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ABSTRACT: A first-of-its-kind enantioselective aromatic Finkelstein reaction is disclosed for the remote desymmetrization of dia-
rylmethanes. The reaction operates through a copper-catalyzed C—I bond forming event and high levels of enantioselectivity are
achieved through the deployment of a tailored guanidinylated peptide ligand. Strategic use of transition-metal mediated reactions
enabled the chemoselective modification of the aryl iodide, thus, the synthesis of a diverse set of otherwise difficult-to-access diaryl-
methanes in excellent levels of selectivity is realized from a common intermediate. A mixed experimental/computational analysis of
steric parameters and substrate conformations identifies the importance of remote conformational effects as a key to achieving high
enantioselectivity in this desymmetrization reaction.
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Figure 1. Development of an asymmetric aromatic Finkelstein reaction.

Since its discovery in 1910, the Finkelstein reaction has been
synonymous with halide exchange for the preparation of pri-
mary alkyl iodides.®* The substitution of alkyl bromides and
chlorides under a well-defined Sn2 regime*® and the elegant ex-
ploitation of Le Chatelier’s principle to drive the reaction by
precipitation of NaBr or NaCl have rendered the Finkelstein re-
action a classic in introductory organic chemistry textbooks and
a reliable tool for organic synthesis (Figure 1A).5® While halide
exchange in aryl halides is also precedented,®° it took nearly a
century following Finkelstein’s discovery, until Buchwald’s re-
port on the copper-catalyzed aromatic Finkelstein reaction

appeared, realizing a synthetically useful protocol for C-Br to
C-1 exchange at Cg2 centers with a broad substrate scope (Fig-
ure 1B).* Despite a renewed interest in the development of
milder methods to achieve aromatic Finkelstein chemistry due
to the synthetic importance of aryl iodides in cross-coupling
chemistry,'?16 Buchwald’s method remains state-of-the-art. In-
deed, the traditional copper mediated approach that operates via
an efficient oxidative addition / halide exchange / reductive
elimination sequence has shown utility in various synthetic
campaigns.t’1°
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Table 1. Ligand optimization.

Cu(MeCN)4BF4 (10 mol%)?
ligand (15 mol%)

i+1

o K3POy (4.0 equiv.) Bu Bu HN o
Arg, Nal (1.2 equiv.) SArg, Ar, N M\<O m
TFAHN MeCN, 50 °C, 16 h TEAHN ’ TEAHN i o} R3_
B 3 b2 I3 Mo %° oL
e \Q\NHTFA e HE O
X
entry ligand i i+1 i+2 i+3 1 [%)] 2 [%)] 3 [%] er (2)
1 L1 TMG-Asp D-Pro Aib-OLi 15 62 20 6:94
2 L2 TMG-Gly-OLi 14 37 29 50:50
3 L3 TMG-1Nal-OH 13 38 30 58 :42
4 L4 TMG-Neo-OH 25 44 18 66 : 34
5 L5 TMG-D-Asp Pro-OLi 23 47 7 90:10
6 L6 TMG-p-Asp aMe-Pro-OLi 24 52 10 91:9
7 L7 TMG-Asp D-Pro Acpc-OLi 51 40 10:90
8 L8 TMG-Asp D-Pro Acpc 2Nal-NHMe 42 48 9 19:81
9 L9 TMG-Asp D-Pro Acpc Leu-OLi 13 62 19 5:95
10 L10 TMG-Asp p-Pro Acpc tLeu-OLi 8 62 22 4:96
11 L11 TMG-Asp Dp-Pro Acpc Chg-OLi 14 64 14 4:96
12 L12 TMG-Asp Dp-Pro Acpc Phe-OLi 8 55 16 4:96
13 L13 TMG-Asp Dp-Pro Aic Phe-OLi 8 54 17 5:95
14 L14 TMG-Asp Dp-Pro Aib Val-OLi 6 56 20 4:96
15 L15 TMG-Asp Dp-Pro Aib D-Leu-OLi 31 52 8 8:92
16 L16 TMG-p-Asp Dp-Pro Acpc Phe-OLi 45 30 4 72:28

