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Abstract

Herein we report acid-directed B-C(sp3)—H arylation of a-amino acids enabled by pyridine-type
ligands. This reaction does not require the installation of an exogenous directing group, is scalable,
and enables the preparation of Fmoc-protected unnatural amino acids in three steps. The pyridine-
type ligands are crucial in the development of this new C(sp3)-H arylation.
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The palladium(l1)-catalyzed B-C(sp3)-H arylation of a-amino acids of free carboxylic acids
enabled by pyridine or quinoline-based ligands has been developed. The arylation is highly
scalable and allows for the rapid synthesis of non-natural amino acids. The p—methylene C-H
bonds of carbocyclic rings and other aliphatic acids is also reported.
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Compared to directing groups that traditionally promote cyclometallation, carboxylic acids
form relatively weak interactions with palladium (Pd), thereby hindering reactivity. Practical
C-H activation directed by carboxylic acids would represent a huge achievement for the
field as carboxylic acids are an important class of compounds widely prevalent in natural
products, pharmaceuticals, and materials. Moreover, carboxylic acids are an important
functional group handle, which may be readily converted into orthogonal functionality.[]
Insofar as acid-directed C—H activation is concerned, myriad examples of functionalization
of C(sp?)-H bonds has been detailed extensively and are reviewed elsewhere.[?] On the
contrary, examples of acid-directed C(sp3)-H activation are sparse: Sen, Sames, and Chang
have reported K,PtCl,-catalyzed carboxyl-directed lactonization of aromaticl®l and aliphatic
acids, albeit with poor isolated yields. Our group first reported Pd-catalyzed C(sp3)-H
arylation with simple aliphatic acids, yet the substrate scope was limited.[4] Later, Martin
and colleagues reported Pd-catalyzed benzylic C(sp3)-H activation/C(sp3)-O bond
formation, producing benzolactones.[5] Despite these significant advances, Pd-catalyzed -
C(sp3)-H functionalization of aliphatic acids has not been well developed, and is largely an
unsolved problem.

Previously, the research in our group has focused on monodentate weak-coordinating groups
for C—H activation; these directing groups, compared to bidentate directing groups!®l or
strong monodentate-directing groups, offer the advantage of benefiting from ligand-
accelerated catalysis.[”] Our work has been continuously influenced by our early studies on
oxazoline-directed C(sp3)-H activation,[8] in which we used stereochemical information
obtained in the C—H insertion step to deduce ideal geometric, steric, and electronic
requirements of the reaction pretransition-state.

This information has guided our efforts in the design of novel monodentate directing groups,
including (A) CONHArg (Arg = 4-(CF3)CgF4) and (B) a more simple and practical
CONHOMe auxiliary (Scheme 1, [Eq. (1)]),[2:0] both of which serve as carboxylate
surrogates in the Pd-catalyzed C—H activation of alanine derivatives, enabling the
preparation of unnatural a-amino acids. Both of these reactions benefit from ligand
acceleration by either pyridine- or quinoline-based ligands, though the installation and
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removal of these exogenous directing groups hampers the broad application of these
methods. To address this limitation, and building upon our previous work in carboxylic acid-
directed C(sp3)-H arylation,#! we recently reported the enantioselective C(sp3)-H arylation
of methylene C—H bonds with free carboxylic acids,[*1] however, in both papers only
aliphatic acids with a-quaternary center could be applied to this reaction [Eq. (2)].

Given the weak directing nature of carboxylic acids, we elected to explore carboxylic acid-
directed C(sp3)-H activation on A-phthaloyl alanine substrates by exploiting ligand
acceleration from pyridine- and quinoline-based ligands [Eg. (3)]. Employing similar
conditions to those reported in our CONHOMe-directed arylation, 201 we were pleased to
find that L 1 provided the desired arylated product in 45% yield (Scheme 2). A control
experiment showed that no reaction occurred in the absence of ligand.

