


ester would afford pyrrolizidinone 12. Alkylation and subsequent oxidation of amino ester 14

would result in the formation of the correct carbon skeleton required for the B-ring synthesis.
Commercially available L-proline 16 or boc-L-proline 17 would be used to form proline
esters. The five-membered A-ring of the pyrrolizidine alkaloids and stereochemistry at C8

would be in place from the start of the synthesis (Scheme 1).
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Literature Review

I. Introduction
A. McMurry reaction: discovery and initial optimization
In the early 1970s, McMurry developed the reductive coupling reaction of carbonyl

compounds to form carbon-carbon bonds (Scheme 2).°"?

The reaction may be inter- or
intramolecular, leading to acyclic or cyclic alkenes. Typically these reactions proceed by the
in situ formation of a low-valent titanium reagent via reduction of Ti (III) or Ti (IV) with an

appropriate reducing agent. Substrates are then added to the low-valent Ti reagent to effect

the reductive coupling.
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In his initial investigation, McMurry examined several reducing agents. The TiCl;-
LiAIH4 reagent combination was used for the reductive coupling of aryl and alkyl ketones.
The TiCls-LiAlH4 reagent system was later replaced with a TiCls-potassium metal reagent
system because LiAlH4 often caused side reductions. The TiCls-K reagent system was
optimized using cyclododecanone (11) (Scheme 3, Table 1, entries 1-7). TiCl3/K/ketone in
the ratio of 4:12:1 in refluxing THF was found to be the best set of conditions, providing
alkene 23 in 90% yield (Table 1, entry 7). This reagent system was used for the
intermolecular coupling of a number of aldehydes and sterically hindered ketones, giving

alkenes in good to excellent yields (Scheme 4).
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Table 1. Intermolecular reductive coupling of cyclododecanone (23)
using Ti/K reagent system.’

Entry | TiCl3/K/ketone | Solvent | Time, h | Yield %
molar ratio
1 2:6:1 THF 18 59
2 2:4:1 THF 16 38
3 2:2:1 THF 16 28
4 2:6:1 DME 15 49
5 4:14:1 THF 17 76
6 4:18.8:1 THF 13 71
7 4:12:1 THF 16 90
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Because the reduction of TiCl; with potassium was potentially hazardous, McMurry
looked to the TiCl;-Li reagent system as a safer alternative. Applying analogous conditions,
he also obtained alkenes in similar yields from the reactions of ketones and aldehydes that
were also used as substrates for the TiCl;-K induced reactions. However, the use of TiCls-Li
reagent system did not provide satisfying yields for the intramolecular reductive coupling
reaction of dicarbonyl compounds. On the other hand, when the TiCls;-Zn(Cu) reagent system
was used, cycloalkenes were formed in good yields regardless of the ring size of products
(Table 2).10 Because this system also worked well for intermolecular reactions, McMurry
preferred the TiCl;-Zn(Cu) reagent system for both inter- and intramolecular carbonyl
couplings. It is noteworthy that in spite of the advantages of this reagent system, one
disadvantage is that a much greater excess was required: 11.2 eq. TiCls, 25.7 eq. Zn(Cu)
compared with 4 eq. TiCls, 12 eq. K.

Table 2. Intramolecular dicarbonyl coupling with TiCl3, Zn(Cu)
reagent system. '

Entry | Dicarbonyl Product Yield%
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B. Mechanism
Four possible mechanisms have been proposed for the McMurry reaction. (Scheme
5).!% Paths A and B invoke a single electron transfer mechanism, while paths C and D use a

double electron transfer mechanism. In path A, a single electron reduction occurs with the



coordination of low-valent titanium to each of the carbonyl oxygens, forming the ketyl
radicals that couple to form titanapinacolate intermediate 32. In path B, coordination and
reaction of the second carbonyl carbon with the ketyl radical forms the radical pinacolate 34,
which then cyclizes to give the five-membered ring intermediate 35. After formation of the
carbon-carbon bond, deoxygenation of the intermediate 32 or 35 produces the alkene 33 and
Ti*" species."

By contrast to the single electron transfer, a double electron transfer creates
titanaoxiranes 36 that form intermediate 32 in path C. In path D, coordination and reaction of
the second carbonyl carbon with titanaoxirane 36 generate the five-membered ring
intermediate 35. As with paths A and B, deoxygenation of the intermediate 32 or 35 produces
the alkene 33 and Ti*" species in path C or D."?
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In the laboratory, McMurry reactions are often performed by a stepwise procedure.
The first step is the reduction of the TiCls or TiCly to an active titanium species using
appropriate reducing agents such as Zn, Zn(Cu), Mg, LiAlHy4, Al-AICls, or alkali metals.
After the titanjum has been reduced, the carbonyl compounds are added.'* !4

In contrast to stepwise addition, the reducing agent, TiCls or TiCls, and the carbonyl
compounds may be added in one step. In this so-called instant method, the active titanium
species is formed in the presence of the carbonyl compounds. The instant method has been
used for both inter- and intramolecular McMurry couplings of aldehydes, ketones, amides,
and nitriles. The instant method can be performed in a variety of solvents, including ethyl
acetate, acetonitrile, and DME. 3 14

The goal of this research project is to develop a novel intramolecular McMurry
reaction for the synthesis of pyrrolizidine alkaloids. Consequently, the following review of
the literature will examine the scope of the intramolecular McMurry reaction to demonstrate
the contribution of the present study to this body of work. Specifically, intramolecular
McMurry reactions between two aldehydes, an aldehyde and ketone, two ketones, a ketone
and an amide, and a ketone and an ester will be reviewed.
I1. Examples of intramolecular McMurry reactions
A. Aldehyde-aldehyde cyclizations

Intramolecular McMurry reductive coupling of aldehydes has been frequently used to
generate cyclic alkenes having a variety of ring sizes.'* For example, Rajakumar, who
worked on the synthesis of the indole-based cyclophanes, found that a large excess of TiCly

(20 equiv.) and Zn (40 equiv.) were required for the intramolecular cyclization of

symmetrical dialdehydes 37 and 38 (Scheme 6)."° The cyclization reaction was performed in



refluxing THF using pyridine as an additive. Depending on the substitution pattern of the
xylyl linker, the cyclic alkenes 39 and 40 were formed in 19 and 24% yields, respectively.
Other solvents, including DMF, toluene, and dioxane, were used in an effort to improve
yields. Unfortunately these reactions resulted in complex mixtures.'

Scheme 6
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Furstner compared the ring closing metathesis reaction to the McMurry reaction to
accomplish the cyclization of dialdehyde 41 (Scheme 7).'® In this case, TiCl;-CsK in DME at
room temperature was used for the reductive coupling. Although the best results were
obtained using two equivalents of the titanium complex, the yield of alkene 42 varied
between in 60-82% yield as a 3.5:1 mixture of £ and Z isomers. However, the McMurry
reaction was problematic because it gave unreproducible yields and generated byproducts 43
and 46. Incomplete reductive elimination led to the formation of pinacol intermediate 43.
Dimethoxy benzofuranone 46 arose from TiCl;-induced reduction of the aldehyde followed

by lactonization.

Scheme 7
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To avoid these complications, Furstner ultimately used a ring closing metathesis

10



reaction with a ruthenium carbene catalyst 48. This procedure afforded the desired alkene 42
in 69% yield as only the £ isomer (Scheme 8).
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Strained alkenes can also be synthesized using low-valent titanium reagents.
Lhotak used this process to form highly strained cyclic oligomers, calix[4]arenes.
Calix[4]arenes may be used as receptors towards neutral and charged molecules.'’
Cyclization of dialdehyde 49 was accomplished by treatment with TiCls(THF), complex and
Zn in refluxing THF (Scheme 9). This application of the “instant method” afforded the
desired macrocycle 50 in 42% yield.

Scheme 9
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Pfeffer worked on the synthesis of polyoxygenated phenanthrenes via McMurry
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coupling of the corresponding aldehydes.'® Cyclizations of the symmetrical and non-
symmetrical bis-benzaldehydes were performed by the instant method or the stepwise
addition of reactants method using the TiCl;-DME; s-Zn(Cu) reagent system at reflux for 20
or 40 hours. While cyclization of dialdehyde 51 was accomplished by the stepwise
procedure, the instant method proved more effective for the reaction of dialdehydes 53, 57,
and 59 (Scheme 10). Although cyclization of dialdehyde 59 resulted in a complex mixture,
cyclization of dialdehydes 51, 53, and 57 provided the phenanthrenes 52, 54, and 58 in 45%,
57%, and 45% yield, respectively. When the cyclization of dialdehyde 53 was performed for
19 hours, byproducts 55 in 8% yield and 56 in 10% yield were generated. However, running
the reaction for 40 hours increased the yield of 54 from 19% to 57%."® Under these reaction
conditions, 55 was not detected and the yield of 56 did not change. The reason for the

formation of byproducts was not stated clearly.

Scheme 10
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In the preceding examples, the McMurry reaction of highly strained dialdehydes
afforded the desired cis-indolophanes and cis-calix[4]arene. However, the cyclization of
poly-oxygenated dialdehydes was a particular challenge and afforded the products in

moderate yields and also resulted in the formation of byproducts.
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B. Aldehyde-ketone cyclizations
1. Cembranoid diterpene macrocyclizations
McMurry inter- or intramolecular reductive coupling reactions are very effective
methods for the synthesis of natural and non-natural products.'? For example, McMurry
reactions have been used in cyclizations to form highly substituted macrocycles such as
cembranoid diterpenes, which contain fourteen-membered ring systems.'* Cembranoid
diterpenes isolated from marine sources exhibit antitumor activity against many tumor
promoters and consequently have been the target of numerous total syntheses.'* > ¢ ¢
Li used TiCl;-Zn(Cu) for the macrocyclization in the synthesis of (+)-3,4-
epoxycembrene-A (62) (Scheme 11)."* After pre-reduction of TiCl; with Zn(Cu), the

cyclization of keto-aldehyde 60 afforded macrocyclic alkene 61 in 41% yield in a 2:1 ratio of

E and Z isomers.

Scheme 11
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The synthesis of (+)-11,12-epoxycembrene-C (65) was also accomplished using a
McMurry reaction for the macrocyclization.l9b After pre-reduction of TiCly with Zn in THF,
the macrocyclization of keto-aldehyde 63 was accomplished in the presence of an a,[3-
unsaturated ester, affording alkene 64 in 48% yield as a 1:1 mixture of £ and Z isomers
(Scheme 12).19b

Scheme 12
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Li also used McMurry reactions for the synthesis of hydroxylated cembrenoids
sarcophytol-A (68) and sarcophytol-B (71) (Scheme 13)." Both cyclization reactions were
performed in refluxing THF and used pyridine as an additive. After pre-reduction of TiCly
with Zn, the McMurry reaction of keto-aldehyde 66 afforded the macrocycle 67 in 62% yield
(Scheme 13). Similarly, when Li attempted to synthesize sarcophytol-B (71), the
macrocyclization of keto-aldehyde 69 with the same reagent and conditions afforded product
70 in 58% yield. In both cases, the McMurry reaction favored the desired Z double bond,
although the ratio of £/Z isomers was not reported.

Scheme 13
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When Li synthesized (-)-13-hydroxyneocembrene (74), DME was used as a solvent

for the key reductive coupling (Scheme 14)."*

After pre-reduction of TiCly with Zn in
refluxing DME and using pyridine as an additive, McMurry reaction of keto-aldehyde 72

afforded alkene 73 in 81% yield as a 2.5:1 mixture of £ and Z isomers (Scheme 14).

Scheme 14
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Heissler also used McMurry coupling for the synthesis of a related diterpene.”® TiCls-
graphite or TiCl3/Zn(Cu) in DME was used for the cyclization of keto-aldehyde 75. The use
of TiCl3-CgK reagent system provided the product 76 in 10-15% yield. According to Heissler,
the alkene 76 might have been absorbed on the graphite, resulting in the poor observed yield.
However, TiCl3/Zn(Cu) in DME yielded alkene 76 in 54% yield as a 2:1 mixture of £ and Z
diastereomers (Scheme 15).

Scheme 15
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In these studies, the McMurry macrocyclization reactions proceeded in average to

good yields, although the E/Z stereoselectivities were poor. While the undesired
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stereoisomers could be removed by chromatography, the poor stereoselectivities reduced the
overall yield and effectiveness of the total synthesis. Nonetheless, the McMurry reaction is a
powerful method for the synthesis of both macrocyclic natural products and highly strained
molecules. In addition, these efforts demonstrate that functional groups such as acetals,
alcohols, alkenes, silyl ethers, esters, and ethers are tolerated by the McMurry reaction.'!
2. Other aldehyde-ketone cyclizations

In addition to the examples shown above, intramolecular reductive coupling of
aldehydes and ketones can also provide access to both medium and small rings. For example,
Bruckner used the intramolecular McMurry reaction of keto-aldehydes 77 and 78 for the
synthesis of enediyne antibiotics (Scheme 16).>' Following pre-reduction of TiCl; with
Zn(Cu) and slow addition of conjugated enediyne keto-aldehydes 77 or 78, cyclic
dienediynes 79 and 80 were produced in 41% and 18% yield, respectively.'

