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We report the first Rh,(II)-catalyzed asymmetric cycloisomerization of activated enynes to provide cyclopropane-fused tetra-
hydropyridines in good yields and excellent enantioselectivities under mild conditions. The activated group, CHZ (Z is electron-
withdrawing group (EWGQ)), in the enyne substrates exerts two synergetic roles, one is to activate alkyne for the cyclopropa-
nation reaction; the other is to introduce the C—H---O interaction between substrate and catalyst (reducing the energy barrier of
the reaction). This double-mode activation was supported by both density functional theory (DFT) calculations and experimental
tests. This strategy was also extended to other CH,Z (Z can be OH, OMe, F) as activating groups that made the CH, more acidic
so that the substrates could also form increased C—H---O interaction with the catalyst.
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1 Introduction

Chiral cyclopropane-annulated bicyclic system represents a
kind of unique and important motif, which has been found in
many natural products and bioactive molecules [1]. Among
the reported synthetic methods towards these bicyclic scaf-
folds, transition metal-catalyzed asymmetric cycloisome-
rization of 1,n-enynes is one of the most efficient methods
[2]. The widely used chiral catalysts for the asymmetric
transformations are based on Au and Pt complexes [3,4].
Chiral dirhodium(II) complexes, structurally well-defined
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paddlewheel compounds with ha4+ motif, have been known
to catalyze carbene-transfer and nitrene-transfer reactions.
Their structural uniqueness and excellent stereoselection in
catalytic chemical reactions place them among the most
important asymmetric catalysts employed for chemical
transformations, especially in carbene chemistry by the de-
composition of diazo compounds [5]. However, they were
rarely used to activate the carbon-carbon triple bond. This is
mainly because the Rh,(IT) unit has too low alkynophilicity
to activate an alkyne (Scheme 1(a)) [6]. In our preliminary
reaction condition screening, we found that dirhodium(II)
nonfluorocarboxylate complexes Rh,(O,CR), displayed very
low reactivity and asymmetric induction (Scheme 1(b)).
These negative results further implied the low alkynophili-
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city of Rh,(II) complexes. It is therefore highly desirable but
challenging to develop an effective strategy to enhance the
reactivity of Rh,(II) complexes towards C=C bonds and fi-
nally achieve asymmetric cycloisomerization of 1,n-enynes.

It has been reported that metal carbenoids possessing ad-
jacent electron-withdrawing groups (EWGs) were more re-
active for carbene transfer reactions [7]. We then
hypothesized that an electron-withdrawing substituted al-
kyne might help the cycloisomerization of 1,n-enyne occur
through the generation of a more reactive dicarbene, because
of electron-withdrawing capping group could benefit the
separation of the alkyne m-electrons and then stabilize the
dicarbene resonance structure of metal-alkyne complex
[2a,6a,8]. We also reasoned that in addition to the electronic
effect, the steric effect should be taken into considerations
for the design of reaction (Scheme 1(c)). Inspired by dif-
ferent cooperative interactions, such as hydrogen bonding
[9], halogen bonding [10], and electrostatic bonding [11], we
then designed a double-mode activation to achieve the ef-
fective cycloisomerization: 1) using electron-withdrawing
capping group, CHZ (Z is EWG), to activate the alkyne for
cyclopropanation through generating a more reactive car-
bene; 2) introducing a C-H---O interaction between the
small CHZ and the carboxylate ligand to promote the reac-
tion (Scheme 1(c)). Furthermore, it was expected that such
C-H---O might also exert a positive influence on the
asymmetric induction through the rigidification of ligand
chiral environment. The small formyl group (—CHO) was
initially chosen as the capping group of the C—C triple bond
to test the above hypothesis. Our experimental investigations
and density functional theory (DFT) calculation supported
that the above double-mode activation (EWG activation and
C-H:--O attraction) is significant for the asymmetric cy-
cloisomerization. This double-mode activation is a new
catalytic strategy in transition metal catalysis, which may
inspire organic chemists to design new reactions and new
catalysts.

