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Abstract: The Cu(ll)-catalysed [2,3]-sigmatropic rearrangement of allyl and propargy! sulfides with the fluorinated diazo compound, 2-diazo-
1,1,3,3,3-pentafluoropropyl phosphonate, has been investigated experimentally and computationally. The corresponding products 2 and 3a—d
were obtained in yields of up to 79 %. Kinetic studies and DFT calculations indicate that Cu(l), generated in situ by reduction of Cu(ll) with the
diazo substrate, is the catalytically active species. The reaction proceeds via formation of a copper carbene and sulfonium ylide, which
undergoes a facile [2,3]-sigmatropic rearrangement. These results expand the synthetic utility of fluorinated diazo compounds and provide
mechanistic insight into the Doyle-Kirmse reaction under copper catalysis.
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INTRODUCTION

T HE [2,3]-sigmatropic rearrangement of sulfonium
ylides generated from carbene species is known as the
Doyle-Kirmse reaction.!! This transformation was first re-
ported by Kirmse et al. in 1968[2! and subsequently redis-
covered 13 years later by Doyle et al.Bl It represents one of
the distinctive methods for constructing C=S bonds. In this
reaction, thioethers typically include allylic, propargylic,
and allenic derivatives.[¥ Catalysts commonly employed in
the Doyle-Kirmse reaction are rhodium and copper com-
plexes, however, other metals, such as palladium, gold, and
iron, have also been shown to be effective.l5!

Fluorine is well established as a key element in the
design of bioactive molecules, and the difluoromethylene
group is among the most important fluorine-containing
functional motifs.[6-8] In this context, fluorinated diazo com-
pounds have emerged as attractive starting materials for
[2,3]-sigmatropic rearrangement reactions. Although, to

the best of our knowledge, reactions involving diazo com-
pounds bearing a trifluoromethyl and difluoromethyl phos-
phonate moiety have not yet been reported, numerous
examples of [2,3]-sigmatropic rearrangement reactions em-
ploying fluorinated diazo substrates are known. For instance,
Ramirez et al.l® described the copper(l)—catalysed gem—ami-
noalkynylation of fluorinated diazo compounds, demonstrat-
ing the feasibility of carbene-mediated transformations of
such substrates. Hock et al.[1 reported the transient in situ
generation of fluorinated diazo compounds under on-water
conditions, followed by direct carbene formation and subse-
quent sigmatropic rearrangement. Furthermore, Vorobyeva
et al.ll presented a Cu(ll)-catalysed [2,3]-sigmatropic rear-
rangement of propargyl- and/or allyl-substituted sulfur and
nitrogen ylides, providing access to a range of fluorinated
enynes, diolefins, and allenyne derivatives.

In the past, we presented the synthesis of the fluori-
nated diazo compound 2—-diazo-1,1,3,3,3-pentafluoropro-
pyl phosphonate and demonstrated its synthetic utility in
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cyclopropanation!!2], 1,3—dipolar cycloaddition!!3l and O-H
insertion reactions.¥ Building upon these studies, we
aimed to further explore the reactivity of this diazo com-
pound and to extend its application to [2,3]-sigmatropic
rearrangement reactions, thereby advancing the investiga-
tion of its carbene-mediated transformations (Figure 1). In
this study, we report a Cu(ll) catalysed [2,3]-sigmatropic
rearrangement of propargyl and allyl sulfides with 2-diazo-
1,1,3,3,3-pentafluoropropyl phosphonate (1), providing
access to previously unexplored fluorinated sulfur-contain-
ing products.

EXPERIMENTAL

Materials and Methods

All reactions were carried out under anhydrous conditions
and under an argon atmosphere. Toluene was freshly dis-
tilled from benzophenone ketyl before use. All reagents
were purchased from commercial sources and used with-
out further purification. 2—diazo-1,1,3,3,3—pentafluoro-
propyl phosphonate (1) was prepared according to the
previously published procedure.l!2l The products were
purified by column chromatography over silica gel 60
(230-400 mesh ASTM). Analytical TLCs were performed
with silica gel 60 F254 plates. Visualisation was accom-
plished using UV light or by spraying with Ce(SQ4), solution
in 5% H,S04. NMR spectra were recorded on a JEOL ECX400
instrument, and the frequencies for 'H, 13C, 1°F and 3P NMR
are 400, 100, 376 and 161 MHz, respectively. 3P NMR spec-
tra were broadband decoupled from hydrogen nuclei. All
measurements were carried out in the solution in CDCls.
Chemical shifts (6) are reported in ppm and coupling
constants (J) in Hz. High-resolution mass spectra (HRMS)
were recorded on an ESI-Qg-TOF mass spectrometer.

Cyclopropanation

DFT-Calculations

All structures were optimised at B3LYPI!5-17] |evel of theory
with LANL2DZ!!8-20] hasis set. Solvent effects of toluene
were included by polarizable continuum model (PCM)[21]
using the integral equation formalism variant (IEFPCM).
Minima and transition states were confirmed by the
presence of zero and one imaginary frequency,
respectively. Reported energies are relative Gibbs free
energies at 384 K. All calculations were performed using
Gaussian 16 software.[?2 All reported energies in Figure 2.
and Table 2. are Gibbs free energies calculated at 384 K.

Synthesis

General procedure for the Doyle-Kirmse reactions of
propargyl and allyl sulfides with diazo compound (1):

To a solution of propargyl or allyl sulfide (1.01 mmol)
and Cu(Fsacac); (0.034 mmol) in dry toluene under argon
atmosphere, 1 (1.01 mmol) was added. The reaction
mixture was stirred under reflux. After the time indicated,
the solvent was evaporated under reduced pressure, and
the crude product was purified via flash chromatography
on silica gel using DCM : EtOAc (10 : 1 ratio) as eluent.

