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ABSTRACT: The Rh(I)-catalyzed allenic Pauson-Khand reaction (APKR) is an efficient, redox-neutral method of synthesizing a-acyloxy
cyclopentenones. An enantioselective APKR could provide access to chiral, non-racemic a-acyloxy and a-hydroxy cyclopentenones and their
corresponding redox derivatives, such as thapsigargin, a cytotoxic natural product with potent antitumor activity. Rapid scrambling of axial
chirality of allenyl acetates in the presence of Rh(I) catalysts enables the conversion of racemic allene to enantiopure cyclopentenone product
in a dynamic kinetic asymmetric transformation (DyKAT). A combined experimental and computational approach was taken to develop an
effective catalytic system to achieve the asymmetric transformation. The optimization of the denticity, and steric and electronic properties of
the ancillary ligands identified a hemilabile bidentate (S)-MonoPhos-alkene Rh(I) catalyst that provided a-acyloxy cyclopentenone product
in high er. Enantioselectivity was rationalized using ligand-substrate steric interactions and distortion energies in the computed transition
states. This asymmetric APKR of allenyl acetates is a rare example of a Type I DyKAT reaction of an allene, the first example of DyKAT in a

cyclocarbonylation reaction, and the first catalyst-controlled enantioselective APKR.

INTRODUCTION A) Allenic Pauson-Khand reaction (APKR) of allenyl acetates.
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tives,’ appear in numerous natural products, but enantioselective
access to these functional group arrays is limited. a-Oxygenated
ketones are typically prepared via the installation of a hydroxyl
group adjacent to an existing carbonyl.* However, there are only a
few methods for the asymmetric preparation of these groups using
this strategy, and stereoselectivity in these cases is substrate- or
reagent-controlled.* An enantioselective method where either en-
antiomer of an a-acyloxy ketone could be accessed with catalyst-
controlled selectivity would be a valuable addition to the toolbox of
asymmetric sy‘nthesis.6

The allenic Pauson-Khand reaction (APKR) of allenyl acetates,
catalyzed by Rh biscarbonyl chloride dimer ([Rh(CO).Cl].), is an
efficient method of synthesizing a-acyloxy cyclopentenones, and its
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B) Chiral cyclopentenone redox derivatives.

Thapsigargin (Tg, 3a)
R = n-propyl
Disrupts Ca2* homeostasis

Induces apoptosis at subnanomolar

concentration

Mipsagargin (3b)
R = (CHy)11Asp(Glu),
Targets prostate, brain, liver
and kidney cancer cells

C) DyKAT strategy employing Rh(l)-catalyzed allenyl acetate chirality scrambling.

utility for the preparation of highly oxygenated ring systems has =R APKR R
been demonstrated (Figure 1A).” In addition, the APKR offers a Rapid H Rh(), L*, CO 0
redox economical approach to bicyclo[5.3.0]decane ring structures isomerization 7‘OA Ky Y ac
prevalent in 6,12-guaianolides® such as thapsigargin (Tg, 3a, Figure — . 4 ¢ Fast 5
1B)** % ' and Mipsagargin (3b),” and other polycyclic natural o

products.”” During studies to explore the scope of the APKR of SL/ ol

allenyl acetates, we observed the formation of 2 in 76% yield.” Sur- [Rh] H\ ° 2|

prisingly, the diastereoselectivity for the formation of 2 was 2:1, _ . APKR R
even though the allene-yne 1 was a 1:1 mixture of diastereomers. - Rh()), L*, CO

Subjecting a S:1 dr of product 2 to the APKR reaction conditions OAc T kg ©
showed the same dr after 24 h. Subjecting a 3:1 mixture of allenyl :\H Slow OAc
acetates to the APKR reaction conditions for 40 min at 90 °C or at ent-4 ent5

rt for 7 h resulted in a 1:1 ratio of diastereomers with no evidence of
APKR product 2.

Figure 1. APKR of allenyl acetates to access chiral non-racemic a-

acyloxy cyclopentenones.



Finally, no scrambling of axial chirality was observed in the absence
of the Rh(I) catalyst. These observations suggested the potential
for a Type I dynamic kinetic asymmetric transformation (DyKAT)
where racemic allenyl acetate 4 could be converted to a single enan-
tiomer of the product § via the rapid scrambling of the axial chirali-
ty of the allene (ks, k2) and the selective APKR of one allene enan-
tiomer (ki > ks, or ks > ki) when using a chiral Rh(I) catalyst (Fig-
ure 1C)."

Impressive advancements have been made in the enantioselec-
tive Rh-catalyzed Pauson-Khand reactions (PKR) of enynes, in-
cluding development of room temperature conditions,' using al-
dehydes as a carbon monoxide replacement,'* and catalyst immobi-
lization.' However, the scope of the enantioselective Rh-catalyzed
PKR has been limited to only 1,6-enyne substrates.'” If successful,
this work would represent a rare example of a DyKAT reaction of
an allene,'" the first example of DyKAT in a cyclocarbonylation
reaction, and the first catalyst-controlled enantioselective APKR.
Thus, we set out to test the feasibility of the asymmetric APKR to
prepare enantioenriched a-acyloxy cyclopentenones.