2 Experimental

To a toluene solution of 1 (0.25 mmol, 1 mL) in a Schlenk
tube with a magnetic bar was added Rh,(S-BTPCP),
(0.25 pmol, 0.1 mol%, 0.44 mg, the catalyst was dissolved in
toluene) at 0 °C under N,. The sealed tube was stirred at 0 °C
under nitrogen atmosphere for 48 h. The mixture was then
concentrated and the residue was purified by chromato-
graphy on silica gel (eluent: ethyl acetate/petroleum ether) to
afford the desired product 2.

Calculations were performed with Gaussian 09 software
package [12]. The hybrid B3LYP [13] functional in con-
jugation with the LANL2DZ [14] basis set for rhodium
(augmented with a 4f-function, {{Rh)=1.350) [15] and the 6-
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31G(d) basis set for the other atoms [16], was applied for the
optimization of all stationary points in gas phase. Frequency
calculations were performed at the same level to verify that
the stationary points are minima (0 imaginary frequency) or
saddle points (only 1 imaginary frequency). Rh,(OAc), was
used as the catalyst model during the investigation of reac-
tion mechanism, to simplify the problem and reduce the
computation cost. Single point energy calculations were
carried out with Truhlar’s M06 [17] functional with SDD
[18] basis set for rhodium, and 6-311++G(d,p) for the other
atoms in gas phase or in toluene with SMD [19] solvent
model. For each stationary point, conformational samplings
were performed, and only the most stable conformation was
reported. QTAIM analysis was carried out with the Multiwfn
program [20]. Computed structures are illustrated using
CYLView [21] or VMD [22].

3 Results and discussion

3.1 Catalyst screening and reaction condition optimi-
zation

Our double-mode activation strategy was tested initially by
using enynal 1a as the substrate for cycloisomerization. The
reactivities of gold and platinum salts, which were typically
effective catalysts for the cycloisomerization of 1,n-enyne,
have been examined, but they were almost ineffective for this
transformation (Table 1, entries 1-2). When dirhodium(II)
tetracarboxylate Rh,(OPiv), was used instead, the catalytic
reaction occurred smoothly, giving the desired cyclopro-
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Table 1 Condition screening of the cycloisomerization of l,6-enynala)

H
> Sl
cat.

TS,N/ T T e NS
1a 2a
Entry cat. (mol%) sol. yield” ee”
1 Ph;PAuBF, (5) DCE Trace -

2 PtCl, (5) DCE Trace -

3 Rh,(OPiv), (1) DCE 89% -

4 Rh,(S-DOSP), (1) DCE 42% 8%
5 Rhy(S-PTAD), (1) DCE 34% 11%

6 Rhy(S-PTTL), (1) DCE 40% 19%
7 Rhy(S-BTPCP), (1) DCE 94% 76%
8% Rh,(55-MEPY), (1) DCE 36% 7%
9 Rhy(S-BTPCP), (1) PhMe 96% 89%
10 Rh,(R-TPCP), (1) PhMe 97% —86%
1 Rh,(R-BPCP), (1) PhMe 95% —88%
12 Rhy(R-3,5-di-BrTPCP), (1) PhMe 85% —46%
13 fm?&ﬁfi%féﬁfh) PhiMe  87%  —41%
149 Rh,(S-BTPCP), (1) PhMe 91% 91%
1599 Rh,(S-BTPCP), (0.1) PhMe 93% 91%
1699 Rh,(S-BTPCP), (0.01) PhMe 43% 87%

OFRh OfRh  ad o}rn Eh o}Rh
m | o X‘( | o || Ph—?<L‘<? Th al
N 0+4Rrh o 1 rn f L
A

N Rh

520 N PR NTRh

(o) 4 [¢] 0“4 4 P
A~
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Br |
C12H25
Rh,(S-DOSP), Rhy(S-PTTL), Rh,(S-PTAD), Rh,(S-BTPCP),  Rh,(5S-MEPY),

Ar (Ar=p-BuCgH,)
Rh,(R-BPCP), Rhy(R-3,5-di-BITPCP), Rh,[R-3,5-di(p-BuC,H,) TPCP],

