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1. Introduction

Cross-coupling reactions remain the method of choice for the
construction of C—C bonds. In this vein, significant progress has
been accomplished using palladium and, more recently, nickel as
transition metal catalysts to promote cross-coupling reactions us-
ing a wide range of electrophiles and nucleophiles [1]. Recently,
iron has resurfaced as a cheaper, less toxic, and more Earth-
abundant transition metal alternative to promote C—C cross-
coupling reactions [2]. In particular, bisphosphine-iron systems
have been reported by Nakamura [3], Bedford [4], Chai [5], Flirstner
[6], and Baran [7] to promote cross-coupling reactions using alkyl
halides and redox active esters as radical precursors. However, our
understanding of the mechanisms of these transformations is
limited. Without a doubt, further fundamental mechanistic studies
are critical to advance the field [8]. For instance, aside from the
seminal report by Nakamura and co-workers using a-halo-esters
and aryl Grignard reagents (Scheme 1A) [9], methods for iron-
catalyzed asymmetric cross-couplings are nonexistent [10]. On the
other hand, many transition metal-catalyzed (e.g., nickel and
palladium) asymmetric cross-coupling reactions have been
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reported [11]. Previously, Nakamura-Morokuma [12] and we [13]
used quantum mechanical calculations to investigate the mecha-
nism of chiral bisphosphine iron-catalyzed C(sp®)-C(sp®) cross-
coupling reactions. Our studies revealed similar Fe(I)/Fe(II)/Fe(1II)
catalytic cycles for this transformation, Scheme 1B, and Scheme 1C,
respectively. Although evidence for the participation of alkyl radi-
cals is strong, the factors that control alkyl radical (e.g., in-cage or
out-of-cage) arylation are not known. Previously, Nakamura used 1a
and 1b as mechanistic probes in the asymmetric iron-catalyzed
cross-coupling reaction using chiral bisphosphine ligand BenzP*
(Scheme 2) [9]. Under standard conditions (e.g., slow addition of
aryl Grignard), a-chloro ester 1a formed a mixture of the acyclic
(enantioenriched) and cyclic (racemic) cross-coupled products 2a
and 3a in low yields, 12% and 40%, respectively (Scheme 2).
Moreover, a first-order relationship between the ratio of acyclic/
cyclic cross-coupled product (2a/3a) and catalyst concentration
supported a competing out-of-cage radical pathway in which
apparent radical lifetime is inversely proportional to the degree of
radical clock rearrangement [14]. Substrate 1b that bear pendant
olefin with Z stereochemistry also provided a mixture of the cor-
responding acyclic (enantioenriched) and cyclic (racemic) cross-
coupled products, 2b and 3b respectively (Scheme 2, red). More-
over, the observation that both acyclic cross-coupled product 2b
and recovered starting material 1b retained Z stereochemistry sug-
gests that after cyclization occurs the process is irreversible
(Scheme 2). Herein, we use a series of sensitive a-halo esters as
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mechanistic probes together with quantum mechanical calcula-
tions to elucidate at the fate of the alkyls radicals in bisphosphine-
iron catalyzed cross-coupling reactions. Implications for the
rational design of iron-catalyzed enantioselective tandem radical
cyclization-arylation reaction are discussed.

2. Results/discussion

We began our study by computing the energetics for radical
cyclization of the alkyl radicals 2a* and 2be, presumably formed
directly from probes 1a and 1b, respectively, via halogen abstrac-
tion by iron(I) (Scheme 1B/C). All energies discussed are for singlet
spin states (for non-transition metals) were performed at the (U)
DLPNO-CCSD(T)/def2-TZVPP[/UB3LYP/6-31G(d) level of theory. DFT
optimizations were performed using Guassian09 [15], and (U)
DLPNO-CCSD(T) single point energy calculations were performed
using ORCA [16]. For simplicity, primarily (U)DLPNO-CCSD(T) en-
ergies will be discussed. As shown in Fig. 1, for the unsubstituted
probe 1a, the lowest energy barrier for radical cyclization of 2a- is
5.7 kcal/mol (via 3a* -TS-anti), which will lead to the formation of
3a* -anti (downhill in energy by 10.9 kcal/mol). This barrier is in
excellent agreement with the experimental activation barrier
~6 kcal/mol (rate constant k ~10° s—1) for the analogous «-radical
(R=Et) and allows us to calibrate our computational methods [17].
Not surprisingly, the cyclization barrier for the methyl-substituted
Z olefin 2b* (from probe 1b) is significantly lower (~2 kcal/mol; via
3b* -TS-syn) and more exergonic (12.1 kcal/mol) reflecting the
additional stability provided by the methyl to the incipient cyclized
radical. Notably, the lowest energy barrier to undergo reversible
cyclization (i.e., from 3b--syn to 2b*) is only 16.0 kcal/mol. Given
both acyclic cross-coupled product 2b and recovered starting ma-
terial 1b retained Z stereochemistry, these computational results
suggest that 1) the barrier for direct (in-cage) arylation must be in
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Fig. 1. Energetics for radical cyclization of 1a (red) and 1b (blue) calculated at the (U)
DLPNO-CCSD(T)/def2-TZVPP//UB3LYP/6-31G(d) and UB3LYP/6-31G(d) [italics] level of
theory. Enthalpies and free energies are in kcal/mol.

the 4—5 kcal/mol range (i.e., relatively similar in magnitude as radical
cyclization); and 2) downstream arylation (in-cage or out-of-cage) of
the cyclized radical must be faster than the reverse ring-opening
barrier (less than ca. 17 kcal/mol).