Scheme 16
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McMurry cyclization of highly oxygenated compounds has proved difficult due to
complicating Lewis acid-base interactions between the low-valent titanium species and ether
moeities located elsewhere in the molecule.'* For example, Clive used TiCls-graphite for the
cyclization of keto-aldehyde 81 (Scheme 17).** Other reagent combinations such as TiCls-

Zn(Cu), TiCl5-LiAIH4~TEA were attempted, but resulted in low yields due to coordination
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between ether oxygens and low-valent titanium. After pre-reduction of TiCl; with CgK in
DME, slow addition of keto-aldehyde 81 at room temperature for 5 hours and refluxing the
reaction mixture for 3 hours afforded diene 82, a key intermediate in the synthesis of the
natural product compactin, in 85% yield.* These results are similar to those obtained by
Furstner, who also used the TiCl;-CgK reagent system to obtain good yields in reductive
coupling reactions where other Lewis bases are present (cf. Scheme 7).

Scheme 17
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Hu applied the McMurry reaction to the synthesis of pyrrolo indolizines.” After pre-
reduction of TiCly with Zn in THF, cyclization of keto-aldehydes 83a-c at room temperature
resulted in the desired pyrrolo indolizines 84a-c¢ and also byproducts 85a-c, which arose from
dehydration of the pinacol intermediate (Scheme 18). Hu made changes in the reaction
conditions including addition of pyridine and refluxing the reaction.> Addition of pyridine
increased the yield of 84a from 30% to 39%. However, refluxing the reactions actually
lowered the yield of 84a. Similar results were obtained for keto-aldehydes 83b and 83c.
Notably, when an extra electron withdrawing group was present, the yield of byproduct 85¢

increased at the expense of the desired product 84¢ (Table 3, entry 3).
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Scheme 18
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Table 3. McMurry reaction of keto-aldehyde 83a-c.”

Entry | Keto-aldehyde | R; R, Yield Yield

1 83a CN H 84a,30% | 85a,29%
2 83b COMe | H 84b, 38% | 85b, 41%
3 83c CO,Et CO,Et | 84c,20% | 85c¢, 55%

In Hu’s study, cyclization of keto-aldehydes 83a-c was performed in the presence of
potentially competitive functional groups including nitrile and an ester. However, in this
study, evidence of inter- nor intramolecular reductive coupling involving esters or nitriles
was not observed. McMurry has demonstrated that nitriles react with low-valent titanium
species slowly compared to aldehydes and ketones,'! which gives further support for Hu’s
observed chemoselectivity.

As seen in Bruckner’s work,”' the McMurry reaction of aldehyde-ketones 77 and 78
that contain C=C bonds resulted in low yields, but the extent of C=C bonds’ electronic
influence on that yield is not known. Finally, Clive demonstrated that a McMurry reaction
could be accomplished in the presence of Lewis acid-labile silyl ethers and acetals. *

C. Ketone-ketone cyclizations

Intramolecular reductive couplings of diketones often give alkenes in good yield."?

Hu also synthesized pyrrolo indolizines by cyclization of diketones 86a-c¢ (Scheme 19).%

After pre-reduction of TiCly with Zn in THF, cyclization of diketones 86a-¢ was performed at
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room temperature for 30 minutes. Pyrrolo indolizine alkaloids 87a-c were formed in 90-95%
yields (Table 4, entries 1-3).” By contrast to Hu’s reductive couplings using similar keto-

aldehydes (cf. Scheme 18), yields were excellent and no pinacol-derived byproduct was

observed.
Scheme 19
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Table 4. McMurry reaction of diketones 86a-c.”

Entry | diketone | R, R, Yield

1 86a CN H 87a, 95%
2 86b COMe | H 87b, 90%
3 86¢ CO,Et CO,Et | 87¢, 90%

McMurry reactions have been used for the synthesis of photochromic compounds that
undergo a photoinduced cyclization when they are exposed to UV light. Ideally the reaction
may be reversed when the cyclized compound is exposed to visible light.**** Chen®* and
Shepelenko® used the McMurry reaction to generate diarylethenes and diheterylethenes to
examine their photochromium properties. After pre-reduction of TiCly with Zn refluxing in
THF, Chen performed the cyclization of diketones 88 at room temperature for 24 hours,

affording diarylethenes 89 in good yields (Scheme 20, Table 5, entries 1-7).%*
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Scheme 20
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Table 5. McMurry reactions of diketones 88.%*

Entry R, R, 89, yield%
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Shepelenko™ used diketones 90 and 92 (Scheme 21) to synthesize diarylethenes 91
and 93. First, pre-reduction of TiCl, with NaAlH4 was accomplished in THF at 0-2 °C.
Refluxing diketones 90 or 92 in this mixture for 4 hours afforded cycloalkenes 91 and 93 in

43% yield and 47% yield, respectively.”
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Scheme 21

CH; H,C CHy - HQ
00
CID0) ranaan, LIN_ AT
D TR o] 0
0 n=3 O THE, reflux, 4 hr ‘
43%
90

H;C CH;  H;C
o)

CH;
0]
O N O
0 n=4 0O TIC]4, NaA1H4 _ 0 o)

THF, reflux, 4 hr
92 47%

Kozikowski described a strategy to synthesize a new analog of huperzine A and

huperzine B, molecules that have demonstrated neuroprotective effects and potential in the
treatment of Alzheimer’s disease.”® McMurry cyclization of diketone 94 was performed by
the pre-reduction of TiCly with Zn and addition of pyridine (Scheme 22). Addition of

diketone 94 to this mixture afforded the amino alkene 95 in 62% yield.”® Significantly, the

reductive coupling occurs in spite of the presence of a Lewis basic secondary amine.

Scheme 22
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Feng was able to accomplish a McMurry cyclization in the presence of an amine

protected as its ammonium salt.”” After pre-reduction of TiCl, with Zn in THF, diketones 96

were added into the reaction mixture and refluxed for 6 days to obtain azacycloalkenes 97 in

the 56-91% yield (Scheme 23, Table 6). Yields were higher when bromide was used as the

ammonium salt counterion. The reason for this difference is not obvious and was not

elaborated on by the authors.

x-
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Ar Ar

n=1-2 " "n=1-2

96

Scheme 23
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Table 6. McMurry reaction of ammonium diketones 96.%

Ar R n X Yield
a Ph CH,Ph 1 Br | 97a, %90
b Ph 4-CH;C¢H, | 1 Br | 97b, %91
c Ph CH; 2 Cl | 97c, %63
d | Ph Et 2 Cl | 97d, %60
e Ph n-Bu 2 Cl | 97e, %66
f 4-CH;C¢Hy | CH; 2 Cl | 971, %56

Honda also accomplished a McMurry reaction in the presence of a non-Lewis basic

nitrogen in his efforts to synthesize the indolizidine alkaloid ipalbidine (102) (Scheme 24).]

After pre-reduction of the TiCl;*(THF); complex with Zn(Cu) in DME, reaction of diketone

98 in refluxing DME for 48 hours resulted in indolizidinone 99 in 30% yield and pinacol

byproduct 100 in 15% yield. However, running the reaction for 5 hours with the same reagent

system caused the reaction to stop at the pinacol intermediate and afforded the cis-diol 100 in
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66% yield and an unidentified byproduct in 6% yield.” Ipalbidine (102) was then accessed
via reduction of amide 99 followed by benzyl ether deprotection. Significantly, Honda was
able to convert the pinacol byproduct 100 into the desired alkene 99 via an acetal formation-

elimination sequence (Scheme 26).

Scheme 24
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Hu’s results demonstrate that ketone-ketone coupling can be higher yielding than the
analogous aldehyde-ketone coupling. Comparing the yields of the other studies reveals that

yields seem to be substrate-dependent. Significantly, Chen,** Shepelenko,” Kozikowski,®
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and Honda’ were able to accomplish the McMurry reaction in the presence of a Lewis basic
heteroatom. This is particularly noteworthy in Kozikowski’s example where the amine is not
protected or the lone pair resonance delocalized.
D. Ketone-amide cyclizations

McMurry reactions may be accomplished using carbonyl compounds in higher
oxidation states. Indeed, the synthesis of indoles via McMurry coupling of amides and
ketones has been reported.'?* 13> 14. 282

Furstner used the instant method for the McMurry reaction of keto-amide 104
(Scheme 27).13b Treatment of keto-amide 104 with TiCls;-Zn in refluxing DME for 2 hours
afforded the indole 105 in 89% yield. Significantly, no side reaction involving the a-ethyl

ester was reported.

Scheme 27
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Furstner also used the instant method in the synthesis of aristoline (107) (Scheme
28).l3a Treatment of keto-amide 106 with TiCl; and Zn in refluxing THF afforded the desired
natural product 107 in 75% yield. Because the aristoline (107) coordinated with the titanium
salt strongly, the reaction mixture had to be washed with an EDTA solution to allow for
product isolation.'** Similar to the Kozikowski study (cf. Scheme 22), Furstner accomplished

the McMurry cyclization of keto-amide 106 in the presence of a Lewis-basic free amine.
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Scheme 28
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Chattopadhyay examined the effect of naphthalene on the activation of TiCls.”*

After pre-reduction of TiCl; with Li in THF, naphthalene was added into the slurry at room

temperature (Scheme 29). In addition to activating the low-valent titanium, naphthalene was

used to increase the solubility of TiCls;-Li in THF to provide a homogeneous solution of low-

valent titanium reagent. Addition of keto-amide 108 to this solution at room temperature

afforded indole 109 in 60% yield.”™

Scheme 29

O CH,4
CH;
O TiCl,, Li,THF, N pp

hthal 0.25 eq.
N naphthalene ( eq.) . N
H rt, 14 h H
108 60% 109

In Furstner’s and Chattopadhyay’s studies, cyclization of several keto-amides was
accomplished. Some of these cyclizations were performed in the presence of aryl chloride,

ester, and free amine functional groups. Furstner’s study also demonstrates that the keto-

amide cyclization was accomplished successfully in a chemoselective way; the formation of

a five-membered ring is favored over that of a six-membered ring and/or the amide-ketone

cyclization is favored over that of an ester-ketone cyclization.
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E. Ketone-ester cyclizations

Although in Furstner’s example of a chemoselective keto-amide McMurry cyclization
reaction between the ketone and ester did not occur (cf. Scheme 27), coupling of keto-esters
using low-valent titanium has been accomplished. Keto-esters are coupled to give enol ethers
and provide ketones upon acidic workup.'* The cyclization of keto-esters has been used for
the formation of five-, six-, and seven-membered rings.

Chattopadhyay*** and Banerji**® examined the effect of iodine or naphthalene on the
reaction as a means for activating low-valent titanium. As seen with amide-ketone coupling,
naphthalene was chosen as an activator in hopes that it would also increase the solubility of
TiCl;-Li in the organic solvent. After pre-reduction of TiCls with Li in THF, a sub-
stoichiometric amount of iodine or naphthalene was added at room temperature (Scheme 30).
McMurry reaction of keto-esters 110a and 110b afforded the cyclized products 111a and
111b in moderate yields (Table 7).25- 28 Thys, addition of naphthalene or iodine to the TiCls-
Li-THF reagent system and performing the McMurry reaction at room temperature provided
comparable results with those analogous reactions previously done using conventional

- 8b
McMurry reaction.**2
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Scheme 30
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110a, b 111a, b

\

Table 7. McMurry reaction of keto esters 110.%*

Keto-ester | R Ti sources Yield

110a H TiCl;-Li- naphthalene —-THF 111a, 55%
110b OMe | TiCls-Li- naphthalene —-THF 111b, 52%
110a H TiCl;-Li-THF-I, 111a, 62%
110b OMe | TiCl;-Li-THF-I, 111b, 55%

Iyoda used TiCls to synthesize tricyclic ketone 113.%° After pre-reduction of TiCls
with LiAlH4 in DME containing TEA, keto-ester 112 was added into the reaction mixture
and the reaction afforded ketone 113 in 72% yield (Scheme 31).” The authors claim that the
reaction was completely cis-stereoselective and assign the stereochemistry following
conversion to a known natural product.

Scheme 31

TiCl; (10 eq.)
LiAlH, (5 eq.)
DME, TEA (5 eq.),

reflux, 11 h
112 77% 113

OEt

Pedersen used the McMurry reaction for the cyclization of keto-diethyl ester 114.%°
After pre-reduction of TiCl with activated Zn in THF, cyclization of 114 followed by acidic
workup afforded ketone 115 in 72% yield (Scheme 32). Although the McMurry reaction was

accomplished, stereoselectivity of the reaction was not stated by the authors.
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Scheme 32
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Chen also accomplished cyclization of a similar keto-diethyl esters 116a-c.>' After
pre-reduction of TiCls with Zn in THF, refluxing keto-diethyl ester 116a-c followed by acidic
workup provided the cyclic keto-esters 117a-¢ in good yields (Scheme 33, Table 7). In

Chen’s study, stereoselectivity of the reaction was not reported.

Scheme 33
Rg 0
O
R; 0
Rg
e) 0 1.TiCly, Zn, THF‘ OEt
2. 3% HCI

EtO  EtO Rs

116a-c 117a-¢

Table 8. McMurry reaction of keto diesters 116.”"'