A combination of theory and experiment was used to identify a
chiral Rh(I) catalyst to effect this asymmetric transformation from
racemic allenes. We utilized a rational catalyst design process that
relied on computational insights with experimental validation, ra-
ther than experimentally screening a large number of chiral lig-
ands."” This process comprised three steps: (1) experimentally
identifying a suitable ligand class affording the APKR product in
high yield with some enantioselectivity, (2) elucidating the APKR
mechanism involving that ligand class using density functional
theory (DFT) calculations to establish the enantioselectivity-
determining step, and (3) using an iterative feedback loop involv-
ing rational selection of a ligand based on DFT calculations and
experimental observation, and testing the performance of the lig-
and both experimentally and computationally (Figure 2). Although
computation is often used to study reaction mechanisms and ex-
plain experimental results, development of the tools required to
design catalysts in silico is still in its infancy.”® Computational pre-
dictions involving transition metal catalysts for asymmetric trans-
formations are especially challenging because a number of factors
need to be considered, such as reactivity, regio- and stereoselectivi-
ty, catalyst stability, and side- and background-reactions. We hy-
pothesized that the efficacy and reliability of the computational
predictions could be improved by using the three-step approach
described in the present study. Using this strategy, a DyKAT-based
asymmetric APKR was efficiently developed using a practical bal-
ance of computational and experimental resources.

Step 3: EXPERIMENT
Test catalyst efficiency (yield) and
stereodirecting ability (er)

Step 1: EXPERIMENT
Identify reactive ligand class that
affords some enantioselectivity

propose validate
ligand computational

structural model of transiton

variations state

Step 2: COMPUTATION
Elucidate mechanism

and establish stereo-
determining step

Step 3: COMPUTATION
—> Reveal origins of catalyst reactivity (AG¥)

and stereodirecting ability (AAG¥)

Figure 2. A synergistic strategy for catalyst design.

RESULTS AND DISCUSSION

Preparation of racemic allenyl acetates 9a-f. Methyl ketones 6a
and 6b were prepared in three steps from S-hexen-1-ol (see Sup-
porting Information, SI). Trimethylsilyl (TMS)-alkyne 6c was
synthesized in four steps from 4-pentyn-1-ol, as previously report-
ed.” Propargyl acetates 7a-c were synthesized in one step from
methyl ketones 6a-c by addition of ethynylmagnesium bromide,
followed by acetyl chloride (Conditions A, Scheme 1A). Propargyl
pivalate 7d, octanoate 7e, benzoate 7f, and p-nitrobenzoate 7g
were prepared from TMS-methyl ketone 6c in two steps. Addition
of ethynylmagnesium bromide followed by aqueous workup (Con-
ditions B) provided propargyl alcohol 8c in 88% yield. Propargyl
pivalate 7d was synthesized by reacting propargyl alcohol 8¢ and
pivalic anhydride with catalytic scandium (III) trifluoromethanesul-
fonate in 86% yield (Conditions C). Propargyl octanoate 7e was
prepared in 45% yield by reacting alcohol 8c with octanoic acid,
N,N'-dicyclohexylcarbodiimide (DCC) and 4-dimethyl amino-
pyridine (DMAP, Conditions D). Propargyl benzoate 7f was pre-
pared in 55% yield from propargyl alcohol 8¢ using benzoic anhy-
dride, triethylamine, and DMAP (Conditions E). P-nitrobenzoyl
chloride, and DMAP were reacted with propargyl alcohol 8c to
afford 7g in 84% yield (Conditions F). Propargyl acetates 7a-g
were reacted with  Rh(II) bistrifluoroacetate  dimer
([Rh(OCOCFs;).]2) to afford the allenes 9a-g in high yields (77-
94%).

Scheme 1. Synthesis of allenyl acetates and racemic APKR.

A) Synthesis of allenyl acetates 9a-g from methyl ketones 6a-c.

——R! R!
. [Rh(OCOCF3),]»
=MgBr _ (5mol%)
Conditions toluene, 50 °C
A,B,C,D, 2,
o EorF R0 R?

6aR'=Ph 7aR'=Ph, R? = Ac, 65% 9a 91%
6b R'=TIPS 7b R' = TIPS, R? = Ac, 62% 9b 94%
6¢c R'=TMS 7¢ R'=TMS, R2 =Ac, 71% 9c 93%
8c R'=TMS, R2 = H, 88% 9d 89%
7d R' = TMS, R2 = Piv, 86% 9e 77%
7e R'=TMS, R2 = CO(CH,)¢CHg, 45%  9f87%
7fR' = TMS, R? = Bz, 55% 99 89%

79 R'=TMS, R? = PNB, 84%

Conditions A: AcCl, B: NH,CI (satd aq), C: Sc(OTf); (5 mol %), Piv,0,
D: octanoic acid, DCC, DMAP E: NEts, DMAP, Bz,0, F: p-NO,-C¢H,COCI,
DMAP, pyridine

B) Reaction of allene-ynes 9a-c under cationic and neutral Rh(l) conditions.

— R Conditions A: R
- [Rh(CO),Cl],, toluene,
CO, 110 °C o)
= Conditions B:
OAc [Rh(CO),Cl],, AgBF,, OAc
PPhs, DCE, CO, 50 °C
A B

9a R =Ph 10aR=Ph 30% 61%
9b R =TIPS 10b R=TIPS 50% 16%
9¢c R=TMS

10c R=TMS 47% 70%

Identification of catalyst and substrate for asymmetric APKR
studies. To identify a preliminary reaction model system for
DyKAT optimization, three allene-ynes 9a-c, with different sub-
stituents at the alkyne terminus were reacted under neutral and
cationic Rh(I) conditions (Conditions A and B, respectively,
Scheme 1B). The reaction of phenyl-substituted alkyne 9a gave
10a in 30% and 61% vyield, the triisopropylsilyl (TIPS)-alkyne 9b
afforded 10b in SO and 16% yield, and the trimethylsilyl (TMS)-
substituted alkyne 9c afforded 10c in 47 and 70% yield, respective-



ly. Because allene-yne 9c gave the highest yield under the cationic
Rh(I) conditions in the presence of a phosphine ligand at lower
temperature (SO versus 110 °C), we focused on the APKR of 9¢
using cationic Rh catalysts in the development of the asymmetric
catalytic system.

