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ABSTRACT: Solvent-switchable and site-selective phosphorylation of imidazoles at the C2 or CS position of the imidazole ring was
achieved via 1,4-palladium migration. P-Chiral tert-butyl(aryl)phosphine oxides were cross-coupled to 1-(2-bromophenyl)-1H-
imidazoles with high enantiospecificity, thereby leading to a novel class of chiral imidazole-based phosphine oxides. As proof of
concept, reduction of an analogue yielded the corresponding P-chiral 2-phosphinyl imidazole ligand, which was shown to induce
high enantioselectivity in the formation of axially chiral molecules synthesized via Pd-catalyzed Suzuki—Miyaura cross-coupling.

In 2001, Grotjahn et al. first reported the 2-phosphinyl
imidazole ligands and demonstrated that they can form Ru
complexes capable of catalyzing the anti-Markovnikov
hydration of terminal alkynes. In addition to their
monodentate properties, these hemilabile ligands can engage
in bidentate 7”-P,N-chelation of metals through the formation
of four-membered metallacycles.2 Soon after, Beller et al.
reported applications of various 2-phosphinyl imidazoles
(Figure 1; L1a-h) in complexes with metals and their use in
several reactions, including Buchwald—Hartwig amination and
Suzuki—Miyaura cross-coupling (Pd-L1lab),’® Sonogashira
cross-coupling (Pd-L1c),” hydroxylation of aryl halides (Pd-

N N
/A /
<;)\F’Rz q)\PCyz
R! R2 |
L2
R3

L1a:R=Cy, R"=R?=R%=Me

L1b: R = +-Bu, R' = R?=R® = Me

L1c:R=tBu,R'=R?=/Pr, R®=H

L1d:R=Ad,R'=R?=/Pr,R®=H P

L1e:R=Cy,R'=R?=R%=H : _tBu
iPr iPr

L1f:R = Cy, R"=R®=H, R? = OMe
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Figure 1. Representative examples of 2-phosphinyl imidazoles in
catalysis.
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Llcd),’ carbonylative Heck cross-coupling (Pd-L1d),*?
hydroformylation of olefins (Os-1f, Ru-Lle—h, Ru-L2),’*8
and more recentlgr, the methylation of nitroarenes with
methanol (Pd-L3).”" Baudoin et al. has also reported the Pd-
catalyzed Barbier—Negishi coupling of secondary alkyl
bromides with aryl and alkenyl triflates, as well as nonaflates
with Al}imited isomerization of the alkylpalladium complex (Pd-
L1i).

Despite the achievements highlighted above, the synthesis
and applications of P-chiral phosphinyl imidazolyl ligands have
not been reported. Traditionally, 2-phosphinyl imidazoles are
synthesized by quenching C2-metalated imidazoles with the
requisite chlorophosphines,””” which requires the handling of
highly sensitive reagents. Furthermore, the configurational
instability of chlorophosphines® precludes the synthesis of P-
chiral analogues via this approach. We reasoned that
stereoretentive reduction of chiral imidazole-based phosphine
oxides could circumvent these challenges and afford P-chiral
phosphinyl imidazoles.

Over the past two decades, 1,4-palladium migration has
emerged as a powerful strategy for the construction of C—C,”
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C-N,” C-0,° C-B,’ C-Si,'" and very recently, C—P'"* details). Cross-coupling catalyzed by Pd(PPh;), in the

bonds. We envisioned that the remote C(sp?)—H activation of
imidazoles via 1,4-palladium migration could furnish palladated
intermediates of various substitution patterns (Scheme 1;

Scheme 1. Proposed Strategy toward the Installation of P-
Chiral SPOs on Imidazoles
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intermediates I and/or II). The subsequent coupling of these
intermediates with P-chiral secondary phosphine oxides
(SPOs), could furnish tertiary phosphine oxides (TPOs) that
could serve as precursors to P-chiral phosphinyl imidazoles. It
is noteworthy that in addition to metal-catalyzed 1,4-migration,
other strategies, such as dehydrogenative cross-coupling, have
been utilized in C—P bond construction.''” Herein, we report
the first solvent-switchable and site-selective P-chiral phos-
phorylation of imidazoles via 1,4-palladium migration. Addi-
tionally, we provide an example of the utility of this
methodology toward the synthesis of a novel P-chiral
phosphinyl imidazole ligand and its subsequent use in an
asymmetric catalytic transformation.