Encouraged by this initial result, we screened different reaction conditions, including
solvents and bases (see supporting information for details). It is evident that 1,1,1,3,3,3-
hexafluoro-2-propanol (HFIP) is crucial for the reaction. HFIP has excellent hydrogen—
bonding properties and may be (A) aptly suited to interact with acidic directing groups
and/or (B) could serve an ancillary ligand, coordinating and stabilizing catalytically-active
electrophilic Pd-species, thereby improving the overall efficiency of the reaction.[12] Base
additives were very important in this reaction: Na,HPO4¢7H,0 afforded the desired product
in 62% yield. We suspect that this base is capable of deprotonating the acid substrates,
allowing for adequate Pd-coordination, as shown previously.[]

With these results in hand, we began to screen various ligands (Table 1). Surprisingly, 2-
picoline (L2), which is highly reactive in both CONHArg and CONHOMe directed arylation
of amino acid substrates, was found to be inactive in this C—H arylation. However, the
bulkier 2,6-lutidine (L 3) afforded the desired product in 42% yield. By changing the methyl
group of L 2 to a methoxy group (L 4) the reaction proceeded in 49% yield. An additional
methoxy group at C6 (L 5) failed to improve the yield (36%); L 6, possessing a methyl group
at C6 improved the yield (58%); utilizing C5 acetylated ligand L 8 resulted in a further
increase in reactivity. Neither 2-methyl quinoline (L 9) nor quinoline-based ligands (L 10,

L 11) improved the yield. Since simple substitutions on pyridine- and quinoline-based
ligands failed to increase reactivity; consequently, we prepared several fused bicyclic
pyridine ligands (L 12-L 15). Whereas ligands with fused six-membered rings (L 12, L 13)
afforded similar results to those of L 1, ligands with fused five-membered rings afforded a
dramatic increase in reactivity (L 14, L 15 = 79% yield). Inspired by multiligand promoted
C-N bond formation from the Buchwald group,!*3] we tried a variety of mixed ligands to
further improve the yield (see supporting information). We discovered that a combination of
L 15 (10 mol%) and L 8 (10 mol%) gave the desired product in 85% yield. While bidentate
ligands that form 5-membered chelates with Pd were unreactive (L 16), bidentate ligands that
form 6-membered chelates — which were previously found to promote enantioselective
methylene C—H activation[1] — were also very reactive in this reaction (L17 = 71%, L 18 =
75% yield). Efforts to change the heterocyclic nucleus of these ligands (L 19, L 20) did not
enhance reactivity, but still afforded the desired product in high yields.
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Various aryl iodides were next subjected to the optimized reaction conditions (Table 2).
Arylation of para- and meta-methyl aryl iodides provided the corresponding products 2a and
2b in 83% and 78% yields, respectively. Simple iodobenzene gave 2c¢ in 85% yield, and
other electron-donating aryl iodides (methoxy, ethyl, iso-propyl) gave the desired products in
good to excellent yields (2d, 2f, 2g), though meta-methoxy aryl iodide only produced 2e in a
moderate yield (52%). Different halogen substitution patterns were all tolerated, and
moderate-to-good yields were obtained (2h-2l1); these results are attractive in that the
chloro-, bromo-, and iodo-groups could be further functionalized. Aryl iodides containing
electron-withdrawing groups (trifluoromethoxy, ester, trifluoromethyl) were also compatible
with the optimized reaction conditions, providing desired product (2m-2p) in lower yields
compared with electron-donating aryl iodides (2d, 2f, 2g). Di-substituted aryl iodides
afforded the arylation products (2g-2t) in good-to-excellent yields. Unfortunately, heteroaryl
iodides are presently incompatible with the arylation conditions.

