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ABSTRACT: Transition metal-catalyzed carbocyclization reactions have revolutionized the synthesis of complex cyclic organic compounds.

Yet, subtle substrate changes can significantly alter reaction pathways. The asymmetric Rh(I)-catalyzed Pauson-Khand reaction (PKR) exem-

plifies such a reaction, being hindered by a narrow substrate scope and competing reactivity modes. In this study, we identified parameters

predictive of yield and enantioselectivity in the catalyst-controlled asymmetric PKR, using 1,6-enynes with a 2,2-disubstituted alkene. In this

way, ring-fused cyclopentenones can be formed with chiral o

quaternary carbon centers. Using bisphosphine ligand pa- gand

rameters from palladium complexes, including HOMO
energy and the angle formed by the phosphorous aryl
groups on the ligand, we established strong correlations
with experimental % ee (R*=0.94 and 0.98) for two dis-
tinct precursors. Solvent dipole moments correlated with
% ee for high dipole moment precursors (R*=0.97), while
Abraham’s hydrogen bond basicity is more relevant for
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low dipole moment precursors (R*=0.93). Additionally, counterions were found to have a significant impact on PKR reactivity and selectivity,
p P Y, g p ty ty,

as does the steric demand of the alkyne substituent of the enyne precursor. In the latter case, %ee correlates with Sterimol B: values for products

with different alkyne substituents (R’=0.96). Furthermore, the computed C=C wavenumber of the enyne precursor can be directly aligned

with the yield of the asymmetric PKR.

INTRODUCTION

The Pauson-Khand reaction (PKR) is a powerful method for syn-
thesizing ring-fused cyclopentenones'™ — products equipped for
building up complexity to provide compound structures in bioactive
natural products and commercial drugs (Figure 1A).°™"' Relying on
the structural features of the substrate (e.g, rigidity, sterics, and elec-
tronics), racemic PKRs have been utilized mid-synthetic sequence
to provide good yields and high diastereoselectivities of key syn-
thetic targets. However, the asymmetric PKR has the potential to
generate chiral non-racemic 5,5, 5,6-, and S,7-ring systems directly
without these limitations. Rh(I)-catalyzed PKRs offer the most ver-
satile asymmetric PKR protocol to date, and yet, the substrate struc-
ture remains a critical hindrance to a generalized enantioselective

PKR.

With the goal of realizing a fully catalyst-controlled asymmetric
Rh(I)-catalyzed PKR, we and others have focused on gaining an un-
derstanding of the key elementary steps of this transformation. For
example, using a combination of experiment and theory, we have
identified that the oxidative cyclization step is stereo-determining
and have utilized the corresponding transition state structures and
activation barriers to inform our catalyst design. This approach has
allowed us to extend the asymmetric PKR to allene-ynes.”

Despite these successes, reported studies have generally focused on
the influence of only a single factor on the reactivity and selectivity
of the PKR. For instance, Jeong showed that electron-withdrawing
aryl groups on the bisphosphine ligand of the Rh(I) catalyst gener-
ally provided higher enantioselectivities (ees), albeit with variable
yields and significant sensitivity to substrate structure (Figure 1B)."

Similarly, the role that counterion plays on PKR reactivity and selec-
tivity has been evaluated but remains poorly understood. Pfaltz per-
formed an extensive study on counterion effects using Ir-Phox cata-
lysts and showed that the counterion had a strong influence on the
PKR yield and ees of three different enynes. In these cases, small
weakly coordinating counterions (OTf, SbFs, and BFy") gave higher
yields and ees, compared to larger non-coordinating anions such as
BArF. When —-OTs, ~-OMs, and —~TFA were used as counterions,
only trace amounts of PKR products were observed (Figure 1C)."*
This is likely due to the electronic requirements of the reaction cen-
ter, which differ between substrates. For example, the key mechanis-
tic step when an electron withdrawing reaction center is present in-
volves complexation of the enyne to the Rh(I) metal and reductive
elimination, whereas the oxidative cyclization step dominates reac-
tion outcome when the complex has a more electron-donating reac-
tion center. The analysis is complicated further as the solvent
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impacts the coordinating ability of the counterion. In less polar sol-
vents the counterion is predicted to be closer to the reaction center,
existing as a contact ion-pair with the catalyst. Conversely, in more
polar solvents the counterion is isolated from the reaction center,
leading to a dissociated ion-pair."*

In yet other efforts, computed Gibbs free energy values for the com-
plexation of the enyne to 1, 3a, and 3b show that the auxiliary ligand
may greatly impact the catalyst equilibria (Figure 1D). For example,
complexation of the non-sterically demanding ether-tethered enyne
with a monosubstituted alkene to the Rh having two COs, 1, is
highly endergonic (A G=27.6 kcal/mol) and slightly endergonic for
3a (AG =0.8 kcal/mol) and exergonic for 3b (AG = -6.8
kcal/mol)."* Jeong et al demonstrated that the asymmetric Rh(I)-
catalyzed PKR gives higher eesin the presence of coordinating sol-
vents like THF, and postulated that these solvents compete with CO
as ligands for Rh(I). Solvent coordination shifts the enyne complex-
ation equilibria towards the more reactive catalytic species 2 and 3.
On the other hand, non-coordinating solvents, such as toluene, pro-
mote formation of the less reactive CO saturated 1; reactions in non-
coordinating solvents required higher reaction temperatures (Figure
1D).”

Recently, DFT calculations have been used to establish the oxidative
cyclization step as rate- and enantio-determining for the asymmetric
PKR for an ether-tethered enyne with a monosubstituted alkene.'®
Initial rate studies showed that the auxiliary ligand on the Rh(I)-
enyne complex is an important reactivity driver. When using the bi-
dentate bisphosphine (R)-BINAP as a chiral ligand, the PKR was
21,400-fold faster than when using CO-only conditions (Figure 1E).
The monodentate phosphoramidite ligand (.5)-Monophos showed
an intermediate level of reactivity. Another important finding in-
cluded two distinct reaction pathways that produced enantiomeric
PKR products. The TSs for the 4-coordinated pathway are favored
over the S-coordinated by 3.5 kcal/mol under low CO concentra-
tion (Figure 1E)."

