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Abstract of the Dissertation

Developing New Rh—H Catalyzed Transformations and Understanding Their
Underlying Mechanisms
By
Alexander Lu
Doctor of Philosophy in Chemistry
University of California, Irvine, 2022

Professor Vy M. Dong, Chair

Hydrofunctionalizations are an attractive method for functionalizing olefins, forging new
bonds in an atom-economic and sustainable fashion. We developed a variety of Rh—H catalysts
that can couple heteroatom nucleophiles with olefin coupling partners. Choice of bisphosphine
ligands for the Rh catalysts is important for achieving selectivity when the hydrofunctionalization
has many potential outcomes. In the first example, we developed an intermolecular anti-
Markovnikov hydroamination of 1,3-dienes to form homoallylic amines. In this case, the
regioselectivity of the hydroamination is under both catalyst and substrate control, since the
choice of ligand and diene substitution pattern are both critical for anti-Markovnikov
regioselectivity. Mechanistic studies highlight the importance of the carboxylic acid additive for
achieving reactivity between the Rh catalyst and the amine nucleophile.

In the second example, we developed a divergent hydrothiolation of cyclopropenes.
Depending on the choice of bisphosphine ligand on the Rh-H catalyst, either direct
hydrothiolation occurs to from cyclopropyl sulfide products, or ring-opening of the cyclopropenes
occurs to form allylic sulfide products. Mechanistic studies suggest that the two reaction
pathways share a common cyclopropyl-Rh(lll) intermediate.

Another way to form Rh—H intermediates is through the activation of aldehyde C—H bonds by
a Rh catalyst. One pathway from this Rh—H intermediate is to cleave the aldehyde C-C bond
through dehydroformylation and form an olefin. Given Rh’s ability to catalyze transfer

XV



hydrogenation reactions, we expand this dehomologation to primary alcohols. This oxidative-
dehydroformylation cascade to dehomologate primary alcohols to olefins is enabled by the
addition of N,N-dimethylacrylamide as a hydrogen acceptor. The use of different acceptors for
dehydroformylation inspired a collaboration with Chevron Phillips, where we tried to find new
conditions for dehydroformylation to make it amenable towards industrial scale chemical
synthesis.

Another reaction that takes advantage of Rh activation of aldehyde C-H bonds is
hydroacylation, where aldehydes and olefins are coupled to form ketones in a direct and atom-
economical manner. Our lab previously developed a dynamic kinetic resolution of aldehydes
through intramolecular hydroacylation. A bulky primary amine co-catalyst was used to
selectively racemize the aldehyde starting material over epimerizing the cyclopentanone
product. By further activating the Rh catalyst through hydrogenation and employing acrylamides
as the coupling partner, we extend this dynamic kinetic resolution of aldehydes through
intermolecular hydroacylation. Future studies include exploring the substrate scope and

determining the rate of racemization.

XVi



Chapter 1: Rh(l)-Catalyzed Intermolecular Hydroacylation of

1,3-Dienes to Generate Homoallylic Amines?

1.1 Introduction

Coined in the 19th century, the concept of Markovnikov selectivity* remains relevant today in
classifying and developing regioselective transformations of olefins, including hydroamination.?3
While hydroamination of alkenes typically furnishes the Markovnikov product,*® there have been
breakthroughs in reversing the regioselectivity to obtain the anti-Markovnikov isomer.10-17
However, the intermolecular hydroamination of 1,3-dienes!®?° has been limited to producing
allylic amines through 1,2-addition or 1,4-addition, presumably due to the intermediacy of a
stabilized n-allyl-metal (Figure 1.1A).21-3¢

A. Hydroamination of 1,3-dienes
Ru, Rh, Pd,
Ni, Cu, Au, Bi s
- R
> \)\/\H + \H\/\[N]
or Brgnsted Acids
[N] H

H . -
NI~ + R\)\/ 1,2-Markovnikov or 1,4-addition
e allylic amines

R
R
> F

amines 1,3-dienes , Rh/L

Bregnsted acid

[N]
H
1,2-anti-Markovnikov addition

this work homoallylic amines

B. Well-established strategies for accessing homoallylic amines

- HN”

R” R Z
R
stoichiometric homoallylic amines

organometallic

Figure 1.1 Inspiration for the anti-Markovnikov hydroamination of 1,3-dienes towards the
synthesis of homoallylic amines.

! Adapted with permission from Yang, X.-H.; Lu, A.; Dong, V. M. J. Am. Chem. Soc. 2017,
139, 14049. © 2017 American Chemical Society



Homoallylic amines are valuable synthetic building blocks that are typically generated by
coupling imines to organometallic reagents (Figure 1.1B).*"*® As a complement to using
stoichiometric organometallics, we aimed to use simple dienes by developing a catalytic and
regioselective hydroamination (Figure 1.1A). Herein, we disclose the first intermolecular
hydroamination of 1,3-dienes to proceed with anti-Markovnikov selectivity.**#! Our Rh catalyst
transforms conjugated dienes into homoallylic amines with high regiocontrol and atom
economy.*?

Our laboratory recently rendered the hydroamination of 1,3-dienes enantio- and
regioselective. In this previous study, we generated allylic amines by using a catalyst derived
from [Rh(cod)OMe], and JoSPOphos with triphenylacetic acid as an additive.3® ** In this
communication, we focused on achieving a 1,2-anti-Markovnikov addition for the synthesis of

homoallylic amines.