We hypothesize that a more sensitive radical clock substrate
could lead to the exclusive formation of cyclized product(s) by
outcompeting the direct (in-cage) arylation of acyclic alkyl radical
and, in turn, define the upper limit for in-cage arylation in these
systems. Newcomb and co-workers have measured the rate con-
stants for substituted alkyl radicals to undergo 5-exo cyclizations in
the range of k=10°"—10% s~! (at room temperature) [17]. These
studies also show that the rates for radical cyclization are faster for
substrates that bear groups that stabilize the incipient cyclized
radicals. For instance, the rate for 5-exo cyclization of ethyl hept-6-
enoate radical is 1.4 x 10° s~! while that of the corresponding
radical ethyl 1,1-diphenyl-hept-6-enoate is more than two orders of
magnitude faster (i.e., k=5 x 107 s~1). As such, we synthesized a
series of a-alkyl esters with pendant esters (7a-c; Scheme 3A) using
a short and highly versatile synthetic route (Scheme 3B). We chose
these substrates due to ease of synthesis, presumed barrier
lowering of the 5-exo radical cyclization (8 to 9°) by the ester
moiety via stabilization of the incipient radical, and potential for
pendant ester group to induce asymmetry in the tandem
cyclization-arylation reaction [18].

As shown in Scheme 3B, we synthesized the desired a-halo
esters in 3—4 steps from commercially starting materials in modest
to good yields. To the best of our knowledge, the effect of pendant
ester moiety on 5-exo radical cyclizations has not been determined.
Therefore, we computed the energetics for 5-exo radical cyclization
starting from 8° (presumably formed directly from halogen
abstraction of a-alkyl esters 7a-c) to explore the effect of the ester
group. As shown in Scheme 3C, the barrier for 5-exo radical cycli-
zation of ester-substituted 8+ is much lower (~2—4 kcal/mol) in
energy than of previous used radical probes 2a+* and 2b- (Fig. 1) [19]
and also 4—7 kcal/mol more exothermic. We attribute the lower
barrier and larger exothermicity to the resonance stabilization of
the incipient radical by ester group. These computations suggest
that the relative rate of 5-exo radical cyclization of 8 should be at
least 100-times faster than direct (in-cage) arylation leading to the
corresponding cyclized radicals [20]. Moreover, since the barrier for
cyclization of 8+ is much lower than previously explored systems
(Fig. 1), we hypothesize that 8 will quickly cyclize (to 9*) rather
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Scheme 3. Energetics for radical cyclization of 8* (R = tert-butyl) calculated at the (U)
DLPNO-CCSD(T)/def2-TZVPP//UB3LYP/6-31G(d) and UB3LYP/6-31G(d) [italics] level of
theory. Enthalpies and free energies are in kcal/mol.

than undergoing direct (in-cage) arylation. Ultimately, cyclic radical
9 will undergo arylation to form 9. Alternatively, if acyclic product
8 is observed, it will suggest that subsequent C—C bond formation
of the cyclized radicals is much higher in energy than the combined
energy penalty to undergo reverse ring-opening (16—19) followed
by C—C bond formation of acyclic radical 8.

With mechanistic probes in hand, we subjected 7a-c to standard

Table 1
Mechanistic experiments of bisphosphine iron-catalyzed cross-coupling reactions.”

iron-catalyzed cross-coupling conditions (Table 1). In agreement
low barrier for radical cyclization of 8 (Scheme 3C), we did not
observe the formation of acyclic cross-coupled product 8, pre-
sumably from direct (in-cage) arylation. Instead, we found tandem
radical cyclization-arylation product 9 as a mixture of four di-
astereomers, albeit in low (28%) yield (entry 1). Nonetheless, these
results indicate that the radical cyclization outcompetes in-cage
arylation of 8 and sets the upper limit for the rate of direct aryla-
tion at 8 at ~10° s~L. Notably, we also found 30% yield of the
cyclized protonated product 10 (entry 1). Control experiments
without bisphosphine ligand (entry 2) show similar yields of 10 but
no formation of the cyclic cross-coupled product 8 [21]. Overall,
these results indicate that formation of cyclized protonated product
10 is likely a result of ferrate chemistry (e.g., dehalogenation, con-
jugate addition, and protonation) although the mechanism is not
well elucidated [22].

