert-Butyloxycarbonyl-3-trimethylsilylethynyl-L-ty-
rosine Methyl Ester. N-tert-Butyloxycarbonyl-3-iodo-L-tyrosine
methyl ester (1.0 g, 2.4 mmol), Cl2(Ph3P)2Pd (170 mg, 0.24
mmol), and CuI (20 mg, 0.11 mmol) were added to an oven-dried
flask containing a magnetic stir bar and fitted with a rubber
septum and nitrogen inlet. The solids were dried under high
vacuum for 30 min with constant stirring under ambient
temperature. Freshly distilled anhyd Et3N (50 mL) was added
via an oven-dried nitrogen-flushed syringe and the resulting
yellow solution was stirred for 5 min. Ethynyltrimethylsilane
(490 mg, 5.0 mmol, 710 µL) was added via an oven-dried
nitrogen-flushed syringe causing an immediate precipitation of
a fine white solid from a pale green solution. Within 10 min,
the reaction mixture became a thick slurry and was vigorously
stirred for 4 h at ambient temperature. The mixture was fil-
tered and the solids were washed with ether. The filtrate and
ether wash were combined and evaporated under reduced
pressure. The resulting residue was purified by silica gel
chromatography (hexanes:ethyl acetate, 70:30 v/v) to yield
N-tert-butyloxycarbonyl-3-trimethylsilylethynyl-L-tyrosine meth-
yl ester (310 mg, 96%) as a yellow oil. IR (thin film) 3500, 3400,
2150, 1750, 1700, 1250 cm-1; 1H NMR (400 MHz, CD3OD) δ 0.25
(s, 9H), 1.37 (s, 9H), 2.74 (dd, J ) 14.0, 8.8 Hz, 1H), 2.95 (dd, J
) 14.0, 5.4 Hz, 1H), 3.67 (s, 3H), 4.25 (dd, J ) 8.8, 5.4 Hz, 1H),
6.72 (d, J ) 8.3 Hz, 1H), 6.99 (dd, J ) 8.3, 2.0 Hz, 1H), 7.14 (d,
J ) 2.0 Hz, 1H); 13C NMR (100 MHz, CD3OD) δ 0.01, 28.4, 32.1,
37.3, 51.8, 54.3, 100.2, 100.9, 109.7, 115.0, 127.7, 131.6, 132.8,
154.6, 156.8, 171.9; MS (EI) m/z 391.2 (M+), 335.1, 318.1, 274.1,
259.0, 201.7.

N-tert-Butyloxycarbonyl-3-ethynyl-L-tyrosine Methyl Es-
ter. Solid KF (45 mg, 0.77 mmol) was added to a solution of
N-tert-butyloxycarbonyl-3-trimethylsilylethynyl-L-tyrosine meth-
yl ester (280 mg, 0.71 mmol) in DMF (reagent grade, 15 mL)
and stirred at ambient temperature for 4 h. The solution was
diluted with water (100 mL) and extracted with diethyl ether
(3 × 50 mL). The combined ether layers were washed with water
(3 × 50 mL) and saturated aqueous NaCl (50 mL), dried over
anh MgSO4, filtered, and evaporated under reduced pressure
to yield N-tert-butyloxycarbonyl-3-ethynyl-L-tyrosine methyl
ester (180 mg, 79%) as a pale yellow oil IR (thin film) 3287, 2231,
2106, 1750, 1700 cm-1; 1H NMR (400 MHz, CD3OD) δ 0.20 (s,
9H), 1.37 (s, 9H), 2.75 (dd, J ) 13.6, 8.8 Hz, 1H), 2.96 (dd, J )
13.6, 5.6 Hz, 1H), 4.25 (dd, J ) 8.8, 5.6 Hz, 1H), 6.72 (d, J ) 8.4
Hz, 1H), 6.99 (dd, J ) 8.4, 2.0 Hz, 1H), 7.12 (d, J ) 2.0 Hz, 1H);
13C NMR (100 MHz, CD3OD) δ 28.4, 32.1, 37.3, 51.8, 79.2, 100.2,
109.7, 115.0, 127.7, 131.6, 132.6, 154.6, 156.8, 171.9.