Keto-ester | Rs R¢ Yield

116a C¢Hs CeH; 117a, 81%
116b CeHs 4-CH;C¢H, | 117b, 87%
116¢ 3,4-CI,C¢H; | 4-CH3C4H, | 117¢, 78%

III. Summary

The use of low-valent titanium species in combination with different reducing agents
has been employed for the reductive coupling of different carbonyl compounds in varying
oxidation states to form C-C bonds. Rings ranging from 5 to 14 members have been formed

using this reaction. Specifically, our interest was the formation of pyrrolizidinone 12 via the
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McMurry reaction of keto ester 13. Iyoda has demonstrated that reductive coupling of
aliphatic keto-esters can be accomplished (Scheme 34, equation 1). Kozikowski has shown
that the McMurry reaction works in the presence of a Lewis basic amine (Scheme 34,

equation 2). Thus, encouraged by these relevant results, we were interested in developing a

novel McMurry reaction for the cyclization of a keto-ester in the presence of a free amine in

the ring to form the bicyclic alkaloid core that could be then functionalized to synthesize

many pyrrolizidine alkaloids (Scheme 34, equation 3).

Scheme 34
O
O 0] R,
equation 1 RIWOEt —_— ref# 29
R2 R2
112 113
R,
equation 2 )J\/\N)%( T— ref# 26
H N R,
O H R,
94 95

OR, McMurry

equation 3 0 reaction

R,
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Results and Discussion

The goal of our project is to synthesize the five-membered B-ring present in the
backbone of naturally occurring pyrrolizidine alkaloids by a novel McMurry reaction.
According to the retrosynthetic analysis, reductive coupling of keto ester 13 by McMurry
reaction would afford pyrrolizidinone 12 (Scheme 1). Alkylation of amino ester 14 followed
by oxidation would result in the formation of the requisite carbon skeleton for the B-ring
synthesis. Commercially available L-proline 16 or boc-L-proline 17 would be used to form
proline esters. Thus, the five-membered A-ring of the pyrrolizidine alkaloids and

stereochemistry at C8 would be in place from the start of the synthesis (Scheme 1).

Scheme 1
alkylation
McMurry and
reaction oxidation
R

H O H O
R esterification S 5
2 - OH OH
— NH or N\
OH 17 Boc

14 15 16

I. Synthesis of proline esters

In Scheme 35, the sequential boc-deprotection and esterification reactions to
synthesize proline methyl ester 14a and ethyl ester 14b are shown. Boc-proline was treated
with 3 equivalents (eq.) of acetyl chloride in 10 ml of either methanol or ethanol at room
temperature for 2 days.*> Ammonia in MeOH was used to neutralize the proline ester HCI

salt formed in the course of the reaction. When we used MeOH to form proline methyl ester
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14a, we observed the presence of proline in the crude product mixture according to 'H NMR
analysis. Because of our unwillingness to incorporate approximately 8% impurity into our
product at the first step in the synthesis and because of facile ester hydrolysis during all
purification attempts, we turned our attention to the synthesis of proline ethyl ester 14b,
which we hoped might be more stable. The sequential esterification and boc-deprotection
under similar conditions except using EtOH provided ethyl ester 14b. 'H NMR analysis of
proline ethyl ester 14b showed no proline. However, subsequent reactions revealed the
presence of ammonium chloride in the crude reaction mixture. Unfortunately, as was the
case with methyl ester 14a, proline ethyl ester 14b was also hydrolytically unstable during
purification attempts. Consequently we were forced to continue the synthesis without
removal of the ammonium chloride impurity. This ultimately proved to be a serious

complication in our initial synthetic route (vide infra).

Scheme 35
n 9 5 Ho
7 OH | /J\ 7 OR
' Cl,ROH
N > NH
17 Boc 2. NH3, MeOH, rt 14a, R= Me, 24 h, 92%

14b, R=Et, 48 h, 97-100%

We did attempt to purify proline ethyl ester 14b using a short chromatography column
or by extracting with water. However, even under these mild conditions, ester hydrolysis
occurred. The ease of hydrolysis likely occurred because of intramolecular hydrogen bonding
between the carbonyl oxygen and the amine proton which would activate the ester toward
nucleophilic attack (Scheme 36). Because of this issue, we set out to synthesize what we

hoped would be a more stable starting material, proline benzyl ester 14c.
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Scheme 36

hydrolysis

L-Proline (16)

Scheme 37 shows the reaction conditions attempted to directly form benzyl ester 14c.

Commercially available L-proline 16 was treated with 1 eq. of benzyl alcohol, 5 drops of
concentrated H,SOy, silica gel, and microwave heating at 120 °C for 30 minutes (Scheme
37).* Following extractive workup, the '"H NMR spectra showed only a mixture of proline
and benzyl alcohol. We were not sure if the reaction occurred or if proline benzyl ester 14¢

hydrolyzed during the workup. We also attempted to form proline benzyl ester 14¢ by

treating L-proline 16 with 4.3 eq. of benzyl alcohol and 1.5 eq. of SOCI, and stirring at 90 °C

for 24 hours.>* After extractive workup, 'H NMR of the crude reaction mixture also

contained almost entirely benzyl alcohol and proline. This procedure resulted in only 6%

yield of proline benzyl ester 14¢ after purification by column chromatography.

III[:
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:

N
16

OH

Scheme 37

BnOH (1eq.),
H,S0O,, silica gel -

microwaves,
300 W, 200 psi,
120 °C, 30 min.

Ul e
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:

N

or 14¢
BnOH (4.3 eq.)

SOCl, (1.5 eq.)=

24 h, 90 °C

Table 9. Attempts at one-step formation of proline benzyl ester 14c.

Entry | Mass of Proline (16) used (g) Comment Notebook (NB) page
1 1.3 no reaction FT-1I-122
2 2.0 6% yield FT-1I-135
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As seen, we needed another approach to increase the yield of proline benzyl ester 14¢.
Therefore, we elected to perform a two-step alkylation-deprotection sequence. To that end,
approximately 2 g of boc-L-proline 17 was treated with 1.5 eq of benzyl bromide, saturated
NaHCO; solution, and 1 eq. of tetrabutyl ammonium iodide (n-Bu4N+I') in CH,Cl, at room
temperature overnight to afford the boc-proline benzyl ester 118 in 91% yield (Scheme
38).%>* The deprotection of boc-proline benzyl ester 118 was performed with 11-31 eq. of
TFA stirring at room temperature for 30 minutes. For the workup, the reaction mixture had to
be added into a cold, saturated NaHCOj3 solution. Evaporation of the solvent after workup
had to be performed using low heat, and proline benzyl ester 14¢ had to be stored in CH,Cl,
solution at 4 °C all to suppress ester hydrolysis. Following this procedure, proline benzyl
ester 14¢ could be produced in 86% yield (Scheme 38). The reaction was performed using
0.5 g to 2 g of ester 118. and the structure was confirmed by comparison of the 'H NMR

spectrum to that of the commercially available material.**°
Scheme 38
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\ sat. NaHCO3, \ CH2C12,
17 Boc CH,Cl,1t,24h 118 Boc tt, 30 min. 14c
91% 86%

I1. Alkylation and oxidation of proline esters

The next step was to add the carbon chain necessary for the pyrrolizidine skeleton
synthesis. Our initial plan was the alkylation of the proline methyl ester 14a or proline ethyl
ester 14b to form amino alcohol 119a or 120a or amino diol 119b or 120b which could then

be oxidized to form the desired amino aldehyde 121a or 121b (Scheme 39).
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Scheme 39

g ©
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14b, R | =Et 119a, R;=Me, R,=H 121a, R, =Me
119b, R|=Me, R,= CH,OH 121b, R =Et

1203, Rl:Et, R2: H
120b, Rlet, R2: CHon

The alkylation reaction conditions of proline methyl ester 14a and proline ethyl ester
14b with 2-iodoethanol are shown in Scheme 40. The alkylation reaction follows an Sy2
mechanism with subsequent deprotonation by TEA. Although proline methyl ester 14a
provided no conversion to product (Table 10, entries 1 and 2), proline ethyl ester 14b gave
amino alcohol 120a in modest yields (Table 10, entries 3-5). The percent conversion was
improved when reaction time was increased from 24 to 48 hours but was not improved when
time increased to 72 h. Because later steps in this route proved problematic (vide infra), these
reactions were only done once and so the reproducibility of these results was not

investigated.
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Scheme 40
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Table 10. Alkylation of proline methyl ester 14a and proline ethyl ester 14b
with 2-iodoethanol.

Entry* SM | 2-iodoethanol, eq. | Time (h) | Comment NB page

starting material and
1 14a 2.4 24 FT-1-49
hydrolyzed ester

2 14a | 1.2 72 same as entry 1 FT-1-62

3 14b | 1.2 24 25% isolated yield FT-1-53-55
4 14b [1.2 48 39% isolated yield FT-1-97-101
5 14b | 1.2 72 24% isolated yield FT-1-61

*Reactions performed using 100-200 mg proline ester.

The next step was the oxidation of amino alcohol 120a. SO;-pyridine complex with
DMSO (Parikh-Doering conditions),*® oxalyl chloride/TEA/DMSO (Swern conditions),”’

and Dess-Martin periodinane®” **

were all used in an attempt to oxidize primary amino
alcohol 120a (Scheme 41). Subjecting alcohol 120a to Parikh-Doering conditions for 2.5 h
gave no reaction (Table 11, entry 1). Extended reaction times provided small amounts of
aldehyde according to "H NMR analysis, but purification of the crude product by
chromatography resulted in no recovery of product (Table 11, entry 2-3). Swern oxidation of
amino alcohol 120a resulted in a complex mixture (Table 11, entry 4). Attempts using Dess-

Martin periodinane gave similar results when run at 0 °C or room temperature (Table 11,

entries 5-7).
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Scheme 41

oxidation
conditions 121b H
Table 11. Oxidation of amino alcohol 120a .
Entry | Reagents (eq.) and reaction conditions Comment NB page
1° SO;-pyr. (3.4), TEA (3.4), DMSO, RT, 2.5 h no evidence of aldehyde FT-1-73-74
by '"H NMR
2° SOs-pyr. (3.4), TEA (3.4), DMSO, RT, 15 h trace amount of aldehyde | FT-I-79
by '"H NMR
3? SO;pyr. (3.4), TEA (3.4), DMSO, RT, 18 h trace amount of aldehyde | FT-I-84-89
by '"H NMR
4 Oxalyl chloride (3.1), TEA (8.0), DMSO, RT, 1 h complex mixture FT-I-113
5° Dess-Martin periodinane (2.0), CH,Cl,, RT, 25 min. complex mixture FT-I-102
6° Dess-Martin periodinane (2.0), CH,Cl, RT, 10 min. complex mixture FT-I-104
7° Dess-Martin periodinane (2.0), CH,Cl,, 0 °C, 10 min | complex mixture FT-I-105

*Reactions performed using 75-175 mg amino alcohol.

PReactions performed using 25 mg amino alcohol.

The attempted oxidations of the primary alcohol did not provide amino aldehyde
121b. Therefore, we aimed to synthesize amino aldehyde 121b via oxidative cleavage of a
1,2-diol 120b (Scheme 42). First, proline ethyl ester 14b was treated with 1.2 eq. of allyl
bromide and 1 eq. of TEA at room temperature for 48 h, affording amino alkene 122 in 38%
yield.>” When Nal was used as a catalyst in order to increase the electrophilicity of the allyl
bromide, yields were not improved. After alkylation of proline ethyl ester 14b, we attempted
dihydroxylation of amino alkene 122 to convert it to 1,2-diol 120b, which could then be
oxidatively cleaved to give the desired aldehyde. However, attempts at dihydroxylation of
alkene either with OsO,"* or AD-mix-a' did not provide amino 1,2-diol 120b (Scheme 42).

Moreover, we had hoped that reductive amination*® of proline ethyl ester 14b with
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cinnamaldehyde 123 could be followed by a better-precedented dihydroxylation, but in our

hands the reductive amination failed (Scheme 43).

Scheme 42
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Microwave-assisted alkylation of proline ethyl ester 14b with glycidol was our next
choice to synthesize 1,2-diol 120b. Proline ethyl ester 14b was treated with 1 eq. of glycidol
126 in CH;CN and heated using microwaves at 100 °C for 5 minutes (Scheme 44).* In this
reaction, the amine attacks the less hindered carbon of the epoxide according to an Sy2
mechanism. The 2° amino alcohol is easily distinguished from the undesired aminolysis
regioisomer by the characteristic 'H NMR resonances of the a-methylene protons, which
appear as a pair of doublets at ca. 2.5 ppm.** This aminolysis reaction was initially run using
MeOH, but this resulted in trans-esterification to form the proline methyl ester. However, the
use of CH3CN afforded 1,2-diol 120b in 39% yield following purification by column

chromatography. No trace of the amino alcohol regioisomer was detected according to 'H

NMR analysis of the crude reaction mixtures.
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Scheme 44
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We attempted the oxidative cleavage reaction either on crude or purified 1,2-diol
120b with NalO,*° or NalO, supported on silica gel ** (Scheme 45). Reaction of 1,2-diol
120b with NalO4 was carried out at room temperature for 30 minutes or 60 minutes, but no
aldehyde was formed according to "H NMR analysis (Table 12, entries 1 and 2).* By
contrast, the analogous reaction of 1,2-diol 120b performed using NalO4 supported on silica
gel gave encouraging results at room temperature or 0 °C for 15 and 30 minutes (Table 12,
entries 3-5).44 Two reactions were performed in CDCl; to avoid the need to concentrate the
reaction mixture (entries 4 and 5). Instead the reaction mixture was filtered and '"H NMR of
filtrate was acquired. However, if the filtrate was concentrated, the aldehyde peaks
disappeared. We also diluted the CDCl; filtrate containing the aldehyde in CH,Cl,, stored it
overnight, and then acquired a 'H NMR spectrum. Unfortunately, this also resulted in the lo
of the aldehyde resonance in the 'H NMR spectrum. From this, it appears that the product

was labile in either concentrated form or when stored as a dilute solution.