Previously, Nakamura reported that chiral ligand BenzP* and
QuinoxP* deliver nearly identical enantioselectivities albeit
slightly lower yields [9]. Thus, we also explored the reactivity and
selectivity of this ligand with mechanistic probes 7a-c. To our
surprise, changing the ligand from BenzP* to QuinoxP* completely
shut down the tandem cyclization-arylation pathway while still
forming (ferrate chemistry) product 10 in 62% yield (entry 3).
Notably, we were able to turn back on the reactivity of the tandem
cyclization-arylation pathway by switching the substrate from
a—chloro 7a to a.—bromo ester 7b (entry 4), which resulted in the
formation of 9 albeit lower yields than the a.—chloro 7a and BenzP*
ligand combination. Moreover, as with a-chloro esters, control
experiment (entry 5) revealed that the bisphosphine ligand is
crucial to promote tandem cyclization-arylation reaction with
a—bromo 7b [23]. Notably, iodo ester 7c provided both 9 and 10 in
38% and 55% yield, respectively (entry 6). However, the observed
reactivity with iodo probe (i.e., the formation of 9 and 10) is likely a
result of ligand-less (e.g., ferrate) chemistry as evident from nearly
identical results in the absence of bisphosphine ligand (entry 7)
[24,25]. Overall, these results suggest that the reactivity of the
tandem cyclization-arylation is highly dependent on subtle

Fe(acac)s (6 mol%)
Ligand (12 mol%)

7a -7c +  PhMgBr
racemic (2.0 equiv) THF-d8, 0°C, 10 min
slow additon (2 h)
o o
OtBu OtBu 4 OtBu
| Ph Ph H
CO,tBu +BUO,C +BUO,C

8

10

Entry 7 ligand yield” 8 (%) yield” 9 (%) yield” 10 (%) conversion” (%)
1 7a BenzP* NA 28 (1:4:1.5:1.5) 30 (1.5:1) 85
2 7a NA NA NA 25(1.5:1) 63
3 7a QuinoxP* NA NA 62 (1.4:1) 92
4 7b QuinoxP* NA 16 (1:4:1.5:1.5) 52 (1.6:1) 100
5 7b NA NA NA 41 (1.4:1) 83
6 7c QuinoxP* NA 38 (1:2:1:1) 55 (1.5:1) 100
7 7c NA NA 34 (1:6.7:2:1.7) 56 (1.5:1) 90
()
mu:QP:Me tBu‘ Me
Me" tBu P P
BenzP* MC Quinoxpr -

2 Conditions: reactions were performed using 0.1 mmol of a-halo ester, 6 mol % of Fe(acac)s, 12 mol % of ligand, and 2.0 equiv of PhAMgBr in solvent (1.0 M) at 0 °C for 10min.

PhMgBr was added slowly over the course of 2.0 h via syringe pump.
b Determined by crude 'H NMR with dibromomethane as internal standard.
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Fig. 2. Halogen and ligand effect on the iron-catalyzed C-C bond formation step via
quartet spin state. Free energies are in kcal/mol. (U)PBEPBE/6-311 + G(d,p)-
SDD(Fe,Cl,Br,I)-THF(SMD)//(U)B3LYP/6-31G(d)-LANL2DZ(CL,Br,1).

changes to the bisphosphine ligand and nature of alkyl halide.
Notably, model calculations (Fig. 2) revealed no effect of the ligand
electronics (BenzP* vs. QuinoxP*) or halogen on the arylation step
(i.e., radical addition or reductive elimination) [26]. These results
are consistent with the formation of a-alkyl radicals (i.e., halogen
abstraction) as the rate-determining step and more sensitive to the
nature of the ligand and the alkyl halide in the tandem cyclization-
arylation reaction (vide infra). Calculations are underway to explore
the effect of ligand and halide in the formation of alkyl radicals and
determining the barriers for C—C bond formation using the full
cyclized systems.

We envisioned probing the effect of reversibility 5-exo cycliza-
tion of iron-catalyzed cross-coupling reactions using 13 as a
mechanistic probe (Scheme 4). Specifically, we hypothesized that
radical cyclization should follow ring-opening of the cyclopropyl
group to form the thermodynamically more stable cyclic-ring-
opened alkyl radical thus increasing both the thermodynamic drive
and barrier for reverse reaction.

Using a similar synthetic route (vide supra), we synthesized the
desired a-chloro ester with pendant vinyl cyclopropyl group
mechanistic probe 13 as an inseparable 3.5: 1 (Z: E) mixture
(Scheme 4A). As shown in Scheme 4B, the reaction with 13 formed
nearly exclusive cascade cyclization-ring-opening-arylation products
(85% combined yield)! Specifically, we found the formation of the
corresponding anti cyclic/ring-opened products 15-anti-E in 60%
yield and 25% yield of 15-anti-Z. Notably, this result provides
further support for the participation of cyclic alkyl radicals before
(out-of-cage) arylation. The lack of acyclic cross-coupled product 14
implies that the direct (in-cage) arylation is slower than the cascade
radical cyclization, ring-opening, arylation process (vide infra).

