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Weiwei Fang,? and Bernhard Breit*

Abstract: New supramolecular ligands containing an acyl guanidine  poor phosphine ligands i an acyl guanidine
function were designed based on the strategy of increasing the -  functionality. Using thg catalyst system,
acceptor ability of phosphine ligands by introducing electron- tandem Rh-cataly of unsymmetrical
withdrawing groups. By applying this novel catalytic system, a internal alkynes fu oxylic acid was realized
general protocol for the Rh-catalyzed hydroformylation- in high regio- an emoselectivity viding facile access to
hydrogenation of unsymmetrical internal alkynes functionalized with  aliphatic aldehydes eme 1b).
a carboxylic acid was expounded furnishing aliphatic aldehydes in
high regio- and chemoselectivities. Control experiments are provided
that prove the enzyme-like supramolecular catalyst mode of action.

Natural enzymes efficiently combine molecular recognition and
catalysis in one functional assembly, which offers significantly
higher rate constants and selectivites than corresponding b this work CHO: CFs

. ; ) R [Rh}/Ligand i N
bimolecular reactions due to the formation of enzyme-substrate ™ - A <R L1 o
12 PN
R = CIROO0H, R, = alkyl, aryl. : /@\ Ny NHz

complexes resulting in a transition state stabilization.""! Inspired

by this, supramolecular catalysis has been a long-term objective Eng!'f)nt chemo- and regioselectivity (up Fio -
for chemists, with the ultimate goal to construct catalytic systems
capable of mimicking natural enzymes.”® Simple hydroggn
bonding interactions between the substrate and functi
groups of catalyst have shown to greatly improve the sel
of transiton metal catalysis.*® In this context we recently
reported on acyl guanidinium-functionalized phos
exhibiting excellent activities and regioselectivities j
catalyzed hydroformylation (HF) of vinylacetic acj

. Rh-catalyzed HF-hydrogenation of unsymmetrical internal alkynes

We commenced our investigation by designing new
phosphine ligands with enhanced m-acceptor ability."'? We
ed that the introduction of additional electron-withdrawing
analogues®, which furnished aliphatic aldeh such as CF; and F to the aryl substituents at the
regioselectivities (Scheme 1a). However, limg phine scaffold could enhance the coordination ability of the
catalyst system became apparent when we atte alyst to alkynes while simultaneously facilitating CO

internal alkenes. Hence, only a methyl-substituted Z-co issociation, resulting in higher catalytic activity (Scheme 2a).
substrate could be utilized which sets narrow synth Moreover, the installation of the acyl guanidinium group (as a
limitations. Since a Z-configured alkene is generally obtained¥ recognition unit for carboxylic acid) in the meta position with
from an internal alkyne through cis-hydrogenation employi respect to the phosphine unit would allow for two-point binding

Lindlar-type catalyst, we envisioned
internal alkynes directly. With an
catalyst, a corresponding tandem

X 1 A 2 A 3 A
largely extended substrate sco m e m _L | o—)> L o
Br N™ "Br Ar,P” "N” “Br Ar,P” "N Ar,P” °N
OH HN.__NH
A1-3 B1-3 c13 Y °

In the past deca i}
| BN NBoc
i 110] 4, J__o
electivity.”™ In AP N L1: Ar = 3',5"bis(trifluoromethyl) phenyl

alkynes has been wi

examples were reporte

2013, we introduced a R If-assembling Mand system for NQrNHQ L2: Ar = 3 5'-difluoro phenyl

chemoselective HF of sym ical and terminal alkynes with NH, L3: Ar = 4"trifluoromethy! phenyl

excellent ster tivity.!'9! refore, the design of new

types of phosp hly regioselective HF of  Scheme 2. Ligand synthesis: 1) nBuli, -78 °C, DCM; Ar,PCl. 2) nBuLi, -78 °C,

unsymmetrical inte DCM; CO.. 3) Boc-guanidine, N-methyl morphine, BOP, DMF and 4) TFA, 1,3-
Yy dimethoxybenzene; Na,CO;.

at current stage.

and thus conformational orientation of the substrate via
hydrogen bonding interactions.®

t challenge in this area

ong-standing research interests in
devel cepts for homogeneous catalysis The general synthetic protocol for accessing the respective

[5*6'11]‘ we herein repo ppropriately designed electron- ligands L1-3 is depicted in Scheme 2. Compounds A1-3 were
easily formed by coupling of the corresponding chloro
diarylphosphines  with  mono-lithiated 2,6-dibromopyridine.

