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This manuscript describes the development and scope of the asymmetric rhodium-catalyzed [2+2
+2] cycloaddition of terminal alkynes and alkenyl isocyanates leading to the formation of indolizidine
and quinolizidine scaffolds. The use of phosphoramidite ligands proved crucial for avoiding
competitive terminal alkyne dimerization. Both aliphatic and aromatic terminal alkynes participate
well, with product selectivity a function of both the steric and electronic character of the alkyne.
Manipulation of the phosphoramidite ligand leads to tuning of enantio- and product selectivity, with
a complete turnover in product selectivity seen with aliphatic alkynes when moving from Taddol-
based to biphenol-based phosphoramidites. Terminal and 1,1-disubstituted olefins are tolerated with
nearly equal efficacy. Examination of a series of competition experiments in combination with
analysis of reaction outcome shed considerable light on the operative catalytic cycle. Through a
detailed study of a series of X-ray structures of rhodium(cod)chloride/phosphoramidite complexes,
we have formulated a mechanistic hypothesis that rationalizes the observed product selectivity.
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Introduction

Indolizidines and quinolizidines are common motifs found in many biologically active natural
products isolated from arthropod, amphibian, plant, and marine sources (Figure 1).1 Interest
in the synthesis of these compounds is threefold: scarcity of natural sources, pharmacological
activity, and unique structural features. The assembly of these nitrogen heterobicycles is a
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proving ground for synthetic methodology.2 Classic syntheses rely on Sy2 cyclization of
amines, lactamization, and ring closing metathesis.> New methodology showcased in the
construction of these natural products depend on chiral pool substrates or require lengthy
starting material syntheses.#:%:6:7:8:9 Therefore, the development of new, rapid, and
enantioselective methods to generate nitrogen-containing bicycles would be a useful
contribution to the synthetic community.

We envisioned the coupling of three separate n-components: C=N, C=C, and C=C in a metal-
catalyzed, [2+2+2] cycloaddition? to construct these bicycles (Scheme 1). Due to their modest
basicity, isocyanates!! have been shown to be competent partners in transition metal-catalyzed
reactions.12 Yamazaki and Hoberg demonstrated that cobalt and nickel catalyze the [2+2+2]
cycloaddition of an isocyanate and two equivalents of an alkyne to form 2-pyridone (eq 1: 2).
13 vollhardt later found that cobalt can couple an alkynyl isocyanate with an exogenous alkyne
to form bicyclic pyridones (eq 3) and applied this methodology to the synthesis of
camptothecin.1# More recently, rhodium, cobalt, nickel, and ruthenium have been shown to
catalyze [2+2+2] cycloadditions of alkynes and isocyanates, forming pyridones.1® Although
useful for the synthesis of heterocycles, these methods use two alkynes to form achiral
cycloadducts. A notable exception is Tanaka’s use of a chiral rhodium complex to access
pyridone atropisomers.16 It would be a clear benefit if an alkene could be incorporated in place
of one of the alkynes to form an sp3 stereocenter in a reaction that could be rendered
asymmetric.

Yamazaki (1977):

PhsP.  Cp o
\ v/
CO,Me
’ ﬁ Ph O_-Ph Ph N,Ph
N+ \ /(10 mol %) |
Ph N*ph MeO,C CO,Me MeO,C Ph
o ) COZMe
PhH, 135°C, 19 h 40%
(1)
Hoberg (1982):
Ph 0 O
I Ni(COD), (5 mol %) Ph N,Ph
|| o PCys (10 mol %) |
N . = yZ
Ph *Ph PhMe, 23 °C, 24 h Ph Ph
Ph
84%

(2)
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Vollhardt (1983): 84%
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(4)