To gain insights into the reversibility of the radical cyclization in
this system, we turned to quantum mechanical calculations. As
shown in Fig. 3, the barrier for 5-exo radical cyclization is only ca.
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Scheme 4.

4 kcal/mol and exothermic by ca. 13—15 kcal/mol leading to both
syn- and anti-cyclic alkyl radicals 15°Z-anti and 15°Z-syn. Further,
although radical 13+Z (from probe 13) is analogous to radical 2be,
the barrier for cyclization of 13- is slightly lower (0.2 kcal/mol) than
radical cyclization of 2b* [27]. Notably, 1b formed direct arylation
product 2b (from 2b+) while no direct cross-coupled product was
observed with 13 (from 13-Z). This result implies that by lowering
the barrier for radical cyclization, it is possible to outcompete (and
even shut down) the direct (in-cage) arylation pathway.

Finally, cyclopropyl ring-opening will lead to the much more
thermodynamically stable ring-opened products 15* -anti-E/Z and
15¢ -syn-E/Z (either directly from 15°Z-anti and 15°Z-syn or from
rotation to 15°E-anti and 15°E-syn followed by ring-opening).
Importantly, the barriers for the reverse reaction (ca. 21 kcal/mol)
to get back to 13- are insurmountable at experimental conditions
and therefore, contrary to previous probes, convincingly irrevers-
ible (not under a Curtin-Hammett scenario). Although, 15° -anti-E
and 15¢ -anti-Z can interconvert (under Curtin-Hammett scenario)
via the 3-member ring closing/ring opening. Experimentally, we
observed the 5-member anti as the major products (up to 85% yield)
and only observed minor amounts of the syn 5-member cyclized
products. This observation is more consistent with the B3LYP
computations, which predict a ca. 1 kcal/mol lower barrier for the
anti-cyclization (15°-Z-anti-TS) in comparison to the syn-cycliza-
tion. Overall, the observed product distributions can be rationalized
based on the preference for the irreversible anti 5-member
cyclization-ring-opening and subsequent relative barriers for the
competing C—C bond formation of the cyclic/ring-opened alkyl
radicals 15 -anti-E/Z.

Through the synthesis of new radical clock mechanistic probes
and quantum mechanical calculations, we have bracketed the rate
for alkyl radical arylation to ca. 5kcal/mol at the (U)DLPNO-
CCSD(T)/def2-TZVPP//UB3LYP/6-31G(d) level of theory. Taken
together, we propose the working hypothesis presented in Fig. 4 in
which competing in-cage and out-of-cage arylation pathways are
operative. (A) For short-lived alkyl radicals [e.g., at this level of
theory, when the barrier for radical cyclization is higher than 5 kcal/
mol], direct (in-cage) arylation of alkyl radical A* will form acyclic
cross-coupled product A with apparent “retention” of stereochem-
istry [probe 1a and 1b]. Nonetheless, although the strength of the
cage (e.g., local viscosity of solvent) is likely to play a significant role
in the efficiency of direct arylation (i.e., from rapid, radical rebound)
[28], the rate of diffusion should be much faster (k= x10° s~1) [29]
and thus some leakage of alkyl radicals will inherently occur. For
alkyl radicals without pendant olefins, cross-coupled products from
competing in-cage (direct) and out-of-cage arylation will form the
same acyclic arylated product (e.g., Scheme 1A). The competition
between in-cage and out-of-cage is consistent with the first-order
relationship between the ratio of acyclic/cyclic cross-coupled
products and catalyst loading. (B) As the barrier for radical cycli-
zation lowers (e.g., by tuning the properties of the pendant olefin) a
higher concentration of acyclic radical 2+ will (in-cage) cyclize to
(more thermodynamically stable) cyclic radical thus increasing the
apparent lifetime of the radical [probe 8]. As such, this persistent
cyclic alkyl radical [30] can escape the solvent cage and capture the
transient aryl iron species to undergo C—C bond formation. Given
the structural similarities between A+ and B+, we can assume that
the relative barriers for C—C bond formation are similar. Therefore,
combined with the fact that the cyclic radical is thermodynamically
lower in energy than acyclic radical, B* will undergo, preferentially
faster, out-of-cage radical arylation leading to the formation of cy-
clic cross-coupled product B. As the thermodynamic drive for cyclic
radicals increases (non-Curtin-Hammett scenario) to prevent
reversible cyclization (e.g., with pendant cyclopropyl group) only
cyclic cross-coupled products will form from arylation of
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Enthalpies and free energies (in parenthesis) are in kcal/mol.
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downstream alkyl radicals [probe 13].
3. Conclusion

The mechanism of chiral bisphosphine iron-catalyzed C(sp?)-
C(sp?) cross-coupling reactions has been studied via the synthesis
of novel radical-clock mechanistic probes and DLPNO-CCSD(T)
calculations. From a broader perspective, these results indicate
that, in principle, alkyl halides can participate in selective tandem
cyclization-arylation reactions, which remain a challenge in iron
catalysis. We are currently exploring the scope of this trans-
formation and the development of enantioselective tandem-
cyclization/arylation reactions and will report in due course.

