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ABSTRACT: Pd-catalyzed transformations of allenyl malonates provide convenient access to functionalized carbocycles, but the
influence of the ligand, solvent, base, and reaction conditions on the mechanism, regioselectivity, and product outcome of the
cyclization is not well understood. Additionally, from the perspective of synthetic utility, access to either fully substituted or
enantioenriched cyclopentane building blocks has not yet been achieved. This work describes how targeted changes to the reaction
conditions enable predictable control over the mechanism of Pd-catalyzed allene cross-coupling/cyclization and cycloisomerization,
irrespective of the allene substitution pattern. Both enantioenriched cyclopropanes and cyclopentenes can be obtained through axis-
to-center chirality transfer from the allene precursor at room temperature, which is not possible using reported Pd-catalyzed methods
that result in racemization of the allene. Finally, the ability to divert the reactivity of the allenyl malonate from cross-coupling/
cyclization to cycloisomerization by a simple switch of the ligand on Pd from a bidentate phosphine to an electron-poor
triphenylphosphite is demonstrated.

KEYWORDS: allene, carbocyclization, palladium catalysis, cycloisomerization, cyclopentene

1. INTRODUCTION and cyclopentenes from allenes, increasing the substitution on
the coupling partner beyond iodobenzene typically reduced the
preference for cyclopentene products in favor of cyclopropanes.
Only mono- and disubstituted allenes containing no branching

Highly substituted cyclopentenes and cyclopentanes are
important substructures in a variet}y of complex natural products
and pharmaceuticals (Figure 1)." Diverse synthetic methods

have been developed to access these cores, including cyclo- were demonstrated to be viable substrates for this chemistry.
additions,” ring-closing metatheses,” Conia-ene cyclizations,4 The product preference was initially hypothesized to arise from
and carbonyl-ene’ cyclizations, among others. However, these the influence of allene substitution on the syn vs anti
strategies differ in the ease with which stereochemical conformation of a proposed s-allyl intermediate; however,
complexity can be introduced into the products. Transition- further investigations contradicted this assertion and highlighted
metal-catalyzed cyclizations of heteroatom-bearing allenes have our poor understanding of the influence of ligand, solvent, base,
been studied extensively; however, carbocyclizations of and countercation identities on the reaction outcome. Our work
unsaturated precursors, particularly allenes, have been relatively presents an in-depth investigation of how factors beyond simple
underexplored” but offer opportunities for securing rapid access substrate control influence both reactivity and selectivity in Pd-
to fully substituted cyclopentanes. catalyzed cross-coupling/cyclization and cycloisomerization of

The Cazes group has demonstrated the syntheses of various allenyl malonates. The insights provided by our investigations
olefins and dendralenes, albeit in poor selectivities and yields, expand the scope of cross-coupling/cyclizations to encompass

from the intermolecular reaction of malonates with allenes
(Scheme 1A). The groups of Cazes and Ma explored the
intramolecular use of allenyl malonates as precursors for the
syntheses of cyclopentenes and vinyl cyclopropanes via tandem
cross-coupling/cyclization protocols (Scheme 1A).” However,
the limited scope of this chemistry precluded our efforts to
employ it in approaches toward natural products of interest to
our group, including jogyamycin and bilobalide, which contain
densely substituted cyclopentane cores. Although Ma success-
tully developed conditions to selectively form cyclopropanes

trisubstituted allenes and cycloisomerizations of acyclic
pronucleophiles to furnish useful synthetic building blocks.
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Figure 1. Highly substituted cyclopentanes in drugs and natural products.
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Scheme 1. Divergent Pathways for Pd-Catalyzed Reactions of Allenyl Malonates
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e selective for cyclopentene vs. cyclopropane formation
e ligand-controlled divergent reactivity

e expanded scope
e mild, rt conditions

The potential for the asymmetric syntheses of densely
substituted cyclopentanes and vinyl cyclopropanes, which
were previously unattainable through Pd-catalyzed cyclization
of allenyl malonates, is highlighted. The rationale for the
observed discrepancies in the reactivities of diverse allene
substrates is provided, along with further exploration of the
mechanistic details of these chemistries.