While these studies have contributed greatly to our understanding
of the asymmetric Rh(I)-catalyzed PKR mechanism, it has done
more to reveal the complex interrelated factors that control PKR se-
lectivity and reactivity (e.g., CO concentration, ligand identity, sol-
vent, and substrate structure) than to produce significant advances
in asymmetric PKR reaction scope. If anything, the growing appre-
ciation of the mechanistic complexity of the asymmetric PKR has
hindered its application to complex molecular target synthesis.

Given that these studies have evaluated reaction parameters largely
in isolation, it remains difficult to discern their interrelationships. As
such, catalyst and PKR conditions optimization have largely been ar-
bitrary and empirical. To address this gap in asymmetric PKR meth-
odology, we set out to combine previous experimental and compu-
tational mechanistic insight (Figures 1B-1E) with a systematic eval-
uation of a variety of reaction conditions to correlate product yield
and enantioselectivity with parameters for an array of enyne precur-
sors (Figure 1F). Our initial studies utilized the synthetically useful
but challenging 1,6-enyne precursors possessing a 2,2-disubstituted
alkene for which there is little data (Figure 1F). (Prior to 2023 only
two enynes featuring a 2,2-disubstituted alkene were successfully
shown to undergo an asymmetric Ir(I) or Rh(I) catalyst-controlled
PKR."*'*?* In 2023, Baik and Evans et. al showed that an asymmet-
ric PKR using 2,2-disubstituted alkenes could be effected so long as
the enyne precursors bore a chloroacetylene group.*®) Upon PKR,
these substrates provide chiral non-racemic S,5-ring systems having
a quaternary (4°) carbon at the ring fusion.”’® Despite their value,
these precursors are also prone to undergoing reactions other than
the PKR.3*-33

d 13,16,26 17,34-
)

Herein, we report parameters for the chiral ligan solvent,
%% and substrate that show excellent correlation with product % ee
(Figure 1F). We also identified qualitative descriptors for the sub-
strate and the Rh precatalyst counterion that are predictive of reac-
tivity trends and yield (Figure 1F). Efforts to identify parameters
predictive of % eeand yield, led to thirteen novel chiral non-racemic

5,5-ring systems bearing a 4° carbon.
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(A) Bioactive natural products and commercial drugs having derivatives of ring-fused cyclopentenones (blue indicates rings formed using PKR)
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Figure 1. (A) Bioactive natural products and representative drugs accessed through Pauson-Khand reactions; (B) Impact of electronic charac-
ter of bisphosphine ligands on PKR % ee; (C) Impact of counterions on PKR reactivity and selectivity; (D) Previous independent studies by
Brummond,/Liu and Jeong showing the impact of ancillary ligands on enyne binding and catalyst equilibria; (E)Previous rate study and com-
putational findings for asymmetric PKR ; (F) This work.
RESULTS AND DISCUSSION the PKR products.'® Both -NTs and ether-tethered precursors were
utilized in the ligand study given their distinct calculated dipole mo-
ments (547 and 1.1 Debye, respectively ©B97X-V 6-
311+G(2df2p)//®@B97X-D 6-311+) and their difference in size.

Identifying chiral bisphosphine ligand descriptors for Rh(I)-cat-
alyzed PKR yield and enantioselectivity. To identify potential chi-
ral ligand parameters that correlate with PKR yield and enantiose-
lectivity, five bisphosphine ligands were evaluated including a com-

Reaction of enyne 4a in the presence of ligands L1, L2, L3, and L4,
bination of a binaphthyl or biphenyl backbone and either tolyl, me-

provided product Sa in high yields (96-99%) and good to excellent

sityl, and 3,5-di-tert-butyl-4-methoxy aryl groups on the donor phos-
phine atoms (e.g,, (R)-BINAP (L1), (R)-Tol-BINAP (L2), (R)-
DM-BINAP (L3), (R)-DM-SEGPHOS (L4), (R)-DTBM-
SEGPHOS (LS)). These relatively electron-rich bisphosphines
were selected in order to take advantage of their predicted favorable
Gibbs free energy barrier for oxidative cyclization.'® In the event,
Rh(cod)>OTf precatalyst was reacted with each ligand in the pres-
ence of enyne 4a or 6a, in either THF or DCE under a 10% concen-
tration of CO in argon. The overall efficiency and selectivity of each
ligand was determined by "H NMR and chiral HPLC of the crude
reaction mixture. Rh(cod),OTf was chosen as the Rh(I) source for
these reactions as it afforded the PKR products in the highest yields
and % ee for nearly all substrates (see Table 4 below), with the ex-
ception of the all-carbon tethered precursors 8b and 10a. The con-
centration of CO was chosen to maximize the enantioselectivity of

enantioselectivity (70-90% ee), with reaction times varying from
19-27 h (Table 1, entries 1-4). Utilizing ligand LS, the PKR of
enyne 4a was more sluggish, affording only 39% yield of compound
Sa and 56% recovered starting material after 40 h. In this latter case,
steric repulsion between the tert-butyl groups of the chiral ligand
and the enyne could be responsible for the low reaction efficiency
based on the computed oxidative cyclization TS structures (Figure

3).