Rhy(R-TPCP),

a) 1a (0.25 mmol), [1a] = 0.25 M, 12 h. b) Isolated yield. c¢) Determined
by chiral HPLC. d) 80 °C, 120 h. ¢) 0 °C. f) 48 h. g) 120 h. (cat. = catalyst;
sol. =solvent; rt=room temperature; ee = enantiomeric excess; Ad =
adamantyl).

pane-fused tetrahydropyridine product 2a in 89% isolated
yield (entry 3). It was noteworthy that no diene and other
byproducts had been observed [6]. Encouraged by this result,
several representative chiral dirhodium(Il) complexes were
then employed as the catalysts to investigate the asymmetric
cycloisomerization of 1a. The dirhodium carboxylates Rh,
(S-DOSP),, Rh,(S-PTAD), and Rh,(S-PTTL),, which have
been reported for their asymmetric catalysis carbene transfer
reactions [7,23], resulted in moderate yield and low en-
antioselectivities (entries 4-6, 34%—42% yields and 8%-—
19% ee). Gratifyingly, dirhodium triaryl cyclopropane-
carboxylate Rh,(S-BTPCP), significantly improved both the
yield and enantioselectivity (entry 7, 94% yield and 76% ee)
[24]. For comparison, dirhodium carboxamidate Rh,(55-

MEPY),, which was previously employed in the hetero-
Diels-Alder, carbonyl-ene and carbene transfer reactions in
Doyle’s systems [25,26], was ineffective for this reaction
(entry 8). The asymmetric induction could be further in-
creased to 89% ee when toluene was used as the solvent
instead in the presence of Rh,(S-BTPCP), (entry 9). To
further evaluate the performance of the triarylcyclopropa-
necarboxylate-based catalysts, four Rh,(S-BTPCP), analo-
gues, Rhy(R-TPCP),, Rh,(R-BPCP),, Rh,(R-3,5-di-
BrTPCP),, and Rh,[R-3,5-di(p-BuC¢H,)TPCP], were syn-
thesized [24c¢,241] and tested for the reaction as well. Cata-
lytic results disclosed that all four Rh,(II) complexes were
capable of promoting the reaction to produce the desired
product 2a in excellent yields (entries 10—13). Rh,(R-TPCP),
and Rh,(R-BPCP), furnished the product 2a in —86% and
—88% ee, respectively. However, the enantioselectivity
dropped significantly when using Rh,(R-3,5-di-BrTPCP),,
and Rh,[R-3,5-di(p-BuC¢H,)-TPCP], as the catalysts. With
Rh,(S-BTPCP), as the catalyst, further improvement of en-
antioselectivity could be achieved by decreasing the tem-
perature to 0 °C (entry 14, 91% ee). The amount of catalyst
could even be reduced to 0.1 mol% without any loss of en-
antioselectivity (entry 15). Further decreasing the amount of
Rh,(S-BTPCP), to 0.01 mol% could afford the desired pro-
duct 2a as well, albeit with a slight loss of the enantios-
electivity (87% ee) and reduction of the yield (entry 16) [27].

3.2 Substrate scope evaluation

Based on the optimized reaction conditions (Table 1, entry
15), the substrate scope of the Rh,(II)-based catalytic system
was then examined (Scheme 2). Initially, the reaction could
be conducted in gram scale without significant loss of yield
for product 2a (86% yield and 90% ee). Furthermore, the
catalytic system could be successfully applied to a variety of
enynals 1. For example, in addition to 1,6-enynal 1a, 1,6-
enynal derivatives with different substituents attached to the
C=C double bond could also be used as effective substrates,
and the asymmetric induction was typically greater than 90%
ee (Scheme 2, 2b—2n). 1,6-Enynals with alkyl substituents at
2-position of the C=C double bond gave the desired products
2b-2d in high yields (80%-92%) and excellent ee (90%—
94%). However, the substituent at terminal position of the
C=C double bond had a significantly negative effect on the
asymmetric induction, producing the desired product 2e in
70% yield and 25% ee. The substrates with aryl group at 2-
position of the C=C double bond furnished the desired pro-
ducts 2f-2k in high yields (83%-90%) and excellent ee
(91%-93%). The reaction was not sensitive to the electronic
properties of substrates as the enynals substituted with both
electron-rich and -deficient aryl groups gave similar results
(2g-2Kk). By adjusting the conditions slightly, it is worth to
mention that the enynals with a TBS-protected hydro-
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Scheme 2 Substrate scope for the Rh,(S-BTPCP),-catalyzed asymmetric
cycloisomerization of 1,6-enynals and 1,7-enynal. a) 1 (0.25 mmol),
[1] = 0.25 M. Isolated yield. The ee values were determined by HPLC
analysis with a chiral stationary phase. b) 1a (4.5 mmol,1.25 g). ¢) dr = 6/1
(the E/Z ratio of 1,6-enynal 1d was 6/1). d) 1 mol% catalyst, rt, 60 h. e)
2.5 mol% catalyst, 80 °C (color online).