2. RESULTS AND DISCUSSION

2.1. Pd-Catalyzed Cross-Coupling/Cyclization of Al-
lenyl Malonates. We began our studies with an investigation of
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conditions to facilitate the formation of cyclopentene 3a from
allenyl malonate 2a via a tandem Pd-catalyzed cross-coupling/
cyclization sequence. Variations in solvent, temperature, base,
and catalyst were carried out to ascertain the trends in reactivity
(Table 1). Use of Pd,dba; supported by 1,1-bis-
(diphenylphosphino)methane (dppm) in dimethylformamide
(DMF) at room temperature (rt) with a variety of bases in DMF
(entries 1—S5) revealed that bases with a sodium countercation,
such as NaHMDS (entries 2 and 3) and NaH (entry S), gave
superior yields. Exploring a series of other common bidentate
phosphine ligands in DMF at rt showed that increasing the

https://doi.org/10.1021/acscatal.1c01847
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Table 1. Selected Reaction Optimization for Cross-Coupling/Cyclization of 2a to 3a

5 mol% Pd,dbas

GOMe 46 mol% ligand CsH1q copMe |,
COMe 1.2 equiv Phi ,COaMe CoMe |} COMe
H1Cs [Zeaivbase CO:Me  Ph 4a @LCOZMe
(¥)-2a solvent, rt 3a 11Cs 5
: . n
e o e 1 s et T
PhyP 3 e
2 dppm DMF NaHMDS 65
3 dppm DMF  NaHMDS? 71 Q s
4 dppm DMF KHMDS 33 éﬁ )PD
5 dppm DMF NaH 71(67°) 0 “,
6 dppe DMF NaH 38 7 (R.Ry-Me-DuPhos
7 dppp DMF NaH 51 6 CyZP%PCyZ
8 dppf DMF NaH 44 e
9 dppf DMF® NaH 54
o dopt T Na o 85 JOSIPHO\: SL-J003-1
11 dppf THFY NaH 52 N
12 dppf DMSO NaH trace 70 1 H o=
13 dppf DMF KH 0 44 34 s, S,‘f’:?_Taﬁgghos
14 P(OPh) DMF NaH 6 0 0 24 PPhy
15 P(p-CF3-Ph);  DMF NaH 25 0o 0 12 - PCy,
16 Me-DuPhos  DMF NaH 6 8 0 0 Q':de) Ve
17 TangPhos DMF NaH 0 93 0 0 WALPHOS SL-W003-1
18 JOSIPHOS  DMF NaH o 8 0 o
19  WALPHOS  DMF NaH 32 18 0 0 O o Phe
20 (+)-SPANPHOS DMF NaH 58 8 0 0 o O

PPh,
(£)-SPANPHOS

“Yields determined by "H NMR with Ph,SiMe as an internal standard. ”1.0 equiv of base. “Isolated yield. “Run at reflux. “Run at 66 °C.

tether length between the two phosphorus atoms in 1,2-
bis(diphenylphosphino)ethane (dppe), 1,3-bis-
(diphenylphosphino)propane (dppp), 1,1'-ferrocenediyl-bis-
(diphenylphosphine) (dppf), and (+)-SPANPHOS (entries
6—8, 20) gave lower yields of 3a and in some cases, competing
cycloisomerization to 5. Use of 1,1’-ferrocenediyl-bis-
(diphenylphosphine) (dppf) in DMF at 66 °C (entry 9) did
improve the yield of 3a to 54%, compared to 44% at rt (entry 8).
Employing tetrahydrofuran (THF) as the solvent with dppf gave
no conversion at rt (entry 10), but this could be improved to
furnish a 52% yield of cyclopentene 3a at reflux (entry 11).
Switching the solvent to dimethyl sulfoxide (DMSO) with NaH
almost entirely shut down the reactivity (entry 12). Interest-
ingly, and in contrast to previous reports”” of substrate-
controlled regioselectivity, we found that simply switching the
base from NaH to KH under the same conditions (compare
entries 8 and 13) reversed selectivity from the formation of 3a to
the cyclopropane 4a, albeit in low yield.

