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ABSTRACT: We describe the highly selective copper-catalyzed
Ullmann-type coupling of bromoiodoarenes with oxazolidinones.
3,4,7,8-Tetramethyl-1,10-phenanthroline (Me,Phen) was identi-
fied as an optimal ligand promoting the desired C—N bond
formation, while minimizing the competitive bromo—iodo
exchange pathway that leads to formation of iodo-substituted
and bis-coupled side products. The developed method is highly
selective with a >98:2 ratio of the bromo- vs iodo-substituted

compounds obtained in the isolated products.

N-Aryl oxazolidinones represent interesting structural motifs in
the area of pharmaceutical research and development. Examples
include marketed antibiotic linezolid" and tedizolid” (Figure 1)
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Figure 1. FDA approved oxazolidinone antibiotics.

that represent a novel class of antibiotics with a unique
mechanism of action against multiple-drug resistant Gram-
positive bacteria such as methicillin-resistant Staphylococcus
aureus (MRSA) and vancomycin-resistant enterococci (VRE). In
the course of a chemical development effort on an internal
program in our laboratories, we became interested in developing a
chemoselective Ullmann coupling of oxazolidinones with
bromoiodoarenes to access a series of bromo N-aryloxazolidi-
nones that can be further functionalized via a subsequent cross-
coupling reaction.

Since the pioneering work from the Ma,®> Buchwald,* and
Taillefer® research groups on ligand-accelerated Cu-catalyzed
Ullmann-type couplings,® there have been numerous literature
reports on Cu-catalyzed C—N coupling of oxazolidinones using
various types of ligands such as N,N’-dimethylethylenediamine
(L2; see Table 1), trans-1,2-diaminocyclohexane (L3; see Table
1),””¢ and N,N-dimethylglycine (L6; see Table 1).”* Comple-
mentary approaches utilizing amino alcohol carbamates as
oxazolidinone surrogates have also been described.® However,
few studies have been reported on the selective monocoupling
between oxazolidinones or surrogates and dihaloarenes such as
bromoiodoarenes.” The challenges of developing such a selective
cross-coupling reaction are not only differentiation between the
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reactivity of aryl iodides and bromides but also inhibition of the
competitive aromatic Finkelstein pathway leading to the
scrambling of aryl halides. The latter can be quite challenging
under copper catalysis since the common diamine-type ligands
(L1-L3; see Table 1) developed by Buchwald and co-workers for
Ullmann-type couplings have been shown to promote the Cu-
catalyzed aromatic Finkelstein reaction, converting aryl bromides
to aryl iodides very effectively.'’

We report herein our studies leading to a copper catalyst system
composed of 1,10-phenanthroline ligands'' that has been shown
to strike the right balance between sustaining a reasonable
reaction rate for the desired C—N bond formation and
minimizing the undesired aromatic Finkelstein pathway leading
to halogen scrambling.

The coupling of 4-bromoiodobenzene (1a) and (R)-4-methyl
oxazolidin-2-one (2a) was selected as amodel reaction to examine
the product distribution under standard literature conditions for
Cu-catalyzed Ullmann-type couplings using Cu(OAc), as the
copper source, trans-N,N’-dimethyl-1,2-cyclohexanediamine
(L1; see Table 1) as the ligand, potassium phosphate
monohydrate (K;PO,-H,0) as the base, and 1,4-dioxane as the
solvent (Figure 2). The deliberate selection of Cu(OAc), over the
more common Cul for Ullmann-type couplings was to minimize
bromo—iodo exchange by avoiding the introduction of additional
iodide to the reaction system. Under these conditions at 80 °C,
the desired product (3a) reached a maximum level after 2 h at
approximately 61 area (A) % with 30 A % unreacted starting
material (1a) still remaining based on HPLC analysis. Complete
consumption of 1a was observed after 4 h, resulting in a mixture of
desired product (3a, 41 A %) and two other side products
identified as halogen-exchanged iodo-substituted product (3a’,
34 A %) and bis-coupled product (3a”, 22 A %)'* by HRMS
analysis. If heating was continued for a total reaction time of 8 h,
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Table 1. Optimization of Ligands and Solvents for the Cu-
Catalyzed Coupling of 1a and 2a“

entry ligand  time (h) solvent conv’ (%)  3a/(3a’+3a")"