4. Experimental section
4.1. General

Unless otherwise stated, all non-aqueous reactions were carried
out under an atmosphere of dry nitrogen in oven- (150°C) or
flame-dried glassware. When necessary, solvents and reagents
were dried prior to use. Dichloromethane was distilled from CaHa.
Tetrahydrofuran was dried by passage through activated alumina in
Inert's PureSolv PS-MD-3 solvent purification system. All work-up
and purification procedures used reagent grade solvents pur-
chased from VRW, Sigma-Aldrich, or Fisher. Organometallic re-
agents were purchased from Sigma-Aldrich. Analytical thin layer
chromatography (TLC) was performed on Silicycle 250 pm silica-gel

F-254 plates. Column chromatography was performed on pre-
packed silica-gel cartridges (SNAP Ultra; Biotage). Purification via
flash column chromatography was performed on silica gel 60
(230—400 mesh ASTM). 'H NMR and 3C NMR spectra were
recorded on Bruker AV (400 MHz), Bruker DRX (500 MHz) or
Bruker AV-III (600 MHz) NMR spectrometer. Chemical shifts (9) are
reported in parts per million (ppm) relative to the internal residual
solvent resonance peak ¢ 7.26 (CDCl3) and & 0.00 (TMS) for 'H and
6 7716 (CDCl3) and 6 0.00 (TMS) for 3C. Data are reported as fol-
lows: chemical shift, multiplicity (s=singlet, d=doublet,
t=triplet, q=quartet, b=broad singlet, m=multiplet,
dd = doublet of doublets, dt = doublet of triplets, ddt = doublet of
doublet of triplets), coupling constants (J) are reported in Hertz
(Hz), and number of protons. High Resolution Mass (HRMS) spectra
using Electrospray lonization (ESI) mode was obtained using a JEOL
AccuTOF-CS.

4.1.1. General procedure for the synthesis of a-halo esters 6a, 6b
and 13

To a stirred solution of N,N’-dicyclohexylcarbodiimide (DCC)
(1.24 g, 6 mmol) in diethyl ether (15 mL) was added a-halo hept-6-
enoic acid [9,31] (5 mmol) at room temperature. Then a mixed
solution of the tert-butanol (6 mmol) and 4-
dimethylaminopyridine (DMAP) (36.7 mg, 0.3 mmol) in diethyl
ether (5 mL) was added via syringe dropwise. Upon addition of the
mixed solution of tert-butanol and DMAP, a precipitate began to
form. After the addition was complete, the reaction mixture was
maintained for 3 hat the same temperature, then diluted with
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hexanes (20 mL). The resulting mixture was filtered through a celite
pad and the filtrate was concentrated under reduced pressure. The
crude product was purified by silica gel chromatography to yield
the a-halo esters (hexane:EtOAc =30:1).

4.1.2. General procedure for the synthesis of di-tert-butyl (E)-7-
halooct-2-enedioate 7a-c

To a solution of 2-chlorohept-7-enoate ester 6a or 2-
bromohept-7-enoate este 6b (2mmol) in dichloromethane
(20 mL) was added the tert-butyl acrylate (8 mmol) followed by the
catalyst Hoveyda-Grubbs catalyst 2nd generation (0.2 mmol). After
the addition was complete, the reaction mixture was maintained
for 2 h at the room temperature. The resulting mixture was filtered
through a short pad of silica gel. The solvent was removed in vacuo,
and the residue was purified by silica gel chromatography (Hex-
ane:EtOAc = 20:1), affording the desired product 7a and 7b [32].

To a flask equipped with a stir bar and reflux condenser was
added Nal (0.44 g, 2.9 mmol) and di-tert-butyl (E)-7-bromooct-2-
enedioate 7b (0.87 g, 2.4 mmol) followed by acetone (2.4 mL). The
flask was sealed and purged with nitrogen and allowed to reflux for
6.0 h. The mixture was allowed to cool to room temperature and
H,0 (5 mL) was added to dissolve the resulting white precipitate.
The layers were separated and the aqueous layer was washed with
(5mL x 3) diethyl ether. The combined organic phase was washed
with a 10% solution of aqueous Na;S,03 (5 mL). The organic layer
was then dried over MgSO4 and concentrated in vacuo. The
resulting residue was purified through silica gel chromatography
(hexane:EtOAc = 20:1), affording the desired product 7c.The syn-
thesis was not optimized [33].