Identification of an effective ligand class for asymmetric
APKR. Several types of chiral ligands have been successfully used
in the asymmetric PKR of enynes.” We evaluated the effectiveness
of select ligands of these types in the reaction of allene-yne 9¢ (Ta-
ble 1). Initial studies with chiral bidentate phosphines gave low
yields and no enantioselectivity. For example, reaction with (R)-
BINAP (L1) and AgBF, afforded a 13% yield of 10c with a 50:50
enantiomeric ratio (er) and (R)- MeO-BIPHEP (L2) and AgBF,
afforded a 21% yield of 10c with a 51:49 er (Table 1, entries 1 and
2).” Both bisphosphine ligands L1 and L2 afforded aldehyde 11c
as the major product.” Catalyst Rh(IMes L3)(cod)Cl (cod = 1,5-
cycloocta-diene) with the strongly electron donating N-
heterocyclic carbene (NHC) ligand was unreactive in the APKR
and afforded only unreacted starting material (Table 1, entry 3).**
The poor yields observed in these initial experiments prompted us
to test less sterically demanding and less g-donating ligands. To
this end, monodentate phosphoramidite ligand (S)-MonoPhos
(L4) provided 10c in 76% yield with a 58:42 er (Table 1, entry 4).
Identification of monodentate phosphoramidites as an effective
ligand class for the asymmetric APKR inspired a thorough examina-
tion of the APKR mechanism in order to discover ligand structural
modifications to improve enantioselectivity.

Table 1. Experimental screening of ligand classes in the APKR
of 9c.

— Cationic T™S =
™S Rh(l) catalyst = ™S
Ligand
CO, DCE °
= ) "
OAc OAc =0
9c 10c 11c
entry Ligand T time yield (%) er?
(°C) (h) 10c  1lc
1 L1t 90 16 13 18 50:50
2 L2¢ 80 S 21 28 51:49
3 L3¢ 50 15 o 0 -
4 L4 50 S 76 S 58:42

0,
oo™

(R)-BINAP (L1)

MeO PPh2
MeO PPh,

(R)-MeO-BIPHEP (L2)

:1

IMes (L3) (S)-MonoPhos (L4)
“Enantiomeric ratios were determined by HPLC using a chiral station-
ary phase. " [Rh(C0O),Cl]> (10 mol %), L1 (22 mol %), AgBF4 (20 mol
%), DCE, CO (1 atm). * [Rh(CO).Cl]> (10 mol %), L2 (22 mol %),
AgBF, (20 mol %), DCE, CO (1 atm) ¢ [Rh(IMes L3)(cod)(Cl)] (10
mol %), AgBF, (10 mol%) DCE, CO (1 atm). ° Recovered starting
material./Rh(cod)2BF4 (10 mol %), L4 (15 mol %), DCE, CO (1 atm).

Calculation of the APKR mechanism and the enantioselectivi-
ty-determining transition state. After the experimental identifica-

tion of monodentate phosphoramidites as an effective ligand class,
DEFT calculations were performed to determine the mechanism and
the enantio-determining transition state geometry of the APKR
using the Rh(I)-(S)-MonoPhos (L4) catalyst. With this infor-
mation, we could evaluate how the structural modification of (S)-
MonoPhos (L4) would improve enantioselectivity while maintain-
ing good catalytic activity. Several previous computational studies
of Co-catalyzed PKRs have been reported,” as well as a DFT study
of a diastereoselective Rh-catalyzed PKR of an enyne.”® In collabo-
ration with Jordan, one of our groups has reported a rationalization
for the metal-dependent regioselectivity of Rh(I)- and Mo(0)-
catalyzed APKRs using DFT calculations.” However, all of the
previous computational studies on the Rh-catalyzed PKR reactions
were performed using Rh(CO).Cl or Rh(CO)." as the active cata-
lyst (n = 1 or 2). The mechanism of PKR using other Rh(I) cata-
lysts and the effects of ligands on reactivity and enantioselectivity
have not been investigated computationally.

The accepted mechanism of the Rh-catalyzed APKR is illus-
trated in Scheme 2.*” Coordination of allene-yne II to the catalyst I
affords complex III, which undergoes oxidative cyclization to af-
ford Rh(III) intermediate IV. Subsequent CO insertion, followed
by reductive elimination and product dissociation provides cyclo-
pentenone product VIL

Scheme 2. Accepted mechanism of the Rh(I)-catalyzed APKR.
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The computed reaction energy profiles of the cationic Rh-(S)-
MonoPhos (L4)-catalyzed APKR with (R)-9¢ are shown in
Scheme 3. We considered two different oxidative cyclization path-
ways with active Rh catalysts bearing either one or two CO ligands.
In each pathway, only the energies of the most stable isomers are
shown. The less stable isomers of the oxidative cyclization transi-
tion states and the different reactivities of (R)- and (S)-9c are dis-
cussed in detail later. The calculations were performed using
B3LYP/6-31G(d)-LANL2DZ(Rh) for geometry optimizations
and M06/6-311+G(d,p)-SDD(Rh) /SMD (DCE) for single point
energy calculations (see SI for computational details). In both
pathways, the resting state of the catalyst is the square-planar com-
plex 12. Coordination of allene-yne 9c¢ to replace two CO ligands
in 12 requires 5.5 kcal/mol to afford substrate complex 13, in
which both the alkyne and allene 7 bonds are coordinated to the Rh
center. Subsequent oxidative cyclization of complex 13 via 14-TS
requires an activation free energy of 21.9 kcal/mol with res-



Scheme 3. Computed reaction energy profile of the cationic
Rh-(S)-MonoPhos (L4)-catalyzed APKR."