Prior to our work, three component [2+2+2] cycloadditions between an isocyanate, alkene, and
alkyne were unknown.1” In 2006, we demonstrated that a rhodium(l)/tris(para-
methoxyphenyl)phosphine complex catalyzes the [2+2+2] cycloaddition of 4-pentenyl
isocyanate with symmetrical internal alkynes (eq 4).172 Our initial studies revealed that dialkyl
alkynes provide lactam 3 while diaryl alkynes favor vinylogous amide 4, which arises from
fragmentation of the isocyanate moiety (vide infra). To increase the utility of the reaction, we
expanded the substrate scope to readily available terminal alkynes and rendered the
transformation asymmetric with chiral phosphoramidite ligands.1”? A variety of structurally
and electronically different terminal alkynes and isocyanates are tolerated, enabling the
synthesis of a wide range of indolizidines and quinolizidines. Herein, we disclose a full
description of the development of this reaction, the effects of steric and electronic changes of
the phosphoramidite ligand, single X-ray crystal analysis of six previously unpublished
rhodium(cod)chloride/phosphoramidite complexes, and mechanistic insight into the rhodium-
catalyzed [2+2+2] cycloaddition of terminal alkynes and alkenyl isocyanates.

Initial ligand screen

Our initial efforts to incorporate terminal alkynes began with an examination of the conditions
that were effective for internal alkynes.1’@ We found that the ligand tris(para-methoxyphenyl)
phosphine provides less than 20% of 3a and 4a in a 1:1 ratio (Table 1, entry 1); the low yield
is due to the known dimerization of terminal alkynes (eq 5).18 BINAP gives no desired product
while dppb affords only trace amounts of 3a, suggesting that a monodentate ligand is required
(Table 1, entries 2, 3). MonoPhos (B1) affords a 32% yield and induces a modest 55% ee (entry
4). In addition to higher yields, phosphoramidites do not promote dimerization of terminal
alkynes ((eq 6). Binol-based phosphoramidite B2 provides a slightly higher yield of vinylogous
amide but poor enantioselectivity, while phosphite B3 shows lower yields than B1 and B2
(Table 2, entries 5, 6). Finally, we were delighted to find that Taddol-based phosphoramidite
T1 increases the yield (80%), product selectivity toward vinylogous amide (1:7.0), and

J Am Chem Soc. Author manuscript; available in PMC 2010 November 4.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Dalton et al.

Page 4

enantioselectivity (94%, entry 7). After modifying the amine, we found T2 was the optimal

ligand for this transformation (entry 8).
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(6)

We investigated the scope of this reaction with terminal aryl alkynes (Table 2) and found
electron-rich aryl alkynes provide exclusively vinylogous amide 4 in good yield and high
enantioselectivity (entries 1-4).1° In addition, sterically bulky o-substituted aryl alkynes are
tolerated (entry 3). Alkynes bearing a variety of heterocycles, including protected and
unprotected indoles, readily participate, providing vinylogous amide with high
enantioselectivity (entries 5-7). As the alkyne is made more electron-deficient, increasing
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amounts of lactam 3 are seen (entries 10-14). Vinylogous amide product formation is not
limited to aryl acetylenes; 1-ethynylcyclohexene 1p gives 4p exclusively in a 96% yield and
92% ee (entry 15). The reaction clearly shows that substrate electronics can be used to tune
product selectivity. A plot of electron-rich and deficient aryl alkynes versus Hammett o
values? indicates a clear linear free energy relationship, demonstrating that the electronics of
the alkyne can be used to tune product selectivity (Figure 2). In general, the electronics of the
aryl alkyne bias product selectivity such that electron-rich favor vinylogous amide while
strongly electron-deficient generate lactam.

Ar

o)
0\\ [Rh(C,H4),Cll, (5 mol %)