We reasoned that a thorough exploration of reaction
conditions could reveal parameters that could favor palladium
migration selectively to either the C2 or the CS5 position of the
imidazole moiety. We began by investigating the effects of
various catalysts, solvents, bases, and temperatures on the
coupling of the racemic secondary SPO 1la with imidazole 2a
(Table 1; refer to the Supporting Information for more

presence of N,N-diisopropylethylamine (DIPEA) at 110 °C
in DMEF, led predominantly to the direct cross coupling with
the phenyl moiety, which led to a ratio of the products 3a/4a/
5a of 90:9:1, as estimated by *'P NMR (Table 1; entry 1).
However, replacement of DMF with DMSO as the solvent led
to a decrease in the formation of 3a and an increase in the
formation of the C5-coupled product 4a, presumably via 1,4-
palladium migration (entry 2). Changing the catalyst to
Pd(OAc),/PPh; did not make a significant difference in
improving the selectivity for 4a (entry 3), whereas reactions in
a mixture of DMSO/H,O (in variable ratios) and slightly
lower temperatures led to more appreciable selectivity for the
formation of 4a (entries 4—7). Decreasing the content of water
in the solvent (from 1:1 to 10:1 DMSO/H,0) seemed to
further favor the formation of 4a (entries 4 vs S). Interestingly,
simple alcohols reversed the selectivity to the direct cross-
coupling at the phenyl moiety (Table S1), whereas
replacement of DMSO/H,0 with ethylene glycol/H,0
(10:1) led to preferential coupling of the SPO at the C2 of
the imidazole (entry 8).

Inspired by this phenomenon, we investigated the effects of
other polar and polyprotic solvents. Cross coupling of 1a with
2a under the same overall conditions as in entry 8 (Table 1)
with only ethylene glycol as the solvent made a negligible
difference to the formation of all products (entries 8 vs 9),
whereas glycerol resulted in almost no site selectivity (entry
10). Reverting to ethylene glycol at 130 °C further improved
the selectivity for Sa (entry 11), whereas replacing PdOAc,/
PPh; with Pd(PPh;), had a negligible effect (entry 11 vs entry
12). Switching the base to diisopropanolamine (DIPA), led to
the formation of Sa as the main product in a ratio of 3a/4a/5a
of 18:2:80 (entry 13).

Subsequently, we pursued the coupling of the highly
enantioenriched SPO (S)-1a (>99% ee)'? with imidazoles 2
under the best conditions for each of the potential products:
(S)-3a, (S)-4a, and (S)-5a (Figure 2). Under the conditions of
entry 1 (Table 1) cross-coupling of (S)-1a with 2a gave (S)-3a

Table 1. Optimization of Reaction Conditions

/N
{3

[0}

p-H

O

PdL,, base

1a 2a

entry” [Pd] L base
1 Pd(PPhy), DIPEA
2 Pd(PPh,), DIPEA
3 Pd(OAc), PPh, DIPEA
4 Pd(OAc), PPh, DIPEA
5 Pd(OAc), PPh, DIPEA
6 Pd(PPhy), DIPEA
7 Pd(PPh,), DIPA
8 Pd(OAc), PPh, DIPEA
9 Pd(OAc), PPh, DIPEA
10 Pd(OAc), PPh, DIPEA
11 Pd(OAc), PPh, DIPEA
12 Pd(PPh,), DIPEA
13 Pd(PPhy), DIPA

N
+ Br T J< + +
solvent, temp., 24 h \

3a 4a 5a

solvent temp °C 3a/4a/5a"
DMEF 110 90:9:1
DMSO 110 59:37:4
DMSO 110 56:40:4
DMSO/H,0 (1:1) 110 24:47:29
DMSO/H,0 (10:1) 110 31:55:14
DMSO/H,0(10:1) 100 13:74:13
DMSO/H,0 (10:1) 100 8:64:28
ethylene glycol/H,0 (10:1) 110 26:8:66
ethylene glycol 110 24:8:68
glycerol 110 30:26:44
ethylene glycol 130 17:8:75
ethylene glycol 130 24:3:73
ethylene glycol 130 18:2:80