AGg) P = (S)-MonoPhos (L4)
(A sol
kcal/mol

(R)-9¢
substrate
binding
energy
12

activation
energy

-13.1
(-25.3)

“Tetrafluoroborate counteranion is omitted in the calculations.

pect to the resting state 12. In the alternative pathway shown in
black in Scheme 3, allene-yne 9c replaces one of the CO ligands in
12 to form a square-based pyramidal complex 1§, which is 7.7
kcal/mol less stable than the four-coordinated allene-yne-Rh com-
plex 13. Nonetheless, the 18-electron complex 15 more readily
undergoes oxidative cyclization than the 16-electron complex 13.
The five-coordinated square-based pyramidal oxidative cyclization
transition state 16-TS from 18 is significantly more stable than the
four-coordinated 14-TS. The additional CO ligand stabilizes 16-

TS and decreases the overall activation energy to 17.6 kcal/mol
with respect to 12. The formation of rhodacycle intermediate 17 is
highly exothermic. The transition states of subsequent CO inser-
tion and C—C reductive elimination to form the cyclopentenone
product are both lower in energy than 16-TS (see SI for the com-
puted reaction energy profile of the complete catalytic cycle). Thus,
the oxidative cyclization is irreversible and enantioselectivity-
determining. These mechanistic insights were leveraged computa-
tionally to understand the origin of the enantioselectivity obtained
using the monodentate phosphoramidite ligand (S)-MonoPhos
(L4).

To investigate the effects of (S)-MonoPhos (L4) on enantiose-
lectivity and to gain insights for the rational prediction of a more
selective ligand, we performed a thorough analysis of the possible
transition state isomers leading to both (R) and (S)-
cyclopentenone products. A systematic conformational search of
the oxidative cyclization transition states revealed six transition
state isomers in the reaction with (R)-9c to form (R)-10c: the (S)-
MonoPhos (L4) ligand may occupy any of the three available co-
ordination sites on the Rh and the ligand itself may adopt two dif-
ferent conformations via rotation about the P-Rh bond (Figure 3,
16-TS, 18-TS, 19-TS, 16-TSrot, 18-TSrot, and 19-TSrot). Simi-
larly, when the Rh catalyst reacts with the other enantiomer of the
allene-yne to form (S)- 10c, another six transition state isomers
were located (20-TS, 21-TS, 22-TS, 20-TSrot, 21-TSrot, and 22-
TSrot). The lowest-energy transition state structures leading to the
(R)- and (S)-products (16-TS and 21-TSrot, respectively) only
differ in energy by 1.0 kcal/mol. This small energy difference
among transition state isomers agrees with the poor enantioselec-
tivity that is observed experimentally in the APKR with this ligand.
These theoretical insights prompted us to explore different strate-
gies to reduce the conformational flexibility of the oxidative cycliza-
tion transition states and optimize the catalyst-substrate steric in-
teractions to differentiate the (R)- and (S)-selective transition
states.

P = (S)-MonoPhos (L4)

AGI sol
(AH't sol)

kcal/mol

Transition state structures leading to (R)-10c

Transition state structures leading to (S)-10c

TMS

18-TSrot 19-TSrot 16-TSrot 20-TSrot 21-TSrot 22-TSrot
19.2 21.7 24.4 214 18.6 21.0
(8.9) (11.3) (12.9) (10.5) (7.7) (8.9)

Figure 3. APKR transition state isomers using (S)-MonoPhos (L4). P designates a different ligand conformation by rotation about the Rh—P
bond. Tetrafluoroborate counteranion is omitted in the calculations.



Table 2. Computationally-guided ligand screening in the asymmetric APKR.

=—TMS  Rh(cod),BF, (10 mol%)
Ligand (15 mol%)

0.,0

(9)-SIPHOS (L5)

(i oD 05

(S)-MeAnilaPhos (L6) (S)-MonoPhos-alkene (L7)

._ CO, DCE (0.03 M) 0
OR mesitylene (1.0 equiv) *OR O
9c-f 10c-f
entry  ligand R CO (atm) T (°C)
1 L4 Ac9c 1.0 50
2 LS Ac9c 1.0 50
3 LS Pivod 1.0 50
4 L6° Ac9c 1.0 50
S L7 Ac9c 1.0 70
6 L7 Ac9c 0.1 70
7 L7 Ac9c 0.1 70
8 L7 Pivod 0.1 70
9 L7 CO(CH»)sCH; 9¢ 0.1 70
10 L7 Bz 9f 0.1 70
11 L8 Ac9c 0.1 70

time (h)  yield (%)* er (S:R)> AG(S)* AG (R AAGT
S 10c 76 58:42 18.6¢ 17.6¢ -1.0
10 10c 67 29:71 - - -

12 10d 60 39:61 - - -

15 10c 18 56:44 26.3 30.7 +4.4
15 10c 76 23:77 23.2f 18.8/ -4.4
15 10c 71 18:82 - - -

20 10c 79" 18:82 - - -

15 10d 50 14:86 - - -

17 10e 70 20:80 - - -

20 10£77 15:85 - - -

15 10c¢ 90 33:67 - - -

“Reactions were performed on a 0.0S mmol (13-17 mg) scale. Yields were determined by "H-NMR integration versus mesitylene standard. * Enanti-

omeric ratios were determined by HPLC using a chiral stationary phase. Absolute configurations are assigned by analogy to crystal structure of ben-

zoate 10f (Figure 6). © All energies are in kcal/mol. ¢ See Figure 3 for activation energies of all computed transition state isomers. * Rh(cod).BF4 (S

mol%), L6 (6 mol%).fSee SI for activation energies of all computed transition state isomers. ¢ Performed on 0.19 mmol (50 mg) scale with 5.0 equiv

mesitylene. "Isolated yield is reported.