SS
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Scheme 45

NalO,, THF/H,O
or
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CDCl,

Table 12. Cleavage of the crude 1,2-diol 120b.

Entry | Reagents, eq. Reaction conditions and comments | NB page

1* NalOy4 (1.45), THF/H,O RT, 1h, complex mixture FT-1-124

2° NalOy4 (1.45), THF/H,0O RT, 30 min., complex mixture FT-1-132

3° NalOy/silica gel (9.4), CDCl, RT, 30 min., mixture with FT-1-137
aldehyde present

4° NalOy/silica gel (9.4), CDCl, 0°C, 15 min., same as # 3 FT-1-140

5% NalOy/silica gel (9.4), CDCl, RT, 15 min., 100% conversion to FT-1-134
aldehyde

6° NalOy/silica gel (9.4), CH,Cl, 0 °C, 15 min., polymerization upon | FT-I-141
concentrating

*Reactions performed using 100 mg amine diol.

PReactions performed using 50 mg amine diol.

As described above, formation of amino aldehyde proved difficult primarily because
of aldehyde instability. Consequently, we turned our attention to the synthesis of keto esters
in the hope that they would be more stable.

Microwave-assisted alkylation of proline ethyl ester 14b with 1 eq. of (2,3-
epoxypropyl)benzene 127 afforded a single aminolysis regiosiomer,* amino alcohol 128,
along with significant amounts of byproduct identified as chlorohydrin 129* (Scheme 46).
The chlorohydrin was presumably produced by reaction of the epoxide with residual NH4Cl
from the boc-deprotection-esterification (Scheme 35). The isolated yields of chlorohydrin
ranged from 20-35% and varied with the batch of proline ethyl ester. This alkylation was

attempted at different reaction times and in different solvents including CH3CN, toluene, and
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isopropyl alcohol in an effort to increase the yield (Table 13). Chromatography afforded

amino alcohol 128 in 20-35% yield (Table 13, entries 1-5), demonstrating that the solvent

provided little difference in yield. To compensate for the side reaction leading to

chlorohydrin 129, 2 eq. of (2,3-epoxypropyl)benzene were used in an effort to improve the

yield. In that case, chromatography afforded amino alcohol 128 in 46% yield (Table 13,

entry 6). Running this reaction at 250 °C in toluene resulted in ester hydrolysis (Table 13,

entry 7).
Scheme 46
H O
OEt O
NH + % Ph solvent - N\)\/ Ph + C]\)\/ Ph
microwaves, 129
14b 128
127 300 W, 100 °C
150 psi.

Table 13. Microwave-assisted alkylation of proline ethyl ester 14b with
2,3-epoxypropyl)benzene.

Entry® | Solvent Temp., °C |Hold time, min. | Purified % yield | NB page

1 CH;CN 100 10 20 FT-1I-104
2 CH;CN 100 60 27 FT-1I-112
3 Toluene 100 30 32 FT-II-164
4 Toluene 100 20 35 FT-II- 132
5° iPrOH 100 10 35 FT-11-134
6° Toluene 100 30 46 FT-II-154
7 Toluene 250 30 ester hydrolysis |FT-1I- 131

*All reactions performed using 285 mg (2 mmol) proline ethyl ester.
® Microwave pressure set at 200 psi.
¢ 2 equivalents of epoxide used.

The oxidation of amino alcohol 128 was performed either on crude or purified amino
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alcohol 128 by using Parikh-Doering conditions,’® Swern conditions,’’ Dess-Martin

3738 or pyridinium chlorochromate (PCC)* (Scheme 47). When the oxidation of

periodinane,
amino alcohol 128 was performed with 4 eq. of SO5-pyridine complex on the purified amino
alcohol 128, extractive workup provided keto ester 13a in 85% yield (Table 14, entry 1). The
oxidation using Swern conditions also afforded keto ester 13a, but in a much lower yield
(Table 14, entry 2). Oxidation reactions with PCC resulted in decomposition (Table 14,
entries 3-5). The oxidation reaction with Dess-Martin periodinane was performed at room
temperature, 0 °C for 15 minutes, 1.5, or 5 hours. However, all three trials resulted in ester
hydrolysis (Table 14, entries 6-8). The Parikh-Doering oxidation was consequently used as

the oxidation method of choice for this synthetic route, providing reproducible yields (ca.

85%) of keto-ester 13a.
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Scheme 47
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Table 14. Oxidation of amino alcohol 128.

Oxidation reagents (eq.) and
Entry |SM mass ) . Comment NB page
reaction conditions

360 mg, SO;-pyridine complex (4.0
1 . Py Plex (0 yield FT-I11-2
purified TEA (4.0), DMSO, RT, 18 h
200 mg, (COCl1),(3.1), TEA(7.75
2 . ’ ) 14% yield FT-11-64
purified DMSO, CH,Cl,, RT, 17 h
3 50 mg, crude | PCC (2), CH,Cl,, 0°C,5h complex mixture FT-II-114
4 50 mg, crude  PCC (2), CH,Cl,, RT, 24 h complex mixture |FT-II-115
5 50 mg, crude | PCC (2), CH,Cl,, RT, 3 h complex mixture |FT-II-111

Dess-Martin periodinane (2)
6 50 mg, crude ester hydrolysis | FT-1I-72
CH,Cl,, 1.5 h, RT

Dess-Martin periodinane (2)
7 100 mg, crude ester hydrolysis | FT-II-87
CH,Cl, 5 h, RT

Dess-Martin periodinane (2) )
8 100 mg, crude ester hydrolysis | FT-11-86
CH,Cl,, 15 min., 0 °C

We were also interested in the synthesis of other McMurry reaction precursors that
contain protected functional groups that could be deprotected and further functionalized after
the McMurry reaction. Syntheses of proline-derived TBDPS ether 13b or proline-derived
benzyl ether 13¢ were accordingly chosen (Scheme 49 and 51).

In the microwave-assisted alkylation reaction,* proline ethyl ester 14b was treated

using 1 eq. of epoxide 130, itself available in quantitative yield from glycidol.*” This reaction
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resulted in 29% purified yield of amino alcohol 131 (Scheme 48). Extending reaction time

did not improve the yield.
Scheme 48
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Oxidation of amino alcohol 131 was performed by using Parikh-Doering conditions™

or Dess-Martin periodinane®” ¥ (Scheme 49). While the oxidation of amino alcohol 131 by

using Parikh-Doering conditions provided no reaction (Table 15, entry 1), Dess-Martin

periodinane resulted in ester hydrolysis, as evidenced by the presence of only proline in the

Scheme 49
@)

0
N\\//u\\//OTBDPS

OTBDPS oxidation
_—
conditions
13b

'HNMR spectrum of the crude reaction mixture (Table 15, entry 2).

Table 15. Oxidation of amino alcohol 131.

Entry | SM mass Oxidation reagents (eq.) and | Comment NB page
reaction conditions

1 250 mg, SO;-pyr. complex (3.4) no reaction FT-1I-13-19B
purified TEA (3.4), DMSO, RT, 18 h
2 50 mg, Dess-Martin periodinane (2) | ester hydrolysis FT-11-90
crude CH,CIl,, RT, 3 h
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Because of the problems with oxidation of amino alcohol 131, we decided to pursue

the synthesis of the proline-derived benzyl ether 133. As before, in the microwave-assisted

alkylation reaction,” proline ethyl ester 14b (2 mmol) was treated with 1 eq. of epoxy benzyl

ether 132, itself available from glycidol in 74% yield according to a known procedure.*®

Following chromatography, amino alcohol 133 was produced in 38% purified yield (Scheme

50).

Scheme 50
H 0]
z OEt
CH,;CN OH
3
microwaves, 133 ~
300 W, 150 psi,
100 °C, 10 min.
38%

The oxidation of amino alcohol 133 was attempted using Parikh-Doering conditions,

Swern conditions, and Dess-Martin periodinane either on crude or purified amino alcohol 133

(Scheme 51). Unfortunately, all attempts resulted in decomposition or ester hydrolysis

(Table 16).
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Scheme 51
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Table 16. Oxidation of amino alcohol 133.

Entry | SM mass Oxidation reagents (eq.) and reaction conditions NB page
1 200 mg, crude SO;pyr. complex (3.4), TEA (3.4), DMSO, RT, 21 h FT-II-76
2 200 mg, purified | SOs-pyr. complex (3.4), TEA (3.4), DMSO, RT, 18 h FT-II-80
3 50 mg, crude Dess-Martin periodinane (2), CH,Cl,, RT, 3 h FT-1I-79
4 25 mg, purified Dess-Martin periodinane (2), CH,Cl, , RT, 30 min. FT-11-81
5 100 mg, crude Dess-Martin periodinane (2), CH,Cl,, 0 °C, 15 min. FT-11-84
6 200 mg, crude Oxalyl chloride (3.1), TEA (7.8), DMSO, CH,Cl,, RT, 5 h FT-11-89

As described previously, we attempted to use Dess-Martin periodinane (0.3 M in
CH,Cl,) for the oxidation of 1,2-diol, secondary and primary alcohols. However, all trials
resulted in ester hydrolysis. In order to check the viability of the Dess-Martin reagent, we
treated boc-pyrrolidinol 134 with 2 eq. of Dess-Martin periodinane in CH,Cl, at room
temperature for 6 hours. Extractive workup afforded the expected boc-pyrrolidinone 135 in

83% yield (Scheme 52). We concluded that Dess-Martin periodinane reagent was viable.

Scheme 52
OH O
CN) Dess-Martin periodinane
I CH,Cl,, 6 h, rt l
Boc 33% Boc
134 135

As discussed earlier, microwave-assisted alkylation of proline ethyl ester 14b with

(2,3-epoxypropyl)benzene followed by oxidation provided keto ester 13a (Scheme 46 and
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47). To provide a variety of precursors for the key reductive coupling sequence (vide infra),
the analogous alkylation and oxidation were performed using styrene oxide as the epoxide.
The alkylation reaction of proline ethyl ester 14b with styrene oxide could occur by Sx2 or
Sn1 mechanism. According to previous work from our group, using toluene as a solvent
favors Sy2 selectivity.43 However, this did not hold true for this reaction. In the microwave-
assisted alkylation reaction, proline ethyl ester 14b was treated with 1 eq. of styrene oxide
136 in toluene at 100 °C for 60 minutes (Scheme 53). 'H NMR analysis of the crude reaction
mixture showed a slight (1.7:1) selectivity for the Sy1 pathway. As before, regioisomeric
assignments were based on the chemical shift of the amino alcohol side-chain methylene.
These resonances were located at approximately 2.5 ppm for the desired amino alcohol 137
and at 3.5 ppm for the primary alcohol 138. Nonetheless, chromatography afforded the
desired amino alcohol 137 in 23% yield. To account for the presence of residual NH4Cl as
before, proline ethyl ester 14b was treated with 2 eq. of styrene oxide 136 in toluene at the
same settings, but chromatography afforded amino alcohol 137 in only 28% yield. The
oxidation of amino alcohol 137 was performed using 8 eq. of SO5-pyridine complex and

extractive workup afforded the product 13d in 73% yield.
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Scheme 53

H O OFEt
s OEt O
ONH)J\ . / \ toluene
: OH
14b 136 Ph microwaves, . 137
300 W, 150 psi, 138 ph
100 °C, 60 min. Sn2 Sx1

1 eq. epoxide, S\2/Sy1= 1:1.73=23% (after purification)
2 eq. epoxide, S\2/Sy 1= 1:1.2=28% (after purification)

OEt

N\)\ SO5 pyr. (8 eq.)

Ph DMSO, TEA (8eq.)
73%

As described above, alkylation and oxidation reactions were performed using proline
ethyl ester 14b. However, these esters suffered from hydrolytic instability and the presence of
unremovable NH4Cl, which lowered yields in alkylation steps. Consequently, the microwave-
assisted alkylation of proline benzyl ester 14¢ with (2,3-epoxypropyl)benzene provided an
attractive option for synthesizing the analogous keto ester (Scheme 54). The microwave-
assisted alkylation of proline benzyl ester 14¢ with (2,3-epoxypropyl)benzene would not
require the excess (2,3-epoxypropyl)benzene, because we were able to purify the ester 14¢
prior to alkylation. Therefore, we treated proline benzyl ester 14¢ with 1 eq. of (2,3-
epoxypropyl)benzene 127 in CH;CN at 100 °C for different hold times (Table 17, entries 1-
3).43 When this reaction was run for 30, 60, and 90 minutes, we only obtained ~10%
conversion to amino alcohol 139. The crude reaction mixture contained unreacted (2,3-
epoxypropyl)benzene, proline benzyl ester 14¢, along with trace amounts of proline and

benzyl alcohol, indicating hydrolysis of the ester. Moreover, 5 hours hold time caused
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formation of the lactone 140 (Scheme 54). In spite of the low product yield, an oxidation was
attempted. Using Parikh-Doering oxidation conditions, amino alcohol 139 was treated with 8
eq. of SOs-pyridine complex in DMSO at room temperature for 18 hours. Extractive workup
afforded the keto ester 13e in 74% yield.