Table 1. Evaluation of ligands in the asymmetric PKR of precursors
4a and 6a
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Rh(cod),OTf (0.1 equiv)

— ph Ligand (0.11 equiv) Ph
- o,
Me 10% COJ/Ar, THF or DCE @2:@:0
80 °C, mesitylene (1.0 equiv) I\:/Ie
4a, X=NTs 5a, X=NTs
6a, X=0 7a, X=0

A systematic examination of a small ligand library:

O f p
PAr, < O

oA o PAr,

r 1

OO 2 ' <O ‘ PAr,
o

-Ar = Ph, (R)-BINAP, L1
- Ar = 4-methyl-CgH, (R)-Tol-BINAP, L2
- Ar = 3,5-dimethyl-CHs, (R)-DM-BINAP, L3 |

- Ar = 3 5-dimethyl-CgHs, (R)-DM-SEGPHOS, L4
- Ar = 3,5-di-tert-butyl-4-OMe-CgH,
(R)-DTBM-SEGPHOS, L5

time yield®

entry ligand (h) (%) e’ (% ee)
X=NTs (4a), in THF Sa

1 L1 22 99 95:5 (90)

2 L2 21 96 91:9 (82)

3 L3 19 96 89:11 (78)

4 L4 27 98 85:15 (70)

S | I 40  39(56)°  93:7(86)
X=0 (6a),in DCE 7a

6! L1 23 84 94:6 (89)

L2 29 79(5)c  83:17 (66)

L3 20 74 70:30 (40)

9 L4 17 62 74:26 (47)

10 Ls 44 69(24)°  89:11(78)

*yield determined by 'H NMR of the crude reaction by comparison to
an internal standard (mesitylene, s, 6.78 ppm) to the product peak (d,
4.62 ppm of Sa; d, 4.61 ppm of 7a); *ees determined by HPLC; “number
in parentheses represents the yield of recovered starting material, as de-
termined by '"H NMR of crude material; “reaction performed at 85 °C.

In the conversion of ether-containing precursor 6a, ligands L1-14
gave moderate yields of bicyclic compound 7a (62-84%) with a
broader range of selectivity observed (40-89% ee) (Table 1, entries
6-9). Ligand LS still resulted in a slower reaction, now providing
69% yield of product 7a and 24% recovered starting material after 44
h (entry 10).

To identify parameters that are predictive of this experimentally ob-
served enantioselectivity, we correlated the In(ee) observed for re-
action of enyne 4a with each of the ligands to 181 computed de-
scriptors for bisphosphine ligands complexed to Pd(II)CL.¥ Alt-
hough the computed TS structures of the Rh(I) bisphosphine enyne
complex during the oxidative cyclization step show a twisted tetra-
hedral geometry, compared to the descriptor data representing a
computed ground state, square planar PdCl./bisphosphine com-
plex, these ligand parameters were successfully applied to a linear-
regression modeling of the Rh(I)-catalyzed hydroformylation reac-
tion.”” The data was processed using MATLAB' with the threshold
set to R*=0.8. (see Supporting Information, Figure S35).

For the —NTs tethered precursor 4a, six parameters met this thresh-
old with HOMO energy of the Pd/ligand complexes showing the
strongest correlation (R?=0.94, Figure 2A and Figure S36 in SI).
The findings for ligand LS further support the observed electronic
influence on PKR eg; developing steric repulsions greatly decrease

the rate of the PKR, but have no impact on the observed enantiose-
lectivity (entry S).
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Figure 2. Correlation of In(ee) with the best-performing parameter.
(A) In(ee) of Sa with HOMO energy (highest occupied (Kohn-
Sham) molecular orbital) for the Pd/ligand complex. (B) In(ee) of
7a with average aryl-P-aryl angle of the bisphosphine ligand.

A similar set of seven parameters showed good correlations with
In(ee) of ether 7a (see Figure $38 in SI). In this case, the aryl-P-aryl
angle (average) descriptor afforded the best correlation, featuring an
R*=0.98 (Figure 2B). The HOMO energy descriptor for the Pd lig-
and complex gave a moderate correlation (R*=0.83, see Figure S40
in SI).

That the preferred descriptors change between substrate classes is
likely related to the varying interactions between the electronic and
steric properties of the ligands and substrates. For electron-poor V-
tosylated enynes, such as compound 4a, the enantioselectivity is
more sensitive to the electronic properties of the ligand. In contrast,
for less electron-poor substrates such as ether 6a, the steric nature of
the ligand exerts more influence on the diastereomeric transition
states, resulting in less consistent enantioselectivity being ob-
served.*

To further understand these observations, we performed DFT cal-
culations of the enantio-determining oxidative cyclization of ether
6a with the (R)-BINAP (L1) and (R)-DM-BINAP (L3) ligands, as
they produced the most significant difference in % eein product 7a
(89 % vs. 40 % ee, respectively).” With the (R)-BINAP-supported
Rh catalyst, the oxidative cyclization TS leading to the (R) product
(TS1-R) is favored over the TS leading to the minor () product
(TS1-S) by 4.1 keal/mol (Figure 3A). Similar to previous studies, '
the selectivity between 7 faces of the alkene directly impacts the ste-
ric interactions of the terminal alkene hydrogens with the chiral lig-
and. In TS1-S, the shorter H:--H distance between a terminal
alkenyl hydrogen and a hydrogen atom on the 2-Ph group on the
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ligand (2.19 A), relative to TS1-R (2.29 A), causes more substrate
distortion* (A Basess = 53.0 vs. 50.4 kcal/mol). Additionally, TS1-R
is stabilized through a C-H/7 interaction between the alkene me-
thyl hydrogens and one of the (R)-BINAP (L1) phenyl groups (2.63
A, Figure 3A). This additional stabilization is reflected in a lower
substrate—catalyst interaction energy (ABw) in TS1-R relative to
TS1-S (~32.6 vs. —29.0 kcal/mol).