Improving enantioselectivity by modifying the phospho-
ramidite scaffold. Our first strategy toward improving the enanti-
oselectivity of the APKR was to experimentally test a ligand that is
expected to have more significant steric interactions with the sub-
strate in the calculated oxidative transition states shown in Figure 3.
Spirocyclic ligand (S)-SIPHOS (LS), which has previously been
applied in the asymmetric PKR of tethered enynes, has a wider
“cone angle” than (S)-MonoPhos (L4).** This ligand provided a
good yield and, indeed, improved enantioselectivity (29:71 er,
Table 2, entry 2). This supports the hypothesis that enhanced lig-
and-substrate steric interactions are beneficial for enantiocontrol.
However, efforts to further improve the selectivity using (S)-
SIPHOS (LS) were unsuccessful. For example, in order to exagger-
ate the steric interactions between (S)-SIPHOS (LS) and the ace-
tate group of the substrate, allenyl pivalate 9d was submitted to the
APKR conditions (Table 2, entry 3). The reaction was slowed and
the enantioselectivity decreased to 39:61 er. These results imply
that simply improving the steric bulk of the monodentate phospho-
ramidite can only modestly improve the enantioselectivity, as the
(S)-SIPHOS (LS) ligand may still occupy any of the three available
binding sites on the Rh center and the facile rearrangement of the
ligand minimizes the steric interactions between the ligand and the
substrate. We hypothesize that the decrease in enantioselectivity
using (S)-SIPHOS (LS) and pivalate 9d is due to the decreased
binding energy of the (S)-SIPHOS (LS) ligand that potentially
leads to the replacement of (S)-SIPHOS (L5) with CO in the oxi-
dative cyclization transition state. Taken together, the experimental
and computational results for (S)-MonoPhos (L4) and (S)-
SIPHOS (LS) indicate that although monodentate phospho-
ramidite ligands provide desired reactivity in the APKR, modifica-
tion of the steric environment afforded only marginal increases in
the enantioselectivity. A strategy to minimize the conformational
flexibility of the phosphoramidite ligand is needed.Our second
strategy toward improving selectivity was incorporation of chelat-

ing ligands to prevent catalyst rearrangement and enhance stere-
this regard, hybrid bidentate
phosphoramidite ligands have proven advantageous in Rh-

ocontrol. In phosphine-
catalyzed asymmetric hydroformylation reactions.”® Therefore,
allene-yne 9c was experimentally tested in the APKR using the
bidentate (S)-MeAnilaPhos ligand (L6).*° This reaction afforded
cyclopentenone product 10c in only 18% yield and 56:44 er (Table
2, entry 4). Byproduct a,p-unsaturated aldehyde 11c (Table 1) was
obtained in 31% yield. Despite the low yield of 10c with this
ligand, important information was extracted regarding ligand ef-
fects on catalyst reactivity by computationally exploring the reac-
tion energy profile using DFT calculations (Scheme 4, see SI for all
transition state isomers in reactions with both enantiomers of 9¢).
Similar to the reaction with monodentate phosphoramidite ligands,
the resting state of the catalyst bearing the bidentate (S)-
MeAnilaPhos ligand (L6) is the four-coordinated square-planar
complex 23. The oxidative cyclization pathways involving both
four- and five-coordinated Rh complexes were considered compu-
tationally. Coordination of allene-yne 9c¢ to replace two CO ligands
in 23 requires 20.3 kcal/mol to afford the four-coordinated sub-
strate complex 24. Oxidative cyclization of 24 via 25-TS requires a
very high barrier of 36.0 kcal/mol with respect to 23. Alternatively,
exchanging one of the CO ligands in 23 with allene-yne 9¢ yields a
five-coordinated square-based pyramidal complex 26 with one CO
ligand in the apical position. The unfavorable substrate binding
energy of 22.4 kcal/mol indicates that the sterically demanding
bidentate ligand prohibits the allene-yne from binding to Rh in a
bidentate fashion to effect oxidative cyclization. Similar to the reac-
tion with the monodentate (S)-MonoPhos (L4) ligand, the oxida-
tive cyclization of the 18-electron complex 26 (via 27-TS) is more
facile than the oxidative cyclization of the 16-electron complex 24.
Nonetheless, the most favorable oxidative cyclization pathway with
the (S)-MeAnilaPhos (L6) ligand still requires a high activation
free energy of 26.3 kcal/mol with respect to the catalyst resting

(S)-MonoPhos-sat’d (L8)



state 23. This is significantly less favorable than the oxidative cy-
clization of the same substrate with the (S)-MonoPhos (L4)-based
Rh catalyst (AG* = 17.6 kcal/mol, see Scheme 3). These results
suggest that undesired side reactions may compete with the oxida-
tive cyclization process with the Rh-(S)-MeAnilaPhos (L6) catalyst
and thus lead to the low yield of the APKR products. Isolation of
aldehyde 11c as a major product of this reaction suggests that only
the allene moiety is coordinating to the Rh catalyst. Taken togeth-
er, the above experimental and computational investigations clearly
revealed the important role of phosphoramidite ligands on the
reactivity and enantioselectivity-cationic Rh(I) catalysts bearing
monodentate ligands (S)-MonoPhos (L4) and (S)-SIPHOS (LS)
are reactive but poorly enantioselective due to the conformational
flexibility of the oxidative cyclization transition states with these
ligands. In contrast, reactions with the bidentate phosphine-
phosphoramidite ligand (S)-MeAnilaPhos (L6) are not productive
due to the unfavorable substrate binding.

Scheme 4. Computed reaction energy profile of the cationic
Rh-(S)-MeAnilaPhos (L6)-catalyzed APKR.’

AG‘sol

AG —~ .
(AHso) - PhP P = (S)-MeAnilaPhos (L6)
kcal/mol

(8)-9¢c activation

substrate
binding

X
7777777777777777777777777 AcO H
28
N
NIP%
Ph,P_+ _CO (ﬂ RN -3.1
- NS (-17.5)
P co AcO“"/
s 24

“Tetrafluoroborate counteranion is omitted in the calculations.