xymethyl group (TBS-OCH,-), bromine atom (Br), and ester
group (—CO,Et) at 2-position of the C=C bond could be
utilized as the suitable substrates as well, giving the corre-
sponding products 21-2n in good yields (77%—-89%) and
excellent ee (93%-94%). These functional groups (TBS—
OCH,—, Br, -CO,Et) might serve as useful chemical handles
for further manipulations.

In addition to the enynals with p-toluenesulfonyl amide
tether, the substrates with other aryl sulfonyl amide tether
worked equally well under the standard reaction conditions
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(20-2q, 92%—94% ee). The absolute configuration of (R,R)-
20 was determined by the X-ray crystallography analysis. A
less sterically bulky amide tether (triflic amide) reduced the
enantioinduction to 72% ee (2r). The enynal with ether tether
led to the cyclopropane-fused dihydropyran 2s in quantita-
tive yield (99%), but with much poorer enantioselectivity
(20%). It seemed that the enantioinduction was highly sen-
sitive to the tether size. Furthermore, this catalytic reaction
could be extended to 1,7-enynal, giving the desired cyclo-
propane-fused tetrahydroazepine 2t in 75% yield, but the
enantioselectivity decreased sharply to only 4%.

3.3 Synthetic applications

With an efficient route to the highly functionalized formyl-
substituted cyclopropane-fused bicyclic compounds 2 in
enantioenriched form by Rh,(II)-catalyzed cycloisomeriza-
tion of 1,n-enynals in hand, we then proceeded to explore
their potential applications as chiral building blocks for
further transformations. As shown in Scheme 3, the formyl
group of 2a could be easily converted into the alcohol 2u,
ester 2v, or ketone 2w in good yields with full retention of the
configuration [28]. Furthermore, the formyl moiety could

2v (72%, 89% ee) 2w (76%, 90% ee)

H H
\b> /c)
OH g
15 N~F a) &O - 15- N~
Nz
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Scheme 3 Further chemical transformation of 2a. a) NaBH, (2.0 eq.),
MeOH b) i) NaOCIO (3.0 eq.), NaH,PO, (4.0 eq.), 2-methyl-2-butene/
‘BuOH/H,0 (3/3/1); ii) Mel (2.0 eq.), K,CO; (2.0 eq.), DMF. ¢) i) MeMgBr
(1.5 eq.), THF; ii) DMP (1.2 eq.), DCM. d) n-BuLi (1.5 eq.), Ph;PMeBr
(2.0 eq.), THF. ¢) Ph;PCHCOOEt (1.2 eq.), DCM. f) i) CBr, (1.5 eq.), PPhs
(2.0 eq.), DCM,; ii) n-BuLi (3.0 eq.), THF, =78 °C. g) Et;SiH (2.0 eq.), TFA
(2.0 eq.), DCM (color online).
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also be transformed into alkenyl and alkynyl groups through
the well-established methods [29], leading to the syntheti-
cally highly useful vinylcyclopropanes [30] (VCPs: 3 and 4)
or acetylenylcyclopropane (5) in excellent yields. Alter-
natively, the C=C double bond in 2a could be selectively
reduced to give cyclopropane-fused piperidine 6 without
affecting the aldehyde functionality under the reduction of
Et;SiH [31]. In all cases, the stereochemistry was completely
preserved. Furthermore, cationic Rh(I) could catalyze the [5
+1] cycloaddition and rearrangement of VCP 3 with or
without CO, affording bicyclic heterocycles 7 and 8 with full
retention of the configuration [30e].