Scheme 54

7 oBn O,
O)K ) CH,;CN
NH + Ph ——— >
14¢ 127 microwaves,

300 W, 150 psi,
100 °C

SOspyr. (8 eq.)
TEA (8eq.) -
139 DMSO, rt, 18 h
74%

Tablel7. Microwave-assisted alkylation of proline benzyl ester 14¢ with (2,3-
epoxypropyl)benzene.
Entry SM mass |Hold time, min. | Comment NB page

1 275 mg 30 8% yield FT-11-130

~10% conversion, 50% unreacted, epoxide, 30%
2 300 mg 30 ) FT-II- 177
SM, trace benzyl alcohol, proline

3 200 mg 60 same as entry 2 FT-11-183

4 200 mg 300 80% lactone and trace amount of benzyl alcohol |FT-II-185

Because of the low-yielding alkylation step in the sequence leading to keto ester 13d,
we looked for an alternative procedure. Direct formation of keto ester 13d via alkylation of

proline ethyl ester 14b with 2-bromoacetophenone 141 provided satisfying results.*” This
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procedure allowed us to avoid the oxidation step. It also proved successful for the synthesis
of keto ester 13f from benzyl ester 14c (Scheme 55). In this alkylation reaction, proline ethyl
ester 14b or proline benzyl ester 14¢ was treated with 1.0-1.3 eq. of 2-bromoacetophenone
141 in DMF or CH;CN at room temperature for 18 hours.* Extractive workup with water
and chromatography afforded the keto ester 13d in 45-51% yield and keto ester 13f in 69-
74% yield. During chromatography, 1% TEA had to be added into the solvent system and the

keto esters 13d and 13f had to be stored at -78 °C in CH,Cl, solution to avoid decomposition.

Scheme 55
H O
S (0]
OR
NS . Br\)J\ pp _ NaHCO,

B 141 CH;CN or DMF
14b, R=Et rt, 18 h 13d, R=Et, 45-57%
14c, R=Bn 13f, R=Bn, 69-74%

Applying two, three, or four-step procedures, we synthesized four different precursors
for McMurry reactions. Keto ester 13a was synthesized by applying a three-step procedure in
31% yield; keto ester 13e was synthesized by a four-step procedure in 5% yield. Initially, we
were able to access keto ester 13d by a three-step process in 17% overally yield. However,
we later found a more efficient two-step process that provided 13d in 50% yield. Finally, keto
ester 13f was synthesized in 54% yield using a three-step procedure (Figure 6). With these
compounds in hand, we were ready to attempt the McMurry reaction to form the five-

membered B-ring.
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13d

3 steps, overall 17% yield 3 steps, overall 54% yield
2 steps, overall 50% yield

Figure 6. McMurry precursors

III. McMurry reductive coupling reaction

Using the stepwise addition of reactants® or the instant method"® and different
reaction conditions, these reactions were performed with keto esters 13a, 13d, or 13f.
Although keto ester 13e was stored at -78 °C, it decomposed before the McMurry reaction
could be performed. In the stepwise method, a pre-reduction of titanium species with zinc
metal was performed, followed by the addition of the keto ester into the reaction mixture.
The resulting solution was refluxed or stirred at room temperature. In contrast to the stepwise
method, the instant method was performed by adding all reactants including the keto ester in
one step followed by heating conventionally or with microwave irradiation.”’

While TiCls-Zn-THF was used for keto ester 13d or 13f, different titanium species,
reducing agents, and solvent combinations including TiCls-Zn-THF, TiCl3-Zn-DME, TiCly-
LiAlH4-THF, TiCly-Zn-pyridine-THF, and TiCls (THF),-Zn-THF reagent systems were

examined for the McMurry reaction of keto ester 13a.
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Our first series of attempts at the reductive cyclization employed the TiCls-Zn-THF
reagent system in combination with keto ester 13a (Scheme 56). Using the stepwise method,
keto ester 13a was added to a solution of 3 eq. of low-valent Ti in refluxing THF. After
quenching with HCI-EtOH solution, neutralization, extractive workup, and chromatography
using silica gel afforded a 14% yield of a product tentatively identified as pyrrolizidinone
12a (Table 18, entry 1). An alternative extractive workup using saturated NaHCOj3 solution
followed by flash chromatography using silica gel afforded the same compound in 31-39%
yield (Table 18, entries 2-4). Changing the concentration of the keto ester had no significant
effect on conversion (Table 18, entry 4). We considered that the modest yields might be due
in part to incomplete formation of the required low-valent titanium species. To ensure that the
reduction of Ti (IV) was occurring, we attempted to activate the zinc metal®® (Table 18, entry
5) and also to extend the pre-reduction time to 5.5 hours (Table 18, entry 6). Both
experiments resulted in complex mixtures.

Varying the amount of low-valent Ti had an effect on the amount of product formed.
When 3 eq. of TiCls were used, the crude product contained some unreacted keto ester 13a
(Table 18, entries 1-4). Therefore, 6 eq. of TiCls were used to increase the conversion of keto
ester 13a to pyrrolizidinone 12a. However, using the stepwise method for the McMurry
reaction followed by extractive workup with NaHCO; and chromatography using silica gel
afforded pyrrolizidinone 12a in only 17% yield (Table 18, entry 7).

In the reactions described above, the reductive coupling step of the reaction was
performed in refluxing THF. To examine if the temperature were important in the McMurry
reaction, the reductive coupling was performed at room temperature using of 6 eq. of TiCl,.

Extractive workup with NaHCO3 and chromatography using silica gel afforded
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pyrrolizidinone 12a in 31% yield (Table 18, entry 8). Finally, the instant method was also
attempted for this keto ester cyclization. Accordingly, keto ester 13a was treated with 6 eq. of
TiCly and 12 eq. of Zn in refluxing THF for 18 hours. However, extractive workup with
NaHCO; followed by "H NMR analysis revealed only a complex mixture (Table 18, entry 9).
The preliminary structural assignments from the reactions described above were
based on correlation of the '"H NMR spectra of both the crude and purified product mixtures
and were consistent with the estimated "H NMR spectrum generated by ChemDraw
prediction software. It should be noted that in all McMurry coupling results reported herein,
further characterization of the reaction mixtures was not possible (vide infra). Consequently,

the structural assignments for all pyrrolizidinones remain tentative.
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Scheme 56

Table 18. McMurry reaction of keto ester 13a with TiCly-Zn-THF reagent system.

Entry | SM mass, | TiCl, | Zn, | Pre-reduction,h | Temp., °C Comment | NB page
(g/100ml) | eq. eq. and time, h

1° 140 mg, 3 6 2 65°C, 15 14% yield | FT-11-34-36
(1.57)

2 250 mg, 3 6 2 65°C, 16 39% yield | FT-11-47-57
(1.49)

3 150 mg, 3 6 2 65 °C, 17 34% yield | FT-11-62
(1.36)

4 275 mg, 3 6 2 65°C, 16 31% yield | FT-11-92
(0.34)

5° 50 mg, 3 6 2 65 °C, 17 complex FT-1I-158
(0.71) mixture

6 100 mg, 3 6 5.5 65°C, 16 complex FT-11-101
(0.83) mixture

7 50 mg, 6 12 |2 65°C, 18 17% yield | FT-1I-106
(0.42)

8 50 mg, 6 12 |2 25°C, 18 31% yield | FT-1I-108
(0.31)

9 50 mg, 6 12 | none 65°C, 18 complex FT-II-109
(0.31) mixture

* Reaction quenched with HCI-EtOH
® Activated Zn used

TiCl3-Zn-DME, TiCly-LiAlH4-THF, TiCly-Zn-pyridine-THF, and TiCly-(THF),-Zn-
THF reagent systems were also used in an attempt to optimize the McMurry reaction of keto
ester 13a (Scheme 57, Table 19). Unfortunately, unlike the results reported using the TiCly-

Zn reagent combination, all these attempts (described below) resulted in complex mixtures.
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The experiments using TiCls, which is more reactive than TiCly, were prepared in a
glove bag. The instant method was attempted using the TiCls-activated Zn-DME reagent
system in refluxing DME. Extractive workup was performed with NaHCOj3 (Table 19, entry
1). The stepwise method using TiCl3-Zn-DME at room temperature also resulted in a
complex mixture after extractive workup with either NaHCO; or EDTA solution (Table 19,
entry 2). Extraction with EDTA solution has been demonstrated to be useful for dissociating
the free amine in the product from the Lewis acidic Ti species.'**

Besides Zn, LiAlH4 was examined as a reducing agent. Keto ester 13a was treated
with TiCly-LiAlH4-THF reagent system (Table 19, entry 3). After 2-hour pre-reduction of
TiCly, keto ester 13a was added into the slurry, and the resulting solution was refluxed for 2
hours. Extractive workup was performed using Na,COj3 solution.

Pyridine was used as a back-bonding ligand to stabilize TiCls and to increase the
electron density on the active titanium species.”® After allowing pre-reduction of TiCl, with
Zn and pyridine in THF for 2 hours, keto ester 13a was added into the slurry and the
resulting solution was stirred at room temperature for 15 hours. Again, NaHCOj3 solution was
used for the extractive workup (Table 19, entry 4).

TiCly-(THF), was chosen in McMurry reaction due to ease of handling. After 2 or 6
hours pre-reduction of TiCly:(THF), with Zn in THF, keto ester 13a was added into the slurry
and the reaction mixture was stirred at room temperature (Table 19, entry 5) or refluxed at

65 °C (Table 19, entries 6-7). However, both trials resulted in complex mixtures.
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Scheme 57

Ti (II) source

solvent, conditions

12a

Table 19. McMurry reaction of keto ester 13a with various Ti(Il) sources.

Entry | SM mass, | Ti, eq. Zn, Solvent | Pre- Temp., °C NB page

(g/100ml) eq. reduction | and time, h
Time, h

1° 50 mg, TiCl; (2) 4 DME none 85°C, 18 FT-II-159
(0.83)

2 75 mg, TiCl; (2) 4 DME 3 25°C, 18 FT-1I-160
(1.54)

3 50 mg, TiCly (4) - THF 2 65°C, 2 FT-1I-155
(1.00)

4 45 mg, TiCly (6) 12 THF 2 25°C, 15 FT-1I-120
(0.75)

5 25 mg, TiCly:(THF), (6) | 12 THF 2 25°C, 18 FT-1I-110
(0.21)

6 70 mg, TiCly:(THF), (3) | 6 THF 6 65°C, 16h | FT-II-102
(0.70)

7 125 mg, TiCly:(THF), (3) | 6 THF 2 65°C, 16 FT-11-77
(1.17)

* Activated Zn used.
® Workup with NaHCOs or EDTA.
¢ 3 eq. of LiAlH, used instead of Zn and workup with Na,COs.
47 eq. of pyridine added into the 6 eq. of TiCl,.

Because of the success of the stepwise method using TiCly and Zn, we applied these

conditions to the cyclization of keto esters 13d and 13f. After pre-reduction of TiCly with Zn

in THF for 2 hours, keto ester 13d or 13f was added into the slurry and refluxed overnight or

for 4 hours (Scheme 58). In all trials, extractive workup with NaHCO; afforded in modest

yields a compound whose 'H NMR spectrum was consistent with that estimated for

pyrrolizidinone 12b (Table 20, entries 1-3). To prevent protonation of the tertiary amine and
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maintain neutral reaction conditions, 3 eq. of TEA were added into the reaction mixture.
However, extractive workup afforded pyrrolizidinone 12b in only 31% yield (Table 20, entry
4). Unfortunately, attempts at purification of the crude pyrrolizidinone 12b using silica gel,
florisil, or preparative TLC with addition of 0.5-1% of TEA to the solvent system resulted in

complete product decomposition.

Scheme 58
TiCly, Zn
THF
13d, R;=Et
13f, R;=Bn

Table 20. McMurry reaction of keto ester 13d and 13f with TiCls- Zn-THF reagent
system.

Entry | SM mass, | TiCly, | Zn, | Reduction | Temp., °C and | % Yield | NB page
(g/100ml) | eq. eq. | time, h time, h

1 140 mg, 3 6 2 65°C, 18 50 FT-11I-38
(1.55)

2 150 mg, 3 6 2 65°C, 4 58 FT-111-63
(1.43)

3 157 mg, 3 6 2 65°C, 18 67 FT-111-54
(1.83)

4* 150 mg, 3 6 2 65 °C, 18 31 FT-1I1-56
(1.88)

* Addition of 3 eq. of TEA into the TiCl,.