The computed transition states with (R)-DM-BINAP (L3) share
many of the structural features of those with (R)-BINAP (L1) (Fig-
ure 3B). For example, TS2-S is 3.5 kcal/mol less stable than TS2-R
due to the steric clash between the terminal alkene hydrogens and
the chiral ligand (2.21 vs. 2.23 A in TS2-R), leading to an increase in
substrate distortion (52.3 vs. 49.9 kcal/mol in TS2-R). (R)-DM-
BINAP also experiences a stabilizing C-H/7 interaction between
the alkene methyl group and the phosphine aryl group in TS2-R
(2.65 A), leading to a lower A Eine(~31.4 vs. —28.8 kcal/mol).

Although the computed enantioselectivity (AA G*) is higher than ex-
perimental observations with both ligands, an overestimation also
observed in previous computational studies,' computations pre-
dicted the reaction with (R)-DM-BINAP is less enantioselective

(A) Four-coordinated oxidative cyclization transition states with (R)-BINAP (L1)

than that with (R)-BINAP (AAG' = 4.1 and 3.5 kcal/mol), which is
consistent with the experimental ligand effect trend. The enantiose-
lectivity difference could be attributed to both steric and electronic
effects. Sterically, the larger aryl-P-aryl angle between the two P-aryl
groups on (R)-DM-BINAP (107.7° in TS2-R vs. 106.9° in TS1-R)
effectively positions the P-aryl groups further away from the terminal
alkenyl group on the substrate, minimizing ligand—substrate steric
repulsions, as evidenced by the longer H---H distance in TS2-S rel-
ative to TS1-S (2.21 A vs. 2.19 A). This explains the somewhat sur-
prising observation that the ligand aryl-P-aryl angle descriptor cor-
relates the best with the In( ee) of the reaction (Figure 2B). Electron-
ically, both TSs leading to the minor enantiomer (TS1-S and TS2-
S) experience a higher degree of metal-to-substrate charge transfer,
relative to the major TSs. Therefore, stronger donor ligands, like
(R)-DM-BINAP, are expected to better stabilize the minor TS lead-
ing to a decrease in % ee than more electron-rich ligands. This fur-
ther demonstrates why electronic descriptors, such as the HOMO
energy of the Pd/ligand complex, also correlate well with the exper-
imentally observed In(ee).

(B) Four-coordinated oxidative cyclization transition states with (R)-DM-BINAP (L3)
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Figure 3. Lowest-energy transition state structures of oxidative cyclization of enyne 6a with (R)-BINAP (L1) and (R)-DM-BINAP (L3) lig-
ands. All energies are in kcal/mol.

The absolute configuration of (R)-Sax, using single crystal X-ray _c2

crystallography, provides further support for our computational pre- CCDC 2355433
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the hydrazone (R)-Sax using p-toluenesulfonyl hydrazine under
acidic condition (see SI). Slow vapor diffusion of methanol into deu-
terated chloroform provided an X-ray quality crystal of Sax, from
which X-ray analysis confirmed that the bridgehead carbon bears the
(R) configuration, matching the major enantiomer predicted by
DEFT.

‘NHTs

Me
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Figure 4. Single-crystal X-ray structure of hydrazone (R)-Sax
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Identification of solvent parameters correlating with PKR yield
and enantioselectivity. Our solvent study was guided by previous
mechanistic work. We focused on solvents that had been success-
fully used previously in the Rh(I)-catalyzed PKR and that offered a
range of coordinating abilities, based upon dipole moment (see Ta-
ble S3 in SI). Eleven different solvents with dipole moments ranging
from 0-2.86 were selected: tetrahydrofuran (THF), 1,2-dichloro-
ethane (DCE), chloroform, chlorobenzene, trifluorotoluene, ethyl
acetate, toluene, ethanol, 1,4-dioxane, trifluoroethanol, and dime-
thyl carbonate. These solvents also showed a range of Abraham’s hy-
drogen bond basicity values (0.02-0.64), another measure of coor-
dinating ability," and a range of dielectric constants (2.219-27.68).
Solvents previously used in PKRs—dibutyl ether, xylenes, and ace-
tone—were not included due to technical difficulties associated with
high and low boiling points.

—NTs and ether-tethered precursors 4a and 6a were evaluated, given
the differences in yield and side product formation observed in an
initial solvent study using Rh(cod).BF; (see Table S2 in SI). Ether-
tethered 6a is a model substrate for the asymmetric PKR, '%***
whereas the asymmetric PKR of enyne 4a had not yet been realized
prior to this work. Enyne 4a was reacted under PKR conditions with
each solvent twice and the average yield and % ee of product Sa were
used for correlations. Enyne 6a was only reacted with each solvent
once. Each reaction was conducted with Rh(cod),OTf (10 mol%),
(R)-BINAP (11 mol%), 10% CO atmosphere/argon, 80 °C, solvent
(0.05 M), and mesitylene (1.0 equiv) as an internal standard. An in-
itial timepoint measurement was taken by 'H NMR to establish the
concentration of enyne 4a (s, 4.25 ppm) or 6a (s, 4.36 ppm), relative
to the mesitylene (s, 6.78 ppm). A second measurement was taken
at 24 h to determine: overall product yield (d, 4.62 ppm for Sa and
d, 4.61 ppm for 7a), yield based on recovered starting material
(b.r.s.m), and % ee (purified by prep TLC to get % ee by HPLC)
(see Tables $4-S5 in SI).

The results for the -NT's tethered precursor 4a are reported in Table
2. Solvent dipole moments and dielectric constants were plotted
against yields, b.r.s.m., and % ee (see Figure S11-S16in SI). In doing
so, the solvents with the highest dipole moment were observed to
afford the highest selectivity.

