(\) BEILSTEIN JOURNAL OF ORGANIC CHEMISTRY

Access to cyclopropanes with geminal trifluoromethyl and
difluoromethylphosphonate groups

lta Hajdin!, Romana Pajkert !, Mira KeBler?,

and Gerd-Volker Roschenthaler’

Letter

Address:

School of Science, Constructor University Bremen gGmbH, Campus
Ring 1, Bremen 28759, Germany, 2Center for Molecular Materials,
Bielefeld University, UniversitatsstraBe 25, 33615 Bielefeld, Germany
and 3Jiangsu Co-Innovation Center of Efficient Processing and
Utilization of Forest Resources College of Chemical Engineering,
Nanjing Forestry University, Nanjing 210037, China

Email:

Romana Pajkert” - rpajkert@constructor.university; Jianlin Han" -
hanjl@njfu.edu.cn; Gerd-Volker Réschenthaler” -
groeschenthaler@constructor.university

* Corresponding author
Keywords:

alkenes; cyclopropanation; diazo compounds;
difluoromethylphosphonate; DFT calculations

Abstract

Jianlin Han"3, Haibo Mei®

Beilstein J. Org. Chem. 2023, 19, 541-549.
https://doi.org/10.3762/bjoc.19.39

Received: 08 February 2023
Accepted: 11 April 2023
Published: 25 April 2023

Associate Editor: I. Marek

© 2023 Hajdin et al.; licensee Beilstein-Institut.
License and terms: see end of document.

A synthetic route to the bench-stable fluorinated masked carbene reagent diethyl 2-diazo-1,1,3,3,3-pentafluoropropylphosphonate,

bearing a trifluoromethyl and a difluoromethyl group is reported for the first time. Its application in Cul-catalyzed cyclopropan-

ation reactions with aromatic and aliphatic terminal alkenes under mild reaction conditions is demonstrated. In total, sixteen new

cyclopropanes were synthesized in good to very good yields.

Introduction

Cyclopropanes constitute a fascinating class of organic com-
pounds due to their unique structure and bond properties [1].
However, their synthetic utility is closely linked to the substitu-
tion pattern of the cyclopropane unit [2]. The prevalence of the
biologically active cyclopropyl derivatives, either isolated from
natural sources or rationally designed as pharmaceutical agents,
has inspired chemists to find efficient methods for their prepara-
tion. Among them, trifluoromethyl- and difluoromethyl-substi-
tuted cyclopropanes are of great interest in pharmaceutical, ma-

terials and agricultural chemistry [3]. Due to the unique proper-

ties of fluorine, such as highest electronegativity, small atomic
radius, or low polarizability, the strategic placement of fluori-
nated moieties within cyclopropyl rings imparts useful proper-
ties to these molecules. Thus, it is not surprising that difluoro-
methyl- or trifluoromethyl-substituted cyclopropanes serve as
important structural motifs in many biologically active mole-
cules as well as in special materials [4-6]. Therefore, as rele-
vant building blocks, tremendous efforts have been made to
develop reliable methods for their synthesis. Transition-metal-

catalyzed cyclopropanation of alkenes with trifluoromethyl-
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diazoalkanes is a commonly used synthetic strategy for the con-
struction of trifluoromethylcyclopropanes. Recently, also regio-
and diastereoselective carbometalation of easily accessible tri-
fluoromethyl-substituted cyclopropenes to access trifluoro-
methylcyclopropanes has been reported (Scheme 1A) [7-31]. In
contrast, the synthesis of difluoromethylcyclopropanes utilizing
difluoromethyldiazo reagents remains rather unexplored. Never-
theless, some difluorocarbene reagents, including HCF,CH(N»)
[32], Ph,S*CH,CF,H TfO~ [33], and difluoroacetaldehyde
N-triftosylhydrazone (DFHZTfs) [34], have been developed
(Scheme 1B). In addition, few examples of difluoromethylphos-
phonate containing cyclopropanes have been reported to
date. These compounds were synthesized either by cyclo-
propanation of CF,P(O)(OEt),-containing alkenoates using a
Corey—Chaykovsky reagent (sulfaniumyl or oxosulfaniumyl

methanides) and diazomethane or by photolysis of pyrazolines

previous works:

