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Abstract
A detailed account on Simmons-Smith cyclopropanations of allenamides en route to amido-spiro
[2.2]pentanes is described here. While the diastereoselectivity was low when using unsubstituted
allenamides, the reaction is overall efficient and general, representing the most direct synthesis of
both chemically and biologically interesting amido-spiro[2.2]pentane systems. With α-substituted
allenamides, while the diastereoselectivity could be improved significantly based on a series of
conformational analysis, both mono- and bis-cyclopropanation products were observed.
Consequently, several structurally intriguing amido-methylene cyclopropanes could also be
prepared.

Introduction
Spiro[2.2]pentanes,1 the smallest member of the triangulane or oligo-spirocyclopropane
family, represent a unique structural topology with both rigidity and orthogonality that have
found applications in a number of biological contexts.2 In particular, simple α-spiropentyl
acetic acid [Figure 1] has been shown to mimic α-(methylenecyclopropyl) acetic acid, a well-
known inhibitor against acyl-CoA dehydrogenase that is critical in the fatty acid oxidation
pathway. In addition, α-(methylenecyclopropyl) acetic acid itself has also been identified as a
toxic metabolite of the natural amino acid hypoglycine A found in the fruits of Jamaican ackee
trees.3–7 Consequently, it is a key cause of vomiting sickness when ingesting the Jamaican
ackee fruit due to the resulting deficiency it causes in the acyl-CoA dehydrogenase activity.
8,9 Moreover, amino-spiro[2.2]pentanes have received much attention recently for an array of
other purposes ranging from constructing deoxyribonucleotide analogs10 to exploring the
chemistry and biology of spiro[2.2]pentane amino acid derivatives.11,12

Despite these biological interests, and despite a number of elegant approaches toward spiro
[2.2]pentanes in literature, the overall synthetic effort toward amino-spiro[2.2]pentanes has
been limited.2,13 Few involve direct bis-cyclopropanations of allenes14 with many adopting
mono-cyclopropanations of methylene cyclopropanes prepared through other means.15 To the
best of our knowledge, preparation of amino-spiro[2.2]pentanes directly through bis-
cyclopropanations of 1-amino-allenes is not known.2,10–13,16 Our recent interest17,18 in
cyclopropanations of enamides13,19,20 en route to optically enriched amino-
cyclopropanes21,22 coupled with our decade long efforts in developing the chemistry of
allenamides23–26 allowed us to envision the possibility of developing a direct construction of
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amido-spiro[2.2]pentanes via Simmons-Smith cyclopropanation of allenamides 1 [Scheme 1].
Based on our previous work on a number of different stereoselective cycloaddition manifolds
employing allenamides,27 we anticipated that this cyclopropanation could proceed
stereoselectively in which the zinc carbenoid can approach the bottom π-face of the more
favored conformer 1a [Scheme 1]. This would lead to methylene cyclopropane 2, and while
2 is useful in its own right,28 an ensuing second cyclopropanation would provide 3a as the
major amino-spiro[2.2]pentane isomer with 3b being derived from cyclopropanation of the
minor conformer 1b. We report here details of these investigations.

Results and Discussions
1. Cyclopropanations of α-Unsubstituted Allenamides

The feasibility for Simmons-Smith cyclopropanations of allenamides was quickly established
as shown in Scheme 2. By using 5.0 equiv Et2Zn and 10.0 equiv ICH2-X, cyclopropanation of
achiral allenamide 4 proceeded in excellent yields to give amido-spiro[2.2]pentane 629 with
no difference between using ICH2-I and ICH2-Cl respectively in CH2Cl2 and ClCH2CH2Cl
[DCE]. We did not observe any mono-cyclopropanation product 5 after 12 h, suggesting that
the second cyclopropanation via 5 took place rapidly in these reactions with Zn(CH2X)2 serving
as the highly reactive cyclopropanating species.30