Balancing reactivity and enantioselectivity using hemilabile
bidentate ligand (S)-MonoPhos-alkene (L7). In order to in-
crease both the enantioselectivity and reactivity of the APKR, we
applied a hemilabile bidentate ligand (S)-MonoPhos-alkene (L7).*!
(S)-MonoPhos-alkene (L7) was synthesized (see SI) and applied
in the APKR to afford product 10c in 76% yield and 23:77 er (Ta-
ble 2, entry S). This high yield combined with improved enantiose-
lectivity inspired further reaction optimization. The reaction
proved sensitive to solvent, CO pressure, temperature, additives
and scale. For example, when the CO concentration was lowered to
0.1 atm (balloon of 10% gas mixture of CO/Ar), the selectivity
improved to 18:82 er (Table 2, entry 6). Incorporation of mesity-
lene as an additive was necessary for good yields in the APKR. For
example, the yield of the APKR of allenyl acetate 9c improved from

49 to 76% when 1.0 equiv mesitylene was added (see SI). Further
details regarding optimization studies can be found in the SI.

The yield of the asymmetric APKR was sensitive to scale. For
example, when the reaction was performed using 13 mg of precur-
sor 9c in an 8-mL test tube, product 10c was obtained in 71% yield
(Table 2, entry 6). However, when S0 mg of the same precursor
was used under identical conditions, 10c was obtained in 41% yield
(see SI). By changing a variety of reaction conditions (CO pres-
sure, reaction vessel, and mesitylene equivalents), we discovered
that increasing the equivalents of mesitylene from 1.0 to 5.0 gave a
yield for the larger scale reaction that was consistent with that of
the smaller scale reaction (79%, 18:82 er, entry 7). We attribute
this result to the ability of the mesitylene additive to stabilize the
cationic Rh catalyst.””

Several substrates differing by their acyloxy substituents were
submitted to the optimized reaction conditions. Incorporation of a
sterically bulky pivaloyloxy group in allene 9d resulted in an in-
creased er (14:86), but afforded a lower yielding APKR (50%,
compare entries 6 and 8). Allenyl octanoate 9e reacted in similar
yield (70%) and enantioselectivity (20:80 er) as 9c (compare en-
tries 6 and 9). Reaction of allenyl benzoate 9f afforded the APKR
product 10f in 77% yield and 15:85 er (entry 10). Substrate 9g,
functionalized with an electron-withdrawing p-nitrobenzoyl group,
afforded the APKR product 10g in 45% yield and 23:77 er (see SI).

Experimental evidence for Type I DyKAT mechanism. Experi-
ments were conducted to test whether the observed enantioselec-
tivity was arising from a dynamic kinetic resolution (DKR), Type I
DyKAT, or Type Il DyKAT mechanism."’ Ph-substituted alkyne 9a
was chosen as a substrate for these experiments because its enanti-
omers were readily resolved by HPLC using a chiral stationary
phase. Single enantiomers of allenyl acetate 9a were isolated and
subjected to the APKR reaction conditions (Scheme $, reaction 1).
After 30 min, the allenyl acetates had completely racemized, and no
evidence of APKR product 10a was observed. Therefore, allenyl
acetate racemization is faster than the APKR. Regardless of which

Scheme S. Experiments supporting Type I DyKAT mecha-
o ab
nism.”

= pPh Ph
Rh(cod),BF, (10 mol %)

(S)-L7 (15 mol %)

(1) H L 4 o
o— mesitylene (1.0 equiv) /
_\o A DCE, 10% CO/Ar, BA
C 70°C, 20 h C
(-)-9a98:2er® (R)-10a, 35%,919:81 er
(+)-9a 397 er® (R)-10a, 32%,919:81 er
——Ph ——Ph
- [
@ H (S)-L7 (15 mol %) H
o— mesitylene (1.0 equiv) o—
" %ac DCE, 10% CO/Ar " %ac
70°C, 20 h
(-)-9a 98:2 er 9a 96%,999:1 er

“ Reactions were performed using 3.5 mg each of allenyl acetate start-
ing material. * Enantiomeric ratios were determined by HPLC using a
chiral stationary phase. © Complete racemization (50:50 er) observed
after 30 min. “ Yields were determined by 'H-NMR integration versus
mesitylene standard.

allene enantiomer was reacted, the same product (R)-10a was ob-
tained after 20 h. Thus, enantioselectivity is catalyst-controlled, and
is established during the APKR. The low yields of these reactions



are attributed to the small scale of the experiments (3.5 mg each).
In an additional experiment, a single enantiomer of (-)-9a was
subjected to the reaction conditions without the Rh catalyst. The
allene was recovered (96%) and no scrambling of axial chirality was
observed, supporting the hypothesis that allene isomerization is
catalyzed by Rh (Scheme $, reaction 2). Taken together, the results
of these mechanistic studies support catalyst-controlled enantiose-
lectivity enabled by rapid, Rh-catalyzed allenyl acetate isomeriza-
tion. Therefore, the enantioselective APKR of allenyl acetates is
classified as Type I DyKAT.