We were also interested in using microwave heating®' to reduce the reaction time
(Scheme 59). The instant method was used for all microwave-assisted McMurry reactions we
attempted. Reactions of keto ester 13a or 13f were performed with varying equivalences of
low-valent Ti, varying concentrations of keto ester, and with varying hold times (Table 21,

entries 1-4). Treating keto ester 13a with 1.2 eq. of TiCly and 2.4 eq. of Zn and irradiation for
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10 minutes produced pyrrolizidinone 12ain 15% yield after extractive workup with NaHCO;
solution (Table 21, entry 1). For this reaction, 'H NMR analysis showed unreacted keto ester
13a. However, using excess TiCly and/or increasing the reaction time did not improve the
yields (Table 21, entries 2-4). McMurry reaction with keto ester 13f was performed using
similar reaction conditions, but the yields were also low (Table 21, entry 5-7).

Scheme 59

TiCly, Zn
THF
microwaves,
300 W, 175 psi,
110 °C

12a, R,=Bn

13a, R;=Et, R,=Bn
12b, R,=Ph

13f, R]Z Bn, Rzz Ph

Table 21. McMurry reaction of keto ester 13a and 13f with TiCls-Zn-THF using
microwave heating.

Entry | Keto ester, TiCly, | Zn, | Hold time, | Comment NB page
2/100 ml eq. eq. | min.

1 13a (10.41) | 1.2 24 |10 15% percent yield | FT-11-51-54
2 13a (10.41) | 1.2 24 |30 same as # 1 FT-11-56

3 13a (5.51) 2.0 4.0 |30 same as # 1 FT-11-58

4 13a (4.59) 2.0 4.0 |60 same as # 1 FT-11-59

5 131 (10.00) 1.2 24 |15 9% yield FT-I11-44

6 13 (8.25) 1.2 2.4 |45 same as # 5 FT-11I-45

7 13f (7.00) 1.2 2.4 130 same as # 5 FT-I11-42

IV. Identification of McMurry products

As reported above, the McMurry reaction provided compounds with spectra that were
consistent with the estimated "H NMR spectra for pyrrolizidinones 12a and 12b, but these
data are insufficient to make a structural assignment. More data were needed to identify

these products. Pyrrolizidinone 12a could be purified by chromatography, although the
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presumed diastereomers proved inseparable. However, purification of pyrrolizidinone 12b

failed due to its instability in the presence of any Lewis acidic sorbent no matter how mild.

Elimination of the chiral carbon in pyrrolizidinone 12a and formation of a more stabile
analog to pyrrolizidinone 12a were our planned solutions to these characterization and
purification issues.

Initially, we attempted an enolate alkylation of pyrrolizidinone 12a to eliminate the

chiral center and to deconvolute the 'H and '>*C NMR spectra. Paquette has demonstrated
p q

that enolization of a similarly substituted bicyclo[3.3.0]octanone using KHMDS followed by

alkylation using allyl bromide occurred exclusively at the non-bridgehead a-carbon.”

Consequently, we employed these conditions for our alkylation attempt.

For the preparation of our alkylating reagent, a Finklestein reaction was performed to

form benzyl iodide 143. In this reaction, benzyl bromide was treated with 1 eq. of Nal in
acetone at room temperature for 10 minutes. Benzyl iodide 143 was isolated in 91% yield
following extractive workup (Scheme 60).

Scheme 60

Br |
Nal (leq.)

acetone, rt, 10 min.

142 91% 143

In the alkylation reaction, pyrrolizidinone 12a was treated with 1.2 eq. of KHMDS
(potassium hexamethyldisilylazide) and 3 eq. of benzyl iodide 143 in THF at 0 °C, and the
mixture was stirred under nitrogen at room temperature for 4 hours (Scheme 61).>> After
extractive workup with NaHCO3, "H NMR analysis showed the disappearance of the a-

methine, but the crude product decomposed when subjected to column chromatography.
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Scheme 61

Bnl (3 eq.),
KHMDS (1.2 eq.)

THF,0°Ctort,4h 144

The next strategy to eliminate the chiral center was the formation of silyl enol ether
(Scheme 62). In this reaction, lithium diisopropyl amide (1.5 eq.) was made in situ, and a
solution of pyrrolizidinone 12b was added to that reaction mixture at -78 °C to form the
enolate. TMSCI (2.5 eq.) was then added to form the silyl enol ether. However, extractive
workup with NaHCOj; resulted in a complex mixture. Consequently, these attempts at

reducing the complexity of the "H NMR and ">C NMR spectra failed.
Scheme 62

DiPA (1.5 eq.)
nBuLi (1.5 eq.)
TMSCI (2.5 eq.)

THF, -78 °C to rt

Different reduction reactions were attempted on the crude pyrrolizidinone 12b using
NaBH,> or LiAlIH4> to create more stable compounds. The reduction of ketone 12b using
NaBH, or LiAlIH, would create another chiral center that would cause the 'H NMR spectrum
to become more complex. However, good diastereoselectivity in the reduction was likely and
chromatographic separation of the mixture of stereoisomers might be accomplished. When
we used NaBH,,™ the crude pyrrolizidinone 12b (0.2 mmol) was treated with 10 eq. of

NaBH, in THF at -78 °C and reaction mixture was stirred at room temperature for 3 hours.
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Quenching the mixture with 10% NH4OH followed by extractive workup provided a crude
reaction mixture whose 'H NMR spectrum showed a complex coupling pattern around 3.5
ppm, consistent with a secondary carbinol. However, no separation was obtained during
chromatography (Scheme 63).

Scheme 63

Ph NaBH, (10 eq.)

12b THF, -78 °C to rt, 3h.

LiAlH4>* also provided similar encouraging results for the reduction of
pyrrolizidinone 12b (Scheme 64). The crude pyrrolizidinone 12b (0.4 mmol) was treated
with 1.5 eq. of LiAlH4 in refluxing THF for 2 hours. After quenching the reaction mixture

with 20% KOH, "H NMR analysis again showed a complex multiplet near 3.5 ppm,

consistent with the expected chemical shift for pyrrolizinol 146. However, the crude product

mixture decomposed during column chromatography using silica gel. No separation of the
presumed diastereomers was obtained using florisil as a sorbent.

Scheme 64

LiAlH, (1.5 eq.)

12b THF, reflux, 2 h

Our last approach was the use of a Wittig reaction to form an alkene.” This reaction

does not create a new chiral center and the alkene peaks appear at a distinctive 'H NMR

chemical shift. In order to perform the Wittig reaction, first the Wittig reagent was
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synthesized. Triphenyl phosphine 146 (1 mmol) was treated with 1.1 eq. of methyl iodide in
toluene using microwaves at 175 °C for 5 minutes. Filtration and washing the solid with
hexanes afforded methyl triphenyl phosphonium iodide 147 in 92% yield (Scheme 65).

Scheme 65

PPh, CH;I (1.1eq.) _  Phy'P-CH,T
146 .toluene 147
microwaves,
300 W, 200 psi,
175 °C, 5 min.
92%

In the second step of Wittig reaction, methyl triphenyl phosphonium iodide 147 (0.8
mmol) was treated with 1 eq. of nBuLi in THF at 0 °C to form the ylide. Pyrrolizidinone 12b
(0.7 mmol) dissolved in THF was added to the reaction mixture and stirred at room
temperature for 2 hours or overnight (Scheme 66). Extractive workup with NaHCOj resulted
in complex mixtures regardless of reaction time.

Scheme 66

h Ph;"P-CH; 1" (1.1 eq.),
BuLi (leq.)
THE, rt

V. New directions

We were also interested in performing McMurry reactions using a keto aldehyde to
obtain pyrrolizidine 149 that contains unsaturation at C1 and C2. This route would eliminate
the purification and characterization issues posed by the previous approach (Scheme 1), as
the target contains only one chiral carbon and does not involve the formation of the unstable

presumed pyrrolizidinone moeity.
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Scheme 1
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15 OH
This synthesis began with the reduction of L-proline 16 using LiAlH4 (Scheme 67).
According to a known procedure,”* L-proline 16 (8.7 mmol) was treated with 1.5 eq. of
LiAlIHy in refluxing THF for 2 hours followed by quenching with 20% KOH. Workup and

Kugelrohr distillation of the crude product provided prolinol 151 in 59% yield.

Scheme 67

OH .. OH
LiAIH, (1.5 eq. O/\
4(1.5eq) NH

N :
THF, reflux, 2 h
16 59% 151
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In the microwave-assisted alkylation reaction,” prolinol 151 (2 mmol) was treated

with 1 eq. of (2,3-epoxypropyl)benzene 127 in CH3CN at 100 °C for 30 minutes and
concentrated to afford amino alcohol 152 in 89% yield (Scheme 68). Oxidation of amino
alcohol 152 using Parikh-Doering conditions, however, did not provide keto aldehyde 150a.

Furthermore, the aqueous workup conditions for this oxidation caused problems with the

recovery of the starting material due to its water solubility.



Scheme 68

0
H
OH OH H Bn
CH,CN .
N ' 3 N SOs pyr. N - N
151 microwaves, DMSO, 149a
300 W, 150 psi, TEA
100 °C, 30 min. HO o
89%
Ph Ph
152 150a

Because of the problems with the oxidation of amino alcohol 152, synthesis of keto
aldehyde 150b and 150c¢ was attempted by alkylation of prolinol 151 with 2-
bromoacetophenone (Scheme 69) or chloroacetone (Scheme 70), respectively.49 When
prolinol 151 was treated with 1.3 eq. of 2-bromoacetophenone in DMF at room temperature
overnight, 'H NMR analysis revealed a mixture of products (Table 22, entry 1).
Unfortunately, chromatography resulted in decomposition. Moreover, running this reaction
under microwave heating for 30 minutes resulted in a complex mixture (Table 22, entries 2-
3).

Alkylation of prolinol 151 with chloroacetone at room temperature in DMF (Table
22, entry 5) or in refluxing ethanol’® resulted in complex mixtures (Table 22, entry 4). In

these trials, the distinctive methyl ketone peak was not observed in '"H NMR analysis.
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Scheme 69

H
f 141 H 5
O/\ oH NalCO, O/\OH H CE\>7
NH N e N » N
< DMF or CH;CN 149
rt or microwaves,
300 W, 150 psi, 0 0
P

100 °C, 30 min. h Ph
153a 150b
Scheme 70
O
Cl\)l\ H
H H H © =
S 154 5 S T \
O/\OH NaHCO, O/\OH H !
NH R — N e N e >
151 DMF, rt or
EtOH, reflux 149¢
0] O
153b 150c¢

Table 22. Alkylation of prolinol 151 with 2-bromoacetophenone or chloroacetone.

Entry | Reagents, eq. Comment NB page

1* 2-bromoacetophenone (1.3) RT, 24 h, decomposition FT-1II-15
NaHCO; (1.3), DMF after chromatography

2° 2-bromoacetophenone (1.3) microwaves, 30 min. FT-II1-22
NaHCO;(1.3), DMF complex mixture

3° 2-bromoacetophenone (1.1) microwaves, 30 min. FT-111-28
NaHCO; (1.1), CH3;CN complex mixture

4 Chloroacetone (1.0) reflux, 24 h, FT-111-23
NaHCO; (1.3), EtOH complex mixture

5%¢ Chloroacetone (1.3) , NaHCOj; | RT, 24 h, FT-111-24
(1.3), DMF complex mixture

*Reaction performed using 100 mg prolinol
PReaction performed using 50 mg prolinol
¢ Nal used as a catalyst.



VI. Conclusion

Commercially available boc-L-proline or L-proline was used as the source of the A-
ring of the bicyclic core of pyrrolizidine alkaloids. Formation of the necessary five-
membered chain for the correct carbon skeleton of the B-ring was accomplished using
alkylation and oxidation or direct alkylation reactions. Although formation of amino
aldehyde proved difficult, oxidation of the secondary alcohols using Parikh-Doering
conditions afforded the keto ester McMurry precursors in satisfying yields. The novel
McMurry reaction with keto ester 13a, 13d, and 13f using the stepwise method in refluxing
THF or the instant method using microwave heating provided compounds with spectra that
were consistent with the estimated 'H NMR spectra for pyrrolizidinones 12a and 12b.
Different strategies were applied to identify McMurry products 12a and 12b more
thoroughly. However, our attempts to form stable McMurry products failed, and so the

structural assignments remain tentative. Studies in this area are ongoing.
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Experimental
General Procedures
All commercially available compounds were purchased from Aldrich Chemical

Company or Acros and used as received unless otherwise specified. Tetrahydrofuran was
distilled from sodium benzophenone ketyl. Purification of compounds was performed by
using silica gel or florisil. TLC analyses were performed on silicagel 60 F,s4 plates (250 um
thicknesses). Microwave-assisted reactions were performed using a CEM Discover '™
reactor. Microwave reactor vials and caps were purchased from CEM Corporation. Triethyl
amine was dried over potassium hydroxide and used freshly distilled. Dimethyl sulfoxide
was dried over calcium hydride and distilled. All '"H NMR and "*C NMR spectra were
obtained on a 400 MHz JEOL ECX instrument and chemical shifts (8) reported relative to
residual solvent peak CDCI;. All NMR spectra were obtained at room temperature.
(7aS)-2-Benzylhexahydro-1H-pyrrolizin-1-one (12a)

Stepwise method: To a 25 mL round-bottom flask equipped with a magnetic stirring
bar and a nitrogen atmosphere were added zinc dust (0.3388 g, 5.18 mmol) and THF (11
mL). The solution was cooled in an ice bath, and titanium tetrachloride (0.519 g, 2.5908
mmol) was added slowly. The resulting suspension was refluxed for 2 hours. Keto ester 13a
(0.2378 g, 0.8636 mmol) dissolved in 5 mL of THF was added into the black slurry. The
solution was refluxed for 18 h. The reaction mixture was dissolved in CH,ClI, (50 mL),
extracted with saturated NaHCO; (2x 20 mL), and washed with distilled water (25 mL). The
combined organic layers were dried over MgSQy, filtered, and concentrated in vacuo.
Chromatography using MeOH-CH,Cl,-hexanes (5:45:50) afforded the title compound as a

reddish brown oil (0.0578 g, 39%). 'H NMR (The spectrum consists of at least the presumed
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mixture of diastereomers in an undetectable ratio so integral values are not reported): (400
MHz, CDCl3): 6 7.26 (m, broad), 3.71 (m), 3.5 (m), 3.18 (m), 3.03 (m), 2.65 (m, broad), 2.38
(dd, J=10.1, 11.0 Hz), 2.13 (m), 1.75 (m, broad).