N-tert-Butyloxycarbonyl-3-ethynyl-L-tyrosine (3). A solu-
tion of R-chymotrypsin (8.0 mg, 410 units, bovine pancreas) in
aq NH4OAc (2 mL, 0.5 M, pH 6.0) was added to a solution of
N-tert-butyloxycarbonyl-3-ethynyl-L-tyrosine methyl ester (180
mg, 0.56 mmol) in DMF (2 mL) with stirring at ambient
temperature for 12 h.19 The solution was diluted with water (10
mL) and extracted with EtOAc (3 × 10 mL). The combined
EtOAc layers were washed with water (3 × 10 mL) and
saturated aqueous NaCl (10 mL), dried over anhyd MgSO4,
filtered, and evaporated under reduced pressure to yield N-tert-
butyloxycarbonyl-3-ethynyltyrosine (3) (100 mg, 60%) as an
amorphous solid. IR (thin film) 3285, 2977, 2932, 2150, 1670,
1595, 1508, 1418 cm-1;1H NMR (400 MHz, CD3OD) δ 1.39 (s,
9H), 2.80 (m, 1H), 3.03 (m, 1H), 3.52 (s, 1H), 4.10 (m, 1H), 6.70
(d, J ) 8.4 Hz, 1H), 7.06 (dd, J ) 8.4, 2.0 Hz, 1H), 7.19 (d, J )
2.0 Hz, 1H).

3-Acetyl-L-tyrosine (4). A solution of N-tert-butyloxycarbo-
nyl-3-ethynyl-L-tyrosine (5.0 mg, 16 mmol) in 10% TFA in
CH2Cl2 (1.0 mL) was stirred at ambient temperature for 1 h.
The mixture was diluted with water (5 mL) and extracted with
CH2Cl2 (3 × 5 mL), and the aqueous layer was evaporated to
yield crude 3-acetyl-L-tyrosine (4) (2.9 mg, 79%). 1H NMR (400
MHz, CD3OD) δ 2.55 (s, 3H), 2.96 (dd, J ) 14.8, 8.0 Hz, 1H),

3.14 (dd, J ) 14.8, 4.8 Hz, 1H), 3.72 (dd, J ) 8.0, 4.8 Hz, 1H),
6.82 (d, J ) 8.4 Hz, 1H), 7.35 (dd, J ) 8.4, 2.0 Hz, 1H), 7.71 (d,
J ) 2.0 Hz, 1H); MS (FAB) m/z 246.0 (Na salt), 223.9 [M + H]+,
207.0, 178.0, 158.9, 115.0. These data correspond to those
previously reported for this compound.20,21

3-Iodo-L-tyrosinato-bicyclononylboron (5). 3-Iodo-L-ty-
rosine (1) (1.00 g, 3.26 mmol) was suspended in anhyd THF (5
mL) and vigorously stirred for 5 min. A solution of 9-BBN in
THF (0.5 M, 9.0 mL) was added via syringe and the resulting
suspension was stirred under N2 at ambient temperature until
all materials had dissolved (12 h).11 The product was precipitated
by addition of cyclohexane, filtered, and recrystallized from
CH3CN-water to yield 3-iodo-L-tyrosinato-bicyclononylboron (5)
(1.2 g, 86%) as a white powder; mp (browned from 235 to 240
°C) 241 °C dec; IR (thin film) 3420, 2917, 2840, 2530, 2362, 1684,
1419, 1363, 1288, 1213 cm-1; 1H NMR (400 MHz, CD3OD) δ 0.23
(s, 1H), 0.54 (s, 1H), 1.79 (m, 12H), 2.95 (dd, J ) 14.7, 7.8 Hz,
1H), 3.15 (dd, J ) 14.7, 5.0 Hz, 1H), 3.90 (dd, J ) 7.8, 5.0 Hz,
1H), 4.62 (s, 1H), 6.80 (d, J ) 8.3 Hz, 1H), 7.15 (dd, J ) 8.3, 2.0
Hz, 1H), 7.70 (d, J ) 2.0 Hz, 1H); 13C NMR (100 MHz, CD3OD)
δ 23.1, 23.7, 25.1, 25.6, 32.3, 32.5, 32.6, 32.7, 36.7, 37.0, 57.5,
116.0, 129.8, 131.5, 141.0, 157.4, 173.7, 176.4; MS (FAB) m/z
428 [M + H]+, 262, 85; HRMS (FAB) calcd for C17H24NO3BI [M
+ H]+ 428.0894, found 428.0883.