Table 2. Solvent study performed on enyne precursor 4a using

Rh(cod).OTf
Rh(cod),OTf (0.1 equiv)

— oy, (R-BINAP (0.1 equiv) Ph 3 Ph
/S 10% CO/Ar, solvent, 80 °C I = '
Me (o] : |
ityl 1.0 i = : i
mesitylene (1.0 equiv) Ve L M? '

4a 5a 5ai

yield®

entry solvent (5ai)® b.r.sm Poees

% Sa

1 THF 99 99 90
1,2-dichloro-

2 ethane 77 (6) 93 86

3 ethyl acetate 23 (trace) 94 88

4 trifluorotoluene 46 (trace) 82 82

S trifluoroethanol 25(4) 72 89

6 toluene 28 (5) 66 78

7 ethanol 35 71 89

8 chlorobenzene 32(2) 73 66

9 1,4-dioxane 31(2) 77 76

10 chloroform 65 89 94
dimethyl car-

11 bonate 48(2) 90 83

*average of two experiments; determined by comparison of an internal
standard (mesitylene: s, 6.78 ppm) to the product peak (d, 4.62 ppm)
by 'H NMR of crude material; "cycloisomerization side product yield;
“ee determined by HPLC

4.60 -
4.55
@ chloroform THF
4.50 1 ethanol —g® _—"¢ trifluoroethanol
4.45 dimethyl ethyl acetate
carbonate 1,2-

5 440 1 dichloroethane @ trifluorotoluene
O
£ 4.35 1 toluene

4.30 4 1.4-dioxane y=0.09x+4.33

425 R2=0.97

4.20 1 @ chlorobenzene

4.15 T T T T T T ]

0.0 0.5 1.0 15 2.0 25 3.0 35

dipole moment (D)

Figure S. Correlation of In(ee) of product Sa with solvent dipole
moments (D). Outliers are indicated with red dots.

Dipole moment showed a positive linear correlation with In(ee) of
product Sa having an R*=0.97 for eight of the eleven solvents (Fig-
ure S). The outlier solvents include trifluorotoluene, chlorobenzene,
and chloroform. For the aromatic solvents, arene complexes of the
cationic Rh may be occurring, altering the energy difference between
the diastereomeric oxidative cyclization TSs. Similarly with the low-
est boiling point of the set, PKRs in chloroform occur at lower tem-
perature (61.2 °C) than other solvents (all other reactions were
heated to 80 °C), resulting in a higher kinetic selectivity.* Regarding
chlorobenzene, analysis of experimental solvent 7* and Taft  values,
in relation to PKR % eg, revealed a cluster of solvents associated with
low enantioselectivity (1,4-dioxane, toluene, chlorobenzene) (see
Figure S20 in SI).

By comparison, ether 6a reacted to give product 7a in higher selec-
tivity in halogenated solvents, with DCE and trifluorotoluene afford-
ing the highest enantioselectivity (87-89% ee) (Table 3). Con-
versely, THF, dimethyl carbonate, ethyl acetate, dioxane, and etha-
nol gave lower selectivity.
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Table 3. Solvent study performed on enyne precursor 6a using

Rh(cod).OTf

Rh(cod),OTf (0.1 equw)
(R)-BINAP (0.11 equiv)

: Ph
=——Ph " ! = !
Me 10% CO/Ar, solvent, 80 °C @.‘ o | C@ 1

mesitylene (1.0 equiv) ; Me !

6a 7a Tai
ield®
entry solvent 2”17ai)b b.r.s.m % e&
7a
%
1 THF 52 78 69
1,2-dichloro-
2 ethaned 84 (13) 85 89
3 ethyl acetate 40 53 69
4 trifluorotoluene 26 (15) SS 87
S trifluoroethanol 80 81 85
6 toluene 0(4) 0 N/A
7 ethanol 52 53 69
8 chlorobenzene 22 (3) 67 84
9 1,4-dioxane 19 (4) 36 59
10 chloroform trace 0 N/A
1 dimethyl car- B 39 56
bonate

‘yield determined by comparison of an internal standard (mesitylene: s,
6.78 ppm) to the product peak (d, 4.61 ppm) by 'H NMR of crude ma-
terial; "cycloisomerized side product yield; “ee determined by HPLC;
dreaction performed at 85 °C.

455 -
4.50 -
4.45
4.40 -
4.35 -
4.30 -

4.25 4

4.20 ethyl acetate
y=-0.67x + 4.54
4.15 R?=0.93

4.10 A
4.05

1,2-
° dichloroethane

® trifluoroethanol

trifluorotoluene

chlorobenzene
THF

In(ee)

¢ ethanol

1,4-dioxane o

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Abraham's hydrogen bond basicity ()

Figure 6. Correlation of In(ee) of ether product 7a with Abraham’s
hydrogen bond basicity of the solvents.

Abraham’s hydrogen bond basicity (B), a solvent parameter that de-
scribes the ability of a solvent to act as a hydrogen bond acceptor,®
shows a positive correlation with PKR In( ee) of ether product 7a for
8 of 11 solvents tested (R*>=0.93) (Figure 6). Toluene and chloro-
form were not included in the regression analysis as no PKR product
was afforded after 24 h. Dimethyl carbonate was also excluded, as no
( value was identified. Solvent * values, another measure of solvent
polarity, was plotted against In(ee) of product 7a and found to ex-
hibit a moderate correlation (R*= 0.85) for 7 of the 11 solvents (7*
was not identified for trifluorotoluene and dimethyl carbonate , see
Table S3 and Figure $32 in SI).

This study shows that solvents strongly influence PKR outcomes
(e.g., %ee and yield), and to a lesser extent, side-product formation.
We attribute the variable solvent effectiveness for these two sub-
strate classes to favorable electrostatic interactions between the
enyne (D = 5.47 for 4a and 1.1 for 6a) and the solvent in the oxida-
tive cyclization step. While this data supports that a single solvent
parameter can be used to predict enantioselectivity for a distinct
PKR substrate, the multifaceted nature of the PKR as indicated by
the solvent outliers and the substrate dependency on solvent selec-
tion supports future studies directed towards using multivariate re-
gression models (MLRs) for the selection of parameters.