1.2 Reaction Optimization

To begin this study, we chose isoprene and indoline (2a) as coupling partners. Isoprene, a
common building block for polymers,* derives from thermal cracking of naphtha/oil and
biosynthesis by many organisms.* We aimed to transform this feedstock into the corresponding
homoallylic amine by studying the effects of bidentate phosphine ligand and acid combinations.
Table 1.1 summarizes our most relevant findings. Due to its use in alkyne hydroamination,*®
phthalic acid (A2) was chosen as the initial acid for screening different bisphosphine ligands.
When using dppm, a small bite angle ligand,*” we observe 1,2-Markovnikov addition product 5
as the major product (entry 1). Increasing the bite angle of the ligand decreases the reactivity
and regioselectivity, leading to mixtures of 3a, 4a, 5, and 6 (entries 2—4). Switching to dppf as
the ligand, we observe homoallylic amine 3a as the major product in 33% NMR vyield (entry 5).
When using rac-BINAP as the ligand, the yield and regioselectivity of homoallylic amine 3a

increases to 74% and 19:1 rr by H NMR analysis (entry 6). Using Rh(cod).SbFs and
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[Rh(cod)OMe]. as Rh sources give similar results with [Rh(cod)Cl]z (entry 7 and 8). In
accordance with Hartwig’s observations,?? using a Pd catalyst yields 1,4-addition product 4a as
the major isomer (entry 9). These results showcase an intermolecular hydroamination of
isoprene where regioselectivity is controlled by the choice of catalyst.*®

Table 1.1 Effects of Catalyst and Acid on Regioselective Hydroamination of Isoprene

LU N

ligand

H
+
N\)\( M
i Me
N . acid . 3a 4a H
Me N DCE, 80 °C, 24 h
isoprene 2a Qj
N +
H\)\( = N
Me H
5 6

X e

Me
entry M] ligand acid? yield (%)° rr (3a:4a:5:6)¢

1 [Rh(cod)Cl], dppm A2 71 <1:<1:15:1
2 [Rh(cod)CI], dppe A2 20 1:4:2:2
3 [Rh(cod)Cl]» dppp A2 14 1:3:2:1

4 [Rh(cod)CI], dppb A2 <10 n.d.

5 [Rh(cod)Cl], dppf A2 33 5:1:<1:<1
6 [Rh(cod)CI], rac-BINAP A2 74 19:1:<1:<1
7 Rh(cod),SbFg rac-BINAP A2 71 >20:1:1:1
8 [Rh(cod)OMel, rac-BINAP A2 69 >20:1:1:1
9 Pd(PPh3), none A2 84 1:>20:1:1
10 [Rh(cod)CI], rac-BINAP none 0 n.d.
11 [Rh(cod)Cl], rac-BINAP A1 17 >20:1:1:1
12 [Rh(cod)ClI], rac-BINAP A3 81 >20:1:1:1
13 [Rh(cod)Cl], rac-BINAP Ad 79 >13:1:<1:<1

acids
Me CO,H OH
COH o
©: COMH PhO—Iu\
Me COxH phd M

Al pKy=4.4(42) A2,pK,=3.7(3.0) A3, pK,=33(3.4) A4 pK,=0.7(2.3)

a Reaction conditions: isoprene (0.5 mmol), indoline 2a (0.1 mmol), [M] (5 mol% metal content), ligand
(5.0 mol%), acid (50 mol%), DCE (0.2 mL), 24 h.  pKa in DCE, pKa in H20 in parentheses. ¢ *H NMR
yields of major isomer using 1,3,5-trimethoxybenzene as the internal standard. ¢ Regioisomeric ratio
(rr) determined by 'H NMR analysis of the crude reaction mixture.

With the optimal ligand in hand, we investigated the effect of the acid additive. No product

was observed in the absence of acid (entry 10). Diphenyl phosphate was successfully used to



form C—C bonds in the hydrofunctionalization of alkynes.*® Therefore, acids with similar pKa to
diphenyl phosphate and phthalic acid were examined. As pKa values are solvent dependent, the
pKa of the acids in DCE were determined using UV-vis spectroscopy.® In general, higher yields
are obtained with stronger acids (entries 11-13); mandelic acid (A3) gives 81% vyield and the

best regioselectivity.

1.3 Substrate Scope

With this protocol, we examined the coupling of various 1,3-dienes with indoline 2a (Table
1.2). In general, the hydroamination proceeds with 18:1 to >20:1 regioselectivities and 52—-83%
yields for various 2-aryl-1,3-butadienes (3aa—3ia). Substrates with an electron-donating group
on the aryl ring show slightly higher reactivity than those bearing an electron-withdrawing group.
When the aryl ring is ortho-substituted, the yield is lowered to 60% (3ba). In the case where the
aryl ring contains an electron-withdrawing trifluoromethyl group (3ha), the regioselectivity is 18:1
rr. The transformation also proceeds with alkyl substituted dienes. 2-Cyclohexyl-1,3-butadiene
undergoes hydroamination with 73% vyield (3ja). Myrcene, a readily available monoterpene,
furnishes the homoallylic amine (3ka) in 78% yield and >20:1 rr. The hydroamination proceeds
efficiently for substrates bearing ether and amide groups and provides the corresponding

products in 74% yield (3la) and 87% yield (3ma) with >20:1 rr.



Table 1.2 anti-Markovnikov Hydroamination of Various 1,3-Dienes

[Rh(cod)Cl], (2.5 mol%)?

rac-BINAP (5 mol%)
szl/\ @ A3 (50 mol%) ‘ >:/ ‘ >:/
+
R N DCE, 80 °C, 15 h j/\/ j/\/
1 2a
X

= 3aa, 83%, >20:1 rr 3ca, 71%, >20:1 rr X=ClI 39a,52%, >20:1 rr
Me 3ba, 60%, >20:1 rr OMe 3da, 82%, >20:1 rr CF3; 3ha,72%, 18:1rmr
Me 3ea, 78%, >20:1 rr Me 3ia, 81%, >20:1 rr

Cl  3fa, 68%, >20:1 rr

AN D D

3ja, 73%, >20:1 rr 3ka, 78%, >20:1 rr X=0Bn 3la, 74%,>20:1rmr
NPhth 3ma, 87%, >20:1 rr

S st e age

n=1 3na, 70%, >20:1 rr 3pa, 73%, >20:1 rrP 3qa, 53%, >20:1 rrP
2 3o0a, 73%, >20:1 rr

a Reaction conditions: 1 (0.3 mmol), 2 (0.2 mmol), [Rh(cod)Cl]2 (2.5 mol%), rac-BINAP (5 mol%), A3,
(50 mol%), DCE (0.4 mL), 80 °C, 15 h. Isolated yields. Regioisomeric ratio (rr) is the ratio of 3:4, which
is determined by *H NMR analysis of the crude reaction mixture. ® Rh(cod)2SbFs (5 mol%) is used
instead of [Rh(cod)Cl]2.