Computational and experimental investigation of the mecha-
nism and origin of enantioselectivity in the APKR with (S)-
MonoPhos-alkene (L7). Although the Rh is expected to adopt a
five-coordinated square-based pyramidal geometry in the oxidative
cyclization, two different pathways involving the alkene group of
the ligand L7 either bound or unbound to the Rh are possible. To
elucidate the most preferred pathway in the enantio-determining
oxidative cyclization step, both alkene bound and unbound pathways
were investigated using DFT calculations (Scheme 6). In both
pathways, the resting state of the catalyst is the square planar com-
plex 30 that exists in equilibrium with alkene-bound complex 29,
which is 8.7 kcal/mol higher in energy. The hemilabile nature of
the (S)-MonoPhos-alkene (L7) ligand in 29 and 30 indicates a
Curtin-Hammett system in which the exact mechanism of oxidative
cyclization is determined by the energy difference of the oxidative
cyclization transition states. In the alkene unbound pathway
(Scheme 6, left), coordination of the allene-yne 9c affords five-
coordinated substrate complex 31, in which the Rh is coordinated

with two CO ligands and the hemilabile (S)-MonoPhos-alkene
(L7) in a monodentate fashion. Formation of the diastereomeric
complexes (R)- and (S)-31, in which the Rh binds to (R)- and (S)-
9¢, respectively, require substrate binding energies of 12.0 and 18.4
kcal/mol with respect to 30. In this alkene unbound APKR pathway,
the oxidative cyclization of (R)-9c via (R)-32-TS requires a 4.4
kecal/mol lower activation free energy than the reaction with (S)-9¢
via (§)-32-TS. This energy difference predicts the enantioselective
formation of the APKR product (R)-10c

In the alternative alkene bound pathway (Scheme 6, right), the
oxidative cyclization occurs via five-coordinated square-based py-
ramidal transition states (R)- and (S)-35-TS$ bearing only one CO
ligand and the hemilabile (S)-MonoPhos-alkene (L7) ligand
bound in a bidentate fashion. Interestingly, the substrate complexes
(R)- and (S)-34 in this one-CO pathway remain four-coordinated
with the alkene unbound from the Rh center. This result is con-
sistent with the reaction profiles of mono- and bidentate ligands L4
and L6 that the 16-electron four-coordinated Rh(I) reactant com-
plexes are more stable than the 18-electron complexes (see
Schemes 3 and 4). The formation of the four-coordinated reactant
complexes (R)- and (S)-34 are also facile with low substrate bind-
ing energies. However, these 16-electron species are less reactive
than the 18-electron complexes (R)- and (5)-31 in the oxidative
cyclization. The alkene bound, one-CO pathway has a higher overall
activation energy (AG' = 23.6 kcal/mol, (S)-35-TS) than the al-
kene unbound pathway (AG' = 18.8 kcal/mol, (R)-32-TS). In
summary, DFT calculations predict that the APKR with (S)-
MonoPhos-alkene (L7) occurs via the alkene unbound pathway and
affords (R)-10c.

Scheme 6. Computed reaction energy profile of the cationic Rh-(S)-MonoPhos-alkene (L7)-catalyzed APKR.
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“Tetrafluoroborate counteranion is omitted in the calculations.

Experimental validation of alkene unbound pathway and pre-
dicted absolute configuration of the major product. To experi-

AAGY = 1.0 keal/mol, (S)-10c is favored

mentally test whether the reaction proceeds via the alkene unbound
pathway, saturated ligand L8 was applied in the APKR. The reac-



tion of 9¢ using (S)-MonoPhos-sat’d (L8) ligand provided 10c in
90% yield and 33:67 er, with the same major enantiomeric product
as that obtained with L7 (Table 2, entry 7). This result suggests
that the alkene in L7 is unbound in the oxidative cyclization transi-
tion state, as predicted by DFT calculations (Scheme 6). The high-
er enantioselectivity with phosphoramidite-alkene ligand L7 sug-
gests that the hemilability of the ligand plays a key role in achieving
a high level of enantiocontrol by preventing rearrangement or dis-
sociation of the ligand.

Calculations with (S)-MonoPhos-alkene (L7) predict that the
(R) absolute configuration of APKR product 10c is preferred
(Scheme 6). To test this computational prediction experimentally,
the APKR was performed on allene-yne 9f to give benzoate 10f as
an amorphous white solid (77% yield, 15:85 er, Table 2, entry 10).
After two recrystallizations in pentane, the enantiopurity of 10f was
enhanced to 2:98 er. An X-ray quality crystal was grown by slow
cooling in hexanes. The absolute configuration of benzoate 10f was
unambiguously assigned as (R) by X-ray crystallography (Figure
4). Therefore, we assign the absolute configuration of acetate
product 10c as (R), based on analogous HPLC retention times of
the major and minor enantiomers. This stereochemical assignment
of (R)-10c matches that predicted by computation (Scheme 6).

Origin of enantioselectivity of (S)-MonoPhos-alkene lig-
and (L7). In the favorable alkene unbound APKR pathway, six dif-
ferent oxidative cyclization transition state isomers are possible in
the reaction with each enantiomer of allene-yne 9c. We calculated
the activation energies of all 12 transition state isomers using the
(S)-MonoPhos-alkene (L7) ligand to determine the origin of enan-
tioselectivity. The two lowest-energy transition states in the reac-
tion with each enantiomer are shown in Figure S (see SI for other
higher-energy transition state isomers). The two lowest-energy

Transition states leading to (R)-10c

(R)-32-TS
Major

AG(R)*= 18.8 kcal/mol

Distortion 59.6 kcal/mol

(R)-32-TS’
Major
AG(R)*= 19.8 kcal/mol
Distortion 59.5 kcal/mol

transition states in the reaction with (R)-9c¢ that lead to (R)-10c
(AG* = 18.8 and 19.8 kcal/mol) are both much more stable than
the lowest-energy transition states in the reaction with (S)-9c¢ that
forms (S)-10c (AG* = 23.2 and 24.6 kcal/mol). Here, the DFT-
calculations predicted much greater enantioselectivity (AAG' = 4.4
kcal/mol) than that observed experimentally (18:82 er). Our
benchmark calculations suggest the choice of density functional
and basis set has minimal effects on the calculated AAG* value (see
SI for details). Thus, we hypothesize the lower enantioselectivity
observed experimentally may be affected by experimental condi-
tions, such as counteranions, mesitylene additives, which were not
considered in the DFT calculations.