Beilstein J. Org. Chem. 2023, 19, 541-549.

bearing difluoromethylphosphonate moieties (Scheme 1C) [35-
38]. Notably, among the various CF,-containing functionalities,
difluoromethylphosphonates represent a distinct class of com-
pounds whose potential as nonhydrolyzable phosphate mimics
is unquestionable. Phosphonates containing CF, groups can
sterically and electronically mimic oxygen, enabling the second
dissociation constant, pK,y, to closer mirror those of the phos-
phates due to the electron-withdrawing effect of fluorine [39].
As a result, improved lipophilicity, metabolic stability or
bioavailability of the difluoromethylphosphonate derivatives
relative to their nonfluorinated analogues have been observed
[40].

However, the extension of this chemistry to highly fluorinated
diazo derivatives has not been reported to date. Instead, cyclo-

propanes with geminal trifluoromethyl substituents were mostly

+  CF3CH=N, (A) o @)
3 = *  HCF,CH=N,
— +  CFiC(AD)=N,
= +  HCF,C(Me)=N,
+  [PhyS*CH,CF3] TfO~
CF,X = + [PhyS*CH,CF,H] TfO~
CFs - |
LR + R',CU/R"X E o
— 11
I — . i S
O CFs
Z CF,P(0)(OE), * CHy=S(O)Me; HCF5~ ~H
\ J
( N
ZCF,P(O)OE), *  CHzNp HO,C CO,H
+  SFyHF
N
N\ Z + hv s-S
FsC \/\)\O-n-Bu + CF3TMS/CsF
CF,P(O)(OEt), © el
F3C CFs NC  CFs . O.__OMe
NG CF U/
L 3 (D))
this work:
R N, F3C_CF,P(O)(OEt),
N J\ Cul (1 mol %)
R/\z FsC~ “CF,P(O)(OEt), toluene, A R%z

@ first cyclopropanation with a diazo compound bearing a difluoromethylphosphonate group

® broad substrate scope
® non-expensive catalyst

Scheme 1: Previous works (A-D) and the extension (this work).
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obtained by the deoxofluorination of the corresponding dicar-
boxylic acids with sulfur tetrafluoride, thiophilic ring-opening
reactions with nucleophiles or reactions of donor-substituted
furans with bis(trifluoromethyl)-substituted ethylenes
(Scheme 1D) [41-43]. The lack of application of highly fluori-
nated diazo compounds might be rationalized by their low
accessibility and high volatility [44].

As a part of our continuing investigations in fluorinated carbene
chemistry [45-49], we hypothesized that the synthesis of
cyclopropanes with geminal trifluoromethyl and difluoro-
methylphosphonate groups at the ring might be possible by
using our newly developed bench-stable diazo reagent
CF3C(N,)CF,P(O)(OEt),. Therefore, we report herein our
preliminary results toward this goal via copper iodide-
catalyzed cyclopropanation reaction of an acceptor carbene
precursor with selected terminal alkenes. We believe that the
synergism of both fluorinated substituents could open new
synthetic possibilities in the field of fluorinated organic materi-
als.

Beilstein J. Org. Chem. 2023, 19, 541-549.

Results and Discussion

We began our studies by preparing the fluorinated carbene pre-
cursor, diethyl 2-diazo-1,1,3,3,3-pentafluoropropylphosphonate
(5). This compound was synthesized smoothly within three
steps in 16.6% overall yield. The synthetic route commenced
from the preparation of N-protected amine 3, followed by the
deprotection of benzylamine 3 to furnish 4 and ended with the
diazotization of 4 using fert-butyl nitrite. As a result, the target
diazo reagent 5, which contains both a trifluoromethyl and a
difluoromethylphosphonate moiety, was isolated as a stable,
non-volatile liquid (Scheme 2).