3.4 Reaction mechanism

In this part, we will first present the favored pathway of the
cycloisomerization of la using Rh,(OAc), to obtain in-
formation of the reaction mechanism and the rate- and ste-
reo-determining step (Figure 1). Then in-depth analysis of
the double-mode activation strategy will be given.

3.4.1 Reaction pathway

DFT calculations indicate that the reaction starts with li-
gand exchange reaction between substrate and the product-
catalyst complex (which comes from the previous catalytic
cycle) to give I(a)-Ene and I(a)-Yne. The former one is
alkene coordination to Rh and the latter one is alkyne co-
ordination. I(a)-Ene is more stable than the I(a)-Yne by
1.8 kcal/mol (AG,,). Therefore, reaction starts from I(a)-
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Ene, then via I(a)-Yne, followed by cyclopropanation. The
cyclopropantion step takes place with an activation free
energy of 17.1 kcal/mol. Then 1,2-H shift occurs with a
lower activation barrier, 13.4 kcal/mol in terms of free en-
ergy. Finally, the product 2a is released by exchange reac-
tion between substrate and complex III(a). The whole
potential energy surface shows that cyclopropanation step
is the rate-determining step. This conclusion was further
supported by the experimental results in Scheme 4: no
obvious kinetic isotope effects (KIE) was observed in the
intermolecular competition KIE experiments (Eq. (1)). The
intramolecular 1,2-H shift was also supported by deuterated
experiment: 100% deuteration at the propargylic position of
1a led to 100% incorporation of deuterium at alkene carbon
(Eq. (2)). We have also considered the 5-exo and [1,2]-H
shift/cyclopropanation pathways. The reaction pathway
starting from the aldehyde binding to dirhodium(II) catalyst
was also considered. However, these pathways are dis-
favored (see Figure S1 in Supporting Information online for
details). In transition state I-TS-II(a), the forming C-C
bonds are 2.28 and 2.41 A. The forming and breaking C—-H
bonds in II-TS-1II(a) are 1.38 and 1.28 A, respectively. To
our delight, novel double C—H:--O interactions can be ob-
served in the transition states. The distances between the
formyl hydrogen and two carboxyl oxygen atoms are about
2.47 and 2.54 A in I-TS-1I(a), which are below the sum of
the van der Waals radii of 2.72 A (H=1.20 A and 0=1.52 A)
[32]. These C—H:--O interactions play some roles to de-
crease the steric repulsion between substrate and catalyst’s

AGq
(AGgas)

[AHga]
kcal/mol

[Rh] = [Rhy(OAc),]

I-TS-lI(a)

I(a)-Ene @-ne
Ts-N o
[Rh] ., -
~ [Rh] H
Ts N o
=

— Meu, <oo\_ th _ O\‘é.ﬂm\ Me
Me'<‘8 = Rh:%>‘|v|e

Double Hydrogen-Bonding

Ts~y” D

_O

(six-membered ring)

-40.3

(-45.0)

T [-63.4]
S"ﬂ I(a)-Ene

2a

forming complex 6-endo-dig

[1,2]-H shift releasing product

Figure 1 Possible reaction pathway for the cycloisomerization of 1,6-enynal 1a in toluene at M06/(6-311++G(d,p), SDD)-SMD//B3LYP/(6-31G(d),
LanL2DZ+f) theoretical level. AG,, (the relative Gibbs free energies in toluene), AG,,, (the relative Gibbs free energies in gas phase), AH,, (the relative
enthalpies in gas phase) are given in kcal/mol, and distances in A (color online).
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acetate ligands which will be discussed later.