||| . :\1\/> T2 (10 mol %) | N . N

Ar yZ PhMe, 110 °C, 16 h Ar g o

H

1 2a 3 4

Alkyl alkynes shift product selectivity toward the lactam adduct with moderate to good yields
(Table 3). An initial ligand screen using Taddols T1-T3 revealed piperidine-substituted T3 to
be optimal (for a complete comparison, see Table 4). Enantioselectivities with alkyl alkynes
and T3 are moderate (76—87%, entries 1-5, 7, 8). Biphenol based phosphoramidite Al leads
to an inversion in product selectivity with aliphatic alkynes, preferentially forming vinylogous
amide adducts 4 with excellent enantioselectivities (88—-94% ee, entries 1-4, 6, 8-13). Esters,
amides, and silyl ethers are tolerated with moderate yields and enantioselectivities (entries 2,
5, 6 and 13). Interestingly, bulky cyclohexylacetylene 1w leads to an increased amount of
vinylogous amide with T1 relative to other aliphatic alkynes (1.2:1), while ligand Al generates
the vinylogous amide with high product selectivity and excellent ee (14:1, 91% ee, entry 8).
Noteworthy is the successful incorporation of 1,7-octadiyne and 1,8-nonadiyne, with ligand
Al affording vinylogous amides 4y and 4z in good yields and high ee’s (entries 10-11). On
the other hand, 1,6-heptadiyne exclusively furnishes the substituted benzene arising from
intramolecular cyclization of the diyne followed by incorporation of a second equivalent of
alkyne. These results suggest that, except for the case of a 3-carbon tether linking the diyne,
an isocyanate is incorporated in the initial oxidative cycloaddition in preference to an
intramolecular coordination and activation of a second terminal alkyne.2!

Ligand Exploration

An examination of the structure and electronics of the phosphoramidite revealed that the
reaction is sensitive to both (Table 4).22 In general, Taddol-based phosphoramidites (T1-T9)
give more lactam product with aliphatic alkynes, while Binol and biaryl phosphoramidites
(B1-B6, Al) favor vinylogous amide. Interestingly when the amine of Taddol ligands is
changed from pyrrolidine T2 to piperidine T3, product selectivity shifts in favor of lactam 3
from 1:7.3 to 1:3.3 with phenyl acetylene and 2.4:1 to 5:1 with 1-octyne (entries 2, 3), and this
trend can be extended to all of the Taddol ligands (entries 1-9). We suspect that it is the size
of the amine that is affecting product selectivity, as the basicities of pyrrolidine (11.27 pKa)
and piperidine (11.22 pKa) are very similar.23 Furthermore, very large amines, such as
dicyclohexyl amine, completely favor the lactam product, albeit in low yield (entry 4).
Interestingly, the size of the amine has less effect on product selectivity with Binol/biaryl
phosphoramidites (entries 12—14). These results show that the sterics of the phosphoramidite
play a major role in determining product selectivity.

To investigate the effect of ligand electronics, we synthesized a ligand (T7) that differs from
T6 only in the aryl substituents: p-MeCgHj, vs p-CF3CgH4 (entry 7). This more electron-

deficient ligand increases product selectivity for vinylogous amide with both aryl (1:>20 from
1:2.8) and alkyl alkynes (1:1 from 8.3:1), demonstrating that the ligand electronics can enhance
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product selectivity. Also, electron-rich m-xylyl Taddol T9 gives a relative increase in the
amount of lactam product formed with aryl (1:1.6) and alkyl acetylenes (12.5:1, entry 9).

Taddol ligands provide the best enantioselectivities for aryl alkynes (81-97%, entries 1-9)
with T8 being optimal, while Binol and biaryl ligands give higher enantioselectivity for alkyl
alkynes (59-95%, entries 10-14) with B4 and B5 being the highest. Substitution at the 3,3’-
positions of the Binol/biaryl proves to be essential to improving the enantioselectivity with
alkyl acetylenes. Biaryl Al provides the highest product ratio (1:6.2) and excellent
enantioselectivity (91%) for vinylogous amide with alkyl acetylenes (entry 15). Finally, Al
made possible the construction of indolizidine (—)-209D?* in a 5-step synthesis from
commercially available starting materials, using 4q as the key intermediate.17¢

!
RI R O O R Me tBu
00 Q Q Q  Me
M | 2 !
e b-R? P-R? Me P-N
Me” o g g Me N
<k O, Q)