Instant method: To a 10 mL microwave reactor vial equipped with a magnetic
stirring bar and a nitrogen atmosphere were added zinc dust (0.148 g, 2.2689 mmol), THF
(1.5 mL), titanium tetrachloride (0.2079 g, 1.134 mmol), and keto ester 13a (0.22603 g,
0.9454 mmol) dissolved in THF (1 mL). The vial was sealed with a cap and placed in the
microwave reactor. The reaction was carried out with the following input parameters:
temperature: 110 °C, pressure: 175 psi, power: 300 W. After 10 minutes’ hold time and a
cooling period, the reaction mixture was dissolved in CH,Cl, (50 mL), extracted with
saturated NaHCO; (2x20 mL), and washed with distilled water (25 mL). The combined
organic layers were dried over MgSQOy, filtered, and concentrated in vacuo. Chromatography
on silica gel using MeOH-CH,Cl,-hexanes (5:45:50) afforded a substance tentatively
identified as the title compound as a reddish brown oil (0.0296 g, 15%)).
(7aS)-2-Phenylhexahydro-1H-pyrrolizin-1-one (12b)

Stepwise method: To a 25 mL round-bottom flask equipped with a magnetic stirring
bar and a nitrogen atmosphere were added zinc dust (0.2101 g, 3.2142 mmol) and THF (7
mL). The solution was cooled in an ice bath, and titanium tetrachloride (0.3114 g, 1.6071
mmol) was added slowly. The resulting suspension was refluxed for 2 hours. Keto ester 13d
(0.14 g, 0.5357 mmol) dissolved in THF (3 mL) was added into the black slurry. The solution
was refluxed for 18 h. The reaction mixture was dissolved in CH,ClI, (50 mL), extracted with
saturated NaHCO; (2x20 mL), and washed with distilled water (25 mL). The combined

organic layers were dried over MgSQOy, filtered, and concentrated in vacuo to afford a
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substance tentatively identified as the title compound as a reddish brown oil (0.3232 g, 50%).
"H NMR (The spectrum consists of at least the presumed mixture of diastereomers in an
undetectable ratio so integral values are not reported): (400 MHz, CDCls): 6 7.24 (m, broad),
3.71 (m), 3.54 (m), 3.18 (t, J=9.60 Hz), 3.15 (m), 2.65 (m, broad), 2.41 (dd, J=10.1, 11.0
Hz), 2.15 (m), 1.80 (m, broad).

Stepwise method: To a 25 mL round-bottom flask equipped with a magnetic stirring
bar and a nitrogen atmosphere were added zinc dust (0.190 g, 2.9124 mmol) and THF (6
mL). The solution was cooled in an ice bath, and titanium tetrachloride (0.2768 g, 1.4562
mmol) was added slowly. The resulting suspension was refluxed for 2 hours. Keto ester 13f
(0.157 g, 0.4854 mmol) dissolved in THF (3 mL) was added into the black slurry. The
solution was refluxed for 18 h. The reaction mixture was dissolved in CH,CI, (50 mL),
extracted with saturated NaHCO; (2x20 mL), and washed with distilled water (25 mL). The
combined organic layers were dried over MgSOQy, filtered, and concentrated in vacuo to
afford a substance tentatively identified as the title compound as a reddish brown oil (0.0658
g, 67%).
(S)-Ethyl 1-(2-0x0-3-phenylpropyl) pyrrolidine-2-carboxylate (13a)

To a 25 mL round-bottom flask equipped with a magnetic stirring bar at 0 °C were
added amino alcohol 128 (0.361 g, 1.3015 mmol) in DMSO (2 mL), and TEA (0.523 g,
5.2062 mmol). SO;-pyr. (0.8286 g, 5.2062 mmol) dissolved in DMSO (2 mL) was added to
the stirring solution after 15 minutes. The resulting solution was stirred at room temperature
for 18 h. The mixture was poured into ice and extracted with CH,Cl, (3x25 mL). Combined
organic layers were washed with 50% citric acid/water solution (10 mL), saturated NaHCOs,

and distilled water, then dried over MgSQy, filtered, and concentrated in vacuo to afford the
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title compound as a reddish brown oil (0.3032 g, 85%). "H NMR: (400 MHz, CDCL;): & 7.30
(m, 5 H), 4.14 (q, J=6.87 Hz, 2 H), 3.75 (s, 1 H), 3.74 (s, 1 H), 3.68 (d, J=17.4 Hz, 1 H),
3.47 (d,J=17.40 Hz, 1 H), 3.42 (dd, J=8.70 Hz, 5.04 Hz, 1 H), 3.06 (m, 1 H), 2.61 (d, J=
7.79 Hz, 1 H), 2.16 (m, 1 H), 1.97 (m, 3 H), 1.24 (t, J= 6.87 Hz, 3 H).

S)-Ethyl 1-(2-oxo0-2-phenylethyl) pyrrolidine-2-carboxylate (13d)

Method A: To a 25 mL round-bottom flask equipped with a magnetic stirring bar at 0
°C were added amino alcohol 137 (0.2628 g, 0.9979 mmol), DMSO (2 mL), and TEA
(0.8059 g, 7.9838 mmol. SO;-pyr. (1.27 g, 7.9838 mmol) dissolved in DMSO (4 mL) was
added to the stirring solution after 15 minutes. The resulting solution was stirred at room
temperature for 18 h. The mixture was poured over ice and extracted with CH,Cl, (3x25
mL). The combined organic layers were washed with 50% citric acid/water solution (10 mL),
saturated NaHCOj3, and distilled water, then dried over MgSQy, filtered, and concentrated in
vacuo to afford the title compound as a reddish brown oil (0.1915 g, 73%).

Method B: To a 25 mL round-bottom flask equipped with a magnetic stirring bar
were added proline ethyl ester 14b (0.5 g, 3.4921 mmol), NaHCO; (0.3755 g, 4.4698 mmol),
and 2-bromoacetophenone (0.8897 g, 4.4698 mmol) in DMF (16 mL). The mixture was
stirred at room temperature for 24 hours, poured into ice-water (20 mL), and extracted with
CH,Cl, (3x25 mL). The combined organic layers were washed with distilled water (4x100
mL), dried over MgSOsy, filtered, and concentrated in vacuo. Chromatography on silica gel
using EtOAc-hexanes (10:90) and 1% TEA afforded the title compound as a reddish brown
oil (0.5227 g, 57%). 'H NMR: (400 MHz, CDCls): & 8.03 (m, 2 H), 7.57 (m, 2 H), 7.46 (m, 1
H),4.34 (d,J=16.94 Hz, 1 H), 4.20 (q, J="7.33 Hz, 2 H), 3.99 (d, J= 16.94 Hz, 1 H), 3.59

(dd, J=5.50 Hz, 5.95 Hz, 1 H), 3.18 (m, 1 H), 2.77 (d, J= 7.79 Hz,1 H), 2.25 (m, 1 H), 2.01
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(m, 3 H), 1.27 (t, J=7.32 Hz, 3 H). >C NMR (100 MHz, CDCls): § 197.2, 174.0, 135.9,
133.2, 128.7, 128.6, 64.6, 60.6, 59.4, 53.2, 29.7, 23.6, 14.3.
(S)-Benzyl 1-(2-oxo0-3-phenylpropyl) pyrrolidine-2-carboxylate (13e)

To a 25 mL round-bottom flask equipped with a magnetic stirring bar at 0 °C were
added amino alcohol 139 (0.1043 g, 0.3072 mmol), DMSO (2 mL), and TEA (0.2468 g,
2.4582 mmol) in the ice-water bath. SO5-pyr. (0.3912 g, 2.4582 mmol) dissolved in DMSO
(2 mL) was added into the stirring solution after 15 minutes. The resulting solution was
stirred at room temperature for 18 h. The mixture was poured over ice and extracted with
CH,Cl, (3x25 mL). Combined organic layers were extracted with 10 mL of 50% citric
acid/water solution, saturated NaHCOs, and distilled water, then dried over MgSOQy, filtered,
and concentrated in vacuo to afford the title compound as a reddish brown oil (0.0768 g,
74%). "H NMR: (400 MHz, CDCls): & 7.34 (m, 10 H), 5.15 (d, J= 12.36 Hz, 2 H), 3.71 (d, J=
15.11 Hz, 1 H), 3.69 (d, J=17.86 Hz, 1 H), 3.66 (dd, J= 13.28 Hz, 2 H), 3.51 (dd, J=5.04 Hz,
8.70 Hz, 1 H), 3.46 (d, J=17.40 Hz, 1 H), 2.62 (d, J=7.79 Hz, 1 H), 2.18 (m, 1 H), 2.01 (m,
3 H).

(S)-Benzyl 1-(2-oxo0-2-phenylethyl) pyrrolidine-2-carboxylate (13f)

To a 25 mL round-bottom flask equipped with a magnetic stirring bar were added
proline benzyl ester 14¢ (1 g, 4.8721 mmol), NaHCOs3 (0.4043 g, 4.8721 mmol), and 2-
bromoacetophenone (0.9697 g, 4.8721 mmol) in DMF (49 mL). The mixture was stirred at
room temperature for 24 hours. The resulting solution was poured into ice-water (20 mL) and
extracted with CH,Cl, (3x25 mL). The combined organic layers were washed with distilled
water (4x100 mL), dried over MgSOy, filtered, and concentrated in vacuo. Chromatography

on silica gel using EtOAc-hexanes (10:90) and 1% TEA afforded the title compound as a
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reddish brown oil (1.088 g, 69%). 'H NMR: (400 MHz, CDCls): & 7.97 (m, 2 H), 7.56 (m, 1
H), 7.44 (m, 2 H), 7.34 (m, 5 H), 5.16 (d, J=2.75 Hz, 2 H), 4.32 (d, J= 16.94 Hz, 1 H), 4.03
(d,J=16.94 Hz, 1 H), 3.67 (dd, J=5.04 Hz, 5.50 Hz, 1 H), 3.16 (m, 1 H), 2.80 (dd, J=7.36
Hz, 16.04 Hz, 1 H), 2.26 (m, 1 H), 2.03 (m, 3 H). *C NMR (100 MHz, CDCl3): § 197.2,
173.8, 135.9, 133.2, 128.6, 128.2, 66.3, 64.5, 59.2, 53.1, 29.5, 23.6.

(S)-Ethyl pyrrolidine-2-carboxylate (14b)

To a 50 mL round-bottom flask equipped with a magnetic stirring bar were added
boc-L-proline 17 (0.5 g, 2.32 mmol) and EtOH (10 mL). The solution was cooled to 0 °C,
and acetyl chloride (0.5469 g, 6.97 mmol) was then added. The solution was allowed to stir
at room temperature for 48 hours. The reaction mixture was cooled to 0 °C and NH;3 (7M in
MeOH, 2.5 mL) was added. The resulting white suspension was concentrated and filtered
through cotton/celite using CH,Cl,. Concentration of the resulting solution afforded the title
compound as a pale yellow oil (0.3433¢g, 103%), which was used without purification. 'H
NMR: (400 MHz, CDCl;): 6 4.28 (q, J= 7.33 Hz, 2H), 3.43 (m, 3 H), 2.33 (m, 1 H), 2.09 (m,
3 H), 1.32(t,J=7.33 Hz, 3 H).