Identifying counterion descriptors that correlate to Rh(I)-cata-
lyzed PKR yield and enantioselectivity. We then briefly examined
the effect of three different Rh(I) precatalysts (e.g., Rh(cod),BF,,">*
Rh(cod).SbFe,' and Rh(cod)OTf*) to determine their impact on
enantioselectivity and yield for six enyne precursors featuring differ-
ent tethers and alkyne substituents. These pre-catalysts have been
successfully used in the asymmetric PKR previously and differ only
in their counterion, which is known to be a key factor in controlling
PKR catalyst efficiency.* In all cases, (R)-BINAP was used as the
chiral ligand, as it afforded the highest % ee of the five bisphosphine
ligands examined above. The reactions were performed using a 10%
CO/argon atmosphere with mesitylene as an internal standard, and
the reaction temperature (60-100 °C) was selected based upon re-
action rate. The solvent used for these reactions was informed by our
solvent study. All reactions were allowed to go to completion or
stopped when there was no visible progress.

Table 4. Counterion effect on selected enyne precursors featuring different tether and alkyne substituents

Rh(cod),counterion (0.1 equiv)

R1

— (g (R)-BINAP (0.11 equiv) R
Me 10% COJAr, THF or DCE mo . @
- X ; ;
rt—100 °C, mesitylene (1.0 equiv) e Me cyc/ctf>/somzrlzted
side produc
4a-4b, 6a-6b, 5a-5b, 7a-7b, 5ai-5bi, 7ai-7bi
8b, 10a 9b, 11a 9bi, 11ai
. PKR yield cycloisomerized
t b 0
entry X R! counterion solvent tzr}?)e (3(1)1(1:1; (SMre- product yield PKR %
mained) (%) e
1 4a,NTs Ph BEs THF 28 80 5a,91(3) Sai, 0 80
2 4a,NTs Ph SbFs THF 36 80 5a,91(2) Sai, 0 77
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3 4a,NTs Ph OTf THF 22 80 5a,99 (0) Sai, 0 90
4 4a,NTs Ph BEs DCE 43 80 Sa, 63(13) Sai,7 89
S 4a,NTs Ph OTf- DCE 46 80 S5a, 68 (14) Sai, 17 86
6 4b, NTs Me BEs THF 28 60 Sb, 44 (20) 5bi, 0 95
7 4b, NTs Me OTf THF 20 60 Sb, 71 (17) Sbi, 0 94
8 6a, 0 Ph BFs DCE 40 85 7a, 54 (0) 7ai, 31 90
9 6a, O Ph SbFs DCE 19 85 7a, 85 (trace) 7ai, 6 81
10 6a, 0 Ph OTf DCE 23 85 7a,84 (1) 7ai, 13 89
11 6a, 0 Ph BF4- THF 45 80 7a,8(0) 7ai, 0 48
12 6a,0 Ph OTf THF 24 80 7a, 52 (33) 7ai, 0 69
13 6b, 0 Me BEs DCE 38 80 7b, 35 (0) 7bi, 55 75
14 6b, 0 Me OTf DCE 27 80 7b, 66 (trace) 7bi, 25 75
15 8b, (CO,Et), Me BEs DCE 15 95 Lk 9bi, 0 SS
(trace)
16 8b, C(CO:Et):  Me OTf DCE 11 95 9b, 67 (trace) 9bi, 0 46
17 il CHig‘;’z oMo, PB BEs DCE 88 100 t tlrzci; 11ai,0 43
18 c( CHig‘;’z CMe, Ph OTf DCE 27 100 11a,34(2) 11ai,0 76

Our experiments show that the counterion has a strong influence on
the yield and % ee of the product. Further, a complex relationship
exists between the counterion, the solvent, and the enyne precursor.
For example, upon reaction of precursor 4a (X= NTs, R'=Ph) in
THE, >90% yield was achieved without the formation of by-product
Sai, regardless of catalyst counterion (Table 4, entries 1-3). Yet, the
enantioselectivity varies from 77-90% ee. Conversely, when precur-
sor 4a (X= NTs, R'=Ph) was reacted in DCE, the cycloisomerized
product Sai is observed, albeit in small quantities (entries 4-5). For
precursor 4b (X= NTs, R'=Me), both OTf and BF, gave products
of ~94% ee, but the yields were lower (71% and 44%), due to the
reaction not going to completion (entries 6-7). The reaction of
ether 6a (X=0, R'=Ph) was more sensitive to catalyst counterion,
giving >84% yield for OTf and SbFs, but only 54% yield for BEs
(entries 8-10). Regardless of counterion, reactions of ether 6a re-
sulted in the formation of cycloisomerization product 7ai. The selec-
tivities for product 7a were constantly 81-90% ee, with the BF-
counterion giving the highest ee. When performing the reaction in
THE, instead of DCE, the reaction is sluggish, giving either low yield
or no reaction (entries 11-12). 75% ee was observed upon reaction
of ether 6b (X=0, R'=Me) with both OTf and BF,, while the yields
varied (66% and 35%, respectively), relative to how much of by-
product 7bi was formed (entries 13-14). Reaction of the all-carbon
analogue 8b (X=C(CO:Et),, R'=Me) provided 93% yield with the
BF4 counterion and 67% yield for OTF’; however, both proceeded
in low selectivity (46-55% ee). Similarly, acetal 10a (R'=Ph) gives
81% yield with BFs and 34% yield for OTf in low to moderate selec-
tivity (43-76% ee) (entries 17-18).

In general, higher yields and enantioselectivities were observed for
enyne precursors featuring -NTs (4a, 4b) and ether tethers (6a, 6b)
when using Rh(cod),OTf. However, for the malonate (8b) and ac-
etal (10a) tethers, Rh(cod),BF, gave considerably higher yields, al-
beit in lower selectivity (43-76%ee). Reactions employing
Rh(cod)2SbFesgave similar yields to Rh(cod).OTf, but in somewhat
lower selectivity (entries 2 and 9).