To highlight the synthetic utility of the novel carbene precursor
5, subsequent [2 + 1] cycloaddition reactions with selected ter-
minal aromatic and aliphatic olefins were examined. The reac-
tion conditions were first optimized using 4-methylstyrene as a
model substrate. The results are summarized in Table 1.

Initially, dirhodium tetraacetate (Rhy(OAc),), the most common

catalyst for the preparation of cyclopropanes, was applied. To

N

Q N"Ph 1.LDA HN">Ph
EtO—I?—CFZH + |
OEt FsC THF, -78 °C F3C~ ~CF,P(O)(OEt),
2. H30*
1 2 3,33%
H,, Pd/C (5%) NH; £-BUONO, AcOH N2
MeOH, rt, 24 h F3C° "CF,P(O)(OEt), DCM,0°Ctort F3C~ "CF,P(O)(OEt),
4, 90% 5, 56%
Scheme 2: Synthesis of diethyl 2-diazo-1,1,3,3,3-pentafluoropropylphosphonate (5).
Table 1: Optimization of the reaction conditions?.
F;C.__CF,P(O)(OEt),
N>
Q/\ . i catalyst
F3C” "CF,P(O)(OEt),  solvent, reflux
5 =N 6a

Entry Catalyst t (h) T(°C) Solvent Conversion rate® (%)
1 Rh2(OAc)4 5 111 toluene n.r.

2 Rho(OAc)4 3 40 DCM n.r.

3 Cul 3 40 DCM n.r.

4 Cul 1 111 toluene 42

5 Cul 2 111 toluene 59

6 Cul 3.5 111 toluene 100¢

7d - 24 40 DCM n.r.

aReaction conditions: alkene (0.15 mmol), diazo compound 5 (0.1 mmol), Cul (1 mol %), dry toluene, 111 °C, Ar atmosphere; ®Determined by

19F NMR spectroscopy; Clsolated yield 74%. 9Under UV irradiation.
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our surprise, the application of Rhy(OAc)4 did not lead to the
desired product neither in dichloromethane nor in toluene
(Table 1, entries 1 and 2). Switching the catalyst to copper(I)
iodide in refluxing DCM, did not result in the formation of
product 6a, as well (Table 1, entry 3). However, when Cul was
used in boiling toluene, 42% of the diazo reagent 5 was con-
verted to 6a after only 1 hour of stirring. Thus, to increase the
conversion rate, the reaction time was prolonged up to 3.5 h.
Indeed, after this time, complete conversion of the diazo reagent
5 was observed and cyclopropane 6a was isolated in 74% yield
(Table 1, entry 6). In addition, in a catalyst-free reaction under
UV irradiation, no reaction occurred and the starting diazo com-
pound 5 was recovered (Table 1, entry 7).

Having identified the optimal catalyst and conditions, we then

examined the scope of the cyclopropanation reaction by
reacting selected styrenes with the diazo reagent 5. As evident

~ 2
\/O/i CF2P(O)(OEt)

Beilstein J. Org. Chem. 2023, 19, 541-549.

from Scheme 3, this method is widely applicable to a range of
styrenes that are either not activated or substituted with elec-
tron-donating (Me, OMe) or electron-withdrawing (CI) groups
on the aromatic ring. All reactions were carried out successful-
ly and the corresponding cyclopropanes 6a—i were isolated in
moderate to good yields. As expected, the best results were ob-
tained with styrenes bearing electron-donating groups in the
para-position furnishing cyclopropanes 6a and 6d in 74% and
67% yield, respectively. The presence of substituents in ortho
and meta-positions on the phenyl ring (6e, 6f, 6h, 6i), deceler-
ated the process. In the case of a-methylstyrene, complete
conversion of diazo reagent 5 to compound 6b was observed
only after 48 hours of heating, which might result from the
steric hindrance around the reaction centre.