Use of a triaryl phosphite and an electron-poor triaryl
phosphine ligand (entries 14 and 15) gave low yields of 3a,
although significant amounts of 5 were noted, where cyclo-
isomerization competes with the desired cross-coupling/
cyclization. A series of enantioenriched ligands were attempted,
with an eye toward asymmetric cross-coupling/cyclizations
(entries 16—19), but the yields of 3a were significantly lower.

With optimized conditions in hand, the scope was examined
with a variety of allenes and coupling partners (Table 2). The
electronics of the aryl group had little effect, as electron-poor
arenes furnished 3b—g and 31in good yields, while electron-rich
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arenes delivered 3h—k in similar yields. The functional group
compatibility was excellent; carbonyl-containing groups on the
arene, including esters, ketones, and aldehydes were well
tolerated, albeit in a decreased yield for 3c. An aryl bromide
gave 3f with no competing reactivity, highlighting the
compatibility of the method with valuable functional handles.
Coupling with 3-iodo pyridine and 2-iodothiophene gave 3g and
3m in good yield, while the extended 7-system of naphthalene
gave 3h in moderate yield. This result, along with 3j—k,
demonstrated a tolerance of the chemistry for ortho-substitution
in the iodoarene. A doubly meta-substituted aryl iodide gave a
good yield of 3i; however, iodomesitylene was too hindered and
resulted in no reactivity. An aryl iodide containing both a nitro
and a chloro substituent provided 31 in 39% yield.

Variations in the substitution pattern of the allene precursor
were also investigated. The 1,1,3-trisubstituted allene 2n
afforded 3n in 87% yield, the first example of this substitution
pattern that does not furnish significant cyclopropane as a
byproduct. Addition of a methyl group to the distal allene carbon
gave 30 in 48% yield, the first example of successful
cyclopentene formation from an allene bearing a 1,3,3-
substitution pattern. Increasing the steric pressure in the allene
by replacing C;H,;, with an i-Bu group required heating the
reaction in a sealed vial to give 3p in 38% yield. Alteration of the
bis-ester pronucleophile to an allenyl lactone was also successful.
Cross-coupling/cyclization gave 3q in good yield, while addition
of a gem-dimethyl group to the lactone ring formed 3r in 60%
yield. Finally, the formation of 3s in moderate yield showed the

https://doi.org/10.1021/acscatal.1c01847
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Table 2. Scope of Allenyl Malonate Cross-Coupling/Cyclization

Pd,dbas (5 mol%)

o]
, CO,Me R2 E dppm (10 mol%) N R' g2 HiCs E O
R s o 1& o Arl (1.2 equiv) CoMe or
2:'— CO,Me RS NaHMDS (1.0 equiv) o Ph o
R 3 - > 2
(¢)-2a-d  E =CO,Me @#)-1ac R R DMF, rt, overnight 3a-p 3g-s
4 N\
F3C Ac EtO,C
Qe " U Ny
O E :
: [ )<e [<e
3a67% 3d 72%" 3e67%
~ ‘ Caftan O CsHaq
X E E
E ' E
3h 51% 3i 60%
O,N cl
O CsHyq a CsHyy
< T <
E E
3j70% 3139% 3m 66%
|\ _/
# o]
HiCs E
O Et O Me CoH,, O Me gy Me, g O TBDPSO(H,Cls g O
: E O O<KIr o<
E E E
Me
3n87% 30 48% 3p 38%2P 3952% 3r60% 3s 59%°
(1.2:1 dr) (1.3:1dr) (1:1 dr)

\

2Yield based on isolated mixture of 3r/2a. Prun in pressure tube at 66 °C °run at 66 °C *NMR yield. **Average NMR yield over 2 runs.