3.4.2 Computational data and control experiments of the
double-mode activation

As indicated in the introduction part, we hypothesized two
synergetic effects: the electron withdrawing effect to activate
alkyne, and the introduction of C-H---O interaction. To
better understand this synergy and further expand the present
activation mode, we have carried out a series of calculations
of the enynes with different substituents. It is found that the
6-endo-dig cyclopropanation step is rate-determining in the
6-endo-dig/[1,2]-H shift pathway for all the substrates shown
in Table 2 (see Table S5 for details). The activation free
energy of substrate 1a is obviously lower than those of other
substituted enynes such as enynones 1w and 1x, enynester
1v, alkyl/aryl-substituted enynes 1y and 1z, enynol 1lu,
fluoromethyl enyne laa, methoxymethyl enyne lab, and
even terminal enyne 1ac (Table 2), which could be attributed
to the double-mode activation.

To further confirm the electronic effect, we used enyne
cycloisomerization catalyzed by AuCl for comparison,
where steric effects and C—H---O interaction are absent. DFT
calculations really support that the electron-withdrawing
group facilitates the reaction (Table S5). Now let’s explain
the present cyclopropanation step catalyzed by dirhodium(II)
catalyst.

The formyl group (—CHO) facilitates the cyclopropanation
step through a synergetic activation strategy: EWG group
activating alkyne, and introducing C—H---O interaction with
the catalyst. Generally, electron-rich alkynes are easier to
coordinate with the metal centers, but in our case, there is no
significant difference for these substrates and catalysts
complexation via alkyne-Rh (Figure S4). Since the most
difficult step of the cyclopropanation is from substrates’ al-
kene-coordinated complexes (not substrates’ alkyne co-
ordinated complexes), which are all similar in energy for all
substrates, to the transition states, the relative easiness of
these reactions depends on how the alkene part of the sub-
strates reacts with the alkyne part’s n orbitals (Scheme 5).
NBO [33] analysis of the transition states shows that the
major interaction is alkene’s m orbital (alkene can be re-
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Table 2 The calculated activation free energy barriers (given in kcal/mol)
of different substrates at MO06/(6-311++G(d,p), SDD)-SMD(toluene)//
B3LYP/(6-31G(d), LanL2DZ+f) theoretical level.

H

H R _Rhy(OAc), %ﬂ—R

N Ts” N~

2
toR &TG?:;‘% R ae

1a —CHO 17.1 1z —Ph 25.9
1w —COMe 252 1u —CH,0H 18.3
1x —COPh 26.2 laa —CH,F 19.9
1v -CO,Me 26.6 lab —CH,OMe 21.1
1y -Me 24.4 lac -H 22.6

EWG

[Rh]

Scheme 5 Interaction between alkene’s m orbital and alkyne part’s T
orbital in the cyclopropanation transition states.

garded as the nucleophile), to n orbital of the alkyne-
coordinated by Rh catalyst (alkyne can be regarded as the
electrophile). The n orbital energies of Rh catalyst co-
ordinated alkynes are —0.214, —0.208, 0.388, 0.932 ¢V for
CHO, CH,F, CH,0OMe, Me, suggesting that alkyne with
electron-withdrawing group is stronger electrophile [34] and
should be more reactive in cyclopropanation. Similar ana-
lysis has been taken in the reaction of gold-catalyzed in-
tramolecular alkenylation of furans with alkynes [35].