- Bromine lithium exchange of A1-3 followed by quenching with
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Subsequent deprotection and neutralization furnished pure
ligands L1-3 as colorless solids.

To evaluate catalytic performances of the new ligands in
regioselective HF-hydrogenation of unsymmetrical internal
alkynes, 3-pentynoic acid S1 was selected as a model substrate
(Table 1). When the reaction was performed in toluene at 55 °C
with 1 mol% of [Rh(CO).acac] and 5 mol% of L1 under 6 bar of
CO/H; (1:1), low conversion (11%) was obtained and an a,B-
unsaturated aldehyde 1a was obtained as the main product in
excellent regioselectivity (y/B >25) (Entry 1). In consideration of
complete protonation of the acyl guanidinium function to incease
the hydrogen bonding interaction between the ligand and
substrate®, 5 mol% TsOH was added. Gladly, the conversion of
$1 increased to 79% and the main product was changed to the
aliphatic aldehyde 1c, however the ratio of y/B decreased (Table
S1). Other solvents such as DCE, CH,Cl, and THF were
examined with DCE providing the most promising result (Entry
2). Furthermore, the addition of acid co-catalysts showed a
significant effect on the reaction results: stronger acids such as
TFA and CSA led to 1c in a higher yield with excellent
regioselectivity (Entries 4 and 5), and similar results to that of
TsOH were obtained when TfOH, MsOH and PhSOz;H were
used. Conversely, using much weaker acids such as AcOH and
HsPO, only resulted in very poor results (Table S3). For
operational simplicity, crystalline CSA was chosen for further
optimization of reaction conditions. Decreasing the amoun
CSA from 5 to 2.5 mol% resulted in a lower conversio
chemoselectivity of 1c (96% vs. 26%), but the regioselectivity
remained unaffected (y/ >25, Table S4, for
temperature effect see Table S5). The reaction tim
shortened to 12 h with similar results (Entries 5
expected, the electron withdrawing groups of liga
significant effect on the activity and sel
supramolecular catalyst systems. L1 with the s

the general scope of the supramol
shown in Table 2, a variety of unsymme
underwent efficient HF-hydrogenation proce
corresponding aliphatic aldeh
with outstanding chemo- an
of the R group (1c
selectivity, and the dés
yields with regioselectivi
secondary alkyl substit

regioselectivity (2c vs. 7c¢) but
product with a
with functional
unprotected hydroxy!

ever, a bulkier
decreased chemo- and
avored the formation of the y-
lectivity of 7:1. Substrates
MB ethers and even
oups were well tolerated and products
were observed, but in slightly lower
ly, when 6-hydroxy-3-hexynoic acid
a’ was formed, which has shown
to have interesting hep tive properties.'? Its formation
might involve attack of the free hydroxyl group at the rhodium-
acyl intermediate
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Table 1. Reaction optimization[a]

B o
O n o Me [Rh], L
M ———Ho
HO H,/CO, A,

s1 DCE

Entry L A Yieldw Select. Ratio Conv
WC/M) 1c/% (v/B) 1%
10! L1 \ AM/O ‘ko >25 1
2 L1 TsO 1/<1/87/11 ‘ 7 99
3 L1 TfOH \36/<1/46/1 ‘,3 >25 94
4 L1 vyge 28 100
5 \0/0/96(00)/4 96 25 100
6 IH Mz/zz 68 3 96
7 ‘5 (92)4 95 22 100
8[:] L2 SA 3/1/5/2 20 3 35
A L3 ‘ SA 1711111 8 2 11
10\ L4 CSA 0/0/0/0 0 \ 84
110 : 5 CSA 0/0/0/0 0 \ 12
0/0/0/0 0 \ 44
139 L7 A\ CSA 0/0/0/0 0 \ 34