Transformations of 1,2-disubstituted dienes also proceed well. Hydroamination of the fused
ring substrates provide the homoallylic amines in 70% and 73% yields (3na and 3oa) with >20:1
regioselectivities. In addition, we obtain the homoallylic amines 3pa and 3ga from acyclic 1,2-
disubstituted dienes in 53% and 73% yields with >20:1 regioselectivities by using Rh(cod).SbFs
as the Rh source. When using the mixture of (Z)- and (E)-B-ocimene isomers, we observe that
only the (E)-B-ocimene is transformed to give homoallylic amine (3ra) in 51% vyield (7

equivalents diene used); (Z)-B-ocimene is unreacted (eq 1.1).



[Rh(cod)ClI], (2.5 mol%)
rac-BINAP (5 mol%)

Me
A ©j> A3 (50 mol%) Me %
Me + > |
7 N DCE, 80 °C, 15 h Me\(\J/\/ (1.1)

Me M
e
B-ocimene (Z:E = 4:1) 2a 3ra, 51%, >20:1 rr
(7 equiv.) only (E)-fp-ocimene reacts

Next, we examined the hydroamination of 2-phenyl-1,3-butadiene la with different amines
(Table 1.3). Indolines provide the hydroamination products (3ab—3ai) with 62—89% yield and 8:1
to >20:1 anti-Markovnikov selectivity. Indolines with electron-donating groups show higher
regioselectivities than those with electron-withdrawing groups. The hydroamination of sterically
hindered 2-methyl-indoline gives homoallylic amine (3ab) in 62% yield and 10:1 regioselectivity.
Anilines bearing either electron-donating or electron-withdrawing groups both undergo
hydroamination with 40-63% vyields (3aj—3al). Hydroamination of the acyclic amine N-
methylaniline yields the product 3am in 47% vyield with 3:1 regioselectivity. Hydroamination
using 1,2,3,4-tetrahydroquinoline affords 45% vyield and 4:1 selectivity for the anti-Markovnikov
product (3an). Under our hydroamination conditions, morpholine is an effective amine partner
and provides the homoallylic amine 3ao in 79% yield with >20:1 rr. Identifying a catalyst that
can enable coupling with more challenging amines, such as primary alkyl amines and acyclic

dialkyl amines, is still an ongoing challenge that needs to be solved.



Table 1.3 anti-Markovnikov Hydroamination of Various Amines

[Rh(cod)Cl], (2.5 mol%)?
rac-BINAP (5 mol%)

Ph A3 (50 mol%) Ph N Ph [N]
\“/\ + IN] - \“/\/[ 1 . W
amines DCE, 80°C,15h Me
1a 2 3 4
Me
Me
X
Ph N Ph N Ph N Ph N
Wl/\/ T\/ T\/ T\/ §
3ab, 62%, 10:1 rr 3ac, 72%, >20:1 rr X=Me 3ad,80%,>20:1rr X=F 3ag,70%,>20:1rr
OMe 3ae, 81%, >20:1 rr Cl 3ah,69%, 12:1rr
Cl 3af, 68%, 8:1rr Br 3ai, 89%, 18:1rr
y e (3
Ph\l/\/N\©\ PhY\/N Ph\r\/N Ph\|/\/N\)
x &
X = CO,Et 3aj, 40%, 5:1rP 3am, 47%, 3:1 rr? 3an, 45%, 4:1 r® 3a0, 79%, >20:1 rr
F 3ak, 60%, 10:1 r°

OMe 3al, 61%, 11:1 r®

@ Reaction conditions: 1a (0.3 mmol), 2 (0.2 mmol), [Rh(cod)Cl]2 (2.5 mol%), rac-BINAP (5 mol%), A3,
(50 mol%), DCE (0.4 mL), 80 °C, 15 h. Isolated yields. Regioisomeric ratio (rr) is the ratio of 3:4, which
is determined by H NMR analysis of the crude reaction mixture. b Rh(cod)2SbFs (5 mol%) is used
instead of [Rh(cod)Cl]2.

1.4 Mechanistic Studies

We reason that the anti-Markovnikov selectivity results from a synergy between the substrate
and catalyst structure. To probe the mechanism, we studied the kinetic profile for coupling 1,3-
diene 1la and indoline 2a. When using [Rh(cod)Cl]. as the Rh source, we observed a half order
dependence on Rh catalyst, which suggests that breaking up the Rh-dimer is a slow step under
our optimal conditions. Because this catalyst resting state is off-cycle, we switched to using

monomeric Rh source, Rh(cod).SbFs, to probe the mechanism further.



[Rh(cod)Cl], (2.5 mol%)

L (5 mol%)
A3 (50 mol%) Q_}
Me/\/\ + N N
DCE, 80 °C, 15 h
Me/\)\Me (1.2)

7

\j

=

L = dppm, 71%,10:1 rr
rac-BINAP, 60%, 10:1 rr

[Rh(cod)Cl], (2.5 mol%)
rac-BINAP (5 mol%)

Ph A3 (50 mol%) (90% D) (70%) D
\(\ + N ~ P I -
| b DCE-d,, 80 °C, 15 h |

1a 2a-d (90% D) 3aa-d, 51%

Based on both literature precedence and the following mechanistic studies, we propose the
mechanism depicted in Figure 1.2. The Rh catalyst precursor reacts with BINAP to form the
active catalyst I, which is the resting state as determined by *H and 3!P NMR. The amine and
acid undergo proton transfer to form an ammonium ion pair. Using HypNMR,>! the equilibrium
constant for this process was measured to be Keq = 10.5. Ligand exchange of cyclooctadiene
with carboxylate anion results in complex Il. In the turnover-limiting step, the ammonium-ion
oxidatively adds to the Rh(l)-complex Il to generate Rh(lll)-hydride Ill. In support of the
proposed turnover-limiting step, we observe a first order dependence on the Rh catalyst and a
first order dependence on the ammonium-ion. Moreover, we see a zeroth order dependence on
the diene, which means its involvement occurs after the turnover limiting step.