The CHO group certainly introduces steric effects, which
can be partially appreciated by considering the C—Rh bond
distance elongation in the cyclopropane transition state I-TS-
I1(a) (Figure 1) compared to the cyclopropanation transition
state I-TS-II(ac) with R = H (2.19 vs. 2.18 A). Unfortunately,
it is difficult to compute the strength of this steric repulsion.
Although usually the C—H---O interaction is weak, about 0.5
to 1.0 kcal/mol in most cases [36], the contribution of this
C-H:--O interaction in I-TS-II(a) is about —4.4 kcal/mol,
evaluated from a Rh(II) carbene-acetaldehyde complex
(Figure 2(a)). The relative strong C—H---O interaction in
Rh(II) carbene-aldehyde complex should be attributed to the
polarized C—H bond and carboxylic acid which can be re-
garded as an anionic group. The result is in agreement with
Du and coworkers’ theoretical studies on the acetic acid-
acetaldehyde complex model, where the C—H---O attraction
between formyl hydrogen and acid oxygen was calculated to
be —4.5 kcal/mol at B3LYP-D3/aug-cc-pVTZ level [36¢].
Distance of C—H---O between 2.40-2.50 A is preferred,
while decreasing or increasing the distance will weaken the
attraction a little bit (Figure 2(b)) [37]. This C-H:--O at-
traction was also supported by QTAIM analysis, as there are
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Figure 2 Binding energies (BE) of acetaldehyde and Rh(II) carbene
complex at M06/(6-311++G(d,p), SDD)//B3LYP/(6-31G(d), LanL2DZ+f)
theoretical level. (a) Investigated model; (b) dependence of BE on the C—
H---O distance. BE of the complexes were obtained through subtracting the
energies of the isolated acetaldehyde and Rh(II) catalyst from the energy of
the complex, and corrected for BSSE [37]. During the optimization, all the
heavy atoms of carbene and acetaldehyde were kept in the symmetry plane
to avoid the unexpected interaction between acetaldehyde oxygen and
electrophilic carbene (color online).

two (3, —1) type critical points between the formyl hydrogen
atom and nearby ligand oxygen atoms in I-TS-II(a) (Figure
3).

This synergetic effect seems to be very important for the
activation. If only considering EWG activation of alkyne, the
reaction becomes difficult. The activation barriers of 1w
(R =—COMe), 1x (R =—COPh), and 1v (R =-CO,Me) are
25.2, 26.2 and 26.6 kcal/mol, respectively, which are much
higher than that of 1a (R =—CHO). These high activation
barriers could be explained by the loss of C—H:--O interac-
tion, but more importantly, the presence of steric repulsion,
which is not easily evaluated computationally due to the
replacement of hydrogen atom in —CHO by other sub-
stituents. Electron-donating capping group such as —Ph (1z)
is surely inert due to the loss of both of the desired beneficial
effects, and the activation barriers of these two substrates are
higher than that of 1a by more than 8.8 kcal/mol.

As replacing the hydrogen atom of —CHZ by other groups
always comes up with steric repulsion, we wondered whether
the formyl group could be extended to CH,Z group if Z is
strong enough to polarize the C—H bond. The activation
barrier of 1,6-enynol 1u with a hydroxyl group was then
computed. We reasoned that hydroxymethyl group was also
an EWG, but this was much weaker than formyl group to
activate alkyne (because O is connected to alkyne by an CH,
unit). DFT calculations indicated that a seven-membered ring
and mono hydrogen-bonding interaction exists for the reac-
tion of 1,6-enynol 1u (see I-TS-II(u) in Figure 3). The H---O
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I-TS-lI(a) I-TS-I(u)

Figure 3 QTAIM analysis of I-TS-II(a) and I-TS-II(u). Bond critical
bonds were shown in orange dots. Electron density and its Laplacian for
selected BCPs are in a.u. (color online).

distance between the hydroxyl hydrogen of enynol 1u and
the carbonyl oxygen of the catalyst is about 1.92 A. QTAIM
analysis also indicated C-H:--O interaction in I-TS-II(u),
and the electron density of the C—H---O critical point is about
half that of the strong O—H:--O hydrogen bond (Figure 3).
Interestingly, the substrate of 1,6-enynol lu possesses a
stronger cooperative O—H---O hydrogen-bonding interaction
but with a lower reactivity (18.3 kcal/mol) than that of 1a
(17.1 kcal/mol) (Table 2).