Scale up and

postfunctionalization Pdadbag (5 mol%)

dppm (10 mol%)

E
Arl (1.2 equiv)
CsHﬂ/\.\ O NaHMDS (1.0 equiv)
—_—
DMF, rt, overnight
2 mmol scale
2r

3r
dr

“Yield based on isolated mixture of 3p/2a. “Run in pressure tube at 66 °C. “Run at 66 °C. “NMR yield. “Average NMR yield over two runs.

RuClj; (3.75 mol%)
NalO4 (2.5 equiv)
CeClze7 H,0 (30 mol%)
4:1:2 MeCN:H,0:EtOAc
0°C-rt,2.5h

60%
1.3:1

tolerance of silyl ethers to the reaction conditions, though the
steric demand of TBDMS required increased temperatures.

The methodology was tolerant of a wide variety of functional
groups and heterocycles and exhibited mild reaction conditions,
with only extremely hindered allenes requiring increased
temperatures. These scaffolds are scalable and convenient for
the synthesis of fully substituted cyclopentanes, as demonstrated
by the 2 mmol scale synthesis of 3r in 60% yield and subsequent
RuCl;-catalyzed dihydroxylation to furnish the cyclopentane 6
in 68% yield and 1.4:1 diastereomeric ratio (dr). In all examples
reported in Table 2, the regioselectivity was consistent for the
exclusive formation of the cyclopentene, irrespective of the
substitution pattern at the distal allene carbon. When this
observation is coupled with our studies showing good
regioselectivity for cyclopentene formation in precursors with
substitution at the proximal allene carbon, previous assertions
that regioselectivity depends on the substrate sterics appear
unlikely.”

3. MECHANISTIC PROPOSAL

Previously proposed mechanisms of Pd-catalyzed cross-
coupling/cyclizations of allenes appear inconsistent with our

9488

experimental observations.”® This, coupled with a desire to
determine if enantioenriched carbocycles could be secured using
this chemistry, prompted us to undertake careful mechanistic
studies. Previous proposals’“® (Scheme 2) suggested that the
reaction proceeds by oxidative addition of Pd(0) into an aryl
halide, followed by coordination of deprotonated 2.1 to the
allene to furnish 2.2. Migratory insertion gives the allylic
palladium intermediate 2.3a, which can potentially isomerize to
the Pd(;*-allyl) complexes 2.4a and 2.4b. The anti conformer
2.4a was proposed to give rise to the cyclopropane 4 (path A),
while a bond rotation to produce the syn isomer 2.4b was
surmised to ultimately furnish the desired C4-arylated cyclo-
pentene 3 (path B). We envisaged two alternative pathways, one
where intermediate 2.2 undergoes nucleopalladation to 2.6,
with or without prior coordination of the enolate to the Pd
catalyst. Subsequent reductive elimination provides product 3
and regenerates the catalyst. Alternatively, the alkyl Pd species
2.3a cyclizes prior to isomerization via an Sy2 or Sy2’
mechanism (depending on the regioselectivity of the migratory
insertion) to directly form the desired product 3 (path D).
Cyclization of intermediate 2.3a (path D) was deemed highly
unlikely, based on previous computational studies® and

https://doi.org/10.1021/acscatal.1c01847
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Scheme 2. Potential Mechanisms for Pd-Catalyzed Cross-Coupling/Cyclization”
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supporting experimental data indicating that it can undergo
facile isomerization to 2.4a and 2.4b. We reasoned that a well-
designed transfer-of-chirality experiment employing the enan-
tioenriched version of allenyl malonate 2a could help distinguish
between previously proposed paths A and B and the alternative
mechanism represented by path C, provided that oc—7n—0c
isomerization of 2.3a competes with cyclization.
We found that the chirality in (R,)-2a was transferred to 3
with 98% fidelity (Scheme 3a). Pd(5*-z-allyl) complexes, such

Scheme 3. Transfer-of-Chirality Experiments
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dppm (10 mol%)

a Our new conditions
CsH4
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86% ee 114 EZ
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— —" coMe  1-20equiv.Phi ph—
e 2 1 equiv. KH COMe
(Ry)-2a CO,Me DMF, rt, overnight CO,Me
86% ee 87% eeg
>20:1 E:Z

as 2.4a, have been shown to rapidly interconvert via the
intermediate o-allyl complexes (such as 2.3a and 2.3b), resultmg
in racemization of the allene axial chirality in the product.”