“All reactions were run using racemic la (0.10 mmol) and 2a (0. 15 mmol) for 24 h with either Pd(OAc), (10 mol %)/PPh, (25 mol %) or
Pd(PPh,), (10 mol %) and base (4 equiv) and solvent (1.0 mL). “Estimated ratio based on *'P NMR.
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Figure 2. Examples of site-selective coupling products. Reaction
conditions: Pd(PPh3)4 (10 mol %), SPO (0.20 mmol), imidazole
(0.30 mmol); PISPO > 99% ee, DIPEA (4 equiv), DMF (2 mL), 110
°C, 18 h; 'DMSO/H,0 (10:1, 2 mL), 100 °c 48 h; IDIPA (4
equiv), ethylene glycol (2 mL), 130 °C, 18 h; [SPO (95% ee, 1.08
mmol), imidazole (1.62 mmol), DIPA (4 equiv), ethylene glycol
(10.8 mL), 18 h.

in 83% ee (~83% enatiospecificity (es)) and 46% isolated
yield. It is noteworthy that although all of the SPO (S)-1a was
consumed within 18 h, we observed a small amount of the
oxidized side product (to the corresponding phosphinic acid)
and some debromination of the imidazole 2, thus compromis-
ing the final isolated yield of (S)-3a.

Following the above studies, we investigated the enantio-
specificity of the conditions favoring substitution at the CS of
the imidazole (Table 1, entry 6), and obtained product (S)-4a
with some erosion of chiral integrity (85% ee; 85% es), albeit
in low isolated yield (32%). We noted that the oxidation of
SPO (S)-1a to the phosphinic acid was a more significant issue
in the presence of water. For this initial study, however, we
chose to focus mainly on C2-imidazole phosphorylation using
the optimized conditions of entry 13 (Table 1). We were
pleased to see that the cross-coupling of (S)-1a (>99% ee)
with 2a gave (S)-5a without any erosion in chirality (>99% ee;
> 99% es) and in 60% isolated yield. This favorable outcome
was also confirmed with a few other electron-rich imidazoles,
which led to the formation of products (S)-Sb,c,f in >99% ee
(>99% es) and S55—68% isolated yields (Figure 2).
Interestingly, the electron-deficient 1-[2-bromo-5-
(trifluoromethyl)phenyl]-1H-imidazole led to product 5d in
slightly lower enantioretention (92% ee; 92% es) and in only
19% isolated yield, possibly because of the excessive
debromination of the imidazole starting material. Subse-
quently, the cross-coupling of (S)-tert-butyl(4-
methoxyphenyl)phosphine oxide (>99% ee) and (S)-tert-
butyl(phenanthren-9-yl)phosphine oxide (95% ee) were ex-
plored under the same reaction conditions, which led to the
formation of (S)-Se (>99% ee; > 99% es) and (S)-5g (95% ee;
>99% es; >99% ee after crystallization), respectively (Figure
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2). Both products were formed without any loss of chiral
integrity in 64—76% isolated yields. The enantiomeric purity of
all products was determined by chiral HPLC. The absolute
configuration of key compounds was confirmed by their single-
crystal X-ray structure (Figure 3), and that of other
compounds was assigned by analogy.

Figure 3. Single-crystal X-ray structure of 3a, 4a, Sa, 5d, Sg, and P-
chiral 2-phosphinyl imidazole 6.

As an initial proof of concept, we also turned our attention
to the utility of these chiral ligands and selected the trivalent
phosphine analogue of (S)-Sg, as a representative example
Stereoretentive reduction of (S)-Sg using catalytic'® or
stoichiometric amounts of Ti(O-i-Pr), and a slight excess of
tetramethyldisiloxane (TMDS) were unsuccessful. However,
with excess amounts of both reagents [40 equiv of TMDS and
20 equiv of Ti(O-i-Pr),], the reduction proceeded within 72 h
at 50 °C, to afford 6 in 99% ee and 35% isolated yield after
column chromatography and crystallization. In this case,
coelution of an unidentified phosphorus-containing byproduct
and a silane-polymerized product compromised the isolation of
the highly pure phosphine 6 in good yield. Further
optimization of this reaction (on a case by case for different
phosphine derivatives) is clearly needed and currently in
progress. The structure and absolute stereochemistry of 6 was
also confirmed by single-crystal X-ray crystallography (Figure
3).