3-Trimethylsilylethynyl-L-tyrosinato-bicyclononylbo-
ron (6). 3-Iodo-L-tyrosinato-bicyclononylboron (5) (210 mg, 490
µmol), Cl2(Ph3P)2Pd (8.4 mg, 12 µmol), and CuI (3.2 mg, 17 µmol)
were added to an oven-dried flask containing a magnetic stir
bar and fitted with a rubber septum and nitrogen inlet. The
solids were dried under high vacuum for 30 min with constant
stirring. Freshly distilled anhyd THF (45 mL) and Et3N (58 mg,
570 µmol, 80 µL) were added via an oven-dried nitrogen-flushed
syringe and the resulting yellow solution was stirred for 5 min.
Ethynyltrimethylsilane (98 mg, 1.0 mmol, 150 mL) was added
via an oven-dried nitrogen-flushed syringe, and the reaction
mixture was vigorously stirred for 4 h under ambient conditions.
The mixture was filtered and the solids were washed with THF.
The filtrate was purified by silica gel chromatography (hexanes:
ethyl acetate 50:50 v/v) to yield 3-trimethylsilylethynyl-L-tyro-
sinato-bicyclononylboron (6) (194 mg, 99%); mp 108-122 °C. IR
(thin film) 3504, 2843, 2690, 2658, 2148, 1708, 1492 cm-1; 1H
NMR (400 MHz, CD3OD) δ 0.14 (s, 9H), 0.23 (s, 1H), 0.48 (s,
1H), 1.79 (m, 12H), 2.98 (dd, J ) 14.7, 8.0 Hz, 1H), 3.12 (dd, J
) 14.7, 4.9 Hz, 1H), 3.86 (dd, J ) 8.0, 4.9 Hz, 1H), 5.12 (br s,
1H), 6.33 (br s, 1H), 6.75 (d, J ) 8.4 Hz, 1H), 7.8 (dd, J )
8.4, 2.1 Hz, 1H), 7.25 (d, J ) 2.1 Hz, 1H); 13C NMR (100
MHz, CD3OD) δ -1.2, 35.0, 56.3, 97.4, 101.1, 110.6, 115.4, 126.8,
130.8, 134.0, 157.5, 171.5; MS (FAB) m/z 398.3 [M + H]+, 232.2,
203.2.

3-Ethynyl-L-tyrosinato-bicyclononylboron (7). 3-Trim-
ethylsilylethynyl-L-tyrosinato-bicyclononylboron (6) (194 mg,
0.52 mmol) was dissolved in DMF (10 mL), treated with KF (28
mg, 0.47 mmol), and stirred at ambient temperature for 2 h.
The reaction was quenched with 1 M KHSO4 (2 mL), which led
to precipitation of the product (7) (120 mg, 78%) as a white solid.
1H NMR (400 MHz, CD3OD) δ 0.24 (s, 1H), 0.52 (s, 1H), 1.58
(m, 12H), 2.95 (dd, J ) 14.8, 7.6 Hz, 1H), 3.14 (dd, J ) 14.8, 5.2
Hz, 1H), 3.91 (dd, J ) 7.6, 5.2 Hz, 1H), 5.17 (br s, 1H), 6.43 (br
s, 1H), 6.80 (d, J ) 8.4 Hz), 7.14 (dd, J ) 8.4, 2.0 Hz, 1H), 7.31
(d, J ) 2.0 Hz, 1H); 13C NMR (100 MHz, CD3OD) δ 25.1, 25.6,
31.7, 32.2, 32.5, 32.6, 36.4, 37.0, 57.8, 80.7, 82.9, 111.2, 116.9,
128.3, 132.3, 135.8, 176.6.

3-Ethynyl-L-tyrosine (8). 3-Ethynyl-L-tyrosinato-bicyclononyl-
boron (7) (120 mg, 0.40 mmol) was dissolved in a minimum
amount of MeOH (100 µL), diluted with CHCl3 (5 mL), and
stirred at ambient temperature for 3 h. The precipitated product
was filtered, dissolved in 0.1 M aq NH3, and loaded onto Dowex-1
anion-exchange resin (1 mL). The resin was then washed with
water and the product was eluted with 1.0 M AcOH and
lyophilized to yield 3-ethynyl-L-tyrosine (8) (49 mg, 62%) as a
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white solid. IR (thin film) 3362, 2958, 2925, 2150, 1635, 1616
cm-1; 1H NMR (400 MHz, CD3OD) δ 2.74 (dd, J ) 14.7, 8.2 Hz,
1H), 2.96 (dd, J ) 14.7, 4.6 Hz, 1H), 3.44 (s, 1H), 3.57 (dd, J )
8.2, 4.6 Hz, 1H), 6.66 (d, J ) 8.4 Hz, 1H), 6.97 (dd, J ) 8.4, 2.2
Hz, 1H), 7.10 (d, J ) 2.2 Hz, 1H); 13C NMR (100 MHz, CD3OD)
δ 36.9, 57.4, 80.7, 83.1, 111.1, 117.0, 128.0, 132.4, 135.4, 159.1,
173.8; MS (FAB) 206.0 [M + H]+, 189.0, 161.0, 160.0, 133.0,
131.1, 115.1; HRMS (FAB) calcd for C11H11NO3 206.0817 [M +
H]+, found 206.0822.
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