The presence of such complexes in the catalytic cycle would be
expected to lead to significant erosion of enantiomeric excess
(ee) in transfer-of-chirality experiments. Although path B cannot
be definitively ruled out, due to the possibility that cyclization
may outcompete racemization, the more likely mechanism is
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that of the direct nucleopalladation in path C.°*’ Path C
proceeds by oxidative addition, followed by nucleopalladation to
2.6 and reductive elimination to give the product (4), which is
consistent with the good observed chirality transfer.

To further support the feasibility of the proposed path C, we
computationally explored the formation of the observed
cyclopentene 3 (R = CH; in the calculations) at the
dispersion-corrected PCM(DMF)-B3LYP-D3/def2-TZVP//
PCM(DMF)-B3LYP-D3/def2-SVP level (computational de-
tails are provided in the Supporting Information).

According to the computed reaction profile (Figure 2), the
process begins with the highly exergonic (AGg = —43.4 kcal/
mol) oxidative addition of the active Pd(dppm) catalyst to
phenyl iodide. This step leads to the formation of the
tetracoordinate Pd(II) intermediate INT1, a common inter-
mediate for all of the envisaged pathways in Scheme 2, via the
transition state TS1 (AG* = 3.3 kcal/mol). Todide/deproto-
nated allene 2.1 (R = Me) ligand exchange produces INT2 in a
slightly endergonic step (A Gy = 3.0 kcal/mol). Alternatively, the
dppm ligand, instead of iodide, might be exchanged by the
deprotonated allene reagent. However, the computed high
endergonicity of the processes leading to INT2' (AGy = 26.6
kcal/mol) or INT2” (AGg = 19.0 kcal/mol) makes these
alternative ligand exchanges noncompetitive. Similar high
endergonicities (AGg = 27.6 and 18.8 kcal/mol, respectively)
were also computed when exchanging the Na'-bonded allene
(i.e., the cation interacting with the malonate anion). Neutral
intermediate INT2 then evolves into the cyclic intermediate
INT3 (2.6 in Scheme 2) via TS2, a saddle point associated with
the formation of the new C—C bond resulting in the observed
five-membered ring. The ease of this carbopalladation/
cyclization step is clearly reflected in the low barrier (AG” =
5.9 kcal/mol), as well as the high exergonicity (AGp = —21.4
kcal/mol) computed for this cyclization reaction, both of which
are fully compatible with the mild room temperature reaction
conditions. As shown above (Scheme 2), INT2 may
alternatively undergo a carbopalladation reaction to produce
the corresponding intermediate 2.3a (z-allylpalladium path-
way). However, our calculations indicate that this alternative

https://doi.org/10.1021/acscatal.1c01847
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Figure 2. Computed reaction profile for the Pd(0)-catalyzed formation of cyclopentenes. Relative free energies (AG, at 298 K) and bond distances are
given in kcal/mol and angstroms, respectively. All data have been computed at the PCM(DMF)-B3LYP-D3/def2-TZVP//PCM(DMF)-B3LYP-D3/
def2-SVP level.