In almost all cases, a mixture of two diastereoisomers was ob-

tained, with a slight preference for one diastereoisomer for com-
F3C.__CF,P(O)(OEt),
R1
—
N\ J
R2

Cul (1 mol %)
toluene, reflux

R2 - N2
5 6a-i
F;C.__CF,P(O)(OEt), FaC_CFaP(O)(OE), FsC jCFZP(O)(OEt)2
6a, 3.5 h, 74%?2 6b, 48 h, 50% 6c, 4 h, 35%
(1:1)P (1.4:1) (1:3)
F5C. _CF,P(O)(OEt
/&KCB (O)(OEY), 3 2P(O)(OEt), CFEKCFQP(O)(OEM
H,CO OCH
3 OCHs 3
6d, 2.5 h, 67% 6e,7h, 41% 6f, 7 h, 53%
(1:1.3) (1:1.9) (1:1.4)
FsC. _CF,P(O)(OEt
F3C.__CF,P(O)(OEt), 3 2P(O)(OE), FsC.__CF,P(O)(OEt),
| X
7
cl
cl
6g, 3 h, 45% 6h, 5h, 41% 6i, 8 h, 53%
(1:1.5) (1:1.8) (1:2.2)

Scheme 3: Scope of the cyclopropanation. Reaction conditions: alkene (0.15 mmol), diazo compound 5 (0.1 mmol), Cul (1 mol %), dry toluene,
111 °C, Ar atmosphere. 2Yields refer to isolated products; °dr ratio determined by '°F NMR spectroscopy.
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pounds 6a, 6c—i. Furthermore, we were able to isolate both the
main isomer as well as a mixture of two isomers for cyclo-
propanes 6a, 6¢, 6d, 6g, 6h and 6i. To determine the relative
stereochemistry of the main isomer, the !°F,'"H-HOESY NMR
spectrum of compound 6c¢ was recorded. The spectrum shows
direct correlation of one fluorine nucleus of the difluoromethyl
phosphonate group with two cyclopropane protons at 1.75 and

Ty

Beilstein J. Org. Chem. 2023, 19, 541-549.

2.91 ppm, respectively. Thus, it is conceivable that the major

diastereoisomer adopts trans configuration (Figure 1).

Furthermore, terminal aliphatic alkenes as well as N-Boc-allyl-
amine were subjected to [2 + 1] cycloaddition reactions with the
carbene precursor 5. The results are summarized in Scheme 4.
As observed, the procedure was successful with a series of ter-

‘L‘AL‘JLJL

J y

=

“fé " 1 1:3

- m 20

Hp ‘! CFoP(O)(OEt)y §‘
j Ph CF3 e B
A0 053 60 1005 1970 1073 080 003 0 A3 rloa 1103 110 1115 20 415 a3 iag 1003
Figure 1: 19F,"H-HOESY spectrum of compound 6c.
F3C.__CF,P(O)(OEt
R . N2 Cul (1 mol %) s X 2P(0)(OE)
— F3sC* "CF,P(O)(OEt), toluene, reflux R
-N
5 2 Ta—g

F3C.__CF,P(O)(OEt), F3C.__CF,P(O)(OEt), F3C.__CF,P(O)(OEt),

7a, 3.5 h, 48%°2

7b, 3.5 h, 46%

PRPAPA

7c,2.5h,42%

(1:1_2)b (1:1.3) (1:1.1)
F5C__CF,P(O)(OEt), F5C__CF,P(O)(OEt),
SN NG NP N,
7d, 2.5 h, 34% 7e,5h, 41%
(1:2.2) (1:1.2)
FsC. _CF,P(O)(OEt
FsC._CF,P(O)(OEt), H 2P(ONOER),
PN > o™
o)
7f, 5 h, 28% 79,5 h, 53%
(1:1.3) (1:6)