We next tested acid-directed arylation in non-alanine susbtrates (Table 3): Isovaline
derivatives afforded mono-arylation product (4a) in 45% yield under the same condition for
the arylation of the alanine substrate. Arylation of 1-aminocyclobutane-1-carboxylic acid
and 1-aminocyclopropane-1-carboxylic acid under the same reaction conditions proceeded
in moderate yields (4b = 42% [mono: di = 2.2:1]; 4¢ = 45%), but switching to L 18 provided
a boost in reactivity (4b = 56% [mono: di = 2.5:1]; 4c = 63%). The S-amino acid substrate
3d afforded the desired product 4d in poor yields (35%). 3e was selected as a substrate to
further test the limitations of the acid-directed methylene C-H arylation (demonstrated in
substrates 3b and 3c): Unfortunately, A-phthaloyl phenylalanine produced 4ein 10% yield
when L 18 was used. -y-C—H arylation was next attempted with substrates 3f and 3g: while 4f
was obtained in23% yield, A~phthaloyl valine (3g) was not reactive. We suspect this is due
to the Thorpe-Ingold Effect which favors cyclopalladation.[*4] It is worth noting that this
chemistry is applicable to a-quaternary acid substrates: Gemfibrozil (3h), an oral drug used
to lower lipid levels,[15] was arylated in good yields (72%); in the absence of ligand, 4h was
only obtained in 30% yield. We attempted to expand the substrate scope to other carboxylic
acids, however the yields were generally low (see Table S4 in supporting information).

There are several advantages to directly using free amino acids as substrates for gram-scale
preparation of unnatural amino acids: the installation and removal of exogenous and often
times cumbersome directing groups are entirely avoided, thus shortening synthetic routes
and eliminating chemical waste. To demonstrate the utility of the herein reported reaction,
we performed the reaction on gram scale with 1 and para-tolyl iodides (Scheme 3) under the
aforementioned reaction conditions, the desired product 2a was obtained in 75% vyield. It is
noteworthy that the a.-center chirality was preserved (see supporting information). The
phthalimide group was next removed in the presence of hydrazine to generate the free amine
2a-1, which was subsequently converted to final Fmoc-protected amino acid 2a-2 (68% over
two steps) which is widely used in peptide synthesis.

We propose that the transformation herein disclosed proceeds through the mechanism [62. 9]
outlined in Figure 1: Pd(11) coordinates the carboxylate of the substrate, followed by (1) C-
H cleavage; (2) oxidative addition by aryl iodides, generating a fleeting Pd(IV) intermediate;
(3) reductive elimination, (4) product dissociation; (5) regeneration of the active Pd(Il)
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species by silver salts. At this stage, we are currently investigating the precise role of
monodentate pyridine and bidentate heterocyclic ligands in enabling this mechanism.

In conclusion, we have developed B-C—H arylation of a-amino acids using innate carboxylic
acid functionality as a directing group. This reaction was easily scaled up to prepare
unnatural amino acid building blocks. Further development of more efficient ligands to
expand the scope of substrates — so as to achieve methylene-C—H and -y-C-H arylation — as
well as coupling partners (e.g. heteroaryl iodides) is ongoing in our laboratory.

Experimental Section

General procedure for arylation with aryl iodides

The starting material 1 (0.1 mmol, 22 mg), Pd(OAc), (10 mol%, 2.2 mg), and AgOAc (0.2
mmol, 33.4 mg) were weighted in air and placed in a sealed tube (10 mL) with a magnetic
stir bar. To the reaction mixture, aryl iodide (0.25 mmol), NayHPOg4 «7H,0 (1.5 equiv.),
ligand (20 mol%), HFIP (2.0 mL) were added. The reaction mixture was first stirred at room
temperature for 10 min and then heated to 100 °C for 24 hours under vigorous stirring. Upon
completion, the reaction mixture was cooled to room temperature, added AcOH (0.05 mL),
and filtered through celite using DCM. The solvents were removed under reduced pressure
and the resulting mixture was added with DCM (3 mL), cat. DMF, and (COCIl), (2 equiv.).
After 2 hours, MeOH (0.5 mL) was added the reaction mixture and stirred for another 1
hour. The solvents were removed under reduced pressure and the resulting mixture w as
purified by preparative TLC.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Scheme 1.