We turned our attention to chiral allenamides using specifically 7 [Table 1], and while the
cyclopropanation was equally effective in providing de novo amido-spiro[2.2]pentane 9, the
diastereomeric ratio was not desirable. We explored a range of conditions13a including different
temperatures [entries 1–4] and solvents [entries 5–7], while featuring Zn(CH2Cl)2 as the
cyclopropanating species. In addition, we examined the nature of cyclopropanating species
such as Zn(CH2I)2 either without [entry 8] or with the addition of a chelating solvent such as
DME [rendering the zinc cyclopropanating reagent more nucleophilic] [entry 9]. Finally, we
explored Furukawa type reagents [entries 10–12]31,32 as well as Yamamoto’s AlMe3
activation of ICH2-I [entry 13].33

We did not continue to pursue other cyclopropanating species such as Molander’s Sm-Hg
activation of ICH2-Cl,34 as we recognized that we were not going to improve the diastereomeric
ratio of amido-spiro[2.2]pentane 9 via bis-cyclopropanation of 7 by only using different
cyclopropanating species. It is noteworthy that this effort allowed us to observe by 1H NMR
the mono-cyclopropanation product 8, although not isolated [entries 3 and 9]. This implies that
the 2nd cyclopropanation is slower for chiral allenamides. Stereochemically, both the major
and minor diastereomers of 9 were unambiguously assigned using single-crystal X-ray
structures as shown in Figure 2. The ability to access both diastereomers of these structurally
very interesting and novel amido-spiro[2.2]pentanes renders this none-stereoselective aspect
of this reaction an opportunity and less of a limitation.

Subsequently, a number of chiral auxiliaries on the allenamide were probed in an attempt to
improve the diastereoselectivity. As shown in Scheme 3, amido-spiro[2.2]pentanes such as
10, 11, 14, and 15 could be attained in good yields through bis-cyclopropanations of their
respective allenamides. However, the diastereomeric ratio remained low, and when employing
the more bulky Sibi’s auxiliary35 or Seebach’s auxiliary,36 the reaction appeared to be shut
down, as only trace amounts of amido-spiro[2.2]pentanes 12 and 16 could be found. Close’s
auxiliary37 gave the best ratio in 17 but with a lower yield. There is essentially no difference
in the level of stereoselectivity between using auxiliaries containing just the mono-substitution
alpha to the amido-nitrogen atom [see 10–12] and those with vicinal substitutions on the
oxazolidinone ring [see 14–17].
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2. A Comparison with Chiral Enamides
While the lack of diastereoselectivity was frustrating, it intrigued us mechanistically. We had
previously examined Simmons-Smith cyclopropanations of chiral enamides and achieved a
much greater success in stereochemical control.17 As shown in Scheme 4, chiral E-enamides
such as 18 and E-19 gave amido-cyclopropanes 20 and trans-21 with diastereomeric ratios of
95:5 and 83:17, respectively, while chiral Z-enamides such as 22 and Z-19 led to even higher
diastereomeric ratios of ≥95:5 in each case. These results are in direct contrast to our current
cyclopropanation work

To rationalize the above stereochemical outcome, we examined conformations of these
enamides through both X-ray structures [see structures of E-19 and Z-19 in Figure 3] and PM3
calculations via Spartan Model.™ Both the X-ray structure [see E-19] and computation model
revealed that E-enamides [R = alkyl or aryl] assume the more favorable conformation E1
[Scheme 5], which was what we had speculated earlier in some epoxidation work.38,39 The
other locally minimized conformation is E2 but it is less favored than E1 by 1.17 kcal mol−1.
In both conformers, the olefin is approaching co-planarity with the oxazolidinone ring,
allowing delocalization of the nitrogen lone pair into the olefin. Being devoid of actual
transition state calculations, we will make an assumption here that these cyclopropnations
proceed through the major enamide [or allenamide] conformer with the awareness that Curtin-
Hamette could very well be in play here, and that we are only attempting to identif a model
with some consistent rationale and predictative power at this juncture.