Scheme 4: Scope of the cyclopropanation. Reaction conditions: alkene (0.15 mmol), diazo compound 5 (0.1 mmol), Cul (1 mol %), dry toluene,
111 °C, Ar atmosphere. 2Yields refer to isolated products; °dr ratio determined by '°F NMR spectroscopy.
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minal olefins with different aliphatic chains. The total conver-
sion of the diazo compound 5 was achieved after 2.5-3.5 hours
of heating and the corresponding cyclopropanes 7a—g were ob-
tained in moderate to good yield (28-53%). The highest yield
(53%) as well as the best diastereoselectivity were recorded for
the reaction with fert-butyl-N-allyl carbamate 7g (1:6) while the
reaction with allylcyclohexane resulted with the lowest yield
(7f, 28%), probably due to the steric hindrance of the reagents.
In the case of N-Boc-allylamine, improved diastereoselectivity
might result from the coordination of the amino group to the
copper centre of an intermediately produced metallocarbene,
thus favouring the formation of one diastereoisomer of 7g [50].
In addition, the cyclopropanes 7a—g were always obtained as
mixtures of two diastereoisomers in different ratios and all
attempts to separate them using column chromatography were
unsuccessful. In addition, alkenes such as allylpentafluoroben-
zene, diethyl allylmalonate, allylbenzene and ethyl acrylate did
not react with 5. Instead, the diazo compound 5 decomposed
immediately under the reaction conditions described in
Scheme 4.

To better understand the mechanism and to confirm the lack of
selectivity during the cyclopropanation process with terminal
alkenes, the reaction mechanism between the diazo reagent 5
and styrene as a model substrate in the presence of Cul catalyst
was investigated by density functional theory (DFT) calcula-
tions (Table 2).

In the first step, Cul adds to the diazo compound S under forma-
tion of zwitterionic Intl (AG = 5.2 kcal/mol). Afterwards,

Beilstein J. Org. Chem. 2023, 19, 541-549.

copper carbene complex Int2 is formed after extrusion of
nitrogen. The transition state of this metal carbene formation
TS1 was calculated with an activation free energy of
16.4 kcal/mol (Scheme 5).

Int2 adds to styrene to the carbon atom in 2-position of the
ethenyl group. At this point, four different orientations of the
phenyl group are conceivable (Scheme 6 and Scheme 7, TS2_1
to TS2_4).

After an early transition state with hardly any activation barrier,
the addition of styrene to Int2 proceeds in the case of TS2_1
and TS2_2 to the intermediates Int3_1 and Int3_2. Afterwards,
the Cu—C bond is broken, and a Cu—O bond is formed. Cul is
transferred to the oxygen atom from the phosphonate group,
yielding Int4_1 and Int4_2. In the case of TS2_3 and TS2_4,
the addition proceeds smoothly towards Int4_3 and Int4_4
without further intermediates (Scheme 7 and Scheme 8). Extru-
sion of a catalyst yields Prl, Pr2, Pr3 and Pr4 as presented in
Scheme 8.

As shown in Table 2, the formation of the enantiomeric set Pr1
and Pr3 (AG = —44.6 and —44.1 kcal-mol™!) is slightly more
favorable than the formation of Pr2 and Pr4 (AG = —42.5 and
-43.3 kcal~mol’1; cis-6¢), respectively. This is consistent with
the experimental results, since two sets of signals correspond-
ing to the diastereoisomers frans-6¢ and cis-6¢ are always ob-
served in the 1F NMR spectrum of the crude mixture, with a
slight preference for the trans isomer (diastereomeric ratio

1.4:1). Moreover, although Int4 is the overall thermodynamic

Table 2: Change in Gibbs free energy AG (kcal-mol=1) from the Cul-catalyzed cyclopropanation of the diazo compound with styrene for possible

stereoisomers Pr1 to Pr4.

Isomer Int1 TS1 Int2 TS22
1
2 8.5
5.2 16.4 -8.7
3
4

aExemplarily calculated for one option due to flat potential.

(E10),(O)PCF,._N,
e

Cul _
= [CuT CF,

R —_—

(EtO)z(O)PCFzYNZ
CF4

Int1
[Cu] = Cul

Scheme 5: Addition of Cul to the diazo compound 5.