Me’
Taddol (T) Binol (B) A1

t-Bu

Alkenyl Isocyanate Scope

The successful incorporation of homologous alkenyl isocyanates in this transformation would
allow access to quinolizidine natural products. Indeed a longer tether length is tolerated, but
in lengthening the tether, we observe a significant amount of 2-pyridone 6 side product (eq 7).
A further increase in tether length to heptenyl isocyanate does not provide the desired 1-
azabicyclo[5.4.0]Jundecane, forming only 2-pyridone 7 (eq 8). The synthetic utility of this
apé)roach to quinolizidine motifs was demonstrated in the 4-step synthesis of (+)-lasubine II.
17

Ar
=z
0\\.\\ [RN(C,H4),Cll, (5 mol %) ] Q
|| , N T2 (10 mol %) . N o N
PhMe, 110 °C, 16 h

Ar Z O H Ar Z Ar
1c 2b 5 6

Ar = 3,4-MeO-CgHj 62%, 98% ee 25%

(7)

[Rh(C2H4),Cl], (5 mol %) Q

I O*-§N T2 (10 mol %) N
| * /\/) PhMe, 110 °C, 16 h | S
Ar =z Ar Ar

1d 2c 7
Ar = 4-MeO-CgH, 62%

(8

The cycloaddition of 1,1-disubstituted alkenyl isocyanate 2d with a variety of conjugated aryl
and alkenyl alkynes provides indolizinones bearing a tetrasubstituted stereocenter (Table 5).
Electron-rich alkyne 1d gives exclusively vinylogous amide 9d in 80% yield with 91% ee
(entry 1). Heterocyclic and conjugated terminal alkynes react smoothly to afford 9 in good
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yields and enantioselectivity (entries 2—6). We see a general trend that as the aryl alkyne
becomes more electron-deficient, increasing amounts of the lactam 8 are generated (entry 7).
This is consistent with the results seen with 4-pentenyl isocyanate 2a (vide supra).

Alkyl alkynes and 1,1-disubstituted alkenyl isocyanates provide mostly lactam 8 with
enantioselectivities ranging from 91% to 95% ee (Table 6). Functional groups including
protected alcohols, halogens, and internal alkynes are tolerated (entries 5-8). Silyl alkynes fail
to participate in this reaction; this finding allowed the chemoselective incorporation of mono-
protected 1,6-diynes (entry 8).

Variations of the 1,1-disubstituted alkene furnish tetrasubstituted indolizinones with a range
of substitution at the 9 position (Table 7). Substrates bearing primary alkyl groups on the olefin
react smoothly with high enantioselectivity (entries 1-5). However, the reaction is sluggish
with secondary alkyl substituents and increasing amounts of pyridone are seen (entries 6, 7).
Protected alcohols, halogens, and alkenes are tolerated in the reaction, providing handles for
further chemical manipulation (entries 9-11).

Substitution on the alkenyl isocyanate tether is tolerated in the cycloaddition (Table 8). Diethyl
malonate derived alkenyl isocyanate 2p provides yields and enantioselectivities comparable
to 2a (entries 1, 2). Geminal dimethyl substituents on the tether react smoothly providing good
yields and selectivities with T1 (entries 3, 4). This backbone substitution is also tolerated with
1,1-disubstituted alkenes, affording optimal selectivities when ligand Al is used (entry 6).
Oxygen substitution in the tether provides 13 in moderate yields and excellent
enantioselectivities up to 96% ee (eq 9).

[Rh(C,Hy4),Cl], 5 mol % Ar

>

N‘(’\)n T1 10 mol % _ N‘(’\g

PhMe, 110 °C, 16 h
o
13 H

n=12s n=1 39% yield, 92% ee
n=2 2t n=2 41% vyield, 96% ee

Ar = 4-MeO-CsH4

(9)