Diethyl (1,1-difluoro-2-(phenylthio)-2-(trifluorome-
thyl)penta-3,4-dien-1-yl)phosphonate (2) was prepared
from 0.3 g (1.01 mmol) of 1, 0.012 g (0.05 mmol) of
Cu(Fsacac);, 0.09 mL (1.01 mmol) of phenyl propargyl
sulfide and 5 mL of dry toluene. The reaction mixture was
refluxed for 3 h to give compound 2 in 63 % yield as orange
oil. I1H NMR (400 MHz, CDCl3): & 7.58 (d, 3Juy = 8.0 Hz, 2H),
7.33 (tt, 3-/HH =8.0 HZ, SJHH =4.0 HZ, lH), 7.25 (tt, 3-/HH =8.0
Hz, 3Juy = 4.0 Hz, 2H), 5.36 (t, 4y = 8.0 Hz, 1H), 4.63 (ddd,
ZJHH =96.0 HZ, 4-/HH =12.0 HZ, 4-/HH =4.0 HZ, 2H), 4.37-4.15
(m, 4H), 1.32 (dt, 2-/HH =13.8 HZ, SJHH =6.9 HZ, 3-/HH =6.9 HZ,
6H); 13C NMR (100 MHz, CDCl3): 6 = 209.9, 139.0, 130.4,
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128.7,128.2, 125.3 (qdd, Ycr = 283.0 Hz, 3Jce = 8.0 Hz, 3Jcp =
3.0 Hz), 118.9 (ddd, Ycr = 276.0 Hz, YUep = 273.0 Hz, ZUcs =
211.0 Hz), 83.6 (tt, Ycs = 4.0 Hz, 3Jcr = 1.0 Hz), 78.8, 65.3
(ddd, Zcp = 22.0 Hz, “Jcr = 8.0 Hz, “Jcr = 2.0 Hz), 63.2-62.2
(m), 16.3 (dd, 3Jcp = 8.0 Hz, SJcr = 6.0 Hz); 19F NMR (376 MHz,
CDCl3): 6 -64.6 (td, 3Jes = 11.3 Hz, “Jee = 3.8 Hz, 3F), -102.5
(ddq, e = 308.3 Hz, Zgp = 101.5 Hz, 3Jgs = 11.3 Hz, 1F), -
108.2 (ddq, 2Jer = 308.3 Hz, 2Jgp = 97.8 Hz, 3Jgs = 11.3 Hz, 1F);
31p {1H} NMR (161 MHz, CDCl3): & 4.2 (tq, Jer = 99.8 Hz, “Jpr
= 3.0 Hz, 1P). HRMS (ESI) calcd. for CigH1sFsNaOsPS [M +
Na]* 439.0532, found 439.0533.

Diethyl (1,1-difluoro-2-(phenylthio)-2-(trifluorome-
thyl)pent-4-en-1-yl)phosphonate (3a) was prepared from
0.3 g(1.01 mmol) of 1, 0.019 g (0.05 mmol) of Cu(Fsacac),,
0.15 mL (1.01 mmol) of allyl phenyl sulfide and 5 mL of dry
toluene. The reaction mixture was refluxed for 3h to give
compound 3a in 72 % yield as blue oil. *H NMR (400 MHz,
CDCls): 6 7.66 (s, 2H), 7.33=7.23 (m, 3H), 5.80 (s, 1H), 5.00
(t, 3 = 12.0 Hz, 2H), 4.26 (d, 3Ju = 44.0 Hz, 4H), 3.07 (s,
1H), 2.61 (s, 1H), 1.29 (d, 3Jun = 24.0 Hz 6H); 13C NMR (100
MHz, CDCls): 6 = 138.6, 131.0, 130.4, 128.8, 127.9, 124.9
(qdd, Ycr = 285.0 Hz, 3Jcr = 4.0 Hz, 3Jcp = 2.0 Hz), 119.9 (ddd,
Yer = 277.0 Hz, Yep = 271.0 Hz, Zes = 210.0 Hz), 119.3, 65.2
(dd, Uep = 30.0 Hz, 4 = 6.0 Hz), 62.7-61.8 (m), 35.8, 16.3
(dd, 3Jcp = 16.0 Hz, SJcr = 5.0 Hz); 19F NMR (376 MHz, CDCls):
6 -62.6 (t, 3Jks = 11.3 Hz, 3F), -99.9 (ddq, Yrr = 312.1 Hz, ZUgp
=97.8 Hz, 3Jks = 11.3 Hz, 1F), -105.8 (ddq, s = 312.1 Hz, Uep
= 101.5 Hz, ¥ = 11.3 Hz, 1F); 3P {2H} NMR (161 MHz,
CDCls): 6 2.7 (s, 1P). HRMS (ESI) calcd. for CigH20FsNaOsPS
[M + Na]* 441.0689, found 441.0685.

Diethyl (1,1-difluoro-2-(methylthio)-2-(trifluorome-
thyl)pent-4-en-1-yl)phosphonate (3b) was prepared from
0.3 g(1.01 mmol) of 1, 0.019 g (0.05 mmol) of Cu(Fsacac),,
0.11 mL (1.01 mmol) of allyl methyl sulfide and 5 mL of dry
toluene. The reaction mixture was refluxed for 5 h to give
compound 3b in 53 % vyield as blue oil. *H NMR (400 MHz,
CDCls): & 5.85-5.77 (m, 1H), 5.14-5.05 (m, 2H), 4.34-4.19
(m, 4H), 2.93 (tq, 3un = 15.0 Hz, 3up = 7.0 Hz, 2H), 2.26 (s,
3H), 1.33 (q, 3w = 6.0 Hz, 6H); 3C NMR (100 MHz, CDCls):
6 = 130.6, 125.4 (qdd, Ycr = 287.0 Hz, 3Jce = 10.0 Hz, 3Jcp =
2.0 Hz), 120.9 (ddd, Ycr = 277.0 Hz, YUep = 272.0 Hz, Zcs =
212.0 Hz), 119.6, 65.1 (t, 4Jcr = 7.0 Hz), 58.6-57.6 (m), 35.3,
16.3 (dd, 3Jcp = 5.0 Hz, 5Jc¢ = 4.0 Hz); 1°F NMR (376 MHz,
CDCl): §-62.7 (t, 3rs = 11.3 Hz, 3F), -99.6 (ddq, s = 315.8
Hz, Zrp = 101.5 Hz, 3/s = 11.3 Hz, 1F), -106.6 (ddq, Y =
315.8 Hz, 2Jgp = 101.5 Hz, 3Jgs = 11.3 Hz, 1F); 31P {IH} NMR
(161 MHz, CDCl3): 6 3.9 (t, Upr = 96.6 Hz, 1P). HRMS (ESI)
calcd. for CiiHigFsNaOsPS [M + Na]* 379.0532, found
379.0533.