For all enynes, PKR was faster when using Rh(cod).OT¥. Consiglio
and Schmid have shown that the degree of ion-pairing for [Rh(1,5-
cod)Biphemp ]counteranion, where counteranion = BFy, PFs, OTf,

isinversely correlated with catalytic activity for the asymmetric PKR.
For example, they showed that using [Rh(1,5-cod)Biphemp]OTf,
which has the lowest ion-pairing, has the highest catalytic activity.*
Our findings, using six different enynes and two solvents, show that
this is a general principle of the asymmetric PKR.

The strong influence that the counterion has on yield is dependent
upon the substrate and solvent. For example, when using DCE, we
observed lower yields for ether tethers (entries 8-10, 13-14) which
can be attributed to the formation of bicyclo[4.1.0]heptane side-
products 7ai and 7bi in 6-55% yield. We only observe the formation
of this side-product in the more polar solvent, DCE (¢ =10.42),
which favors a dissociated ion-pair and a more electron deficient
Rh(I)-alkyne complex, relative to the complex in a less polar solvent
THF (e =7.52). This leads to a reaction energy profile that favors a
[1,2]-hydrogen shift (II>1III, see Figure S49 in SI) promoted cy-
cloisomerization reaction over the oxidative cyclization of the PKR
(IV—YV, see Figure S47 in SI). The all-carbon tethers are an excep-
tion to this trend, as the [1,2]-hydrogen shift is inaccessible. Others
have shown that formation of cycloisomerization side-products re-
quires a heteroatom in the tether when using Pt or Au catalysis."

Identification of substrate descriptors correlating with PKR yield
and enantioselectivity. To determine the effects of substrate struc-
ture on the asymmetric Rh(I)-catalyzed PKR, enynes containing dif-
ferent tethers (X = NTs, O, C(CO:Et), and acetal), and alkyne sub-
stituents (R' = Ph, aryl, CO.Me, Me, H, TMS) were evaluated. The
enyne alkenyl group was held constant. The PKR conditions used
for each substrate were based upon our findings in the chiral ligand,
solvent, and counterion studies reported above. The PKR products
afforded, in addition to reaction yields, % ee, reaction time, and side-
products, for a range of heteroatom and carbon-tethered 1,6-enynes
with 2,2-disubstituted alkenes are depicted in Scheme 1.

Our experiments show that the alkynyl substituent had the strongest
influence on the PKR yield and reactivity. For enynes having an —
NTs tether, yields ranged from 0-99% (Scheme 1, Sa-Se). Of these
enynes, the phenyl-substituted alkyne gives Sa in 99% yield, the me-
thyl- and methyl ester-substituted alkynes give Sb and Scin 71% and
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64% yield, and the terminal alkyne gives Sd in 34% yield. Unlike sub-
stituted enyne precursors, dimer Sda was obtained in 35% yield
when the unsubstituted terminal alkyne underwent asymmetric
PKR. For the TMS-substituted enyne only recovered starting mate-
rial was observed after 18 h (Se). Additional methyl groups in the
tether, likely due to the Thorpe-Ingold effect, accelerated the reac-
tion to give product $f in 13 h compared to the 22 h required for
complete conversion to product Sa.* For the -NTs tethered sub-
strates, high selectivities were observed for the terminal alkyne giv-
ing Se with an er of 99.8: 0.2, and the phenyl- methyl- and methyl
ester-substituted alkynes giving Sa, Sb, and S¢in 97:3 to 95:5 ers. An
exception is the enyne having additional methyl groups in the tether
giving 5fin 83:17 er.

For ether tethered enynes, 63-90% yield was observed (7a-7e). Of
these enynes, the electron-withdrawing phenyl- and trifluoroaryl-
substituted enynes give 7a and 7d in 84% and 90% yield. The elec-
tron-donating fluoro- and methoxy-aryl groups give 63% and 76%
yields of 7c and 7e and for the methyl-substituted alkyne, 7b was af-
forded in 66% yield along with significant quantities of 7bi. For the
selectivities of the ether-tethered substrates, with the exception of
7a, the ers were constant having a range from 84:16 to 87:13. For the
malonate tethered enynes, the phenyl and the methyl-substituted al-
kynes give 9a and 9b in 94% and 93% yield; having ers of 90:10 and
78:22, respectively. The terminal alkyne gives only the side-product
9cs.

Scheme 1. Current scope of the asymmetric Pauson-Khand reactions

Rh(cod),counterion (0.1 equiv) R!

Conversely, the nature of the tether has the greatest influence on se-
lectivity, with the highest % ee observed for precursors with -NT's
tethers (90-99.6% ee), with the exception of gem-dimethyl product
Sf. Selectivity was more moderate for ether tethered enynes (69—
89% ee), and low to moderate for the all-carbon tethered enynes
(43-80% ee). The yield and selectivity patterns observed with these
2,2-disubstituted alkene enynes are similar to those observed previ-
ously for enynes with a mono-substituted alkene.”

For the -NTs tethered substrates, a range of selectivities were ob-
served. To quantify the steric effect, we plotted Sterimol values (B,
Bs, and L) for the lowest-energy conformers of the PKR products Sa,
Sb, Sc, and 5d against their In( ee). The PKR products were selected
for Sterimol analysis due to their rigidity and structural similarity to
the oxidative cyclization transition state — the enantiodetermining
step of these PKRs. Sterimol By (A) values, with the primary axis
along the Hy—C bond, show a strong linear relationship (R” = 0.96)
with PKR In(ee), with smaller B; values giving higher % ee (Figure
7). Sterimol Bs gives a low correlation (R* = 0.53) and Sterimol L
gives a moderate correlation (R* = 0.83) with In(ee) (see Figures
$43-S44 in SI). Using (R)-BINAP as a chiral ligand, our experi-
mental % eesshow a linear free energy relationship (R’=0.99) with
the computed AAG for the oxidative cyclization step reported by
Baik and Evans using ($)-Xyl-SEGPHOS as the chiral ligand (see
Figure S41 in SI).”