aReaction conditions: 1 (0.10 mmol), Cu(MeCN).BF4 (10 mol%), ligand (15 mol%), KsPO, (0.40 equiv.), Nal (0.12 mmol), MeCN
(0.2 mL), 50 °C, 16 h. Yield determined by *H NMR using dibromomethane as internal standard. Enantiomeric ratio (er) determined
by chiral HPLC. Abbreviations: TMG, tetramethylguanidine; 1Nal, 1-naphtylalanine; Neo, neopentylglycine; aMe-Pro, a-methyl
proline; Aib, 2-aminoisobutyric acid; Acpc, 1-Aminocyclopropane-1-carboxylic acid; Aic, 2-Aminoindane-2-carboxylic acid; Chg,

cyclohexylglycine.

Notably, implementation of the enantioselective aromatic
Finkelstein reaction has not yet been reported in the literature,
despite the plethora of chiral ligands that are in principle avail-
able to realize such a transformation.

Motivated by recent observations applying guanidinylated pep-
tide-based ligands in asymmetric copper-based cross-coupling
catalysis, we sought to establish a synthetic platform that would
allow for the development of an enantioselective aromatic
Finkelstein reaction for remote desymmetrization of diarylme-
thanes.?>% The generation of stereocenters removed from the
center of reaction remains a major challenge in contemporary
asymmetric catalysis.?*2® In this field, peptide-based catalysts
have found particular utility, stimulating the present study of
their capacity to mediate remote aryl bromide to aryl iodide sub-
stitution. We further hypothesized that leveraging the enhanced
reactivity of the C-1 bond towards venerable cross-coupling re-
actions would allow for translation of the installed stereoinfor-
mation into chemoselective transition metal-catalyzed transfor-
mations (Figure 1C).2” Consequently, the asymmetric aromatic
Finkelstein reaction would, from a strategic perspective facili-
tate the streamlined synthesis of a structurally diverse library of
enantio-enriched diarylmethanes.

The selection of 1 as a model substrate for the development of
the asymmetric aromatic Finkelstein reaction was motivated by
the privileged role of diarylmethanes in drug discovery.?®% We
commenced our studies by subjecting 1 to a Cul / TMG-Asp-D-
Pro-OL.i catalyst system using sodium iodide as iodide source
and we were gratified to observe the formation of 2 in 49%
NMR-yield with 90:10 er, alongside achiral bis-substituted
product 3 (10% yield) (see supporting information for initial re-
sults and reaction conditions screen). Encouraged by this result,
ligand optimization was initiated (Table 1). While utilization of
monomeric, dimeric, and trimeric tetramethylguanidine N-
capped peptides furnished 2 in promising levels of enantiose-
lectivity (up to 91:9 er, L3-L7), tetrameric B-turn peptides with
a Li-Di+1-Liss sequence proved superior, generating the desired
product in good yields (up to 64%) and excellent selectivities
(up to 96:4 er) (L8-L16). In general, the nature of the i+3 posi-
tion had only a minor influence on the reaction outcome (L9-
L12), yet the presence of a C-terminal carboxylate proved es-
sential (L.8).
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Figure 2. A) Identification of an asymmetric aromatic Finkelstein / Heck reaction sequence. #Yield determined by *H NMR using
dibromomethane as internal standard. B) Asymmetric aromatic Finkelstein reaction as platform for the synthesis of enantioenriched
diarylmethane. Reaction conditions (0.2 mmol scale): a) Pd(OAc). (10 mol%), NEts (1.4 equiv.), ethyl acrylate (0.95 equiv.), DMF
(0.2 M); b) acetylene; ¢) Pd(OACc), (10 mol%), NEt; (1.4 equiv.), 3-methoxyphenylboronic acid (1.4 equiv.), toluene (0.2 M); d)
Pd(OAc), (10 mol%), NaBH4 (0.95 equiv.), TMEDA (1.3 equiv.), DMF (0.2 M); e) Pd(OAc). (10 mol%), NEtsz (10 equiv.),
EtOH/DMF (1:4, 0.09 M), CO (1 atm.). X-ray structure of 2 is shown with atomic thermal parameters calculated at 50% probability

levels.