4.1.3. General procedure of iron-catalyzed tandem cyclization-
arylation reactions

To a stirred THF solution (0.2 mL) of Fe(acac)s (2.1 mg, 6 mol%),
bisphosphine (12 mol%), and tert-butyl 2-haloalkanoate (0.1 mmol)
in a 5 mL microwave vial was added PhMgBr (0.50—1.0 M solution
in THF, 1.5—2.0 equiv) slowly over 1—-2 h using a syringe pump at
0°C. After stirring at same temperature for 10 min, the resulting
mixture was quenched with a 1.0 M aqueous solution (0.2 mL) of
hydrochloric acid and extracted with diethyl ether (1 mL x 3). The
organic layer was filtered through a plug of silica and concentrated
in vacuo, the residue was purified by silica gel chromatography
which was performed on prepacked silica-gel cartridges (SNAP
Ultra; Biotage. hexane:EtOAc =30:1).

4.2. tert-Butyl 2-chlorohept-6-enoate (6a)

Colorless liquid, 765.5 mg, 70% yield. 'TH NMR (400 MHz, CDCl3)
0=>5.78 (ddt, ] = 16.9,10.2, 6.7 Hz, 1H), 5.05—4.98 (m, 2H), 4.16 (dd,
J=179, 6.1 Hz, 1H), 2.12—2.07 (m, 2H), 2.02—1.84 (m, 2H), 1.63—1.50
(m, 2H), 1.48 (s, 9H). 3C NMR (150 MHz, CDCl3) 6 = 168.84, 137.89,
115.33, 82.55, 58.48, 34.44, 33.04, 27.96, 25.30. HRMS (ESI) calcd for
C11H19Cl02Na [M+Na]* m/z = 241.0971; found 241.0969.

4.3. tert-Butyl 2-bromohept-6-enoate (6b)

Colorless liquid, 671.1 mg, 51% yield."H NMR (400 MHz, CDCls)
6=>5.78 (ddt, J=16.9, 10.1, 6.7 Hz, 1H), 5.05—4.97 (m, 2H), 4.1 (t,
J=7.3Hz,1H), 2.12—1.90 (m, 4H), 1.64—1.43 (m, 2H), 1.48 (s, 9H). 13C
NMR (125MHz, CDCl3) 6 =168.97, 137.91, 115.39, 82.44, 47381,
34.50, 33.05, 27.92, 26.65. HRMS (ESI) calcd for Cy1Hi9BrOz;Na
[M+Na]* m/z = 285.0466; found 285.0461.

4.4. Di-tert-butyl (E)-7-chlorooct-2-enedioate (7a)

Colorless liquid, 522.9 mg, 82% yield. '"H NMR (400 MHz, CDCl3)

0=6.82 (dt, J=15.6, 6.9 Hz, 1H), 5.76 (dt, = 15.6, 1.6 Hz, 1H), 4.15
(dd, J=79, 59Hz, 1H), 2.25-2.18 (m, 2H), 2.03—1.86 (m, 2H),
1.71-1.53 (m, 2H), 1.49 (s, 9H), 1.48 (s, 9H). *C NMR (150 MHz,
CDCl3) 6 = 168.64, 165.98, 146.57, 123.89, 82.77, 80.31, 58.28, 34.38,
31.31, 28.28, 27.97, 24.60. HRMS (ESI)calcd for C1gHpgCl04 [M+H]™
m/z =319.1676; found 319.1677.

4.5. Di-tert-butyl (E)-7-bromooct-2-enedioate (7b)

Colorless liquid, 581.3 mg, 80% yield. 'TH NMR (400 MHz, CDCls)
0=6.80 (dt, J=15.6, 6.9 Hz, 1H), 5.74 (dt, ] = 15.6, 1.6 Hz, 1H), 4.09
(dd, =78, 6.8Hz, 1H), 2.26—2.17 (m, 2H), 2.08—1.89 (m, 2H),
1.68—1.50 (m, 2H), 1.46 (s, 18H). 3C NMR (125 MHz, CDCls)
0 =168.80, 166.02, 146.57, 123.93, 82.62, 80.37, 47.48, 34.43, 31.33,
28.31, 27.92, 25.94. HRMS (ESI) calcd for CigHgBrO4 [M+H]|" m/
z=363.1171; found 363.1165.

4.6. Di-tert-butyl (E)-7-iodooct-2-enedioate (7c)

Colorless liquid, 482.5 mg, 49% yield. '"H NMR (600 MHz, CDCl3)
0=6.79 (dt,] = 15.6,6.9 Hz, 1H), 5.73 (dt, ] = 15.7,1.6 Hz, 1H), 417 (t,
J=7.6Hz, 1H), 2.22—2.14 (m, 2H), 1.97—1.88 (m, 2H), 1.61-1.53 (m,
2H), 1.46 (s, 9H), 1.44 (s, 9H). >C NMR (150 MHz, CDCl3) 6 = 170.28,
165.95, 146.56, 123.84, 82.12, 80.28, 35.61, 31.17, 28.27, 27.96, 27.72,
23.24. HRMS (ESI) caled for CigHaglO4 [M+H]™ m/z=411.1032;
found 411.1020.