0(2)

Figure 4. Crystal structure of (R)-10f.

Transition states leading to (S)-10c

(S)-32-TS
Minor
AG(S)*= 23.2 kcal/mol
Distortion 62.0 kcal/mol

(S)-32-TS’
Minor
AG(S)*= 24.6 kcal/mol
{ Distortion 67.6 kcal/mol



Figure S. Lowest-energy oxidative cyclization transition state isomers of APKR with (S)-MonoPhos-alkene ligand (L7). The allene-yne substrate is

highlighted in green. Rh is in blue and phosphorous is in orange.

To explore the origin of the enantioselectivity, we calculated
the distortion energies of the ligand and the substrate in the oxida-
tive cyclization transition states.”® The distortion energy represents
the total energy required for the (S)-MonoPhos-alkene ligand (L7)
and the allene-yne substrate to adopt their respective transition
state geometries from the undistorted ground state conformation
(see SI for details). The relative distortion energies AAEa« with
respect to the least-distorted transition state (R)-32-TS are shown
in Figure 5. The two lowest-energy transition states leading to (R)-
10c (Figure SA and SB) have significantly lower total distortion
energies than the two lowest-energy transition states leading to (S)-
10c (5C and SD). Other higher-energy transition state isomers
suffer even greater distortion energies (See SI for details). These
results indicate the higher barriers in the pathways to form the mi-
nor enantiomer (S)-10c are due to the unfavorable steric repul-
sions between the substrate and ligand L7. In (S)-32-TS, one steric
interaction that is easily identified is between the binaphthyl back-
bone of the ligand and the TMS group of the substrate, which is
evidenced by the short H...H distance (2.17 A) between the TMS
and the binaphthyl group. In comparison, in the lowest-energy
transition state leading to (R)-10c (Figure SA), the distance be-
tween these two groups is much longer (2.34 A). The second low-
est energy transition state isomer that leads to (S)-10c (Figure SD)
is destabilized by an unfavorable steric repulsion between the form-
ing seven-membered ring and the binaphthyl moiety on the ligand.

Summary of ligand effects on reactivity and enantioselectivity.
The computed activation free energies in the enantioselectivity-
determining oxidative cyclization step of the APKR of 9c with three
different ligands (L4, L6, and L7) are summarized in Figure 6. For
each reaction, multiple transition state

40.0 - L=L4 L=L6 L=L7
: (S)-MonoPhos (S)-MeAnilaPhos  (S)-MonoPhos-alkene

35.0 A
30.0 A
25.0 A
20.0 +
15.0
10.0 A
5.0 A

0.0 T T T T T T
(R)- (S)- (R)- (S)- (R)- (S)-
selective selective selective selective selective selective

AG? (kcal/mol)

Figure 6. Summary of computed activation energies of the oxidative
cyclization transition state isomers in the Rh-catalyzed APKR reactions
of allene-yne (R)- and (S)-9¢ with different ligands. (R)-selective tran-
sition state isomers are in the reaction with (R)-9¢ and form (R)-10c.
(S)-selective transition state isomers are in the reaction with (S)-9¢
and form (S)-10c.

isomers are located within a few kcal/mol, indicating the im-
portance of the systematic conformational search to locate all pos-
sible transition state isomers in the computational prediction of

enantioselectivity. The DFT calculations revealed significant effects
of the phosphoramidite ligands on both reactivity and selectivity.
While most of the transition state isomers with (S)-MonoPhos
(L4) have very similar activation free energies in the (R)- and (S)-
selective pathways, the (R)-selective transition state isomers with
the (S)-MonoPhos-alkene (L7) ligand are noticeably more stable
than the (S)-selective transition states. Both the (R)- and (S)-
selective pathways with the bidentate (S)-MeAnilaPhos (L6) lig-
and require high activation energy, indicating the low APKR reac-
tivity of this class of ligand.

CONCLUSIONS

The asymmetric APKR of allenyl acetates represents the first
example of a DyKAT carbonylation reaction, the first catalyst-
controlled enantioselective PKR of an allene, and a rare example of
a DyKAT of an allene. A reactive and enantioselective catalyst was
designed through a unique combination of DFT studies and labora-
tory experiments. Once phosphoramidites were identified as a reac-
tive ligand class, mechanistic information provided by computation
enabled us to achieve good enantioselectivity (14:86 er) after ex-
perimentation with only four different phosphoramidite ligands,
demonstrating the power of computation in streamlining the selec-
tion of chiral ligands. The computational study addressed a series of
mechanistic questions that are critical for the proper prediction of
ligand effects on reactivity and enantioselectivity of APKR, includ-
ing facile catalyst rearrangement, the number of CO ligands bound
to the Rh center, and the binding mode of a hemilabile phospho-
ramidite ligand. After obtaining these mechanistic insights, the
calculated reactivity and selectivity (AG* and AAG*) were used as a
guide to understand the experimental yield and er and to make
rational prediction of a more selective and reactive ligand. The
enantioselectivity of hemilabile (S)-MonoPhos-alkene (L7) was
accurately predicted by computation and the absolute configura-
tion of the major enantiomer was corroborated by X-ray crystallog-
raphy.

Computational tools are rapidly developing toward being able
to predict enantioselective catalysts in silico. However, the present
study accentuated the challenges in the practical application of
computational ligand design. A simple "brute-force"-type screening
of the relative energies of enantioselectivity-determining transition
states is often not sufficient, as the modification of ligand denticity
and structure may lead to significant change in the reaction mecha-
nism. The present study offers an informed approach through close
collaboration of experimental and computational chemists to
achieve rational ligand design with greater efficiency and reliability.
This iterative experimental and computational approach to catalyst
design enables real-time updates and validation to the computa-
tional predictions which in turn can be immediately used to inform
the next generation of experiments.
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