Diethyl  (2-(ethylthio)-1,1-difluoro-2-(trifluorome-
thyl)pent-4-en-1-yl)phosphonate (3c) was prepared from
0.3 g(1.01 mmol) of 1, 0.019 g (0.05 mmol) of Cu(Fsacac),,
0.12 mL (1.01 mmol) of allyl ethyl sulfide and 5 mL of dry

toluene. The reaction mixture was refluxed for 5 h to give
compound 3c in 37 % yield as blue oil. *H NMR (400 MHz,
CDCl3): 6 5.95-5.85 (m, 1H), 5.21-5.13 (m, 2H), 4.38-4.29
(m, 4H), 3.06-2.85 (m, 4H), 1.40 (q, 3w = 4.0 Hz, 6H), 1.21
(t, ¥un = 8.0 Hz, 3H); 13C NMR (100 MHz, CDCl5): & = 130.7,
125.3 (qdd, Ycr = 286.0 Hz, 3Jcr = 8.0 Hz, 3Jcp = 2.0 Hz), 120.8
(ddd, Yer =276.0 Hz, Yep = 271.0 Hz, Zes = 211.0 Hz), 119.6,
65.2 (t, 4Jcr = 6.0 Hz), 59.4-58.7 (m), 35.5, 25.1, 16.3 (t, ¥cp
= 6.0 Hz), 13.3; 19F NMR (376 MHz, CDCls): 6 —62.7 (t, 3J¢s =
11.3 Hz, 3F), —99.9 (ddq, s = 312.1 Hz, Zgp = 105.3 Hz, 3/
=11.3 Hz, 1F), —=106.5 (ddq, s = 312.1 Hz, 2Jgp = 101.5 Hz,
3Jis = 11.3 Hz, 1F); 3P {tH} NMR (161 MHz, CDCl3): 6 4.2 (t,
2Jpr = 103.0 Hz, 1P). HRMS (ESI) calcd. for Ci2H20FsNaOsPS
[M + Na]* 393.0689, found 393.0686.

Diethyl (2-(sec-butylthio)-1,1-difluoro-2-(trifluo-
romethyl)pent-4-en-1-yl)phosphonate (3d) was prepared
from 0.3 g (1.01 mmol) of 1, 0.019 g (0.05 mmol) of
Cu(Fsacac),, 0.16 mL (1.01 mmol) of allyl sec-butyl sulfide
and 5 mL of dry toluene. Reaction mixture was refluxed for
3 h to give compound 3d as a mixture of two stereoisomers
inal:1ratioin 79 % yield as blue oil. One stereoisomer:
1H NMR (400 MHz, CDCls): & 5.83 (s, 1H), 5.09 (d, Jun = 16.0
Hz, 2H), 4.33-4.18 (m, 4H), 3.23 (dh, 3y = 12.0 Hz, 3Juy =
8.0 Hz, 1H), 3.05-2.97 (m, 2H), 1.63 (ddt, 3Jus = 20.0 Hz, 4y
=12.0 Hz, 3Jun = 8.0 Hz, 1H), 1.32 (q, 3/ = 8.0 Hz, 6H), 1.26
(t, 3Jus = 8.0 Hz, 3H), 0.91 (q, 3y = 8.0 Hz, 3H); 13C NMR (100
MHz, CDCls): 6 = 130.9, 125.1 (qdd, Ycr = 283.0 Hz, 3Jc¢ = 5.0
Hz, 3Jcp = 3.0 Hz), 119.8 (ddd, Ycr = 274.0 Hz, Yep = 267.0 Hz,
2Jes = 207.0 Hz), 119.2 (d, Ycs = 2.0 Hz), 65.1 (dd, Zep = 20.0
Hz, 4Jce = 7.0 Hz), 61.2—60.3 (m), 42.0 (d, 3Jcs = 10.0 Hz), 36.1,
31.4(d, “Jes = 3.0 Hz), 22.2 (d, 3Jcs = 12.0 Hz), 16.3 (dd, 3Jcp =
16.0 Hz, 5Jcr = 5.0 Hz) 11.2 (d, 3Jcp = 11.0 Hz); 19F NMR (376
MHz, CDCls): § —62.2 (q, ¥rs = 11.3 Hz, 3F), —102.3 (ddaq, s
=315.8 Hz, 2Jgp = 97.8 Hz, 3Jgs = 11.3 Hz, 1F), -106.4 (ddq, 2Jer
=312.1 Hz, 2Jgp = 105.3 Hz, 3Jgs = 7.5 Hz, 1F); 31P {1H} NMR
(161 MHz, CDCl3): 6 4.1 (t, 2Jpr = 99.8 Hz, 1P). Second stere-
oisomer: IH NMR (400 MHz, CDCls): 6 5.83 (s, 1H), 5.05 (d,
3Juy = 12.0 Hz, 2H), 4.33-4.18 (m, 4H), 3.23 (dh, 3 = 12.0
Hz, 3un = 8.0 Hz, 1H), 2.85-2.77 (m, 2H), 1.49 (dtd, 3Jyus =
16.0 Hz, 4y = 8.0 Hz, 3Jun = 4.0 Hz, 1H), 1.32 (q, 3J/uu = 8.0
Hz, 6H), 1.26 (t, 3Jus = 8.0 Hz, 3H), 0.91 (g, ¥un = 8.0 Hz, 3H);
13C NMR (100 MHz, CDCl3): 6 = 130.9, 125.1 (qdd, Ycr =
283.0 Hz, 3Jcr = 5.0 Hz, 3Jcp = 3.0 Hz), 119.8 (ddd, Ycr = 274.0
Hz, Yep = 267.0 Hz, Zcs = 207.0 Hz), 119.2 (d, Zcs = 2.0 Hz),
65.1 (dd, e = 20.0 Hz, 4Jce = 7.0 Hz), 61.2-60.3 (m), 42.0
(d, 3Jcs = 10.0 Hz), 36.1, 31.4 (d, Ycs = 3.0 Hz), 22.2 (d, ¥cs =
12.0 Hz), 16.3 (dd, 3Jcp = 16.0 Hz, SJcr = 5.0 Hz) 11.2 (d, 3Jcp =
11.0 Hz); 19F NMR (376 MHz, CDCl3): § =62.2 (q, 3Jrs = 11.3
Hz, 3F),—101.9 (ddq, 2Jer = 315.8 Hz, 2Jgp = 97.8 Hz, 3/ps = 11.3
Hz, 1F), —=107.0 (ddq, 2Jgr = 315.8 Hz, U = 105.3 Hz, 3J¢s =
7.5 Hz, 1F); 31P {1H} NMR (161 MHz, CDCls): & 4.1 (t, Y =
99.8 Hz, 1P). HRMS (ESI) calcd. for CioHa0FsNaOsPS [M +
Na]* 393.0689, found 393.0686.
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RESULTS AND DISCUSSION