1 L1 8 1,4-dioxane 100 3:97

2 L2 24 1,4-dioxane 85 38:62
3 L3 24 1,4-dioxane 100 35:65
4 14 48 1,4-dioxane 97 75:25
S LS 48 1,4-dioxane SS 60:40
6 L6 48 1,4-dioxane 71 41:59
7 L7 48 1,4-dioxane 62 92:8

8 L8 24 1,4-dioxane 80 85:15
9 L7 24 MeCN 92 89:11
10 L7 24 DMF 93 91:9

11 L7 24 DMSO 73 92:8

12 L8 24 MeCN 87 81:19
13 L8 24 DMF 29 72:28
14 L8 4 DMSO 97 (859) 94:6

15 L8 24 toluene 78 87:13
16 L8 24 MeTHE 83 85:15

“Reaction conditions: 1a (1 mmol), 2a (120 mol %), Cu(OAc), (10
mol %), ligand (20 mol %), K;PO,-H,0 (200 mol %), solvent (1 mL),
80 °C. “Based on HPLC analysis. “Isolated yields after purification by
flash column chromatography using 110 mol % of 2a.
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Figure 2. Time course of the Cu-catalyzed C—N coupling of 1a and 2a
using L1 as the ligand.

disappearance of 3a was observed as 3a’ became the major
product at 55 A %, driven by copper-catalyzed halogen exchange.
Subsequent bis-coupled product (3a”) remained around 20%
despite extended aging due to the complete consumption of the
oxazolidinone 2a (120 mol % relative to 1a).

We next focused our efforts on identifying conditions capable
of selective arylation of substituted oxazolidinones by bromoio-
doarenes while minimizing the rate of competitive halogen
exchange. A preliminary screening identified K;PO,-H,O as an
optimal base compared to Cs,CO; or K,COs. A set of eight
ligands was then evaluated for the coupling of 1a and 2a using

K;PO,-H,0 in 1,4-dioxane (Table 1). Conversion was observed
by HPLC analysis based on disappearance of 1a, while monitoring
the appearance of product 3a, along with formation of side
products 3a’ and 3a’’ via halogen-exchange pathways. Diamine
ligands L1-L3" (Table 1, entries 1—3) showed excellent arylation
reactivity, but expectedly suffered from high levels of aromatic
halogen exchange,10 resulting in poor selectivities and low
product yields. Literature precedents suggest the utility of 1,3-
dione (L4)°? or glycine (LS)’ as ligands for the selective N-
arylation of sterically accessible amides. Unfortunately, these
ligands resulted in only modest improvement in selectivity for the
coupling of 4-methyl-oxazolidinone (2a) (Table 1, entries 4—6),
while significantly decreasing the rate of desired C—N coupling
compared to L1. 1,10-Phenanthroline-type ligands (L7 and L8)
(Table 1, entries 7—8) were shown to reduce the rate of aromatic
halogen exchange dramatically, at the expense of a more minor
reduction in cross-coupling rate.

The impact ofligands on the rate of bromo—iodo exchange was
separately evaluated by the deliberate conversion of 3a to 3a’
under standard reaction conditions at 80 °C in 1,4-dioxane with
200 mol % of Nal added (Figure 3). Ligands L1—L3 were shown
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Figure 3. Evaluation of ligand effect on halogen—exchange reaction rate
for conversion of 3a to 3a’.

to promote the highest level of bromo—iodo exchange, matching
the significant halogen scrambling observed in the cross-coupling
reaction, while <10% of halogen exchange was observed for all
other ligands even after 24 h, including phenanthroline-type
ligands L7 and L8.