Mechanistic Investigation

The proposed catalytic cycle for the [2+2+2] cycloaddition of alkenyl isocyanates with
exogenous alkynes to form lactam, vinylogous amide, 2-pyridone, and 4-pyridone products is
described in Scheme 2. All products may be accessed from a common coordination of the
alkyne and isocyanate to form the Rh(I)/phosphoramidite complex (I). From this complex,
oxidative cyclization and C-C bond formation provides 11a.2> Migratory alkene insertion into
Ila generates seven-membered rhodacycle I11a, which reductively eliminates to generate
lactam 3. Alternatively, the rhodium(l) coordination complex (1) can oxidatively cyclize to
form 11b, where C-N bond formation occurs first. However, the alkene is unable to insert into
the resultant rhodium(l11) species 11b presumably due to a strained, bridged geometry in the
transition state. A CO migration via 111b then takes place to form 1Vb.26 At this point,
migratory alkene insertion gives rhodacycle Vb, and reductive elimination provides vinylogous
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amide 4. Additionally, formation of 2-pyridone can be generated from an exogenous alkyne
intercepting either 11a or 11b.17¢ 4-pyridone can be formed from alkyne interception of
rhodacycle Vb, and its isolation from a similar catalytic system is further evidence for the
formation of 1Vb.2”

Another catalytic cycle can be imagined in which the alkene of the alkenyl isocyanate
coordinates to the rhodium (V1) in lieu of an alkyne (Scheme 3). Such coordination would lead
to oxidative cyclization, C-N bond formation, and set the stereochemistry for both lactam and
vinylogous amide products in the formation of the bicyclic rhodacycle VII. Migratory alkyne
insertion would give Il1la and subsequent reductive elimination would generate lactam 3.
Alternatively, a CO migration via V111 could take place prior to alkyne insertion making
bicycle X, which would then undergo alkyne insertion (X) and reductive elimination to form
vinylogous amide 4.

Several observations suggest that this alternative mechanism is not the operative catalytic
cycle. First, two competition experiments were conducted between mono (2a) and 1,1-
disubstituted (2d) alkenyl isocyanates (eqgs 10, 11) in the presence of either aryl (1d) or alkyl
(1s) acetylenes. These yield a 1:1 ratio of vinylogous amide or lactam products respectively.
We would predict that isocyanate 2a should react at a different rate than 2d leading to an
unequal product mixture.28 Because olefin substitution has no effect on the ratio of products
obtained, we propose that the olefin is not involved in the turnover-limiting step. Second, higher
reaction concentrations (0.12 M vs 0.04 M) (eq 12) or bulky alkene substituents increase
pyridone formation.2? Higher concentrations favor intermolecular interception of metallacycle
Ila/b by a second equivalent of alkyne over intramolecular migratory insertion of the tethered
alkene. Furthermore, bulky substituents inhibit migratory insertion of the alkene favoring
intermolecular insertion of a second alkyne to form pyridone. These results suggest that the
alkyne and isocyanate are the first components to oxidatively cyclize. This is further supported
by the observation that 1,7-octadiyne 1y and 1,8-nonadiyne 1z furnish vinylogous amides 4y
and 4z showing an apparent kinetic preference for intermolecular coordination and activation
of the isocyanate in spite of the entropically favored intramolecular coordination of the second
terminal alkyne (Table 3, entries 10, 11). While individually the preceding pieces of evidence
do not eliminate the alternate catalytic cycle shown in Scheme 3, their aggregate suggests them
to be unlikely. Finally, the vinylogous amide and lactam products obtained with the same
Taddol phosphoramidite are opposite major enantiomers. This suggests that both products are
not formed from rhodacycle V11 as stereoinduction would occur prior to CO migration.
Considering these observations, we propose that the alkene is the last =-component to be
incorporated and the operative catalytic cycle is likely that shown in Scheme 2.30

Competition experiments

oy, Ny [Rh(CZH zcl]2 (2.5 mol %) fr

‘|| N N + TiGmol%) A N

A PhMe, 110 °C, 16 h
z Me Me

1d 2a 2d
Ar = 4-MeO-CeHy

(10)

Ar = 4-MeO-CgHy
o

[Rh(C2H4),Cl]; (2.5 mol %) 9
L ;> Q At — LD 0D
PhMe, 110 °C, 16 h 1 |
Bn 8 Bn e
1s 11