The 1,3-diene can exchange with the amine to form 7*-Rh-hydride intermediate IV, which is
analogous to a Co-hydride intermediate implicated in the hydrovinylation of 1,3-dienes.%?
Because (E)-B-ocimene (and not the Z isomer) undergoes hydroamination (eq. 1.1), we propose
that s-cis conformation of the 1,3-diene is necessary for coordination to the catalyst.>*>° Due to
the steric clash between the R substituent and the catalyst, insertion into the metal hydride is
disfavored. In line with this idea, we observe only Markovnikov addition using substrates bearing

hydrogen at the 2-position, regardless of the catalyst used (eq. 1.2). When the hydroamination

8



was performed with deuterated indoline 2a-d, the deuterium is incorporated into the 3-position of
product 3, not the recovered diene (eq. 1.3). The result of this isotopic labeling experiment rules

out mechanisms that involve reversible insertion of the diene into the Rh-hydride.

Samel j”% X“ |

Rh restmg state ( " Rh—X

2 P(
V 3 1l

4 @

N turnover ,\l\
limiting H
H—X
H

el
cy 7

rate = [ammonium][catalyst]'[diene]°

X

Figure 1.2 Proposed mechanism for anti-Markovnikov hydroamination of 1,3-dienes.

In accordance with anti-Markovnikov hydroamination of alkenes using directing groups,®¢-°’
we imagine that the amine attacks the activated 1,3-diene from the less substituted position to
generate Rh-z-allyl intermediate V. Reductive elimination of V at the 3-position gives homoallylic
amine 3. This step is related to Rh-catalyzed alkyne or allene hydrofunctionalizations, which
tend to favor the branched product after reductive elimination.*® 4% °8 We reason that electron
rich amines improve regioselectivity by promoting reductive elimination at the 3-position rather

than 1-position.

1.5 Conclusion and Future Directions

Hydroamination of conjugated dienes represents an attractive way to transform dienes into

amine building blocks but achieving regioselective hydroamination is challenging given the
9



extended n-system. To date, there are few reports of functionalizing the terminal carbon of 1,3-
dienes through 1,2-hydrofunctionalization.® Modification of the substrate structure has been
used to achieve challenging transformations, such as the regiodivergent arylboration of 1,3-
dienes.%® Through key interactions between the catalyst and the 2-substituent of the substrate,
we achieve a 1,2-anti-Markonvikov hydroamination of dienes to access homoallylic amines.
Future studies are warranted to better understand the origin of this regiocontrol. Insights from
this communication will guide the invention of new diene hydrofunctionalizations.

1.6 Experimental Details

1.6.1 General

Dr. Xiaohui Yang and | collaborated on the following experiments. My contributions to this
project were evaluating the diene scope of the reaction, determining the pKa of different acids in
DCE, and the initial rate studies.

Commercial reagents were purchased from Sigma Aldrich, Strem, Alfa Aesar, Acros
Organics or TCI and were used without further purification. The 1,3-dienes used in this report
are known compounds and were synthesized according to the reported methods.®® 1,2-
Dichloroethane was purified using an Innovative Technologies PureSolv system, degassed by
three freeze-pump-thaw cycles, and stored over 3A MS within a N; filled glove box. All
experiments were performed in oven-dried or flame-dried glassware. Reactions were monitored
using either thin-layer chromatography (TLC) or gas chromatography using an Agilent
Technologies 7890A GC system equipped with an Agilent Technologies 5975C inert XL EI/CI
MSD. Visualization of the developed plates was performed under UV light (254 nm) or KMnO4
stain. Organic solutions were concentrated under reduced pressure on a Bichi rotary
evaporator. Column chromatography was performed with Silicycle SiliaP Flash Silica Gel using
glass columns. Solvents were purchased from Fisher. *H and *C NMR spectra were recorded
on Bruker CRYO500 or DRX400 spectrometer. *H NMR spectra were internally referenced to

10



the residual solvent signal or TMS. *C NMR spectra were internally referenced to the residual
solvent signal. Data for *H NMR are reported as follows: chemical shift (5 ppm), multiplicity (s =
singlet, d = doublet, t = triplet, g = quartet, m = multiplet), coupling constant (Hz), integration.
Data for 3C NMR are reported in terms of chemical shift (5 ppm). Infrared (IR) spectra were
obtained on a Nicolet iS5 FT-IR spectrometer with an iD5 ATR, and are reported in terms of
frequency of absorption (cm™). High resolution mass spectra (HRMS) were obtained on a

micromass 70S-250 spectrometer (EI) or an ABI/Sciex QStar Mass Spectrometer (ESI).

1.6.2 Reaction Optimization
Rh-catalyzed hydroamination of isoprene

In a N filled glovebox, Rh catalyst precursor (0.005 mmol), ligand (0.005 mmol), acid (0.05
mmol), and indoline 2a (11.9 mg, 0.10 mmol) were added to a 1-dram vial with a stir bar. DCE
(0.2 mL) was added to the vial, followed by isoprene (34 mg, 0.50 mmol). The reaction mixture
was sealed with a Teflon-lined cap and stirred at 80 °C for 24 h. The reaction mixture was
cooled to rt and concentrated in vacuo. The yields and regioselectivities were determined by H
NMR analysis of the unpurified reaction mixture using 1,3,5-trimethoxybenzene as the internal
standard.
Pd-catalyzed hydroamination of isoprene

In a N filled glovebox, Pd(PPhs)s (5.5 mg, 0.005 mmol), phthalic acid (8.3 mg, 0.05 mmol),
and indoline 2a (11.9 mg, 0.10 mmol) were added to a 1-dram vial with a stir bar. DCE (0.2 mL)
was added to the vial, followed by isoprene (34 mg, 0.50 mmol). The reaction mixture was
sealed with a Teflon-lined cap and stirred at 80 °C for 15 h. The reaction mixture was cooled to
rt and concentrated in vacuo. The yields and regioselectivities were determined by *H NMR
analysis of the unpurified reaction mixture using 1,3,5-trimethoxybenzene as the internal
standard. 6 was obtained in 77% yield after purification by preparatory thin layer

chromatography with silica gel using hexanes/EtOAc (15:1).
11



1-(3-methylbut-3-en-1-yl)indoline (3a)