(S)-Benzyl pyrrolidine-2-carboxylate (14¢)>°

Esterification: To a 250 mL round-bottom flask equipped with a magnetic stirring bar
were added boc-L-proline 17 (2.0 g, 9.30 mmol), tetrabutylammonium iodide (3.4 g, 9.30
mmol), saturated sodium bicarbonate solution (32 mL) and CH,Cl, (32 mL). The solution
was allowed to stir at room temperature for 16 hours. The reaction mixture then extracted
three times with CH,Cl,, and the combined organic layers were dried over MgSO4 and
concentrated. The resulting residue was purified flash chromatography on silica gel using

5/95 EtOAc/hexanes to afford the boc-protected ester 118a as a pale yellow oil (2.6 g, 91%).
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'H NMR: (400 MHz, CDCl;, ca. 2:1 mixture of carbamate rotamers, major rotamer reported):
0 7.34 (m, 5 H), 5.18(d, J=12.2 Hz, 1 H), 5.12 (d, J=12.2 Hz, 1 H), 4.25 (dd, J=8.72 Hz,
3.83 Hz, 1 H), 3.48 (m, 2 H), 2.21 (m, 1 H), 1.89 (m, 3 H), 1.34 (s, 9 H). Boc-deprotection:
To a 50 mL round-bottom flask equipped with a magnetic stirring bar were added boc-L-
proline benzyl ester 118 (2.6 g, 8.45 mmol) and CH,Cl, (50 mL). The solution was cooled to
room temperature, and trifluroacetic acid (20.0 mL) was added. The reaction was allowed to
stir at 0 °C for 30 min. The reaction mixture was then slowly poured into an ice-cold,
saturated sodium bicarbonate solution, extracted three times with CH,Cl,, dried over MgSQOy4
and concentrated to afford a pale yellow oil that was used without purification (1.5 g, 7.26
mmol, 86%). 'H NMR: (400 MHz, CDCls): & 7.35 (m, 5 H), 5.17 (s, 2 H), 3.93 (dd, J = 8.70
Hz, 5.95 Hz, 1 H), 3.14 (m, 1 H), 3.01 (m, 1 H), 2.20 (m, 1 H), 1.85 (m, 3 H). These values
are consistent with the commercially available material **®

(S)-Ethyl 1-(2-hydroxyethyl) pyrrolidine-2-carboxylate (120a)

To a 25 ml round-bottom flask equipped with a magnetic stirring bar and a nitrogen
atmosphere were added proline ethyl ester 14b (0.2957 g, 2.065 mmol), CH,Cl, (13 mL),
TEA (0.2178 g, 2.065 mmol), and 2-iodoethanol (0.4268 g, 2.478 mmol). The solution was
stirred at room temperature for 72 hours. The reaction mixture was then diluted with CH,Cl,
(20 mL), poured into distilled water (25 mL), extracted with CH,Cl, (3x25 mL), dried over
MgSOy, filtered, and concentrated in vacuo. Chromatography on silica gel using MeOH-
EtOAc (10:90) afforded the title compound as a pale yellow oil (0.09275 g, 24%). '"H NMR:
(400 MHz, CDCls): 6 4.21 (q, J="7.33 Hz, 2 H), 3.62 (m, 1 H), 3.52 (m, 1 H), 3.27 (m, 2 H),
3.11 (broad, 1 H), 2.77 (t, J= 5.50 Hz, 2 H), 2.47 (dd, J= 1.4 Hz, 8.72 Hz, 1 H), 2.16 (m, 1

H), 1.94 (m, 3 H), 1.28 (t, J=7.33 Hz, 3 H).
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(2S)-Ethyl 1-(2, 3-dihydroxypropyl) pyrrolidine-2-carboxylate (120b)

To a 10 ml microwave reactor vial equipped with a magnetic stirring bar were added
proline ethyl ester 14b (0.2864 g, 2 mmol), CH3CN (0.5 ml), and glycidol (0.1450 g, 2
mmol). The vial was sealed with a cap and placed in the microwave reactor. The reaction was
carried out with the following input parameters: temperature: 150 °C, pressure: 150 psi,
power: 300 W. After 5 minutes’ hold time and a cooling period, the solution was
concentrated in vacuo. Chromatography on silica gel using MeOH-EtOAc (20:80) afforded
the title compound as a pale yellow oil (0.169 g, 39%). 'H NMR (mixture of diastereomers,
ca. 1:1 ratio) 6 4.18 (m, 4 H), 3.93 (m, 2 H), 3.65 (m, 8 H), 3.28 (m, 2 H), 2.79 (m, 2 H),
2.56 (m, 2 H), 2.17 (m, 2 H), 1.89 (m. 6 H), 1.27 (t, J= 6.88 Hz, 3 H).

(S)-Ethyl 1-allylpyrrolidine-2-carboxylate (122)

To a 10 ml round-bottom flask equipped with a magnetic stirring bar were added
proline ethyl ester 14b (0.1g, 0.6984 mmol), CH,Cl, (3 mL), TEA (0.07 g, 0.6984 mmol),
and allyl bromide (0.1 g, 0.8381 mmol). The solution was stirred under nitrogen for 48 hours.
The mixture was quenched with distilled water (20 mL), extracted with CH,Cl, (3x20 mL),
dried over MgSOy, filtered, and concentrated in vacuo to afford the title compound as a pale
brown oil, which was used without purification (0.0483g, 38%). '"H NMR: (400 MHz,
CDCl3): 6 5.95 (m, 1 H), 5.19 (m, 1 H), 5.09 (m, 1 H), 4.19 (q, J=7.32 Hz, 2 H), 3.33 (m, 1
H), 3.14 (m, 3H), 2.40 (dd, J=8.24 Hz, 1.69 Hz, 1 H), 2.23 (m, 1 H), 1.94 (m, 3 H), 1.27 (t,
J=7.33 Hz, 3 H).

(2S)-Ethyl 1-(2-hydroxy-3-phenylpropyl) pyrrolidine-2-carboxylate (128)
To a 10 ml microwave reactor vial equipped with a magnetic stirring bar were added

proline ethyl ester 14b (0.2864 g, 2 mmol), toluene (0.5 mL), and (2,3-epoxypropyl)benzene
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(0.2652 g, 2 mmol). The vial was sealed with a cap and placed in the microwave reactor. The
reaction was carried out with the following input parameters: temperature: 100 °C, pressure:
150 psi, power: 300 W. After 20 minutes’ hold time and a cooling period, the solution was
concentrated in vacuo. Chromatography on silica gel using EtOAc-hexanes (30:70) afforded
the title compound as a pale brown oil (0.3882 g, 35%). "H NMR: (400 MHz, CDCls,
mixture of diastereomers, ca. 1:1 ratio): 6 7.26 (m, 10 H), 4.16 (m, 4 H), 3.87 (m, 2 H), 3.73
(m, 1 H), 3.60 (m, 1 H), 3.29 (dd, J=9.16, 5.96 Hz, 1 H), 3.21 (m, 2 H), 3.10 (m, 1 H), 2.87
(m, 1 H), 2.59 (m, 6 H), 2.29 (dd, J=7.80, 8.84 1 H), 2.11 (m, 2 H), 1.83 (m, 6 H), 1.24 (t, J=
6.88 Hz, 6 H).

(2S)-Ethyl 1-(3-(tert-butyl diphenyl silyloxy)-2-hydroxypropyl) pyrrolidine-2
carboxylate (131)

To a 10 mL microwave reactor vial equipped with a magnetic stirring bar were added
proline ethyl ester 14b (0.2864 g, 2 mmol), CH3CN (0.8 mL), and silyl ether 130 (0.6250 g, 2
mmol). The vial was sealed with a cap and placed in the microwave reactor. The reaction was
carried out with the following input parameters: temperature: 100 °C, pressure: 150 psi,
power: 300 W. After 30 minutes’ hold time and a cooling period, the solution was
concentrated in vacuo. Chromatography on silica gel using EtOAc-hexanes (30:70) afforded
the title compound as a pale yellow oil (0.253 g, 29%). 'H NMR: (400 MHz, CDCls, mixture
of diastereomers, ca. 1:1 ratio): 6 7.65 (m, 8 H), 7.36 (m, 12 H), 4.15 (m, 4 H), 3.78 (m, 1 H),
3.67 (broad m, 4 H), 3.59 (dd, J=5.96, 10.08 Hz, 1 H), 3.27 (broad m, 3 H), 3.10 (m, 1 H),
2.72 (m, 4 H), 2.60 (dd, J=7.32, 16.50 Hz, 1 H), 2.39 (dd, J=7.80, 16.50 Hz, 1 H), 2.14 (m,

2 H), 1.86 (m, 6 H), 1.24 (t, J= 6.92 Hz, 1 H), 1.05 (s, 18 H)
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(2S)-Ethyl 1-(3-(benzyloxy)-2-hydroxypropyl) pyrrolidine-2-carboxylate (133)

To a 10 mL microwave reactor vial equipped with a magnetic stirring bar were added
proline ethyl ester 14b (0.2864 g, 2 mmol), CH3CN (0.8 mL), and epoxy benzyl ether 132
(0.3284 g, 2 mmol). The vial was sealed with a cap and placed in the microwave reactor. The
reaction was carried out with the following input parameters: temperature: 100 °C, pressure:
150 psi, power: 300 W. After 10 minutes’ hold time and a cooling period, the solution was
concentrated in vacuo. Chromatography on silica gel using EtOAc-MeOH-hexanes
(20:10:70) afforded the title compound as a pale yellow oil (0.2356 g, 38%). "H NMR: (400
MHz, CDCl;, mixture of diastereomers, ca. 1:1 ratio): 6 7.32 (m, 10 H), 4.56 (s, 4 H), 4.16
(m, 4 H), 4.01 (sextet, J=5.04 Hz, 1 H), 3.88 (m, 1 H), 3.75 (m, 1 H), 3.63 (m, 3 H), 3.48 (m,
2 H), 3.28 (m, 1 H), 3.10 (m, 1 H), 2.90 (m, 1 H), 2.68 (m, 2 H), 2.39 (dd, J=7.32, 8.24 Hz, 1
H), 2.15 (m, 2 H), 1.87 (m, 6 H), 1.25 (t, J=7.36 Hz, 6 H).

(25)-Ethyl 1-(2-hydroxy-2-phenylethyl) pyrrolidine-2-carboxylate (137)

To a 10 mL microwave reactor vial equipped with a magnetic stirring bar were added
proline ethyl ester 14b (0.2864g, 2mmol), toluene (0.5 mL), and styrene oxide (0.2422 g, 2
mmol). The vial was sealed with a cap and placed in the microwave reactor. The reaction was
carried out with the following input parameters: temperature: 100 °C, pressure: 150 psi,
power: 300 W. After 60 minutes’ hold time and a cooling period, the solution was
concentrated in vacuo. Chromatography on silica gel using EtOAc-hexanes (30:70) afforded
the title compound as a pale yellow oil (0.1196 g, 23%). 'H NMR: (400 MHz, CDCls,
mixture of diastereomers, ca. 1:1 ratio): 6 7.32 (m, 10 H), 4.70 (dd, J=3.68, 10.08 Hz, 1 H),

4.57 (dd, J=5.04, 7.76 Hz, 1 H), 4.18 (m, 4 H), 3.40 (m, 2 H), 3.35 (dd, J=5.96, 9.16 Hz,
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1 H), 2.81 (m, 2 H), 2.71 (m, 3 H), 2.48 (dd, J=7.32, 8.28 Hz, 1 H), 2.18 (m, 2 H), 1.91 (m, 6
H), 1.28 (t, J=5.99 Hz, 6 H).
(2S)-Benzyl 1-(2-hydroxy-3-phenylpropyl) pyrrolidine-2-carboxylate (139)

To a 10 mL microwave reactor vial equipped with a magnetic stirring bar were added
proline benzyl ester 14¢ (0.4105 g, 2 mmol), CH3CN (0.5 mL), and
(2,3-epoxypropyl)benzene (0.2652 g, 2 mmol). The vial was sealed with a cap and placed in
the microwave reactor. The reaction was carried out with the following input parameters:
temperature: 100 °C, pressure: 150 psi, power: 300 W. After 60 minutes’ hold time and a
cooling period, the solution was concentrated in vacuo. Chromatography on silica gel using
EtOAc-hexanes (30:70) afforded the title compound as a pale yellow oil (0.0543 g, 8%). 'H
NMR: (400 MHz, CDCl;, mixture of diastereomers, ca. 1:1 ratio): ¢ 7.27 (m, 20 H), 5.14 (m,
4 H), 3.88 (m, 1 H), 3.69 (m, 1 H), 3.34 (dd, J=5.96, 9.16 Hz, 1 H), 3.29 (dd, J=3.38, 9.16
Hz, 1 H), 3.20 (m, 1 H), 3.09 (m, 1 H), 2.80 (m, 2 H), 2.59 (m, 7 H), 2.30 (dd, J=7.80, 8.56
Hz, 1 H), 2.12 (m, 2 H), 1.83 (m, 6 H)
1-((S)-2-(hydroxymethyl) pyrrolidin-1-yl)-3-phenylpropan-2-ol (152)

To a 10 mL microwave reactor vial equipped with a magnetic stirring bar were added
pyrolidinol 151 (0.1968 g, 2 mmol), CH;CN (0.5 mL), and (2,3-epoxypropyl)benzene
(0.2652 g, 2 mmol). The vial was sealed with a cap and placed in the microwave reactor. The
reaction was carried out with the following input parameters: temperature: 100 °C, pressure:
150 psi, power: 300 W. After 30 minutes’ hold time and a cooling period, concentration of
the resulting solution afforded the title compound as a pale yellow liquid (0.4195 g, 89%).

'H NMR: (400 MHz, CDCl;, mixture of diastereomers, ca. 1:1 ratio): 6 3.91 (m, 2 H), 3.57
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(m, 2 H) 3.43 (m, 2 H), 3.18 (m, 2 H), 2.80 (m, 3 H), 2.69 (m, 4 H), 2.51 (m, 4 H), 2.22 (dd,

J=8.72,9.16 Hz, 1 H), 1.86 (m, 2 H), 1.73 (m, 6 H).
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