The synthetic utility of the diazo compound 1 was
in Doyle-Kirmse reactions with selected
and allyl sulfides. As a result, five new
rearrangement products that contain both the
trifluoromethyl and the difluoromethylphosphonate
moiety were synthesised (Scheme 1). To determine optimal
reaction conditions, the Doyle-Kirmse reaction between
phenyl propargyl sulfide and diazo reagent 1 was used as

examined
propargyl

the model reaction. The results are summarised in Table 1.
In the first two attempts, Rhy(OAc)s was used as a catalyst
in pentane at —30°C and RT, but the diazo compound 1
failed to react. Using Cul as a catalyst at RT in pentane
resulted in the same way (entry 3). Furthermore, the diazo
compound decomposed in the reaction without a catalyst
using boiling DCM and under Blue LEDs (entry 4). The same
result occurred in the reaction with the photocatalyst
Ru(bpy)s(PFs)2 in boiling DCM and under Blue LEDs (entry
5). The first conversion rates of the diazo compound 1 into

R N, Cu(F5acac) R-S —.= R, -§ 7
\S/\ R P R 3acac), 1
1
\\ or SN\ F,C7 “CF,P(O)(OFt),  Toluene, reflux F3C" "CF,P(0)(OEt), F3C” “CF,P(O)(OEL),
- Nz
1 2 3a-d
sy mm
F2C” CF,P(0)(OEY),
2, 3h, 63%°
YV VY \ 7 Y
S —S S
F,C7 CF,P(0)(OEL), F4C” CF,P(O)(OEY), FsC” CF,P(0)(OEY), F:C7 CF,P(0)(OEt),
3a, 3h, 72%* 3b, 5h, 53%2 3¢, 6h, 37%® 3d, 3h, 79%2
(1:1)°

Scheme 1. Scope of the Doyle-Kirmse reaction. Reaction conditions: sulfide (1.01 mmol), diazo compound 1 (0.1 mmol),
Cu(Fsacac), (5 mol%), dry toluene, 111 °C, Ar atmosphere. [?] Yields refer to isolated products. [] A mixture of 2
diastereoisomers in a 1:1 ratio was isolated.

Table 1. Optimisation of the reaction conditions.(@

N,

1

FsC )I\CFZPlO)(OEt)Z

Catalyst @— S =
—
Solvent, reflux F,C CF,P(O)(OEt),
-N

2

2

Entry  Sulfide (equviv) Catalyst Catalyst / mol % t/h T/°C Solvent Conversion ratet® / %
1 1.2 Rh2(OAC)4 0.5 3 -30 Pentane n.r
2 1.2 Rh2(OAC)4 0.5 12 RT Pentane n.r
3 1.2 Cul 5 12 RT Pentane n.r

40 5 - - 12 40 DCM -
5 5 Ru(bpy)s(PFs)2 1 12 40 DCM -
6 1.5 Rh2(OAC)4 5 48 80 Benzene 5
7 1 Rh2(OAC)4 5 3 111 Toluene 8
8 1 Cul 5 3 111 Toluene 63
9 1 Cu(CF3S03), 5 3 111 Toluene 74
10 1 Cu(Fsacac), 5 3 111 Toluene 100

(i
() Determined with 1°F NMR spectroscopy.
(
(

9 Isolated yield was 79 %.

2) Reaction conditions: phenyl propargy! sulfide, diazo reagent 1 (1.01 mmol), catalyst, dry solvent (5 mL), Ar atmosphere.

9 Under the Blue LEDs. [n.r.] No reaction. [-] Decomposition of the diazo compound.
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2, measuring 5 % and 8 %, were observed in the reactions
with Rhz(OAc),4 as a catalyst in boiling benzene and toluene,
respectively. Moderate conversion rates were observed in
reactions with Cul and Cu(CF3SOs); in boiling toluene
(entries 8 and 9). Finally, using 5 mo 1% of Cu(Fsacac) in
boiling toluene resulted in a 100 % conversion of the diazo
reagent 1 after 3 h and rearrangement product 2 was
isolated in an 79 % yield (entry 10).

With the optimised reaction conditions in hand, the
substrate scope of the Doyle-Kirmse reaction of selected
propargyl and allyl sulfides with diazo compound 1 was
examined. The results are available in Scheme 1. All
reactions were carried out successfully, and the
corresponding rearrangement products 2 and 3a-d were
isolated in moderate to good yields (Scheme 1). In the
[2,3]-sigmatropic rearrangement reaction with phenyl
propargyl sulfide, allenyl sulfide (2) was the corresponding
product obtained in a 63 % yield. Furthermore, reactions
with allyl sulfides bearing phenyl or sec-butyl group
resulted in even higher yields, 72 % and 79 %, as seen in
rearrangement products 3a and 3d, respectively. In
comparison, allyl sulfides with a methyl (3b) or ethyl group
(3c) resulted with significantly lower yields (53 % and 37 %,
respectively). Higher yields were observed in reactions with
allyl sulfides that had a bulky substituent, such as phenyl
and sec—butyl group connected to the sulfur atom,
probably due to steric effects. Notably, in the reaction with
allyl sec-butyl sulfide, a mixture of diastereoisomers 3d was
isolated as productina1: 1 ratio.