NN

Me
IH NMR (500 MHz, CDCls) & 7.09 — 7.02 (m, 2H), 6.66 — 6.60 (m, 1H), 6.48 (d, J = 8.0 Hz,
1H), 4.80 (s, 1H), 4.78 (s, 1H), 3.37 (t, J = 8.5 Hz, 2H), 3.23 — 3.17 (m, 2H), 2.96 (t, J = 8.5 Hz,
2H), 2.34 — 2.28 (m, 2H), 1.80 (s, 3H). 3C NMR (126 MHz, CDCls) & 152.33, 143.72, 130.03,
127.26, 124.38, 117.37, 111.23, 106.85, 52.81, 47.69, 35.00, 28.54, 22.64. IR (ATR): 2930,
2814, 1606, 1488, 1458, 1266, 885, 741 cm™. HRMS calculated for CisHisN [M+H]* 188.1439,

found 188.1443.

1-(3-methylbut-2-en-1-yl)indoline (4a)

N\/ﬁ/“"e

Me
IH NMR (500 MHz, CD,Cl,) & 7.06 — 6.97 (m, 2H), 6.62 — 5.67 (m, 1H), 6.48 (d, J = 8.0 Hz,
1H), 5.31 — 5.27 (m, 1H), 3.68 (d, J = 7.0 Hz, 2H), 3.28 (t, J = 8.0 Hz, 2H), 2.89 (t, J = 8.0 Hz,
2H), 1.75 (s, 3H), 1.72 (s, 3H). 3C NMR (126 MHz, CD.Cl,) & 152.95, 135.75, 130.94, 127.45,
124.64, 120.37, 117.73, 107.62, 53.31, 46.91, 28.84, 25.86, 18.11. This molecule has

previously been synthesized.®!

1-(3-methylbut-3-en-2-yl)indoline (5)

g

N

o

Me
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IH NMR (500 MHz, CDCls) & 7.08 — 6.99 (m, 2H), 6.58 (t, J = 7.5 Hz, 1H), 6.44 (d, J = 7.5 Hz,
1H), 4.97 — 4.91 (m, 2H), 4.00 (g, J = 6.5 Hz, 1H), 3.31 (t, J = 8.5 Hz, 2H), 2.94 (t, J = 8.5 Hz,
2H), 1.79 (s, 3H), 1.26 (d, J = 6.5 Hz, 3H). 3C NMR (126 MHz, CDCls) & 151.48, 146.36,
129.94, 127.18, 124.30, 116.47, 111.26, 106.59, 55.04, 47.18, 28.08, 21.13, 13.42. IR (ATR):
2971, 2845, 1605, 1488, 1473, 1457, 1258, 895, 739 cm'L. HRMS calculated for CisHisN [M+H]*

188.1439, found 188.1437.

1-(2-methylbut-3-en-2-yl)indoline (6)

“

IH NMR (500 MHz, CDCls) & 7.11 (d, J = 7.0 Hz, 1H), 7.04 — 6.97 (m, 1H), 6.84 (d, J = 8.0
Hz, 1H), 6.71 — 6.63 (m, 1H), 6.18 (dd, J = 17.5, 10.5 Hz, 1H), 5.28 (dd, J = 17.5, 1.0 Hz, 1H),
5.18 (dd, J = 10.5, 1.0 Hz, 1H), 3.48 (t, J = 8.5 Hz, 2H), 2.96 (t, J = 8.5 Hz, 2H), 1.39 (s, 6H). 1*C
NMR (126 MHz, CDCl3) & 150.65, 146.98, 131.37, 126.42, 124.14, 117.15, 112.06, 111.14,

57.24, 48.99, 28.03, 24.01. This molecule has previously been synthesized.5?

1.6.3 Determination of the acids’ pKa in DCE
According to a previously reported method,* the pK, was determined by UV-vis spectroscopy

using 2,4-dinitrophenol or 2,4,6-trinitrophenol as indicators.
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Figure 1.3 UV-vis spectra of 2,4-dinitrophenol (HIn, 0.1 mM) and its conjugate base (In“), as
well as A3 with DBU containing 2,4-dinitrophenol (0.1 mM).

Table 1.4 UV-vis Data and Calculated pKa,

entry [HA] [A? AbsP Keg® pK,?
1 2mM 7 mM 0.19015 0.046 3.38
2 1 mM 8 mM 0.26526 0.039 3.13

a[A-] was generated in situ by addition of 1 M DBU in DCE. ° Amax = 424 nm, Absmax = 1.2357, AbSmin =
0.0015. ¢ Keq Was calculated from equation 1.4. ¢ pKa was calculated from equation 1.5.

HA Abs—Abs,;

Keq= [ ] X 'min (1-4)
[AT] AbSa—Abs

pPKa(HA) = logKeq + pKa(HIN) (1.5)

A self-consistent acidity scale has already been reported for 1,2-dichloroethane, where
2,4,6-trinitrophenol is set as pKa = 0.2 Through computational methods, the pK, of 2,4-
dinitrophenol has been determined to be 4.7.%* Based on the given pK, values, the pK, of A3
was calculated (Table 1.4). The average pKa of A3 was determined to be 3.26. Using same
method, the pKa's of Al, A2, and A4 were measured; the pKa, of A4 was measured using 2,4,6-

trinitrophenol as indicator.
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1.6.4 Procedures for Rh-Catalyzed anti-Markovnikov Hydroamination of 1,3-
Dienes

General Method A

[Rh(cod)Cl], (2.5 mol%)
rac-BINAP (5 mol%)

NP A3 (50 mol%) R, IN] Row NI
| + [N]—H - | +
R DCE, 80 °C, 15 h R R

1
1 2 3 4

In a N filled glovebox, [Rh(cod)Cl]. (2.4 mg, 0.005 mmol), rac-BINAP (6.2 mg, 0.01 mmol),
A3 (15.2 mg, 0.10 mmol), and amine (0.2 mmol) were added to a 1-dram vial with a stir bar.
DCE (0.4 mL) was added to the vial, followed by diene (0.30 mmol). The reaction mixture was
sealed with a Teflon-lined cap and stirred at 80 °C for 15 h. The reaction mixture was cooled to
rt and concentrated in vacuo. The regioselectivities were determined by 'H NMR analysis of the
unpurified reaction mixture. The product 3 was purified on silica gel by preparatory thin layer
chromatography using hexanes/EtOAc (15:1).