4.7. tert-Butyl 2-(2-(tert-butoxy)-2-oxo-1-phenylethyl)
cyclopentanecarboxylate (9)

Colorless liquid, 2.9mg, 8% yield of three diastereomers
(dr=2.3:16:1). Major diastereomer 'H NMR (400 MHz, CDCls)
0 =7.29—7.27 (m, 4H), 7.25—7.20 (m, 1H), 3.49 (d, J= 11.8 Hz, 1H),
2.99 (td, J=6.8, 3.3 Hz, 1H), 2.60 (tt, J=11.9, 7.0 Hz, 1H), 1.93—1.87
(m, 2H), 1.82—1.74 (m, 1H), 1.52—1.48 (m, 10H), 1.45—1.41 (m, 1H),
1.39 (s, 9H),1.23—1.18 (m, 1H). 3C NMR (150 MHz, CDCl3) 6 = 175.14,
172.61, 139.86, 128.59, 127.98, 127.11, 80.64, 80.41, 54.75, 47.40,
4723, 30.16, 28.93, 28.37, 28.11, 23.08. HRMS (ESI) calcd for
Cy2H3304 [M+H]™ m/z = 361.2379; found 361.2363.

4.8. tert-Butyl 2-(2-(tert-butoxy)-2-oxoethyl)
cyclopentanecarboxylate (10)

Colorless liquid, 10.2 mg, 36% yield of one diastereomer. '"H NMR
(500 MHz, CDCl3) 6 =2.79 (td, ] =7.6, 4.8 Hz, 1H), 2.46—2.42 (m,
1H), 2.39 (dd, J=15.3, 6.5 Hz, 1H), 2.20 (dd, J=15.3, 8.7 Hz, 1H),
1.89—1.78 (m, 4H), 1.60—1.56 (m, 1H), 1.50—1.46 (m, 1H), 1.45 (s,
18H). 13C NMR (125 MHz, CDCl3) 6 = 174.68, 172.49, 80.31, 48.03,
40.01, 37.36, 31.18, 28.74, 28.35, 28.29, 23.69. HRMS (ESI) calcd for
Ci6H2004 [M+H]" m/z = 285.2066; found 285.2056.

4.9. 7-Cyclopropylhept-6-enoic acid (11)

(5-carboxypentyl)triphenylphosphonium bromide [34] (1.98 g,
4.32 mmol) was suspended in THF (12ml) at —20°C. NaHMDS
(2.0 M solution in THF, 4.32 mL, 8.64 mmol) was added dropwise
into the suspension and further stirred for 20 min. The reaction
mixture was then cooled to —-78°C and cyclo-
propanecarboxaldehyde (4.0 mmol) was added. After 18 h, the
solvent was removed in vacuo. HyO (60 ml) was added to the res-
idue and extracted with diethyl ether (20 mL x 3). The diethyl ether
layers were discarded while the H,0 layer was acidified to pH =2
using HCI (1 M). The acidified aqueous layer was further extracted
with ethyl acetate (20 mL x 3). The organic layers were combined,
dried over sodium sulfate, filtered and concentrated to dryness. The
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alkenoic acid was purified over silica gel using ethyl acetate:hex-
ane: (1:1) to provide a colorless liquid in 356.7 mg, 53% (unopti-
mized) yield of inseparable (Z:E=3.5:1) mixture. (Z) 'H NMR
(400 MHz, CDCl3) 6 = 10.15 (br s, 1H), 5.28 (dt, J=10.7, 7.3 Hz, 1H),
4.78—4.73 (m, 1H), 2.38 (t, J= 7.5 Hz, 2H), 2.19 (qd, = 7.4, 1.5 Hz,
2H), 1.73-1.65 (m, 2H), 1.57—1.40 (m, 3H), 0.74—0.70 (m, 2H),
0.33—0.29 (m, 2H). >C NMR (125 MHz, CDCl3) 6 = 179.53, 134.56,
127.56, 34.00, 29.31, 27.31, 24.44, 9.75, 6.99. HRMS (ESI) calcd for
C10H1502 [M-H] m/z = 167.1072; found 167.1065.

4.10. 2-Chloro-7-cyclopropylhept-6-enoic acid (12)