Theoretically, in the catalytic reaction, the sulfonium
ylides from the [2,3]-sigmatropic rearrangement are
formed through the reaction of allyl or propargyl sulfides
and metal carbenes that are generated by a metal-
catalysed reaction with diazo substrates.[2324 To confirm
the experimentally observed reactivity, density functional
theory (DFT) calculations were performed for both Cu(l)-
and Cu(ll)-mediated pathways (Table 2, Figure 2) for the
[2,3]-sigmatropic rearrangement of allyl methyl sulphide
with the diazo compound 1. Frontier orbital analysis of the
Cu(l)- and Cu(ll)-mediated diazo complexes reveals very
similar HOMO / LUMO distributions, with the LUMO
delocalized over the C—N; unit and the HOMO centered on
the catalyst (Figure S1). Although the initial mechanistic
proposal involves the formation of a Cu(ll) carbene species

upon reaction of Cu(Fsacac), with diazo compound 1, the
computed energy profile indicates that this pathway is
associated with a prohibitively high activation barrier.
Formation of the Cu(ll) carbene intermediate is preceded
by a highly endergonic transition state (T S1, AG* = 1.83 eV),
rendering this route kinetically unfavourable under the
reaction conditions. In contrast, the pathway involving a
Cu(l)-Fsacac catalyst proceeds with significantly lower
energetic demands. Generation of the corresponding
copper carbene intermediate occurs through a low-barrier
transition state (T S1, AG* = 0.34 eV), followed by formation
of a stabilised carbene-derived intermediate (Int2). To
rationalize differences in activation barriers for N,
extrusion, a reduced density gradient (RDG) analysis of T S1
was performed for both Cu(l) and Cu(ll) pathways (Figure
S2). Red regions between the carbon and the Cu(ll) center
and between the carbon atom and nitrogen indicate
pronounced steric/repulsive interactions, which are not
observed for Cu(l). Together with the significantly longer
Cu—C distance, this suggests weaker metal-substrate
stability in the Cu(ll) complex, accounting for the much
higher activation barrier. The subsequent reaction with allyl
methyl sulfide leads to the formation of a metal-bound
sulfonium ylide (Int3), which, upon dissociation of the
copper catalyst, furnishes a free ylide intermediate (Int4).
This ylide then undergoes a facile [2,3]-sigmatropic
rearrangement via a low-energy transition state (T 52, AG*
= 0.22 eV), ultimately affording the corresponding Doyle-
Kirmse rearrangement product 3b.

Notably, the computed activation barriers for the
[2,3]-sigmatropic rearrangement step are comparable for
both oxidation states of copper, indicating that this
transformation is intrinsically facile once the free ylide is
formed. The decisive factor governing the overall reactivity
is therefore the initial carbene formation step, which
strongly favours the Cu(l)-mediated pathway. It was
formerly thought that both Cu(l) and Cu(ll) could act as
catalytically active species, however, kinetic data reported
by Kochi et al.[2*] show that Cu(l) is significantly more active
than Cu(ll), and that Cu(ll) is readily reduced to Cu(l) by
diazo compounds.[26]l Taken together, these computational
and experimental observations support the conclusion that
Cu(ll) primarily functions as a precatalyst, being reduced in
situ to the catalytically competent Cu(l) species.

Table 2. Relative Gibbs free energies (AG) expressed in eV. Reaction 1 is modelled using CuFsacac catalyst, and energetically

unfavourable reaction 2 using Cu(Fsacac),.

Intl TS1 (Gact) Int2 Int3 Int4 TS2 (Gact) Pr
1 0.20 0.54 (0.34) -0.45 -0.56 -0.07 0.15 (0.22) -1.55
2 0.46 2.29(1.83) 1.63 0.85 -0.11 0.09 (0.20) -1.68
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Figure 2. DFT calculated energy profile of the reaction mechanism for the [2,3]-sigmatropic rearrangement of allyl methyl

sulphide with the diazo compound 1.

CONCLUSION

This work highlights the utility of fluorinated diazo com-
pounds in Cu(ll) catalysed [2,3]-sigmatropic rearrangement
reactions, demonstrating efficient formation of fluorinated
rearrangement products. Computational and kinetic stud-
ies confirm that Cu(l), generated in situ from Cu(ll), serves
as the active catalytic species, providing mechanistic insight
into the Doyle-Kirmse reaction.
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2. DFT calculations

a)

HOMO LUMO

HOMO LUMO

Figure S1. HOMO and LUMO frontier orbitals illustrating electron delocalization in a) the diazo complex with CuFsacac and
b) the diazo complex with Cu(Fsacac),.
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Figure S2. Reduced density gradient (RDG) analysis of TS1 for a) the diazo complex with CuFsacac and b) the diazo complex
with Cu(Fsacac), showing regions of weak and strong noncovalent interactions.
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Table S1. Cartesian coordinates with calculated thermochemical values for each reaction step.