A C(sp®)-H arylation of a—amino acids with different monodentate directing groups (need to

install and remove directing groups)

NPhth Pd(ll) NPhth
o) —_— Ara _A_O
Me/\DFG Ag salt, Solvent \/\53

DG = NHArg (Ar,: = 4-(CF3)06F4)
or DG = NHOMe

()
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Preliminary Discovery for Ligand-Promoted C-H Ary lation

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2018 February 01.

Page 8



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Chen et al.

NPhth
Hj/\cozH
H

1
(99% ee)
10 mmol, 2.2 g

N2H4-H20 MeOH

Scheme 3.

Me
SRGR
|

Pd(OAc), (10 mol%) Me
L15 (10%) + L8 (10%) \©\/N\Phth
[ ————— = H
AgOACc (2 equiv.) CO,H
2.5 equiv. Nay,HPO4¢7H,0 (1.5 equiv.)

HFIP, 100 °C, air, 24 h 2a
75% (99% ee)
\O\/N.\c Fmoc-NSu Me NHFmoc
O,H 10% Na,COj3, H,O/THF CO,H

68% over two steps 2a-2

Gram-Scale Synthesis of Unnatural Amino Acid.

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2018 February 01.

Page 9



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Chen et al.

0 ®
S)
phtn, S M
AgOAc o
or H
Ag,CO4_» Pd"XoL, MX
(o) ®
o PdXIL
PhthN LOM " Q
PhthN
o)
Y i
RT _ H Pd'XL,
MX
0
XH
PhthN
%
: I o
e SN Pd'IL, PhthN
T4 0 no

elimination

Figure 1.
Plausible mechanism for C(sp3)-H ary lation.
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Table 1
. . 3 - [a,b]
Screening of Ligands for C(sp°)-H Arylation.
Pd(OAc); (10 mol%)

NPhth Liﬁ"? ((22(; mol%)) NPhth
H H p-Tol-I (2.5 equiv. p_-l-ol\/:\co M

Y\COZH AgOAc (2 equiv.) z

NayHPO4+7H,0 (1.5 equiv.) 2a

HFIP, 100 °C, 24 h

A A
A L
N” ~Oj-Bu Me” °N N Me MeO N OMe

L1, 62% L2, trace L3, 42% L4, 49% L5, 36%
(o] Me
CF3 | B Me ) t-Bu N
> Z z
MeO N Me  MeO N MeO” N N” "Me N Me
L6, 58% L7, 55% L8, 63% L9, 31% L10, 32%
L11,44% L12, 61%M L13, 53%[°1 L14, 79% L15, 79%[°! (85%!°-l)
NHAc ©E:3\lj\ % Acl—ij\ Acij\
L16, N. R L17, 71%!! L18, 75%le1 L19, 74%l°! L20, 72%°!

[c] HFIP (2.0 mL).

[d] L15 (10 mol%)+L 8 (10 mol%).

[e] Conditions: substrate (0.1 mmol), Pd(OAc)2 (10 mol%), Ag2CO3 (0.2 mmol), Ar-1 (0.25 mmol), ligand (10 mol%), K2HPO4 (0.1 mmol),
HFIP (1.0 mL), 100 °C, 24 h.

[f] Ar = 3,5-di-#butylphenyl

aExperiments were performed with substrate 1 (0.1 mmol), Pd(OAc)2 (10 mol%), AgOAc (0.2 mmol), Ar—I (0.25 mmol), NagHPO4-7H20 (0.15
mmol), Ligand (20 mol%), HFIP (1.0 mL), 100 °C, 24 h.

b . . . .
Determined by 14 NMR analysis ofthe crude product using CH2Br2 as an internal standard.
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Pd(OAC), (10 mol%)
NPhth Ligand (20 mol%)
Ho E Al (2.5 equiv.) A NPhth
CO,H ~N
?_'/\ 2 AgOAG (2 equiv.) COH
; NayHPO,s7H,0 (1.5 equiv.) 2a.9h
HFIP, 100 °C, 24 h