General Method B

Rh(cod),SbFg (5 mol%)
rac-BINAP (5 mol%)

Ron A3 (50 mol%) R, IN] Row NI
| + [N]—H > | +
R DCE, 80 °C, 15 h R R

4
1 2 3 4

In a N filled glovebox, Rh(cod).SbFs (5.6 mg, 0.01 mmol), rac-BINAP (6.2 mg, 0.01 mmol),
A3 (15.2 mg, 0.10 mmol), and amine (0.2 mmol) were added to a 1-dram vial with a stir bar.
DCE (0.4 mL) was added to the vial, followed by diene (0.30 mmol). The reaction mixture was
sealed with a Teflon-lined cap and stirred at 80 °C for 15 h. The reaction mixture was cooled to
rt and concentrated in vacuo. The regioselectivities were determined by *H NMR analysis of the
unpurified reaction mixture. The product 3 was purified on silica gel by preparatory thin layer
chromatography using hexanes/EtOAc (15:1).

1-(3-phenylbut-3-en-1-yl)indoline (3aa)
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Prepared via General Method A. Isolated as a colorless oil (41.4 mg, 83% yield, >20:1 rr). *H
NMR (400 MHz, CDCls) 8 7.49 — 7.43 (m, 2H), 7.40 — 7.34 (m, 2H), 7.33 = 7.28 (m, 1H), 7.11 —
7.01 (m, 2H), 6.64 (t, J = 7.2 Hz, 1H), 6.39 (d, J = 7.6 Hz, 1H), 5.37 (s, 1H), 5.18 (s, 1H), 3.40 (t,
J = 8.4 Hz, 2H), 3.26 — 3.19 (m, 2H), 2.97 (t, J = 8.4 Hz, 2H), 2.86 — 2.78 (m, 2H). 1*C NMR (101
MHz, CDCl;) & 152.14, 146.29, 140.86, 129.89, 128.39, 127.53, 127.26, 126.08, 124.36,

117.28, 113.56, 106.75, 52.84, 48.19, 32.82, 28.57. IR (ATR): 2948, 2818, 1606, 1488, 1470,

1458, 1264, 895, 777 cm™. HRMS calculated for C1gH1gN [M]* 249.1517, found 249.1508.

1-(3-(o-tolyl)but-3-en-1-yl)indoline (3ba)

P

Prepared via General Method A. Isolated as a colorless oil (31.6 mg, 60% yield, >20:1 rr). H
NMR (500 MHz, CDCls) 8 7.22 — 7.10 (m, 4H), 7.08 — 6.99 (m, 2H), 6.63 (t, J = 7.5 Hz, 1H),
6.32 (d, J = 7.5 Hz, 1H), 5.30 (d, J = 1.5 Hz, 1H), 4.97 (d, J = 1.5 Hz, 1H), 3.33 (t, J = 8.5 Hz,
2H), 3.18 — 3.10 (m, 2H), 2.94 (t, J = 8.5 Hz, 2H), 2.69 — 2.62 (m, 2H), 2.31 (s, 3H). 3C NMR
(126 MHz, CDCls) & 152.21, 147.62, 142.30, 134.88, 130.17, 129.99, 128.35, 127.21, 126.95,
125.45, 124.32, 117.36, 115.22, 106.89, 52.73, 47.61, 34.96, 28.52, 19.86. IR (ATR) 3054,
2927, 2360, 1668, 1606, 1487, 1456, 1256, 904, 740 cm™. HRMS calculated for Ci9H21N [M]*

263.1674, found 263.1684.

1-(3-(3-fluorophenyl)but-3-en-1-yl)indoline (3ca)

Dy
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Prepared via General Method A. Isolated as a colorless oil (38.0 mg, 71% vyield, >20:1 rr). *H
NMR (500 MHz, CDCl3) & 7.35 - 7.28 (m, 1H), 7.23 — 7.18 (m, 1H), 7.15 - 7.10 (m, 1H), 7.08 —
6.95 (m, 3H), 6.63 (t, J = 7.5 Hz, 1H), 6.36 (d, J = 7.5 Hz, 1H), 5.38 (s, 1H), 5.20 (s, 1H), 3.38 (t,
J = 8.0 Hz, 2H), 3.24 — 3.17 (m, 2H), 2.96 (t, J = 8.0 Hz, 2H), 2.77 (t, J = 7.5 Hz,, 2H). 2*C NMR
(126 MHz, CDCls) 8 162.91 (d, J = 245.7 Hz), 152.04, 145.19 (d, J = 2.1 Hz), 143.21 (d, J = 7.4
Hz), 129.88, 129.83 (d, J = 8.4 Hz), 127.27, 124.40, 121.70 (d, J = 2.7 Hz), 117.38, 114.58,
114.32 (d, J = 21.2 Hz), 113.04 (d, J = 21.9 Hz), 106.72, 52.84, 48.06, 32.69, 28.55. IR (ATR):
2949, 2820, 1606, 1579, 1487, 1264, 895, 870, 786 cm™. HRMS calculated for C1sH1oFN [M+H]*

268.1501, found 268.1495.