Similarly, alteration of the catalyst t-angle through incorpora-
tion of disubstituted amino acids (Acpc, Aic, Aib) at the i+2
position did not impact the reaction outcome and 2 was isolated
in good yield and excellent er (L12-L.14).3 Finally, we aimed
to investigate the effect of stereochemical alteration of the
amino acid sequence. Employing L15, which contains an opti-
cally inverted i+3 position had a negligible effect on the reac-
tion outcome. In contrast, substitution of Asp for D-Asp (i-po-
sition) resulted in an inversion of the sense of enantioinduction
with 2 obtained in 72:28 er. While L9-L.13 furnished the prod-
uct in similar yield and selectivity, L10 provided marginally
better results when reactions were performed on a larger scale
and was therefore selected for the remainder of this study.

While separation of 2 from remaining starting material 1 and
side-product 3 was not possible, a crystal structure of 2 could
be obtained, allowing for assignment of the absolute configura-
tion as (S) (Figure 2B, see Supporting Information for details).
Since our overall strategic vision included the use of the aro-
matic Finkelstein reaction to set up subsequent reactions based

on the canonical selective transformation of the C-1 over the C-
Br bond, separation of reaction sequence products was envi-
sioned to be more straightforward, and we therefore turned our
attention to product derivatization.

Initial attempts targeted chemoselective Heck-reactions. While
the use of phosphine ligands resulted in complex product mix-
tures, a Pd(OAc)./NEts-catalyst system enabled the desired
conversion of 2 (purified mixture containing 1 and 3) to Heck-
product 4 in 67% yield with retention of enantioselectivity (Fig-
ure 2A). Stimulated by this result, we aimed to advance the
asymmetric aromatic Finkelstein / cross-coupling strategy to a
more general derivatization platform, that would enable the
synthesis of a small library of diarylmethanes over two steps
with a single chromatographic purification.

Pleasingly, the same strategy was compatible with various tran-
sition-metal catalyzed transformations, and we were able to
synthesize a set of structurally diverse diarylmethanes in good
yields and enantioselectivities (Figure 2B).
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Figure 3. Diarylmethane scope and correlation of steric demand with enantioselectivity.

Heck-product 4 could thus be isolated in 43% over 2 steps with
excellent enantioselectivity (94:6 er). Our strategy was further-
more compatible with a Cu(l)-catalyzed Larock-type indole for-
mation, which enabled the synthesis of 5 in 38% over 2 steps,
despite an observable drop in selectivity (89:11 er), which in
this case, can be attributed to background reaction of the re-
maining starting material under the reaction conditions. Imple-
mentation of a Suzuki-reaction using 3-methoxyphenyl-boronic
acid proved fruitful and enabled isolation of 6 in 30% over 2

steps and 91:9 er. Enantioenriched mono-brominated diarylme-
thane 7 could be synthesized via a palladium-catalyzed dehalo-
genation using NaBH, as reductant (40% over 2 steps, 92:8 er).
Finally, we attempted the selective insertion of carbon monox-
ide into the newly installed C-I bond in the presence of a palla-
dium catalyst resulting in the formation of 8 in 50% over 2 steps
with 93:7 er. It is notable, from a strategic standpoint, that each
of these transformations is enabled by the desymmetrization of
a simple, and common starting material, such that campaigns
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for new chiral ligands and catalysts for each of the other metal-
catalyzed reactions is not required.

Having established the synthetic potential of the asymmetric ar-
omatic Finkelstein reaction as a platform for chiral diarylme-
thane synthesis, we aimed to explore mechanistic and structural
requirements to achieve high selectivity. Diarylmethanes have
been successfully utilized in several methodology and drug dis-
covery campaigns.?>3 In particular, a series of reports from our
lab established a high degree of compatibility with small-pep-
tide catalysis over a broad range of mechanistically distinct
transformations.20-2% 3435 A series of experiments was therefore
undertaken to identify key parameters that govern mechanism
and structure to elucidate the privileged role of diarylmethanes
in peptide catalysis.

The role of a secondary Kinetic resolution in the enhancement
of selectivity has also been noted in previous studies. While the
formation of bis-iodinated compound 3 is in agreement with
this hypothesis, the involvement of a secondary kinetic resolu-
tion would be characterized by an increase of enantioselectivity
over time. We thus monitored the reaction progress and indeed
observed a continuous increase in er from 88:12 to 95:5 er (Fig-
ure 3A). Furthermore, the reaction features an induction period
of around 6 h, which likely results from the required deprotona-
tion of the -NHTFA moiety to reveal the active substrate for
catalysis.