(11)
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Concentration Effects - Pyridone Formation

Ph [o}

O, Q
S [R(CzHa),Cllz (5 mol %)
N 9
||| . Q T1 (10 mol %) ( N N m N i N/\/\,ff
PhMe, 110 °C, 16 h > 2 e
Ph g Ph - Ph Ph
Me ga Me O ga Me 14

[2d]=0.12M 7% (83% ee) 51% (91% ee) 25%
[2d]=0.04 M 10% (84% ee) 72% (90% ee) ~2%

(12)

We see remarkable regioselectivity in this rhodium-catalyzed cycloaddition, where the vinyl
hydrogen is a to the carbonyl in all terminal alkyne products. As part of our ongoing efforts to
explain the regio- and product selectivity of the reaction, single crystal X-ray analyses3! of
rhodium(1)(cod)chloride/phosphoramidite complexes32 were undertaken. In each of these
structures, rhodium is in a square planar geometry and a strong phosphoramidite trans influence
is displayed. Generally, Taddol-based phosphoramidites have a weaker trans influence than
Binol/biaryl phosphoramidite as seen by the Rh-alkene distance (Table 9).

After examining the X-ray crystal structures, we hypothesize that the steric environment
created by monodentate, Co-symmetric phosphoramidite ligands explains the exceptional
regioselectivity in the cycloaddition. As we have depicted in Figure 3, the phosphoramidite
ligands sterically hinder one face of the square planar rhodium(l) complex. One of the m-xylyl
groups sits above the Rh square plane in the structure of T8*Rh(cod)CI, with the opposite side
of the complex much more exposed. A naphthyl ring plays this role in the B4sRh(cod)Cl
complex, reinforced by the TMS group. These effects are also evident in other
Rhephosphoramidite crystal structures.32 We propose that this hindrance biases the
coordination of the alkyne and isocyanate such that the sterically smaller substituents are in
the same hemisphere of the square plane as shown in I (Fig 2). We suggest that the alkynes
displace the ethylene prior to the association of the isocyanate, and as the phosphoramidite has
the greater trans influence than chloride, we predict that the isocyanate coordinates trans to
the phosphoramidite. From this single coordination, oxidative cyclization accounts for the
single regioisomer of the lactam and vinylogous amide. Thus, we propose that regioselectivity
is controlled predominately by the sterics of the phosphoramidite ligand.

It may be argued that the alkyne and isocyanate coordinate to the metal parallel to the square
plane.33 However, Wakatsuki and Yamazaki’s calculations of cobaltacyclopentadienes3* and
ground state X-ray crystal analysis of other d® complexes3® suggest that an orthogonal
coordination of =-components is operative because steric repulsion between c-components is
minimized and better back donative stabilization is possible when orthogonal. Wakatsuki-
Yamazaki’s regioselectivity model is based on observations and calculations of
cobaltacyclopentadiene formation (Scheme 4). The major product results from a head to tail
orientation of the large alkyne substituents to form cobaltacyclopentadiene 14. We do not
observe either lactam or vinylogous amide products derived from such an orientation.
Wakatsuki and Yamazaki claim the minor product 15 is Kinetically favored over 16 due to
steric interactions between large alkyne substituents as shown in TSI (Scheme 4). When the
alkynes are not head to tail, they suggest that the large substituents prefer to be o to the metal.
This model accounts for the regioselectivity seen with rhodacycle Ila, which generates lactam
(Scheme 2). Using this argument, one would predict that larger alkyne substituents would favor
lactam; however, more vinylogous amide is seen (Table 3, entry 1 vs 8). Finally, this model
does not account for vinylogous amide formation, since the larger groups are p to the metal in
rhodacycle 11b (Scheme 2). As product selectivity could not be completely explained by
substrate steric control alone, we sought another model to rationalize selectivity based on
stereoelectronic effects.