1-(3-(3-methoxyphenyl)but-3-en-1-yl)indoline (3da)

BBy

Prepared via General Method A. Isolated as a colorless oil (45.8, 82% yield, >20:1 rr). 'H
NMR (500 MHz, CDCls) 8 7.30 — 7.24 (m, 1H), 7.10 — 7.01 (m, 3H), 7.00 — 6.97 (m, 1H), 6.88 —
6.83 (m, 1H), 6.63 (t, J = 7.5 Hz, 1H), 6.39 (d, J = 7.5 Hz, 1H), 5.37 (s, 1H), 5.16 (s, 1H), 3.83
(s, 3H), 3.40 (t, J = 8.5 Hz, 2H), 3.26 — 3.18 (m, 2H), 2.96 (t, J = 8.5 Hz, 2H), 2.82 — 2.76 (m,
2H). 3C NMR (126 MHz, CDCl;5) & 159.61, 152.10, 146.20, 142.43, 129.89, 129.35, 127.24,
124.36, 118.60, 117.27, 113.77, 112.84, 111.97, 106.75, 55.21, 52.83, 48.17, 32.85, 28.56. IR
(ATR): 2950, 2832, 1605, 1487, 1458, 1265, 1234, 1046, 783, 742 cm™. HRMS calculated for

C1oH2:NO [M]* 279.1623, found 279.1635.

1-(3-(m-tolyl)but-3-en-1-yl)indoline (3ea)

eSS
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Prepared via General Method A. Isolated as a colorless oil (41.1 mg, 78% yield, >20:1 rr). *H
NMR (500 MHz, CDCl3) & 7.29 — 7.25 (m, 3H), 7.16 — 7.12 (m, 1H), 7.11 — 7.03 (m, 2H), 6.69 —
6.62 (m, 1H), 6.40 (d, J = 8.0 Hz, 1H), 5.36 (d, J = 1.0 Hz, 1H), 5.16 (d, J = 1.0 Hz, 1H), 3.42 (¢,
J = 8.5 Hz, 2H), 3.26 — 3.20 (m, 2H), 2.98 (t, J = 8.5 Hz, 2H), 2.84 — 2.78 (m, 2H), 2.39 (s, 3H).
13C NMR (126 MHz, CDCl3) d 152.12, 146.34, 140.82, 137.91, 129.91, 128.28, 128.27, 127.24,
126.85, 124.35, 123.15, 117.24, 113.32, 106.77, 52.79, 48.14, 32.76, 28.56, 21.50. IR (ATR):
2918, 2843, 1606, 1488, 1458, 1265, 894, 791, 741 cm™. HRMS calculated for CigH21N [M]*

263.1674, found 263.1673.

1-(3-(3-chlorophenyl)but-3-en-1-yl)indoline (3fa)

O

Prepared via General Method A. Isolated as a colorless oil (38.6 mg, 68% yield, >20:1 rr). *H
NMR (400 MHz, CDCls) 8 7.44 — 7.38 (m, 1H), 7.33 — 7.26 (m, 3H), 7.10 — 7.00 (m, 2H), 6.67 —
6.59 (m, 1H), 6.36 (d, J = 7.6 Hz, 1H), 5.36 (d, J = 0.8 Hz, 1H), 5.20 (d, J = 0.8 Hz, 1H), 3.38 (t,
J = 8.4 Hz, 2H), 3.23 —= 3.17 (m, 2H), 2.96 (t, J = 8.4 Hz, 2H), 2.81 — 2.73 (m, 2H). 13C NMR (101
MHz, CDCl;) 6 152.03, 145.17, 142.84, 134.36, 129.88, 129.63, 127.55, 127.29, 126.34,
124.41, 124.25, 117.41, 114.72, 106.73, 52.84, 48.03, 32.70, 28.56. IR (ATR): 2948, 2818,
1606, 1488, 1471, 1261, 789, 742 cm™. HRMS calculated for CisH1sCIN [M+H]* 284.1206,

found 284.1209.

1-(3-(4-chlorophenyl)but-3-en-1-yl)indoline (3ga)
cl
m%
|
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Prepared via General Method A. Isolated as a yellow oil (29.5 mg, 52% vyield, >20:1 rr). *H
NMR (500 MHz, CDCl3) & 7.39 — 7.35 (m, 2H), 7.34 — 7.30 (m, 2H), 7.09 — 7.02 (m, 2H), 6.66 —
6.62 (m, 1H), 6.36 (d, J = 7.5 Hz, 1H), 5.34 (d, J = 1.0 Hz, 1H), 5.18 (d, J = 1.0 Hz, 1H), 3.38 (t,
J =8.5Hz, 2H), 3.22 - 3.17 (m, 2H), 2.96 (t, J = 8.5 Hz, 2H), 2.80 — 2.74 (m, 2H). *C NMR (126
MHz, CDCl;) & 152.04, 145.20, 139.29, 133.33, 129.87, 128.53, 127.40, 127.27, 124.41,
117.39, 114.15, 106.71, 52.84, 48.07, 32.77, 28.55. IR (ATR) 3051, 2928, 1659, 1490, 1462,
1091, 1011, 903, 834, 740 cm®. HRMS calculated for CigHisNCl [M]* 283.1128, found

283.1124.

1-(3-(4-(trifluoromethyl)phenyl)but-3-en-1-yl)indoline (3ha)

e

Prepared via General Method A. Isolated as a colorless oil (45.7 mg, 72% vyield, 18:1 rr). *H
NMR (400 MHz, CDCls) & 7.64 — 7.49 (m, 4H), 7.10 — 6.99 (m, 2H), 6.64 (t, J = 7.2 Hz, 1H),
6.35 (d, J = 7.6 Hz, 1H), 5.42 (s, 1H), 5.27 (s, 1H), 3.38 (t, J = 8.4 Hz, 2H), 3.26 — 3.16 (m, 2H),
2.96 (t, J = 8.4 Hz, 2H), 2.82 (t, J = 7.6 Hz, 2H). 3C NMR (126 MHz, CDCls) d 151.97, 145.28,
144.51, 129.88, 129.54 (q, J = 32.5 Hz), 127.28, 126.40, 125.36 (q, J = 3.8 Hz), 124.44, 124.17
(g, J = 272.3 Hz), 117.49, 115.59, 106.71, 52.86, 48.05, 32.73, 28.54. IR (ATR): 2950, 2823,
1607, 1488, 1322, 1163, 1115, 1066, 846, 743 cm™. HRMS calculated for CigHisFsN [M+H]*

318.1470, found 318.1481.