Scheme 4. Conformational Effects on Product Formation by Conditions

Me0,C-2-COMe COMe MeO,C = COMe
Y e — £
i 5= 2 T
e Pa H11c/5_ (Pd] HnC/si‘[Pdl
2.2-p-syn (from KH, dppf) 2.2-p-anti (from KH, dppf) 2.2-d-syn (from NaH, dppf)
(access to cyclopropane) (access to cyclopropane) (access to cyclopentene)
pathway can be safely ruled out in view of the much higher optimized, it demonstrates that mechanistic understanding can
barrier required for this step to occur (the corresponding be employed to achieve stereodivergent reactivity.
transition state TS2’, associated with the formation of the new A rationalization of the results in Scheme 3 should account for
C—C bond, lies ca. 10 kcal/mol above the preferred TS2). INT3 experimental observations of the regioselectivity of the reaction
then undergoes a facile reductive elimination reaction via TS3 based on the reaction conditions. Both the literature and our
(AG” = 16.5 kcal/mol) to produce INT4, again in a highly experimental results demonstrate that regioselectivity can be
exergonic transformation (AGg = —23.3 kcal/mol). Final de- reversed by changing either the catalyst/base combination’“® or
coordination releases the observed cyclopentene 3 (Scheme 2) the countercation of the base (Table 1, entries 8 and 13).
and the active Pd(0)-dppm catalyst, which can re-enter the We hypothesize that the change in regioselectivity arises from
catalytic cycle. Therefore, the relatively low barriers and high differences in the conformation and nucleophilicity of the
exergonicities computed for the three steps of the trans- intermediate 2.2 (Scheme 4). If we evoke pathway C (Scheme
formation (namely, oxidative addition, cyclization, and reduc- 2) as the preferred mechanism, the first issue to consider is that
tive elimination) fully support the feasibility of the proposed the cyclopropane can only form when the Pd catalyst is bound to
pathway C under the reaction conditions. the proximal m-bond (2.2-p-syn or 2.2-p-anti), while the
Interestingly, when Ma’s cyclopropanation conditions were cyclopentene can only form when the catalyst is bound to the
tested (Scheme 3b), minimal transfer of axial chirality from 86% distal 7-bond (2.2-d-syn). The second issue to consider is the
ee (R,)-2a to 4a was observed, which supports path A for Ma’s difference in the steric environments of the two allene 7-bonds.
cyclopropanation conditions. However, when cyclopropanation The alkyl substituent at the distal allene carbon will, to some
was observed under our reaction conditions (Table 1, entry 13, extent, inhibit the coordination of the Pd catalyst to the distal 7-
vide supra and Scheme 3c), complete transfer of chirality was bond, due to sterics. The final issue to consider is that the
observed and the opposite stereoisomer to Ma’s was formed enolate experiences greater stabilization in the presence of a
with excellent ee. Although this reaction was not further sodium ion, as compared to a potassium ion. The larger dppf-
9490 https://doi.org/10.1021/acscatal.1c01847
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Table 3. Optimization of Cycloisomerization of 2a

5 mol% [Pd]
CO,Me X mol% P(OPh)s CsHyq
5 Y equiv base CO,Me
COMe DMF, temp, overnight -,
H4/Cs CO,Me
(+)-2a 5
entry [Pd] base equiv mol % ligand temp % yield”
1 Pd,dba, 10 rt 0 (quant)
2 Pd,dba, NaH 1.2 0 rt 8 (40)
3 Pd,dba, NaH 12 10 rt 41 (11)
4 Pd,dba, KHMDS® 12 10 rt 18 (70)
5 Pd,dba, KHMDS? 12 10 rt 48 (32)
6 Pd,dba, KHMDS® 12 10 rt 47 (40)
7 Pd,dba, KH 1.0 10 it 67"
8 Pd,dba, KH 12 10 rt 67
9 Pd,dba, KH/ 0.25 10 rt 53
10 Pd,dba, KH/€ 1.0 10 rt 0 (quant)
11 Pd,dba, KH 12 5 rt 35
12 Pd,dba, KH 12 20 rt 27 (38)
13 Pd(TFA), KH/ 1.0 10 rt 36
14 Pd(MeCN),Cl, K 1.0 10 rt trace
15 Pd,dba, KH/ 1.0 10 0°C 50 (24)
16 Pd,dba, KH 1.0 10 60 °C 32

“H NMR vyield with PHSiMe, as an internal standard. Recovered 2a in parentheses. bIsolated yield. “1 M in THF added in one portion. 91 M in
THF added over 2 h. °1 M in THF added over 7 h./50% w/w in paraffin. #Substrate and base pre-stirred for 60 min.

ligated catalyst is expected to be more affected by the steric
environment of the distal 7-bond, as compared to the smaller
dppm-ligated catalyst and thus favors coordination to the
proximal z-bond, leading to the formation of the cyclopropane
product. Additionally, when the less-stabilized potassium
enolate serves as the nucleophile, the more strained transition
state leading to cyclopropanation becomes accessible (Table 1,
entry 13). Interestingly, neither KH/dppm nor NaH/dppfled to
any cyclopropanation product.