Structure

Coordinates

Thermochemical values / Hartree

Substrates and Catalyst

C 5.321993 -0.839957 0.379727 Zero-point correction= 0.087765 (Hartree/Particle)
C 3.889077 -0.908591 -0.183288 Thermal correction to Energy= 0.105152
O 3.000665 -0.548628 0.702041 Thermal correction to Enthalpy= 0.106368
Cu 1.132091 -0.599039 0.089179 Thermal correction to Gibbs Free Energy= 0.031457
C 3.730317 -1.328658 -1.510690 Sum of electronic and zero-point Energies= -838.989224
C 2.500601 -1.467725 -2.238669 Sum of electronic and thermal Energies= -838.971837
O 1.311561 -1.218359 -1.766280 Sum of electronic and thermal Enthalpies= -838.970621
Catalyst C 2.553941 -1.943151 -3.676796 Sum of electronic and thermal Free Energies= -839.045532
F 6.318188 -1.218047 -0.532866
F 5.475580 -1.672483 1.498024
F 5.646779 0.457557 0.802366
H 4.632820 -1.578039 -2.053696
H 3.575938 -2.120257 -4.021364
H 2.078631 -1.196748 -4.325373
H 1.975587 -2.870514 -3.775315
P 1.263987 0.129731 0.492240 Zero-point correction= 0.185031 (Hartree/Particle)
O 1.315245 -0.074505 2.066682 Thermal correction to Energy= 0.216913
C -0.348610 -0.613979 -0.271826 Thermal correction to Enthalpy= 0.218129
C -1.631964 -0.226462 0.369364 Thermal correction to Gibbs Free Energy= 0.106878
N -1.709434 -0.050049 1.680165 Sum of electronic and zero-point Energies= -1113.303450
N -1.798521 0.101592 2.824276 Sum of electronic and thermal Energies=-1113.271569
C -2.896534 -0.109182 -0.413468 Sum of electronic and thermal Enthalpies=-1113.270352
F -4.004574 -0.015269 0.444443 Sum of electronic and thermal Free Energies= -1113.381603
F -2.953506 1.022041 -1.248310
F -3.116841 -1.207686 -1.258422
F -0.146908 -2.048704 -0.213248
F -0.404812 -0.316631 -1.649224
Diazo compound O 1.110459 1.685263 -0.131629
O 2547316 -0.519785 -0.396603
C 3.436754 -1.609156 0.123797
H 4.447743 -1.224246 -0.035901
H 3.258687 -1.728016 1.198834
C 2.238879 2.665156 -0.196324
H 3.042107 2.213689 -0.788397
H 2.588941 2.853676 0.825307
C 3.183660 -2.896064 -0.653797
H 3.327146 -2.734376 -1.727486
H 3.895629 -3.663344 -0.320556
H 2.167516 -3.267967 -0.487609
C 1.677712 3.920429 -0.848842
H 0.856462 4.334225 -0.254178
H 2.470484 4.676297 -0.923389
H 1.307936 3.701232 -1.855881
C 0.838494 0.149202 0.325169 Zero-point correction= 0.110012 (Hartree/Particle)
) ) y S -0.918223 0.505405 0.924722 Thermal correction to Energy= 0.120630
/a\ *' A C -1.893753 -0.284852 -0.526514 Thermal correction to Enthalpy= 0.121846
Y e C -3.321701 -0.512301 -0.114353 Thermal correction to Gibbs Free Energy= 0.066360
C -4.380774 0.134326 -0.647248 Sum of electronic and zero-point Energies= -167.183077
Allyl methyl sulfide H -1.819717 0.379500 -1.392163 Sum of electronic and thermal Energies= -167.172459
H -1.390466 -1.233428 -0.746898 Sum of electronic and thermal Enthalpies=-167.171243
H -3.479590 -1.252012 0.671538 Sum of electronic and thermal Free Energies=-167.226729
H -5.396123 -0.071957 -0.316489
H -4.260696 0.886104 -1.425688
H 1.517207 0.559325 1.077662
H 0.994931 -0.929595 0.237053
H 1.017781 0.638915 -0.635792
Products
N 0.000000 0.000000 0.143496 Zero-point correction= 0.005171 (Hartree/Particle)
“ N 0.000000 0.000000 1.276504 Thermal correction to Energy= 0.008214
Thermal correction to Enthalpy= 0.009430
N, Thermal correction to Gibbs Free Energy=-0.019728
Sum of electronic and zero-point Energies= -109.476167
Sum of electronic and thermal Energies= -109.473124
Sum of electronic and thermal Enthalpies= -109.471908
Sum of electronic and thermal Free Energies= -109.501066
C -0.216366 -0.557872 -0.526827 Zero-point correction= 0.290473 (Hartree/Particle)
P 1.467578 0.011495 0.299397 Thermal correction to Energy= 0.330281
O 1.653790 1.501175 -0.457810 Thermal correction to Enthalpy= 0.331497
C 2955909 2.227415 -0.540351 Thermal correction to Gibbs Free Energy= 0.205778
C 3.287659 2.944302 0.767765 Sum of electronic and zero-point Energies=-1171.079676
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-1.626534
-1.998343
-4.049517
-2.911425
-2.750930
-0.081534
-0.139210
-1.779950
-0.782626
2.615305
3.152153
4.410861
1.555277
-1.741567
-3.002413
-1.362012
3.358522
2.380300
2.784384
3.732132
5.164083
4.834151
4.180886
3.454071
4.202944
2.476766
-1.933443
-1.558928
-0.292735
-4.144567
-4.912282
-2.072736
-3.692942
-2.535284

-0.215993
-1.199143
-2.801596
-2.125533
-0.640012
-1.976920
-0.151553
1.304951
1.860022
-0.930265
-2.206508
-2.533718
-0.093338
2.025001
1.629440
-0.145855
-2.059058
-2.973929
2.930737
1.511989
-1.747329
-3.480025
-2.640749
2.235036
3.535676
3.622668
0.779072
-0.781713
0.033827
-3.857464
-2.324983
-2.640649
-0.240635
-0.134228

0.039007
1.652398
-0.987612
-1.242255
-0.988489
-0.568505
-1.889019
0.247705
1.060611
-0.530794
0.031558
-0.761080
1.879129
-0.956177
0.847497
3.098936
1.097581
-0.088515
-1.358486
-0.834871
-0.640829
-0.399257
-1.826505
1.586254
0.630825
1.053477
3.178816
3.967667
2.991602
-1.230194
-0.525252
-1.705227
-0.600542
-1.937353

Sum of electronic and thermal Energies= -1171.039868
Sum of electronic and thermal Enthalpies=-1171.038652
Sum of electronic and thermal Free Energies=-1171.164371

Intermediates

Intl

-2.413511
-1.503251
0.423205
1.104249
2.273878
2.615971
-2.141535
-2.062905
-4.340396
-4.651542
-4.649358
-6.020069
-5.826918
-5.020047
-5.330419
-6.208109
-1.400010
-0.510498
-2.613385
-0.941537
2.047136
3.067646
3.245480
4.220857
4.675644
5.346084
3.821744
-1.684672
-1.744028
-5.837646
-4.379723
-6.457702
-6.617598
-7.144695
-6.448496
-5.688308
-5.354940
-6.805178
-5.201247
4.186519

0.619125
0.054841
0.772783
1.937513
2.496342
3.308346
2.028386
0.062919
0.546877
0.859184
-0.967138
-1.470064
-2.866884
1.588651
3.026264
3.516989
-1.454504
-1.751431
-2.079708
-2.082923
0.965376
1.663948
2.385066
1.654922
0.352878
2.392934
2.186261
0.690613
1.239253
3.078630
3.567252
-0.778433
-1.478359
2.951034
4.576587
3.417700
-3.525262
-3.286382
-2.835517
2.900567