Stockis and Hoffman in their theoretical treatise on metallacyclopentane formation discuss the
effects that polarized = components have on regioselectivity in the absence of steric
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contributions.3® As a result of their calculations and subsequent correlation with experimental
data, they propose a model based on stereoelectronic effects to explain regioselectivity. They
hypothesize that polarized = components oxidatively cyclize so that the greatest LUMO
coefficient is 3 to the metal, due to enhanced n* mixing with filled dyy orbitals in the transition
state (Scheme 4). In our system, we observe a propensity for lactam formation when the sterics
of the phosphoramidite and alkyne substrate decrease. Presumably, this is due to the large
LUMO coefficient of the isocyanate at the  position, lowering the activation energy for
TSIV enroute to metallacycle 11a (Scheme 5). However, it does not explain the regioselectivity
of the isocyanate in TSV for vinylogous amide formation or lactam products derived from
electron-rich aryl acetylenes or alkyl acetylenes. In each of the cases discussed, the largest
LUMO of one of the n=-components is o to the metal in the resultant metallacycle contrary to
Stockis-Hoffman.

As neither the Wakatsuki-Yamazaki steric nor the Stockis-Hoffman stereoelectronic model
adequately explain the product selectivity seen in the cycloaddition, we hypothesize that the
reaction is controlled primarily by sterics and enhanced or diminished by electronic factors
(Scheme 5). Single regioisomeric products are explained by alkyne and isocyanate
coordination dictated by phosphoramidite sterics, placing the small substituent of each =-
component in acis orientation. The two n-components are coordinated orthogonal to the square
plane, as proposed by Wakatsuki-Yamazaki and corroborated by crystal structures.3” To
generate rhodacycle Ila en route to lactam from the orthogonal coordination seen in la, the
CO of the isocyanate and the terminal C—H of the alkyne must bend away from the Rh center
and toward each other passing through TSIV forming the C—C bond. Similarly, the N-R? group
of the isocyanate and the C-R® bond of the terminal alkyne bend away from the Rh center,
forming the C-N bond via TSV, en route to rhodacycle I1b in the vinylogous amide pathway.

In terms of product selectivity, the LUMO of the isocyanate favors formation of lactam, but is
overridden by sterics of the substrate and ligand. Smaller alkynes (1-octyne, Table 3, entry 1)
generate lactam, while larger alkynes (cyclohexylacetylene, Table 3, entry 7) produce
vinylogous amide due to ligand-alkyne interactions in the transition state (Scheme 5, TSIV).
Alkyne electronics modify product selectivity as seen in Figure 2. Electron-deficient aryl
alkynes override steric control to favor lactam, as the alkyne and isocyanate LUMOs are f3 to
the metal in TSIVb. Electron-rich aryl alkynes generate vinylogous amide due to unfavorable
steric interactions between the alkyne and ligand (TSIV), and this selectivity is reinforced by
the alkyne LUMO because it is  to the metal in TSVa.

These unfavorable alkyne-phosphoramidite interactions are augmented by changes in the Rh—
P bond length, where a shorter bond favors vinylogous amide while a longer bond favors lactam
(Table 9). Electron-deficient phosphoramidites have shorter Rh—P bond lengths, which
exacerbate the ligand alkyne interaction in the transition state leading to more vinylogous
amide. On the other hand, electron-rich phosphoramidites have longer Rh—P bonds, which
alleviate the steric interactions between the alkyne and ligand to generate more lactam.
Additionally, we have seen that in the Taddol series large amines favor lactam product
presumably by increasing the Rh—P bond length.