Next, we investigated the influence of diarylmethane structure
on reaction outcome (Figure 3B). Evaluation of the impact of
structural modification was possible by isolation of the corre-
sponding Heck-reaction products. Initially, the role and nature
of the halide substituent was investigated. Addition of chloro-
substituents to the aryl-core was well-tolerated and indeed en-
antioselective replacement of bromide for iodide was possible,
as well as the highly selective Heck-coupling of aryl iodides.
Diarylmethane 9 could thus be isolated in 58% yield over two
steps in 94:6 er. In contrast, no conversion to product was ob-
served upon subjecting 10 to the reaction conditions, highlight-
ing the relatively poor reactivity of aryl chlorides compared to
aryl bromides.

Perhaps most interesting in the context of structural variation of
the diarylmethane is the impact of the remote substituents,
bridging the two aromatic rings of the substrate. Considering
the excellent enantioselectivity obtained for tBu-substituted
substrate 4 (94:6 er), the very good levels of selectivity upon
installation of an adamantyl (11, 92:8 er) and a methylcyclo-
hexyl group (12, 94:6 er) are unsurprising. The presence of a
tertiary carbon-center in the a-position to the stereogenic cen-
ter, however, resulted in a notable drop in selectivity (cyclo-
hexyl, 13, 84:16 er; isopropoyl, 14, 82:18 er). Further decrease
of the steric profile upon installation of a methyl group (15),
yielded a near racemic product (55:45 er).

In previous studies, we have noted linear free energy relation-
ships between empirical steric parameters and the observed en-
antioselectivity in the catalytic desymmetrization reaction of di-
arylmethane-bis(phenol) substrates.®>*® Here we show that a
computed steric descriptor, buried volume (VVBur) computed at
3.0 A sphere centered at the substituent group carbon, correlates
well with the measured enantioselectivities (R? = 0.89, Figure
3C).%% Computed steric descriptors provide advantages over
empirically derived parameters, particularly because they can
be readily computed for uncommon substituents (e.g., methyl-
cyclohexyl group in 12). To showcase this advantage, we used
12 as a test case to evaluate the accuracy of the correlation and

found that it accurately predicted the enantioselectivity within
0.03 kcal/mol of the measured value. Given the nature of this
remote functionalization, we sought to bridge the effect of this
with a mechanistic understanding of the origins of enantioselec-
tivity. Visualization of the lowest energy conformer of each di-
arylmethane revealed that the size of the substituent group can
influence the adopted conformation of the substrate; specifi-
cally, the plane angle (£) between the two aryl groups varies ca.
30° depending on the size and identity of the R group (57.9°
for 4 and 86.0° for 15, Figure 3C). This suggests that the struc-
tural pre-organization influenced by the size of the substituent
group is determining enantioselectivity. In consideration of the
remote nature of desymmetrization, this observation is in line
with intuition that a degree of rigidity is necessary to translate
the stereochemical information from the center of reaction to
the element of stereochemical information.

In summary, we herein disclose the first report of a highly en-
antioselective, copper-catalyzed aromatic Finkelstein reaction.
Guanidinylated peptide ligands serve as enabling tool for the
desymmetrization of diarylmethanes via stereoselective bro-
mide for iodide substitution at Cs,2-centers. Subsequent stere-
oretentive transition metal-catalyzed transformations render
this system a platform for the generation of chiral diarylmethane
libraries. To elucidate the privileged nature of diarylmethanes
in desymmetrization reactions, this study further identified key
parameters that govern selectivity, establishing underlying de-
sign principles for future studies. As such, a secondary Kinetic
resolution was identified as a crucial contributor to the excellent
levels of enantioselectivity and a computed steric parameter led
to insight into the preorganization required for selective cataly-
sis. The overall features of the diarylmethane scaffold remain
of great interest in not only asymmetric catalysis, but also in the
study of ligand receptor interactions in medicinal chemistry. It
seems plausible that the determinants of selectivity in one field
may be related to selectivity in the other, and perhaps reports
like these may stimulate further exploration of this analogy in
the future.
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