[a] [Rh(CO)acac]/L/additive/S1 = 1:5:5:100, ¢(S1) = 0.5 M, DCE (2 mL),
1:1, 6 bar), 55 °C, 20 h. Yield was determined by NMR spectroscopy
,3,5-trimethoxybenzene (TMB) as the internal standard and isolated
was shown in parentheses. Selectivity (Select.), ratio of y/B
c)/n(b+d)] and conversion (conv.) were determined by analysis of the
ction mixture by NMR spectroscopy. [b] Toluene was used. [c] 12 h. DCE =
,2-dichloroethane, TsOH = p-toluenesulfonic acid, TfOH =
trifluoromethanesulfonic acid, CSA = camphorsulfonic acid, MsOH =
methanesulfonic acid. PhSO3;H = benzenesulfonic acid. AcOH = acetic acid
MeO,

thp/©\fo Q
P |

NH, NYNHZ o

4
N
Q N§rNH2
NH;

L6 MeO L7

H, NH;

‘R=
:R=

followed by a double bond isomerization forming the butenolide,
which is a structural key element of a multitude of
pharmaceuticals.!"*!

Next, we turned our attention to the HF-hydrogenation of
unsymmetrical internal aryl alkynes. For these substrates a
higher pressure of syngas (10 bar) was necessary to achieve
high yields and chemoselectivity. 4-Phenyl-3-butynoic acid $10
furnished the desired aldehyde 10c in 79% yield with good
chemo- and regioselectivity (95%, y/f up to 25:1). For
substituted aryls, the relative position of the substituent on the
phenyl ring affected the chemoselectivity (11¢ vs. 12¢c and 13c),
but excellent regioselectivity was maintained throughout all
substitution patterns (y/B up to 25:1). Substrates with electron
withdrawing groups (such F and CF3) revealed higher
chemoselectivity rather than those having an electron donating
group (OMe) (96% and 95% vs. 90%, 15¢c and 16c¢ vs. 14c) and

This article is protected by copyright. All rights reserved.
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all displayed high y-regioselectivity. Polyaromatic- and
heterocyclic substituents were also well tolerated (17c and 18c).

Table 2. Substrate scope.”!

0]
O g ' R
B Rh(CO),acac, L1, CSA
/u\/ (CO)s: HOJ\/\(R
HO Ho/CO (1:1 6 bar or 10 bar) CHO
S DCE, 55°C, 20 h c
o o (0}
M
HOM e HOJ\/\(Et HOJ\/\rnPr
CHO CHO CHO
1c 2c 3c
Conv. >99% Conv. >99% Conv. >99%
Yield: 90% Yield: 94% Yield: 90%
Select.: 96% Select.: 99% Select.: 95%
y/p: >25:1 Y/B: >25:1 v/B: 19:1
0] (0] 0]
HOJ\/\/HBU HOJ\/\("Pem HOJI\/YnHeX
CHO CHO CHO
4c 5¢c [
Conv. >99% Conv. >99% Conv. >99%
Yield: 92% Yield: 90% Yield: 90%
Select.: 94% Select.: 97% Select.: 94%
v/B: 22:1 v/p: >25:1 v/B: >25:1
] 0]
HO)WIPI‘ Ho)l\/\l/\/OPMB HO =
CHO CHO (0]
7c 8c 9a' O
Conv. >99% Conv. >99% Conv. 100%
Yield: 65% Yield: 77% Yield: 65%
Select.: 85% Select.: 93% 9a'/9c": 3:1
v/B: 7:1 y/B: 15:1 y/p: >25:1 ‘
(0] (¢] (0]
HO HO HO Me
CHO CHOMe CHO
10c 11c 12c
Conv. >99% Conv. >99% Conv. >99%
Yield: 79% Yield: 63% Yield: 75%
Select.: 95% 11a/11c: 1:2 Select.: 98%
y/p: >25:1 v/p: >25:1 v/p: >25:1
o Me o OMe
HO HO HO
CHO CHO CHO
13c 14c 15¢
Conv. >99% Conv. >99% Conv. >99%
Yield: 73% Yield: 68% Yield: 75%
Select.: 94% Select.: 90% Select.: 96%
y/B: >25:1 y/p: 21:1

CHO
16¢c
Conv. >99% Conv. >99%
Yield: 68% Yield: 51%
Select.: 95%
y/p:>25:1

Selectivity (Select.), ratio of y/B [n

were determined b! f the rea mixture by NMR spectroscopy.

rmined by NMR spectroscopy

rhodium catalyst derived from a
monodentate lig o product 1¢c and only a mixture
of unsaturated aldehydes 1a and 1b was observed in very low
yields with rather poor regioselectivity, and the presence of CSA
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hardly affected the outcome of the reactions using ligand L8,
further indicating that CSA serve: protonate the guanidine
function.® Similar to the result o formation of any
aldehydes was observed when using t hospine (Table
S12). As expected, very inferior resu

the ligand and substrate.
e L1-derived catalyst

ing L8 (Table S12).
found when 4-hexynoic
were involved, which

the carboxylic acid
group has a dramatic
the fact that methyl ester

Lower activity and
acid 820 and 5
indicated that th
functionality
impact. Furthe
S$22, lacking the

provided a the substrate preorientation via the
hydrogen bonding interactions elegantly controlled the selectivity
and enhanced the activity of catalysts.