4. PD-CATALYZED CYCLOISOMERIZATION OF
ALLENYL MALONATES

In addition to cross-coupling/cyclization, the direct cyclo-
isomerization of allenyl malonate 2a to 5 was investigated
(Table 3). Interestingly, in our previous work using allenyl
lactone substrates, acyclic analogues were completely unreactive
in cycloisomerization for reasons that were unclear at the time."’
The significant presence of § in the reaction of 2a using P(OPh),
as the ligand (Table 1, entry 14) stimulated efforts to optimize
conditions to favor this new transformation (Table 3). A control
experiment with no Phl or base (entry 1) gave no §, while no
ligand resulted in only an 8% yield of S (entry 2). Unbound
Pd,dbay, results in decomposition of 2a; thus, the correct ligand
stoichiometry is essential for good reactivity. The addition of 10
mol % P(OPh),, in combination with NaH as the base (entry 3),
improved the yield of 5 to 41%, with 11% of recovered 2a. Use of
potassium bis(trimethylsilyl)amide (KHMDS) in THF lowered
the yield of § to 18%, while reducing the addition rate of the base
improved the yield to 47—48%, albeit with 32—40% of
remaining 2a (entries 4—6). A dispersion of KH in paraffin at
rt (entries 7 and 8) with 10 mol % P(OPh), gave the highest
observed yields of 5, presumably due to the slow release of the
base during the reaction. Catalytic amounts of KH in paraffin
were also effective, as 0.25 equiv of KH gave a 53% yield (entry
9). Again, either lowering or increasing the loading of ligand
(entries 11 and 12) had a detrimental effect on yield. Pre-stirring
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2a with KH for 45 min completely shut down the reactivity
(entry 10). These experiments indicate that some malonate
deprotonation is necessary to initiate the catalytic cycle, but the
formation of the enolate alone is not sufficient as excess base is
detrimental to the yield. The loss of 2a to competing pathways is
consistent with a noted loss in mass balance to 60—80%, though
byproducts could not be characterized. These results suggest
that both the neutral and the deprotonated malonate play key
roles in the catalytic cycle. To test this hypothesis, 0.2 equiv of
malonate 2a was pre-stirred with base and transferred to a flask
containing the catalyst and the remaining 0.8 equiv of 2a. The
desired product S5 was obtained in a 77% yield by NMR,
accompanied by 16% of the remaining 2a, thus supporting key
roles for both neutral and deprotonated forms of 2a. Alternate
palladium sources gave diminished or no yield of 5 (entries 13
and 14). Running the reaction at 0 °C (entry 15) gave 50% yield
of 5§ and moderate mass balance; however, increased temper-
ature reduced the yield of 5 to 32% (entry 16), likely due to
increased base availability shutting down the reaction.