: H :
R! (R)-BINAP (0.11 equiv) ' i :
Me 10% CO/Ar, solvent o L R N Me EtO,C y 3
o i Q& TsN Ts :
mesitylene (1.0 equiv) Me ' X H EtO,C Me :
4a-4f, 6a-6e r-100°C 5a-5f, 7a-7e 1 7ai 7ciM:ei Me 5da 9cs sid_e P rqc_iucts :
8a-8c, 10a 9a-9c, 11a ;e e e e identified
N-tosyl tether cyclic acetal tether
OTf and THF -|- BF, and DCE -|-
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Me =0
’Ph = H ™S Me. Me Ph Me O
TsN o >< o
TsN 0 | TsN o TsN o TsN o TsN o] ve o :
- : B B B - M
Me Me Me Me Me Me ©
5a 5b 5¢c 5d 5e 5f 1Ma
222 h, 80 °C 220 h, 60 °C a20 h, rt 425 min, rt 18 h, 80 °C 213 h, 70 °C 488 h, 100 °C
99% 71% 64% 34% (35%)° 0% 95% 81%
er. 95:5 er. 97:3 er. 96:4 er. 99.8:0.2 er. 83:17 er. 71:29
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OTf and DCE BF, and DCE
OMe CF,4 F
Ph Me { b ’ Ph Me H
¥ EtO,C { EtO,C EtO,C
! L 033:0 0(]3:0 O(:Q:o Et0,¢7 N1 EtO,C p EtO,C -
Me Me B B B Me e e
Me Me Me
7a 7b 7c 7d 7e 9a 9% 9c
€23 h, 85 °C €27 h, 80 °C ©16 h, 80 °C 20 h, 80 °C €21 h, 80 °C 920 h, 95 °C 415 h, 95 °C 46 h, 70 °C
84% (13%)f 66% (25%)" 63% (12%)f 90% 76% (5%)f 94% 93% 0% (95%)3
er 94:6 er: 87:13 er. 85:15 er:87:13 er: 84:16 er: 90:10 er 78:22
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“Rh(cod).OTf (0.1 equiv) in THF (0.05 M); "Rh(cod).BF; (0.1 equiv) in THF (0.05 M); ‘Rh(cod).OTf (0.1 equiv) in DCE (0.05 M); ¢ Rh(cod).BF.4
(0.1 equiv) in DCE (0.05 M); yield of the [2+2+2] cycloaddition side-product Sda; ‘yields of the cycloisomerized side products;tyield of the side

product 9cs
462 -
4.60 - R1 H
458 - TSN(:\jé:O
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Me ¢
. 456 Hp
8 Me
£
454 | .
COOMe
452 |
y=-0.07x+4.74
Re=0.96
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448 . . . . . . . .
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Sterimol B,(A) for products with different alkyne substituents

Figure 7. Correlation of In(ee) with the calculated Sterimol B; (A)
for products Sa-5d.

For the ether tether, electronic effects of the phenyl substituted al-
kyne showed product 7a having the highest % ee, while 7¢c, 7d, and
7e containing either electron-donating or electron-withdrawing
groups formed with lower selectivity. The mass balance for these
substates was high, with varying quantities of cycloisomerized prod-
ucts (5-13%) observed. We attribute the formation of this side-
product mainly to the DCE solvent and counterion, as discussed
above. In this case, malonate-tethered enynes afforded products 9a
and 9b in excellent yield (94% and 93%, respectively). The cyclic ac-
etal substituted product 11a was formed 81% yield, albeit in only
moderate selectivity (43% ee). However, the unsubstituted terminal
alkyne afforded only side product 9cs; the desired product 9¢c was
not observed. We also found that carbon-tethered enynes required
elevated temperatures (95-100 °C), relative to the heteroatom-teth-
ers (rt-85 °C), likely due to their lower reactivity, which has been
explained by a distortion-interaction analysis involving the relatively
planar geometry of the outer five-membered ring in the PKR oxida-
tive cyclization step.>

To quantify the effect of the alkynyl group on yield, we computed IR
C=C bond wavenumber for each enyne precursor.”’ Precursors that
underwent PKR in moderate to high yields consistently show an al-
kyne IR wavenumber exceeding 2250 cm™. Conversely, for precur-
sors with an alkyne wavenumber < 2203, low yields or no reaction
were observed (see Table S8 in SI).

CONCLUSION

We have achieved an asymmetric Rh(I)-catalyzed PKR for 1,6-
enynes having 2,2-disubstituted alkenes, allowing access to thirteen
new chiral non-racemic bicyclo[3.3.0]octenone products having a
quaternary carbon at the ring fusion. In the process, two descriptors
for the chiral bisphosphine ligand have been identified that are
strongly correlated with PKR In(ee). In addition, catalysts that are
predicted to have the weakest ion-pairing, as determined by their
counterion, provided the fastest reactions and the highest yields for
heteroatom-tethered enynes. Further, the dipole moment (D) and
Abraham’s hydrogen bond basicity () of the solvent show a strong
correlation with PKR In(ee). Finally, calculated Sterimol B; values

correlate with In(ee) and IR C=C bond wavenumber correlates
with reaction efficiency for variously substituted enyne PKR precur-
sors. These findings are informing our high-throughput experimen-
tation (HTE) studies to be performed in collaboration with Merck,
Inc. In turn, we expect that the combination of these initial studies
with statistical analysis of HTE data will facilitate the development
of a predictive model for a catalyst-controlled Rh(I)-catalyzed asym-
metric PKR of enynes. Such a framework will enable the rational se-
lection of appropriate chiral catalysts and reaction conditions for a
particular enyne in order to give the PKR product in high yield and
high enantioselectivity.
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