[a]

ble 3. Col experiments

Yields/% Select. Ratio Conv.
(a/blc/d) c/% (v/B) 1%
L8 s1 4/11/0/0 0 <1 23
L8 s1 10/10/1/1 4 1 28
L1 s 3/2/0/0 0 1 16
L1 S19  0/0/0/0 0 \ 27
5t L1 S20  21/5/15/0 34 4 40
61 L1 S21  3/3/2/0 20 1 10
7 L1 S22 <1/1/<1/0 32 2 43

[a] [Rh(CO).acac]/L/CSA/S = 1:5:5:100, c(S) = 0.5 M, DCE (2 mL), CO/H,
(1:1, 6 bar), 55 °C, 12 h. Yield was determined by NMR spectroscopy
using TMB as the internal standard. Selectivity (Select.), ratio of y/B
[n(a+c)/n(b+d)] and conversion (conv.) were determined by analysis of
the reaction mixture by NMR spectroscopy. [b] Without of CSA. [c] MeOH
was used. [d] TsOH was used. [€] ratio (d/y). [f] ratio (&/d).

FsG
(0] [O 2N d Me o) € Me (e} Me
pZ )z S ~ Z
Z Z Z P
Hok/ HOM HOW Meo/u\/
s19 $20 s21 s22 FsC /s
Ls
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204
0 T

10 12 14 16 18 20
th

0 2 4 6 8

Figure 1. Rh-catalyzed HF-hydrogenation of 81 as a function of reaction time.

This new method involves two catalytic reactions: HF and
hydrogenation. The formation of the main product of 9a’,
containing the a,B-unsaturated y-lactone moiety, indicated that
the HF could be the first step, then followed by hydrogenation.
So control experiments for detecting the possible intermediate in
the reaction of 81 at different reaction times were carried out.
The a,B-unsaturated aldehyde 1a was produced in 18% yield
after 1 h, and in line with the increasing reaction time, its amount
initially increased, reaching its maximum percentage at 40%
before levelling off to zero (Figure 1). At the same time,
amount of 1c as well as its chemoselectivity were a
increasing during the process, and a yield of 95% was achieved

enal 1a, which was further subsequently hydro
the reaction conditions, releasing the final satura
Based on our previous report®®®, (Z)-pent-3-e

selectivity were obtained when Z- an
new catalytic system (Table S12).

d) Further hydrogenation within
the desired product 1c, and
owever, at this stage we cannot
exclude a mechanism wo guanidinium ligands interact
with the carboxylic acid function, as has been found previously
for a related HF of B,y-unsaturated alkenes.”*
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(o] Me
M [Rn}, L1, csA
/
HO/U/ COMH, (1:1, 6 bar), DC

$1

Scheme 3. Proposed rea mechanism.

To conclude, we have designed and synthesized a series of
new supramolgcular ligands, containing a functional guanidine

up with *asing T-acceptor ability of the phosphine donor
ds. A p8tocol for a tandem Rh-catalyzed HF-hydrogenation
symmetrical internal alkynes functionalized with carboxylic
highly regio- and chemoselectivity was successfully
ed, which vyielded aliphatic aldehydes as desired
iaostudy further highlighted the unique advantages
ular catalysis mimicking natural enzymes and an
investigatioM of corresponding rationally designed chiral ligands
are being undertaken in our lab.
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18 examples, excellent chemo- and regioselectivity -Hydrogenatlon of
(up to 25:1), isolated yields: up to 92%

A new supramolecular catalyst enables a tandem Rh-catalyzed hydroformylation-
hydrogenation of unsymmetrical internal alkynes functionalized with carboxylic
acids in p-position gave access to aliphatic aldehydes in high regio- and
chemoselectivity. Control experiments prove enzyme-like catalyst behavior.
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