Int3 TS3 Int4 TS4 Pr
-26.4 -22.1 -52.3 -417 -44.6
-27.6 -22.5 -50.5 -42.0 -42.5

- - -51.1 -36.0 -44.1
- - -51.3 -35.9 -43.3
t
N
(EtO),(O)PCF, N2 (EtO)z(O)PCFg\([Cu]
[Cul CF, —Np CFs
TS1 Int2
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H [Cu]
H.. »Ph 3 ,Ph z ,Ph H, ,Ph
[Cu] i [Cul | 0----[Cy é H
M H H R e EtO’P\c“
(EtO),(O)PCF3" "CFj (EtO);(O)PCFS” &, H EO F, CFyH EtO F, CFsH
TS2_1 Int3_1 TS3_1 Intd_1
Ph Ph [Cu]

Ph,, LH E 3 ,H Ph, H
|fu] | [Cu] 0-----[Cy ) -
Moo = Jral. /P ot
N W ", EtO //P\ W Eto \C\\

(Et0),(0)PCF, 'CFs H H (EtO)(0)PCFS &, H EtO (F32 CF, H EtO F, CFsH
TS2 2 Int3_2 TS3_2 Intd_2

Scheme 6: Possible addition of styrene to Int2 yielding Int4_1 and Int4_2 through Int3_1 and Int3_2.

[CU] H, H
l[ful H., H
AN wH
(Et0),(O)PCFS™ “CFs JE EtO’P\C‘
H™ Ph EtO F, CFy N
TS2_3 Int4_3
Cul
Eu] H, H
SN Ph
(Et0),(0)PCF3 “CFq IC EtO’P\C‘ Y
Ph" H EtO  F, CF;
TS2_4 Int4_4

Scheme 7: Possible addition of styrene to Int2 yielding Int4_3 and
Int4_4 without further intermediates.

minimum of the reaction for all stereoisomers, it is still unsur-
prising that the reaction proceeds towards the product since the
abstraction of the catalyst is the last step. Once abstracted, the
catalyst is then involved in the next catalytic cycle and thus re-
moved from the equilibrium between Int4 and Pr + Cul. In ad-
dition, since TS2 is an early transition state and the potential is

concomitantly very flat, only TS2_2 was found by means of
regular optimization towards a first order saddle point. For the
other three possible reaction pathways, this step was examined
by relaxed potential energy scans along the indicated C—C bond
(see Supporting Information File 1 for full experimental data).

Conclusion

In summary, a convenient method for the synthesis of a highly
fluorinated diazo reagent, diethyl 2-diazo-1,1,3,3,3-pentafluoro-
propylphosphonate (5), was presented for the first time. This
compound is a bench-stable, non-volatile, and non-explosive
liquid, which facilitated the handling of this reagent. Further-
more, our research highlights the possibility for facile and effi-
cient syntheses of difluoromethylphosphonate-containing cyclo-
propanes in reactions with selected olefins, carried out under
mild conditions with good to very good yields, in the presence
of Cul, an inexpensive catalyst. As confirmed by quantum me-
chanical calculations and experimental results, the cyclo-
propane formation occurs always with a slight preference for
one diastereoisomer. The presented results turn of a new page
for the future of diazo chemistry.

[Cul,  H, Ph [Cul, H, H o M. Ph o H.H
;i é\“H 7 é\H x (S)é\(..iﬂ 'F', (R@{.“H
EtO~ ~c l EtO~ " ~c™ : EtO7 ~c™ EtO-FP~c~
EtO F, CFyH EtO F, CFyFh EtO F, CFy M EtO F, CFy PP
Int4_1 Int4_3 Pr1 Pr3
N trans-6¢
[C”] Ph, H [C“] H, H —Cul
wH WPh Ph, ,H H, H
o e f 2l 2 e
F2 CF3 t F2 CF3 EtEotéP\C“ ““"—' EtEcg(/)P\C\\ a
F F
Int4_2 Int4_4 Fa CFs F, CFs '
Pr2 Pr4
cis-6¢

Scheme 8: Formation of the products Pr1 to Pr4.
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Supporting Information

Supporting Information File 1

Experimental section and characterization of synthesized
compounds.

[https://www .beilstein-journals.org/bjoc/content/
supplementary/1860-5397-19-39-S1.pdf]
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