Stereochemical Model

A proposed model that rationalizes the observed enantioselectivity is depicted in Scheme 6. In
metallacycle Ila leading to lactam, we postulate that there are two factors controlling
enantioinduction: facial selectivity of the alkene dictated by the geometry of the tether and
facial selectivity at rhodium as influenced by the phosphoramidite ligand. Each of the rhodium
(cod)chloridesphosphoramidite crystal structures show that the ligand hinders one of the open
faces on rhodium and we suggest this facial hindrance is present in the rhodium(l11)
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intermediates. For migratory insertion to occur the alkene must be syn-coplanar with the Rh
—N bond, and as a result, only four alkene coordination scenarios can be envisioned. In the
first two scenarios, 11a” and 11aB, the alkene has to coordinate to the hindered rhodium face,
which is disfavored. Additionally, 11a” requires the alkene tether to be in an undesirable twist-
boat conformation further disfavoring it; in 11aB the tether can adopt a chair conformation and
1,2-migratory insertion leads to the minor enantiomer. In the second two scenarios, 11a€ and
11aP, we propose that the alkene coordinates to the less hindered face of rhodium. Alkene
coordination is disfavored in 11aC because the tether would be in a strained twist-boat
conformation. On the other hand, the tether shown in metallacycle 11aP is in a favorable chair
conformation and migratory insertion provides the major lactam enantiomer. This model for
lactam enantioselectivity rationalizes the correct absolute stereochemistry observed; however,
it assumes no rearrangement of the unobservable rhodium(l11) intermediates.

Rationalizing enantioselectivity for vinylogous amide is more difficult because
enantioinduction presumably occurs after several ligand rearrangements on rhodium(lll)
species. CO migration from I1b probably occurs from amide bond cleavage and amine
migration to the unhindered open coordination site, resulting in metallacycle 111bAB, We
speculate that the alkenyl carbon migrates to the CO ligand as seen in 111b” leading to
metallacycle 1Vb”. However, coordination of the alkene and migratory insertion of this
metallacycle leads to the minor enantiomer observed for vinylogous amide. The major
enantiomer could be formed by CO migration onto the alkenyl carbon (111bB), but such a
migration is unprecedented.2® Rapid rearrangement of 1Vb to 1Vb® and subsequent alkene
insertion would provide the major observed enantiomer. This rearrangement is potentially
influenced by steric interactions between the alkenyl tether and ligand disfavoring IVbA.38 As
these models are for an unobservable rhodium(l1) species, we can only speculate as to the
actual ligand rearrangements. These models are tentative and we are currently undertaking
computational studies to rationalize enantioinduction.

Conclusion

In conclusion, we have developed a rapid, efficient, and highly enantioselective cycloaddition
of alkenyl isocyanates and exogenous alkynes to access indolizidine and quinolizidine cores
found in biologically relevant natural products. We have found that single regioisomeric
products are obtained in good yields and excellent enantioselectivities. X-ray crystal analysis
of rhodium(cod)chloride/phosphoramidite complexes has led us to a mechanistic hypothesis
that accounts for the single regioisomeric products obtained. In conjunction with competition
experiments and pyridone formation, we have suggested a catalytic cycle that accounts for both
the lactam and vinylogous amide products. We conclude that the regio- and product selectivity
are controlled primarily by the sterics of the phosphoramidite ligand and substrate, while the
electronics of both either enhance or diminish product selectivity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Indolizidine and quinolizidine natural products.
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Linear free energy relationship of aryl acetylenes.
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X-ray crystal structures of Rh(cod)Cl/phosphoramidite complexes
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Scheme 1.
[2+2+2] cycloadditions with alkynes and isocyanates.
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Table 7

Scope of 1,1-disubstituted alkenyl isocyanates.

[Rh(C4H,),Cll; (2.5 mol %)
T1 (5 mol %)

PhMe, 110 °C, 16 h

1c 2 10
Ar = 4-MeO-CgH,
entry R yield (%) ee (%) 109
1 n-Bu, 2e 71 90
2 i-Bu, 2f 75 94
3 Bn, 2g 80 92
4 (CHp),i-Pr, 2h 83 91
5 (CHy),Ph, 2i 80 90
6 i-Pr, 2j 50 89
7 Cy, 2k 19 86
8 CH,OCH,Ph, 2I 77 92
9 (CH,),0TBS, 2m 74 88
10 (CH,),Cl, 2n 63 90
11 (CHg),CH=CH,, 20 75 91
aSee Table 4.
b’dSee Table 1.

CIsolated yield.
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