Based on this assumption, if the cyclopropanation proceeds through the more favored
conformation E1, the necessary π-facial differentiation in E1 would provide the excellent
stereochemical outcome with E2 being a possible source for the minor diastereomer. On the
other hand, in both the X-ray structure [see Z-19 in Figure 3] and computation model of Z-
enamides, there is a distinct shift from a coplanar motif in conformation Z1 to the more favored
Z2 [ΔE = −1.03 to −1.28 kcal mol−1]. This is likely due to the oxazolidinone ring rotating along
the C-N bond toward the direction so that the Ph substituent could be shifted away from the R
group to alleviate the allylic strain. Despite such conformational change relative to E-enamides,
the bottom π-face in the more favored conformation Z2 remains sterically more accessible,
thereby providing the same sense of facial selectivity in the cyclopropanation as for the E-
enamide.

Although we have not examined this in detail, the greater diastereoselectivity attained for Z-
enamides relative to those of E-enamides could be a result of a greater shielding of the top face
by the phenyl ring, and/or a possible chelation of the oxazolidinone carbonyl oxygen with the
zinc reagent in a directed cyclopropanation manner.

In contrast, while chiral allenamides assume a similar set of conformations40 as shown in
Scheme 6, calculations [PM3 calculations via Spartan Model™] suggest that the energetic
difference between conformers 24a and 24b [see ΔE = −0.21 kcal mol−1 for R = H] appears
to be relatively much smaller than those from enamides. In addition, we also find that the first
cyclopropanation is very facile relative to the cyclopropanation of enamides. In general, the
starting allenamides are consumed within 1–2 h at 0 °C [or rt] based on monitoring by NMR,
leading to 25-Ma and 25-Mb, whereas cyclopropanation of enamides in most cases required
24–72 h.17 A mixture of mono- and bis-cyclopropanation products with a ratio of 1:1.5 was
usually seen after 3 h at 0 °C, and the long reaction time is associated with the second
cyclopropanation, leading to 25-Ba and 25-Bb.

Consequently, again, based on the assumption that these cyclopropnations also proceed through
the major allenamide conformer, the lack of diastereoselectivity observed in Simmons-Smith
cyclopropanations of allenamides could be due to a facile cyclopropanation through an almost
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equal distribution of unsubstituted allenamide conformers 24a and 24b [for R = H]. While this
proposed model is based on ground state energetic difference, if valid, α-substituted
allenamides [for R ≠ H] would then lead to an improved selectivity because 24a is now favored
by 1.05 kcal mol−1 [for R = Me] over 24b due to its the enhanced allylic strain.

3. Cyclopropanations of α-Substituted Allenamides
Based on the above conformational model, we prepared α-substituted achiral allenamides 26–
28 [Scheme 7] through α-alkylation of the respective unsubstituted allenamides.41

Cyclopropanations of allenamides 26–28 were not only feasible, but also led to the observation
and isolation of a substantial amount of mono-cyclopropanation products 29-M through 31-
M. In the case of allenamide 28, we isolated 60% of mono-cyclopropane 31-M. These results
suggest that α-substituted allenamides further impede the second cyclopropanation compared
to unsubstituted chiral allenamides. The unique structural motif of the amido-methylene
cyclopropane 31-M is displayed in Figure 4 through its single-crystal X-ray structure.

We proceeded to examine α-substituted chiral allenamides 32–35 as shown in Table 2. In all
cases, we isolated both mono-[36-M through 39-M] and bis-cyclopropanation products [36-
B through 39-B]. A longer reaction time usually resulted in more of the respective bis-
cyclopropanation product. In accord with our conformational analysis, the diastereomeric ratio
was indeed improved with a dependence on the size of the R groups. The stereochemistry of
37-B was unambiguously assigned using X-ray structural analysis [Figure 4].

To ensure that major isomers of mono- and bis-scyclopropanation product 37-M and 37-B in
fact possess the same stereochemistry at the carbon bearing the amido group, amido-methylene
cyclopropane 37-M was subjected to the same cyclopropanation conditions [Scheme 8]. While
the reaction was slow and incomplete, we found a 43% yield of 37-B [as a single isomer],
thereby confirming that the major isomer of bis-cyclopropanation products indeed comes from
a second cyclopropanation of the major isomer of the respective mono-cyclopropanation
products. This assessment would then translate the individual ratios of mono- and bis-
cyclopropanation into an excellent overall or combined diastereoselectivity for the first
cyclopropanation [see numbers in red] that correlates well overall with increasing in the size
of the R group, and provide a solid support for the conformational model proposed above.