Me
Me\@\/N{gm NPhth @\/I;I\Phth MeO NPhth
CooH CooH ~CoH ~CoH
2a, 83%!°! 2b, 78% 2c, 85%!°! 2d, 80%!
OMe F
NPhth Etwm i_Pr\©\/I\l:\l3cr1th @\/I;I\Phth
CO,H ~CoH CooH ~coH
2e, 52% 2f, 75% 2g, 67% 2h, 62%
I
F NPhth ¢ NPhth Br NPhth @\/I;l\l’hth
~Co,H ~NCosH ~Co,H ~NCogH
2i, 68% 2j, 65% 2k, 53% 21, 49%
CO,Me
Fsco NPhth MeozC\@\)l_\Pchth NPhih FaC NPhth
~co,H ~co,H ~CosH o,H
2m, 45% 2n, 63% 20, 54% 2p, 49%
Me
MSMth Eommh /@\/l:l_\l’chth Me)@\/l;l\l’hth
Me ~coH o NCOH Me NCoH  Me ~cogH
2q, 65% 2r, 68%!°! 2s, 84%!° 2t, 71%!

[c] L15 (10 mol%)+L 8 (10 mol%)

aExperiments were performed with substrate 1 (0.1 mmol), Pd(OAc)2 (10 mol %), AgOAc (0.2 mmol), Ar—I (0.25 mmol), NagHPO4-7H20 (0.15

mmol), L 15 (20 mol%), HFIP (1.0 mL), 100 °C, 24 h.

b . .
Isolated yields are shown based on corresponding methyl ester.
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Arylation of Other Amino Acids and Carboxylic Acids.

Pd(OAC), (10 mol% )
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1 2 1 2
H RUR Ligand RR
W)<C02H —>T 1 Aq calt CO,H
p-Tol-l, Ag salt,
H HFIP, additives Ar
Ar = 4-MeCgH,
3a-3h 4a-4h
Me NPhth NPhth NPhth
CO,H T 4
NPhth EECOZH f COH gCOZH
Ar Ar Ar Ar
4a, 45%! 4b, 56%° 4c, 63%[ 4d, 35%°]
mono:di > 20:1 mono:di = 2.5:1
Me Me 4"
NPhth NPhth NPhth o\/\)g
A A CO,H
CO,H  Ar CO,H A COH
A Me Me M
d © Me Gemfibrozil
4e, 10% 4f, 23%l 4g,N.R. 4h, 72% mono:di = 5:1
d.r. >20:1 30% mono:di = 4:1 without ligand

[b] Conditions: substrate (0.1 mmol), Pd(OAc)2 (10 mol %), AgOAc (0.2 mmol), Ar-I (0.25 mmol), NagHPO4-7H20 (0.15 mmol), L 15 (20 mol
%), HFIP (1.0 mL), 100 °C, 24 h.

[c] Conditions: substrate (0.1 mmol), Pd(OAc)2 (10 mol%), AgOAc (0.2 mmol), Ar-1 (0.25 mmol), NagHPO4:7H20 (0.15 mmol), L 18 (12 mol
%), HFIP (1.0 mL), 100 °C, 24 h.

[d] Conditions: substrate (0.1 mmol), Pd(OAc)2 (10 mol%), Ag2CO3 (0.2 mmol), Ar—I (0.25 mmol), L 18 (12 mol%), K2HPO4 (0.1 mmol), HFIP
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(1.0 mL), 100 °C, 24 h.

[e] Conditions: substrate (0.1 mmol), Pd(OAc)2 (10 mol%), AgOAc (0.2 mmol), Ar-I (0.25 mmol), NagHPO4-7H20 (0.15 mmol), L 8 (20 mol%),
HFIP (1.0 mL), 100 °C, 24 h.
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Isolated yields are shown based on corresponding methyl ester.
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