Replacing 1,4-dioxane with polar aprotic solvents such as
acetonitrile or DMF enabled the Cu-catalyzed C—N coupling to
reach >90% conversion in 24 h using L7, while maintaining
exceptionally low levels of undesired halogen exchange (Table 1,
entries 9—10). Increased cross-coupling rates were achieved using
amore electron-rich ligand 3,4,7,8-tetramethyl-1,10-phenanthro-
line (L8)"" in DMSO reaching 97% conversion in 4 h (Table 1,
entry 14). The reaction rates using nonpolar solvents were found
to be slower (Table 1, entries 15—16). After examining the
reaction parameters including ligands, bases, and solvents, we
selected two optimal conditions to evaluate the substrate scope
further: condition A using L7 as the ligand in acetonitrile
proceeded at a comparatively slower rate, but was found to be
more compatible with sensitive substrates and allow easier
isolation amenable to larger scale runs; condition B using L8 in
DMSO approached the fastest rate as in the initial system using L1
in 1,4-dioxane, while still minimizing the undesired halogen—
exchange pathways.
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Following identification of this optimized catalytic system, we
first examined the reaction scope by coupling 2a with a host of
substituted bromoiodoarenes (1) (Scheme 1). In general, both

Scheme 1. Scope of Bromoiodoarenes in Cu-Catalyzed
Selective Couplings with Oxazolidinone 22"
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“Conditions A: 1 (1 mmol), 2a (110 mol %), Cu(OAc), (10 mol %),
L7 (20 mol %), K;PO,H,0 (200 mol %), CH;CN (1 mL);
conditions B: 1 (1 mmol), 2a (110 mol %), Cu(OAc), (10 mol %), L8
(20 mol %), KzPO,H,O (200 mol %), DMSO (1 mL). bIsolated
yields after flash column chromatography with >98:2 ratio of bromo-
substituted dproduct 3 vs iodo-substituted product. “Anhydrous K;PO,
was used. “A 96:4 ratio of bromo vs iodo product was observed.

para- and meta-substitutions on 1 were well tolerated; however,
the additional steric hindrance created by ortho-substituents
resulted in increased reaction duration and high levels of
competitive halogen exchange, leading to nonproductive
reactions (cf. 4d in Scheme 2). In general, the halogen—exchange
pathway was effectively inhibited with a >98:2 ratio of bromo- vs
iodo-substituted compound in every isolated product shown in
Scheme 1 except for 3j. Isolated yields ranging from 56% to 91%
were obtained for a wide variety of arenes with electron-deficient
substrates such as 3¢ showing faster reaction rates compared to
electron-rich substrates such as 3d. A series of functional groups
including fluoro (3c), amino (3e), methoxy (3f), nitrile (3g), and
ester (3h) were found to be well tolerated under the optimized
reaction conditions, although the milder reaction condition A
using L7 as the ligand in acetonitrile was preferred for substrates
containing relatively more sensitive functional groups such as
amino (3e) and nitrile (3g), necessitating longer reaction times
but still resulting in 56% and 84% yields, respectively. It is also
worth noting that the use of anhydrous K;PO, in place of the more
easily handled monohydrate K;PO,-H,O as base minimized
hydrolysis and allowed the isolation of product 3h or
aforementioned 3g bearing a sensitive ester or nitrile moiety in
77% and 84% yields, respectively. C—N couplings of heteroaryl
substrates such as bromoiodopyridines were also found to be
successful, providing the desired products 3i and 3j in 74% and
79% vyields, respectively.