Lastly, the rate of the second cyclopropanation appears to be directly correlated with the degree
of steric crowding of either π-face of the methylene cyclopropane intermediate. As shown in
Scheme 9, in the case of unsubstituted allenamides, both p-faces of the olefin in achiral amido-
methylene cyclopropane 5 are open for the second cyclopropanation, whereas chiral amido-
methylene cyclopropane ent-8 is blocked on the bottom p-face with the top still available. Thus,
we did not observe amido-methylene cyclopropane 5 but saw ent-8 in 12 h under the same
reaction conditions. For α-substituted allenamides, both π-faces of amido-methylene
cyclopropanes such as 29–31 and 36-M through 39-M are now sterically more encumbered.
Consequently, the second cyclopropanation of 29–31 and 36-M through 39-M should be
slower relative to those of 5 and ent-8, leading to the observation and/or isolation of methylene
cyclopropanes for α-substituted allenamides.

Conclusion
We have described here Simmons-Smith cyclopropanations of allenamides in the synthesis of
amido-spiro[2.2]pentanes. While the diastereoselectivity was low when using unsubstituted
allenamides, the reaction is overall efficient and general, leading to an array of amido-spiro
[2.2]pentanes. With α-substituted allenamides, while the diastereoselectivity could be
improved significantly based on a conformational analysis, both mono- and bis-
cyclopropanations were observed in these cases. Consequently, several structurally intriguing
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amido-methylene cyclopropanes could also be prepared. With allenamides being readily
accessible, these efforts have yielded the most straightforward protocol in constructing
chemically and biologically intriguing amido-spiro[2.2]pentane systems.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Spiro[2.2]Pentanes.
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Figure 2.
X-Ray Structures of 9a [left] and 9b [Right].
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Figure 3.
X-Ray Structures of Enamides E-19 [Left] and Z-19 [Right].
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Figure 4.
X-Ray Structures of 31-M [Left] and 37-B [Right].
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Scheme 1.
Simmons-Smith Cyclopropanations of Allenamides.
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Scheme 2.
Cyclopropanation of Achiral Allenamide 4.
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Scheme 3.
Effect of Chiral Auxiliaries on Stereoselectivity.
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Scheme 4.
Cyclopropanations of E- and Z-Enamides.
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Scheme 5.
A Model for the Enamide Cyclopropanation.
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Scheme 6.
A Comparison with the Enamide Cyclopropanation.
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Scheme 7.
Mono- Versus Bis-Cyclopropanation of Allenamides.
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Scheme 8.
Assignment of Mono-Cyclopropane 37-M.
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Scheme 9.
Rate Comparisons for the Second Cyclopropanation.
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Table 2

Cyclopropanations of Chiral α-Substituted Allenamides.

entry allenamide R = time [h] yield [%] [ratios]a

1 32 Me 3 36-M: 38 [3.5:1] 36-B: 26 [3.5:1]

overall dr = 3.5:1b

2 32 Me 16 36-M: 19c [10.0:1] 36-B: 36 [3.0:1]

overall dr = 4.1:1b

3 33 n-Bu 3 37-M: 37d [5.0:1] 37-B: 18 [≥20:1]

overall dr = 7.9:1b

4 33 n-Bu 16 37-M: 30d [6.0:1] 37-B: 22 [≥20:1]

overall dr = 11.1:1b

5 34 Bn 16 38-M: 32 [7.0:1] 38-B: 20 [≥20:1]

overall dr = 12.0:1b

6 35 CH2C6H4[o-Ph] 3 39-M: 36 [5.0:1] 39-B: 23 [≥20:1]

overall dr = 8.8:1b

(a)
Isolated yields. Dr ratios are in the bracket with the respective major diastereomer being shown in the scheme and all ratios were assigned using

crude 1H NMR.

(b)
Overall dr ratios represent the combined dr for the first cyclopropanation.

(c)
NMR yield.

(d)
See reference 42.
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