0.016150
1.110423
0.715769
2.260790
2.291275
3.525586
-0.060477
-1.218237
0.280113
1.806569
-0.370756
-0.712238
-1.283403
-0.869452
-0.574637
-1.717226
1.289619
2.335602
1.634325
0.142297
-0.348837
0.057470
1.241160
-0.963262
-1.219319
-0.563275
-2.198921
2.336655
3.340359
0.394782
-0.524268
-1.439639
0.206342
-1.762530
-1.559838
-2.675774
-0.547031
-1.552540
-2.181259
1.381847

Zero-point correction= 0.272930 (Hartree/Particle)

Thermal correction to Energy=0.325188

Thermal correction to Enthalpy= 0.326404

Thermal correction to Gibbs Free Energy= 0.162855

Sum of electronic and zero-point Energies=-1952.309583
Sum of electronic and thermal Energies= -1952.257325
Sum of electronic and thermal Enthalpies= -1952.256108
Sum of electronic and thermal Free Energies= -1952.419657

14





H
H

3.590863
2.616266
1.842289

3.796744
2.650971
4.068326

3.447204
4.404833
3.690348

Int2

-1.999043
-1.261776
0.080115
-0.007833
0.975782
0.601441
-1.210864
-2.389647
-3.619576
-3.689281
-3.374927
-4.218730
-3.421711
-4.941386
-5.749184
-7.069435
-1.643175
-1.383926
-2.969605
-0.837177
2.011116
2.747801
2.344279
4.245541
4.709920
5.053494
4.506245
-5.883953
-5.179756
-5.157000
-4.414537
-7.616792
-7.688424
-6.898763
-2.467617
-4.000169
-3.223501
3.092503
1.473851
0.088932
-0.104464

1.495417
0.393915
0.709303
1.016182
1.262845
1.486417
2.673994
1.239602
1.960193
3.434228
0.662315
0.321584
-0.681923
1.440611
2.361465
1.651437
-1.013162
-1.928797
-1.233342
-1.396603
0.870439
1.126282
1.325279
1.203851
-0.000103
1.480918
2.202557
3.310614
2.527179
-0.098747
1.244519
1.480845
2.273954
0.688048
-0.246298
-0.956428
-1.589908
1.534107
1.698071
0.596728
2.323244

-1.871018
-1.207731
0.027955
1.955776
2.772447
4.219937
-1.926613
-3.217025
-0.839517
-0.268437
0.219727
1.404530
2.228834
-1.756519
-2.622074
-2.887366
-1.604901
-0.576945
-1.995971
-2.699008
0.006900
1.049335
2.368917
0.709203
0.165922
1.819985
-0.235974
-2.091815
-3.542515
1.028167
1.962328
-1.954265
-3.546638
-3.378752
2.543258
3.120536
1.649972
3.121007
4.842669
4.606668
4.288583

Zero-point correction= 0.264287 (Hartree/Particle)

Thermal correction to Energy= 0.312825

Thermal correction to Enthalpy= 0.314041

Thermal correction to Gibbs Free Energy= 0.161059

Sum of electronic and zero-point Energies= -1842.839549
Sum of electronic and thermal Energies= -1842.791011
Sum of electronic and thermal Enthalpies= -1842.789795
Sum of electronic and thermal Free Energies= -1842.942777

Ol T T I T IIIIIIIIITTTOOOO0OTTTOOOOOOO0OO0OTTTTOOO

O
c

MM T OO0 T T T OoOO0O00000 T T TmOoOOO0

H
H
H
H
H

1.401077
-1.335189
-2.493076
-3.727100
-4.341864
0.844572
1.226376
3.294588
3.585684
3.940908
5.395241
5.523144
3.758437
3.704388
4.470377
0.871823
-0.092162
2.109159
0.837709
-2.895938
-4.060922
-4.521796
-5.043947
-5.252276
-6.316339
-4.564747
4.156510
2.651055
5.714397
5.943139
5.515683

-0.646879
-0.015621
1.018731
0.766643
1.617079
-0.900566
-1.854928
-0.520047
0.740863
-0.601845
-0.788980
-0.828884
-2.021414
-2.303109
-3.601244
0.699592
1.579638
1.335330
-0.454664
-1.144590
-1.093021
-0.247971
-2.133820
-1.947226
-2.109137
-3.442784
-1.459486
-2.397434
-1.726044
0.053728
-3.494104

0.137288
-0.226365
1.211459
1.532070
2.629858
1.455559
-0.575392
0.564587
1.492621
-0.981993
-1.271949
-2.788277
1.215623
2.682410
2.899644
-1.982436
-2.546312
-2.291230
-2.755493
-0.662960
-0.100901
0.915836
-0.673220
-2.048277
-0.077720
-0.517893
3.216168
2.968552
-0.803133
-0.834367
2.590125

Zero-point correction= 0.377037 (Hartree/Particle)

Thermal correction to Energy= 0.437960

Thermal correction to Enthalpy= 0.439176

Thermal correction to Gibbs Free Energy= 0.258424

Sum of electronic and zero-point Energies= -2010.054702
Sum of electronic and thermal Energies= -2009.993779
Sum of electronic and thermal Enthalpies= -2009.992563
Sum of electronic and thermal Free Energies=-2010.173315
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4.447222
4.016009
5.158302
6.578432
4.947416
-5.541164
-5.377128
-4.311789
-3.749109
0.590550
1.002409
-0.584738
-0.518389
-0.150742
0.632871
-0.525604
-1.420799
-0.828444
-0.154166
0.152029
1.467133
0.614314
-0.328900

-3.865232
-4.418004
0.103418
-0.959898
-1.662886
-0.366898
1.337163
2.674542
1.515224
0.467162

2.221033
3.288461
4.609167
5.755555
1.910821
3.369385
2.660746
4.631528
6.704848
5.777173
1.325871
2.901271
1.403947

3.965156
2.329070
-3.231383
-3.061896
-3.202457
1.258678
2.842315
2.336717
3.547996
-0.508780
0.359118
-0.103322
0.597786
-0.016268
2.189682
-1.187435
0.212777
1.641536
0.513322
-1.061680
2.570716
2.647797
2.267626

-0.079072
1.690917
1.923719
2.985465
2.510835
-1.194173
-2.270973
-3.660373
-3.200529
-3.388749
-0.254587
0.073868
-1.484798
-1.174672
2.886984
3.345142
4.617291
1.729209
-0.843020
-2.891672
-1.265863
3.52039%6
2.550700
3.155578
3.899145
5.396577
4.988720
4.421021
2.363904
3.264255
1.567061
-0.267685
-1.803493
-1.211716
-3.857718
-4.477754
-2.654347
-3.911580
-3.022414