As a proof of concept, we reasoned that the electron-rich
nature (*'P NMR, CD,Cl,, § = —26.5 ppm) and bulkiness of
this ligand could promote the oxidative addition and reductive
elimination steps of metal-catalyzed cross-coupling reaction-
5" such as the asymmetric Pd-catalyzed Suzuki—Miyaura
reaction. We were pleased to see that the coupling of aryl
bromide 7 to naphthalene boronic acid 8 afforded atropisomer
9 in 89% yield and 86% ee (Scheme 2). Interestingly, although
crystallization of 9 in Et,0/DCM at —20 °C led to the
formation of crystals with lower enantiomeric purity, the
mother liquor was enriched with atropisomer 9 in >99% ee.
Tang and co-workers have previously reported the preparation
of the same atropisomer'> in slightly higher yield and
enantiomeric <purlty using the P-oxaphosphole ligand 10
(Scheme 2)."° The absolute configuration of product 9
obtained using our methodology was assigned by comparison
of its chiral HPLC data (under the same conditions) with that
previously reported."

In an effort to gain further insight into the mechanism of the
1,4-palladium migration, SPO la was reacted with C2-
deuterated imidazole *H-2a under conditions favoring cross-
coupling to C2 of the imidazole (Scheme 3). However, we did
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Scheme 2. Application of Ligand 6 in an Asymmetric
Suzuki—Miyaura Cross-Coupling Reaction
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Scheme 3. Mechanistic Investigations
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No reaction

not observe any deuterium incorporation in product Sa, which
suggests that the 1,4-palladium migration is not H-retentive.
Additionally, we did not observe the formation of any product
when the nonbrominated analogue of 2a (i.e., compound 11)
was used, which eliminated the possibility of any direct C—H
activation or oxidative coupling on the imidazole ring.

On the basis of all of our observations and literature
precedents,'' "¢ we propose the mechanism shown in Scheme
4. Oxidative addition of Pd(0) to 2a is expected to generate
arylpalladium(II) species A. The subsequent 1,4-palladium
migration can lead to the formation of palladacycles B and B’,
which upon protonation would generate C (or the
corresponding C’ intermediate; the latter is not shown). At
this time, the solvent effect on the site-selectivity between the

Scheme 4. Proposed Mechanism

(S)-6a 2a
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reductive — 5qgition
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C2 and CS positions of the imidazole remains unclear.
However, it is plausible that ethylene glycol can form a
monodentate coordination with Pd(II) and simultaneously
form a hydrogen bond to the N3 of the imidazole, thus
orienting palladation at the C2 position, as indicated in
intermediate A’. Protonation of intermediate B followed by
ligand exchange with the SPO is expected to give intermediate
D, after which reductive elimination can lead to (S)-5a.
Intermediate B can follow a similar catalytic cycle to give (S)-
4a. An analogous mechanism has been proposed by Fu and
Feng et al. for the phosphorylation of C(sp’)—H bonds via a
1,4-palladium migration in the presence of nonchiral H-
phosphonates.''* In addition to this proposed Pd(0)-to-Pd(II)
catalytic cycle, the involvement of other Pd(IV) species in 1,4-
palladium mlgratlon mechanisms has been proposed by Mota
and Dedieu.'

In summary, we have developed an enantiospecific solvent-
switchable methodology to access P-chiral 2-phosphoryl
imidazoles via 1,4-palladium migration. In this initial report,
we focused on the reaction conditions that favor the C2-
substitution on the imidazole ring, which leads to valuable
precursors for the preparation of P-chiral 2-phosphinyl
imidazole ligands. As a proof of concept, a successful
asymmetric Suzuki—Miyaura cross-coupling reaction was
achieved. Currently, the synthesis of a structurally diverse
library of P-chiral compounds of general structures 4 and 5 is
in preparation in order to fully explore the potential
applications of such ligands in a variety of asymmetric
transformations.
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