The P(OPh); is critical for successful cycloisomerization as
previous efforts with phosphine-based ligands were unfruitful.
P(OPh), is a relatively small, monodentate ligand with a
Tolman cone angle of 121° and is capable of greater distortion
than aryl phosphines, due to the oxygen linker between the P
atom and the relatively large phenyl substituent;'" this decreased
steric bulk may promote nucleophilic addition (see Scheme §,
vide infra). Another possibility is that the electron-poor
P(OPh), furnishes a more electrophilic Pd species that
facilitates the cyclization step. One puzzling aspect is the
identity of the proton source required to turn over the catalytic
cycle. In our previous report of lactone cycloisomerization, the
solvent was posited as the proton source, which was supported
by deuterium incorporation into the product when CH;OD was
employed.'” However, the aprotic DMF used in this reaction
would require a separate proton source; exogenous water
seemed unlikely, given the presence of KH in the reaction.
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Scheme 5. Deuterium Labeling Studies
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Nevertheless, the reaction was carried out in a glovebox using
freshly distilled and degassed DMF and proceeded as normal,
ruling out this possibility. Another potential proton source is the
acidic proton of the malonate. Oxidative addition of Pd catalysts
into acidic C—H bonds, including malonate C—H bonds, to
generate nucleophilic species under acidic conditions has been
reported by Trost and Ma, among others.”'” To test this
possibility in our system, allenyl malonate 6 was partially
deuterated and the cycloisomerization was carried out under
standard conditions (Scheme S). Partial incorporation of
deuterium into 7 was observed, suggesting that the malonate
proton can either serve as a proton source or exchange with
another proton source in the reaction mixture. Previous reports
showing the potential for oxidative formation of a Pd(r*-allyl)
species, in which an allenic or allylic proton is transferred to the

palladium center, suggest these sites may be exchangeable.
However, the fact that deuterium labeling in 8 and 12 resulted in
no D incorporation into C4 of 9 or 13 argued against a
mechanism involving this type of intermediate. The possibility
of proton exchange at an allenyl C—H bond was ruled out by the
lack of incorporation of D at C4 of 11 using deuterium-labeled
10.

Based on the above data, a catalytic cycle for cyclo-
isomerization is proposed in Scheme 6. The Pd(0) catalyst
undergoes oxidative addition into the malonate C—H bond to
furnish 5.4. Separately, deprotonation of the substrate forms the
potassium enolate intermediate 5.1. The Pd(II) intermediate
coordinates to the enolate, which undergoes cyclization via
nucleopalladation on the distal allene carbon. This furnishes a
vinyl palladium intermediate 5.2 that displaces the X-type
enolate ligand to regenerate the potassium enolate species.
Reductive elimination occurs to give the cycloisomerized
product 5.3 and regenerate the Pd(0) catalyst. According to
our density functional theory (DFT) calculations (see Figure
S1), this proposed pathway is clearly feasible in view of the
rather low barriers and high exergonicities computed for the key
nucleopalladation (AG* = 1.7 kcal/mol, AGy = —26.8 kcal/
mol) and subsequent reductive elimination (AG” = 2.2 kcal/
mol, AGy = —30.6 kcal/mol) steps. Despite this computational
support for the nucleopalladation, we cannot rule out the
possibility that after 5.1 and 5.4 have formed, 5.4 can undergo a
hydropalladation and subsequent isomerization to give a Pd (77>
allyl) species $.5, followed by nucleophilic cyclization to furnish
5.3 and regenerate the Pd(0) catalyst.

5. CONCLUSIONS

In summary, a successful room temperature Pd-catalyzed cross-
coupling/cyclization sequence of allenyl malonates was achieved
for the regioselective formation of cyclopentenes with
challenging substitution patterns. The methodology tolerates a
large array of electronically and sterically varied coupling
partners, including extended z-systems and heterocycles. The
first examples of successful cyclizations of 1,1,3- and 1,3,3-
trisubstituted allenyl malonates were reported. Most impor-

Scheme 6. Proposed Mechanism for Cycloisomerization of Allenyl Malonates
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tantly, this chemistry provides access to enantioenriched
cyclopentenes and cyclopropanes via excellent transfer of
chirality from the allene precursor to the products. Transfer-
of-chirality experiments, coupled with computational support,
provide new insights into the mechanism of cross-coupling/
carbocyclizations, especially in regard to how divergent
mechanisms influence the regioselectivity of the reaction.
Switching the ligand on Pd from a bidentate phosphine to an
electron-poor triphenylphosphite diverts the reactivity of allenyl
malonates from cross-coupling/cyclization to cycloisomeriza-
tion. Mechanistic studies on the cycloisomerization pathway
indicate that the allenyl malonate plays a dual role both as a base
and a reactant, promoting an oxidative addition, nucleophilic
addition, and reductive elimination sequence to furnish the
desired cyclopentenes.
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