‘We next examined the scope of oxazolidinones for the selective
C—N coupling (Scheme 2). Using the optimized reaction
conditions, a series of 4-substituted oxazolidinones were coupled

Scheme 2. Scope of Oxazolidinones in Cu-Catalyzed Selective
Couplings with Bromoiodoarenes™”
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“Reaction conditions: 1 (1 mmol), 2 (110 mol %), Cu(OAc), (10 mol
%), L8 (20 mol %), KyPO,H,0 (200 mol %), DMSO (1 mL).
bIsolated yields after flash column chromatography with >98:2 ratio of
bromo-substituted product 4 vs iodo-substituted product. 85%
conversion was obtained based on HPLC analysis of the reaction
mixture. dAnhydrous K;PO, was used.

with 1a to understand the impact of steric bulk at C-4 on the
reaction rate. Products 4a and 3a (see Table 1), derived from
parent and 4-methyl substituted oxazolidinones respectively,
could be obtained in high yields within 4 h. A prolonged reaction
time (12 h) was needed for coupling sterically hindered 4-
isopropyloxazolidinone and afforded an 80% isolated yield of
product 4b. Even under these conditions, halogen exchange
derived impurities were controlled at <5 A % HPLC in the crude
reaction mixture. Interestingly, coupling of even more sterically
hindered 4-phenyloxazolidinone'® was found to be a facile
reaction with complete conversion and an 82% isolated yield of
product 4c¢ after 4 h. Arylation of the parent oxazolidinone by a 2-
fluoro-4-bromoiodobenzene proceeded with a modest 66% yield
(4d), but larger ortho substituents than the fluoro group on the
arenes were not well tolerated even with the more accommodat-
ing catalytic system. The C—N bond formation was found to be
chemoselective for the oxazolidinone over other potential
coupling partners such as an unprotected cyclic secondary
amine (4h, 90%) or a primary alcohol (4i, 82%)."* It is
noteworthy that stereochemical integrity at C-4 remained intact
under the standard reaction conditions, exemplified by >99:1% er
for product 4f bearing the most acidic proton at C-4 among other
4-substituted oxazolidinones evaluated. Overall, a variety of novel
N-aryl oxazolidinones were isolated in a >98:2 ratio of bromo-
versus iodo-substituted product utilizing a series of 4- and/or 5-
substituted oxazolidinones, greatly expanding the available design
space for SAR studies in the discovery chemistry domain.

Without further optimization, the developed catalytic system
was also applied to coupling of other nucleophile classes such as a
primary or secondary amide and a urea producing the
corresponding desired products (Scheme 3, 6a—6c) in 81—90%
yield and >95:5 Br/I ratio upon isolation.

Finally, the utility of the featured sequential functionalization
via a chemoselective coupling was demonstrated by performing
the formal synthesis of the marketed antibiotic linezolid (Scheme
4). Arylation of the oxazolidinone 2b with 3-fluoro-4-
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Scheme 3. Coupling with Other Nitrogen Nucleophiles“'b
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bromo-substituted product 6 vs iodo-substituted product.

Scheme 4. Formal Synthesis of Linezolid via Sequential C—N
Couplings
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bromoiodobenzene (1b) proceeded in 2 h with hydrolytic
opening of the oxazolidinone ring limited to <3% by the use of
anhydrous K;PO,. The desired product 4j was obtained in 90%
isolated yield and with a >98:2 Br/I ratio, which was subjected to
elaboration via a Pd-catalyzed amination with morpholine'® to
provide compound 7 that would afford linezolid following a
deprotection and an acylation step."®

In summary, we have developed a chemoselective, Cu-
catalyzed, Ullmann-type coupling of bromoiodoarenes with
oxazolidinones to prepare a series of structurally diverse bromo
N-aryloxazolidinones in 56—95% yields and >98:2 Br/I ratios.
Thekey to the success of the developed method is identification of
1,10-phenanthroline-type ligands that minimize the competitive
bromo—iodo exchange pathways while promoting the desired
C—N coupling. The application through sequential functionaliza-
tion of the aryl iodide and the aryl bromide has been
demonstrated in the formal synthesis of antibiotic linezolid.
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