As mentioned earlier, the rhodium catalyst could co-
ordinate with the alkene or alkyne group in the starting Rh-
complex. Meanwhile, the alkene coordination mode is more
stable than the alkyne coordination mode in all cases, but
except the Rh-complex of 1,6-enynol 1u. The presence of
this strong O—H---O hydrogen-bonding interaction leads to
an over-stabilization of the alkyne coordination complex I
(u)-Yne, which will counteract its beneficial effect on the
reaction activity to some extent. We further envisioned that
other strong electronegative atoms, such as fluorine (F) or
oxygen (O), might efficiently activate the neighboring pro-
pargylic CH, and then create potential cooperative C-H:--O
interactions with the carboxy oxygen atoms of catalyst so
that these substrate enynes 1aa (R = -CH,F) and 1ab (R =—
CH,0Me) could be also suitable for the cyclopropanation
reaction. We did DFT calculations first to test this idea. As
shown in Table 2, enynes laa and lab have free energy
barriers of 19.9 and 21.1 kcal/mol for cyclopropanation step,
which are much lower than that of the methyl counterpart 1y
(24.4 kcal/mol) and even lower than that of the terminal al-
kyne 1ac (22.6 kcal/mol). In the structures of transition states
I-TS-II(aa) and I-TS-II(ab), there are also weak cooperative
hydrogen bonds (see Figure 4 and Supporting Information
online for details).

Guided by these calculation results, we then tested the
reactivities and enantioselectivities of the catalytic reactions
with enynes lu-lab. As shown in Scheme 6, when the
formyl group of 1,6-enynal 1a was replaced with acyl or
ester group (1v-1x), only trace desired products were de-
tected even with 5 mol% Rh,(OPiv), at 80 °C (Eq. (1)).
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Figure 4 Structures of selected transition states. Distances are shown in
A (color online).
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Scheme 6 Control experiments of double-mode activation (color online).

Negative results were also observed for enynes 1ly-lz,
wherein the formyl group was replaced by Me or Ph (Egs.
(2-3)). These enynes (1v—1z) were typically used as effec-
tive substrates for the gold- or platinum-catalyzed cycloi-
somerization [3,4]. When enynes 1u, 1aa, and 1ab were used
as substrates, in which EWG activation and C—H---O inter-
action existed cooperatively, the desired products 2u, 2aa
and 2ab could be obtained in 76%, 62% and 32% yields,
respectively (Eq. (4)). Asymmetric transformations of 1u,
laa, 1ab were also achieved when 1 mol% chiral catalyst
Rh,(S-BTPCP), was used. The cyclopropanation product 2u
was obtained in 60% yield and 69% ee. For the substrate 1aa,
the product 2aa was produced in higher yield (76%) and
better enantioselectivity (78% ee). Furthermore, the catalytic
reaction of enyne lab gave product 2ab in 17% yield and
51% ee (Eq. (5)). The above experimental results were in
good agreement with our theoretical predictions.
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4 Conclusions

In summary, we have designed and developed the first Rh,
(II)-catalyzed asymmetric cycloisomerization of enynes. It
was found that chiral dirhodium(I) carboxylate Rh,(S-
BTPCP), was a highly effective catalyst for the cycloi-
somerization of I,n-enynals to obtain formyl-substituted
cyclopropane-fused bicyclic compounds 2 in high yields and
excellent enantioselectivities under mild conditions. The
reaction could be performed well with only 0.1 mol% cata-
lyst loading. In addition, the resulted chiral formyl-
substituted cyclopropane-fused bicyclic compounds 2 could
be used as chiral building blocks for many useful transfor-
mations. The reaction was proposed to proceed through a
pathway of 6-endo-dig cyclization/[1,2]-H shift to give the
cyclopropane-fused bicyclic compounds 2. A novel double-
mode activation strategy between enyne substrate and car-
boxylate ligand via electronic (using electron-withdrawing
capping group, CHZ (Z is EWQ), to activate the alkyne for
cyclopropanation) and steric effects (introducing a C-H:--O
interaction between the small capping group and the car-
boxylate ligand) was proposed, which has been supported by
both DFT calculations and control experiments. Further-
more, the above double-mode activation was also success-
fully extended to other CH,Z groups, in which the
cycloisomerization of enynes was also realized albeit with a
weaker electron-withdrawing effect than that of formyl
group. This Rh,(II)-catalyzed asymmetric cycloisomeriza-
tion of enynes enabled by double-mode activation represents
a new application of dirthodium(II) complexes. It is a sig-
nificant advance for both the asymmetric cycloisomerization
of enynes and the dirhodium catalysis. We believe the pre-
sent studies could also inspire further new reaction and cat-
alyst design for organic chemists.
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