n-BuLi (1.47 mL, 2.5M in hexane, 3.66 mmol) was added to a
THF solution (3.5 mL) of diisopropylamine (0.61 mL, 4.33 mmol) at
0°C, and the mixture was stirred at that temperature for 40 min,
then cooled to —20°C. After addition of N,N’-dimethylpropyle-
neurea (DMPU) (0.83 mL) and 7-cyclopropylhept-6-enoic acid 11
(Z:E=3.5:1, 280 mg, 1.66 mmol) in THF (3.5 mL), the resulting yel-
low solution was stirred at —20 °C for 2 h. The reaction mixture was
then cooled to —78 °C and a THF solution (3.5 mL) of CCl4 (0.8 mL,
8.32 mmol) was added in a single aliquot, giving a black mixture.
After stirring at —78 °C for 2 h and then at 0°C for 1 h, NaCl (0.9 g)
and 1 M aqueous solution of hydrochloric acid (5 mL) were added.
The mixture was extracted with methyl tert-butyl ether (MTBE)
(5mL x 3) and the solvent was evaporated in vacuo. The residue
was purified by silica-gel column chromatography (hex-
ane:EtOAc:AcOH = 30:15:0.2) to furnish a yellow liquid, 316.3 mg,
94% yield (Z:E=3.5:1). (Z) "H NMR (500 MHz, CDCl3) 6 =5.27 (dt,
J=11.0, 7.0 Hz, 1H), 4.81-4.77 (m, 1H), 4.36 (dd, = 8.1, 5.7 Hz, 1H),
2.25—2.21 (m, 2H), 2.14—2.08 (m, 1H), 2.07—1.96 (m, 1H), 1.64—1.56
(m, 2H), 1.56—1.49 (m, 1H), 0.75—0.71 (m, 2H), 0.34—0.31 (m, 2H).
13C NMR (125 MHz, CDCl3) 6 = 174.71, 135.24, 126.76, 57.17, 34.41,
26.80, 26.13, 9.77, 7.04. HRMS (ESI) calcd for C1oH140,Cl [M-H]” m/
z=201.0682; found 201.0677.

4.11. tert-Butyl 2-chloro-7-cyclopropylhept-6-enoate (13)

Colorless liquid, 213.8 mg, 54% yield (Z:E=3.5:1). (Z) 'TH NMR
(600 MHz, CDCl3) 6 =5.26 (dt, J=10.8, 7.2 Hz, 1H), 4.78—4.75 (m,
1H), 4.17 (dd, ] = 7.9, 6.1 Hz, 1H), 2.22—2.18 (m, 2H), 2.04—1.99 (m,
1H), 1.94-1.88 (m, 1H), 1.61—1.53 (m, 1H), 1.54—1.49 (m, 2H), 1.48 (s,
9H), 0.73—-0.70 (m, 2H), 0.32—0.29 (m, 2H). '3C NMR (150 MHz,
CDCl3) 6 = 168.94, 134.99, 127.01, 82.52, 58.58, 34.57, 27.98, 26.89,
26.22, 9.73, 6.99. HRMS (ESI) calcd for Cr4Hy30,CINa [M+Na]* m/
z=281.1284; found 281.1286.

4.12. tert-Butyl anti-2-((E)-4-phenylbut-1-en-1-yl)
cyclopentanecarboxylate (15-anti-E)

Colorless liquid, 18.1 mg, 60% yield. 'TH NMR (600 MHz, CDCls)
6=730-7.26 (m, 2H), 719—7.17 (m, 3H), 5.50 (dtd, J=15.3, 6.6,
0.9 Hz, 1H), 5.39 (ddt, = 15.3, 7.7, 1.3 Hz, 1H), 2.67—2.64 (m, 2H),
2.63—2.58 (m, 1H), 2.33—2.28 (m, 3H), 1.90—1.80 (m, 3H), 1.69—1.65
(m, 2H), 1.43 (s, 9H), 1.37—1.33 (m, 1H). 13C NMR (150 MHz, CDCl)
0=175.46, 142.24, 133.49, 129.31, 128.59, 128.38, 125.87, 79.95,
51.79, 48.05, 36.25, 34.60, 33.41, 29.93, 28.34, 24.52. HRMS (ESI)
calcd for CooH290; [M+H] " m/z =301.2167; found 301.2167.

4.13. tert-Butyl anti-2-((Z)-4-phenylbut-1-en-1-yl)
cyclopentanecarboxylate (15-anti-Z)

Colorless liquid, 7.5 mg, 25% yield. 'H NMR (600 MHz, CDCls)
0 =17.28—7.26 (m, 2H), 7.20—7.17 (m, 3H), 5.39 (dt, J=10.8, 7.8 Hz,
1H), 5.27 (ddt, ] = 11.0, 9.6, 1.5 Hz, 1H), 2.98—2.92 (m, 1H), 2.71-2.66
(m, TH), 2.63—2.58 (m, 1H), 2.45—2.33 (m, 2H), 2.30 (q, J = 8.4 Hz,

1H), 1.95-1.89 (m, 1H), 1.84—1.78 (m, 1H), 1.76—1.64 (m, 3H), 1.41 (s,
9H), 1.28—1.23 (m, 1H). '3C NMR (125 MHz, CDCl3) 6 =175.42,
142.18, 133.72, 128.99, 128.64, 128.37, 125.88, 79.96, 52.46, 42.92,
36.36, 33.92, 30.25, 29.56, 28.29, 24.82. HRMS (ESI) calcd for
Ca0H290; [M+H]" m/z = 301.2167; found 301.2175.
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