-0.429191
-0.046816
1.504303
2.435128
3.227380
0.374857
-0.134135
-1.432202
-2.169080
-1.706825
-1.817080
-0.444445
1.720097
2.803558
-0.933369
-2.267397
-2.593812
-0.249374
2.067406
1.940673
-1.213764
-2.212138
-2.995833
3.078589
1.864090
-1.851211
-3.582188
-2.609059
2.572473
3.984206
3.736574
-0.771816
-1.163902
-2.228369
-2.049048
-0.734787
-3.095917
-0.773005
-2.256365

-0.535543
0.202287
-0.410324
0.066721
1.284288
-0.046932
1.287709
0.569713
-0.628970
-1.887954
-0.156261
-1.958890
-0.520777
0.387260
-0.640690
-0.159765
-0.932566
1.785518
-1.710375
-0.743865
2.483813
0.920847
-0.361720
-0.799923
0.273759
-0.729368
-0.630577
-2.009978
2.149813
1.541734
1.062600
2.552549
3.431747
2.092802
1.449979
0.379821
-0.468289
-2.084272
-2.751020

Zero-point correction= 0.287889 (Hartree/Particle)

Thermal correction to Energy= 0.328779

Thermal correction to Enthalpy= 0.329995

Thermal correction to Gibbs Free Energy= 0.199237

Sum of electronic and zero-point Energies=-1171.021019
Sum of electronic and thermal Energies=-1170.980129
Sum of electronic and thermal Enthalpies=-1170.978913
Sum of electronic and thermal Free Energies=-1171.109671

Transition states

TS1

OO0mMOOOOQ0T®T MmO

-2.392152
-2.181285
-2.186388
-4.284770
-4.575697
-5.943890
-5.737653
-1.279154
-1.315315
-2.512109
-5.069596
-5.415697

0.655608
2.075395
0.223253
0.491865
-1.008042
-1.574026
-2.932215
0.043079
-1.467433
-1.987480
1.541870
2.954223

-0.074501
-0.065637
-1.400580
0.355534
-0.336982
-0.561023
-1.215624
0.774170
1.002458
1.525930
-0.721011
-0.361378

Zero-point correction= 0.270724 (Hartree/Particle)

Thermal correction to Energy= 0.322850

Thermal correction to Enthalpy= 0.324066

Thermal correction to Gibbs Free Energy=0.161108

Sum of electronic and zero-point Energies=-1952.297757
Sum of electronic and thermal Energies= -1952.245631
Sum of electronic and thermal Enthalpies= -1952.244415
Sum of electronic and thermal Free Energies= -1952.407373
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(@]
c

-6.407112
-4.555751
-1.769963
-1.614569
-1.071154
-0.314006
-5.841875
-4.488664
-6.491901
-6.442695
-7.319586
-6.677481
-5.966972
-5.156820
-6.714825
-5.211220
4.182208
3.067311
2.033505
0.438326
3.275663
2.316411
1.158277
2.635554
5.319356
3.739555
4.622390
4.212953
3.630919
2.568216
1.887194

3.433791
0.743805
0.592720
1.103209
-2.131618
-1.846172
2.961346
3.536969
-0.879646
-1.656378
2.828169
4.477796
3.379856
-3.592472
-3.396116
-2.826597
1.879209
1.838229
1.153915
0.877262
2.507406
2.546260
1.960011
3.301475
2.595233
2.475182
0.592219
3.027069
3.752142
2.619360
4.089019

-1.412469
1.900125
2.434725
3.435515

-0.197413
1.909133
0.647848

-0.374273

-1.206775
0.411361

-1.394768

-1.206805

-2.413680

-0.563483
-1.403786
-2.169758

-1.068849

-0.008618

-0.403651
0.680528

1.199489

2.260972
2.200782

3.533098

-0.666114
-2.258040
-1.405316
1.346535
3.509171
4.389782
3.687749

I I I I I IIIIIIIIIIIIIONTOOOO0OTOTTOOOOLOOOQO OOTITIIITTTOOOON

-1.591771
-3.381989
-3.972058
-5.389122
-6.244243
-1.432129
-1.399336

1.018019

1.411322

1.243276
-0.907549
-1.019076
-1.783061
-3.159292
-3.234488
-3.136160
-3.391232
-4.174497
-1.484876
-1.102947
-1.915539
-3.878182
-2.130381
-5.307453
-5.768483
-4.394719
-3.309050
-2.657260
-6.333447
-7.250421
-5.804489
-2.859120
-2.041834
-1.133295

1.096545

1.000276

1.633071

1.068606

1.418849

0.194897
-0.587208
-0.166643
-0.346463
0.849266
1.660171
2.645842
2.793272
1.655693
1.619347
-0.399291
-0.418857
2.472723
2.863818
-2.283717
-3.161900
-4.585005
-0.115418
1.880839
3.726595
1.550652
-2.835014
-3.049825
-0.432914
-1.292078
-4.676189
-5.279646
-4.873376
0.914544
0.741468
1.779817
1.061665
2.256781
0.824487
2.794400
3.772970
0.732332
2.528473
0.711709

0.294503
0.143337
1.661243
2.088688
1.672055
0.276286
-1.227254
-1.515564
-0.765028
0.608013
-0.831458
1.447108
1.458107
1.575415
0.288764
-0.912569
-0.431666
-1.156381
2.691022
1.447151
-2.685134
-1.650017
-1.334141
3.174854
1.681860
-0.001932
-1.278211
0.328359
0.582351
2.099401
2.045565
-2.431483
-3.508566
-2.898345
-2.601215
-1.044095
-1.295889
1.175935
1.178439

Zero-point correction= 0.287092 (Hartree/Particle)

Thermal correction to Energy= 0.326939

Thermal correction to Enthalpy= 0.328155

Thermal correction to Gibbs Free Energy= 0.202058

Sum of electronic and zero-point Energies=-1171.016749
Sum of electronic and thermal Energies= -1170.976902
Sum of electronic and thermal Enthalpies= -1170.975686
Sum of electronic and thermal Free Energies=-1171.101782
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