1-(3-(p-tolyl)but-3-en-1-yl)indoline (3ia)

o
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Prepared via General Method A. Isolated as a colorless oil (42.7 mg, 81% yield. >20:1 rr). *H
NMR (500 MHz, CDCls) 5 7.41 — 7.34 (m, 2H), 7.22 — 7.14 (m, 2H), 7.11 — 7.01 (m, 2H), 6.68 —
6.60 (m, 1H), 6.40 (d, J = 8.0 Hz, 1H), 5.35 (d, J = 1.0 Hz, 1H), 5.13 (d, J = 1.0 Hz, 1H), 3.41 (t,
J =8.5 Hz, 2H), 3.26 — 3.19 (m, 2H), 2.98 (t, J = 8.5 Hz, 2H), 2.84 — 2.76 (m, 2H), 2.38 (s, 3H).
13C NMR (126 MHz, CDCl3) d 152.14, 145.99, 137.85, 137.30, 129.90, 129.08, 127.24, 125.90,
124.34, 117.24,112.77, 106.77, 52.82, 48.20, 32.74, 28.56, 21.09. IR (ATR): 2919, 2842, 1606,
1488, 1458, 1263, 891, 823, 741, cm™. HRMS calculated for Ci9H22N [M+H]* 264.1752, found

264.1744.

1-(3-cyclohexylbut-3-en-1-yl)indoline (3ja)

A

Prepared via General Method A. Isolated as a colorless oil (37.3 mg, 73% yield, >20:1 rr). *H
NMR (500 MHz, CDCls) 8 7.11 — 7.05 (m, 2H), 6.68 — 6.62 (m, 1H), 6.51 — 6.47 (m, 1H), 4.83 (s,
1H), 4.81 — 4.77 (m, 1H), 3.39 (t, J = 8.5 Hz, 2H), 3.23 — 3.17 (m, 2H), 2.97 (t, J = 8.5 Hz, 2H),
2.37 — 2.29 (m, 2H), 1.95 — 1.87 (m, 1H), 1.85 — 1.76 (m, 4H), 1.74 — 1.67 (m, 1H), 1.36 — 1.25
(m, 2H), 1.24 — 1.12 (m, 3H). 3C NMR (126 MHz, CDCls) 5 152.99, 152.25, 130.00, 127.26,
124.35, 117.27, 108.09, 106.81, 52.81, 48.39, 44.59, 32.39, 31.68, 28.55, 26.75, 26.34. IR
(ATR) 2923, 2850, 1639, 1607, 1487, 1448, 1314, 886, 737 cm™. HRMS calculated for C1sHzsN

[M]* 255.1987, found 255.1992.
1-(7-methyl-3-methyleneoct-6-en-1-yl)indoline (3ka)
Mem/\/%

Me |
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Prepared via General Method A. Isolated as a colorless oil (41.1 mg, 78% yield. >20:1 rr). *H
NMR (500 MHz, CDCl3) 6 7.10 — 7.03 (m, 2H), 6.64 (t, J = 7.5 Hz, 1H), 6.48 (d, J = 8.0 Hz, 1H),
5.17 — 5.11 (m, 1H), 4.83 (s, 2H), 3.38 (t, J = 8.5 Hz, 2H), 3.21 (dd, J = 8.5, 7.0 Hz, 2H), 2.97 (t,
J = 8.5 Hz, 2H), 2.36 — 2.29 (m, 2H), 2.12 — 2.07 (m, 4H), 1.71 (s, 3H), 1.63 (s, 3H). *C NMR
(126 MHz, CDCls) & 152.27, 147.44, 131.77, 130.01, 127.26, 124.37, 123.94, 117.33, 110.24,
106.83, 52.83, 47.94, 36.30, 33.25, 28.55, 26.45, 25.70, 17.72. IR (ATR): 2922, 2850, 1607,
1488, 1457, 1375, 1266, 1231, 888, 739 cm™. HRMS calculated for C1sHzsN [M+H]* 256.2065,

found 256.2059.

1-(6-(benzyloxy)-3-methylenehexyl)indoline (3la)

BnoW%

Prepared via General Method A. Isolated as a colorless oil (47.6 mg, 74% yield, >20:1 rr). H
NMR (500 MHz, CDCls) & 7.36 — 7.33 (m, 4H), 7.32 — 7.27 (m, 1H), 7.09 — 7.03 (m, 2H), 6.64 (t,
J = 7.0 Hz, 1H), 6.47 (d, J = 7.5 Hz, 1H), 4.83 (s, 2H), 4.51 (s, 2H), 3.50 (t, J = 6.5 Hz, 2H), 3.36
(t, J = 8.5 Hz, 2H), 3.22 — 3.17 (m, 2H), 2.95 (t, J = 8.5 Hz, 2H), 2.35 — 2.28 (m, 2H), 2.21 — 2.15
(m, 2H), 1.84 — 1.75 (m, 2H). 3C NMR (126 MHz, CDCls) & 152.24, 146.98, 138.52, 129.98,
128.33, 127.60, 127.49, 127.24, 124.35, 117.34, 110.38, 106.83, 72.89, 69.87, 52.80, 47.88,
33.20, 32.70, 28.52, 27.86. IR (ATR) 3027, 2850, 1639, 1607, 1487, 1448, 1314, 886, 737 cm™.

HRMS calculated for C2:H27NO [M]* 321.2093, found 321.2080.

2-(6-(indolin-1-yl)-4-methylenehexyl)isoindoline-1,3-dione (3ma)
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Prepared via General Method A. Isolated as a yellow solid (62.7 mg, 87% vyield, >20:1 rr). *H
NMR (500 MHz, CDCl3) & 7.87 — 7.81 (m, 2H), 7.76 — 7.68 (m, 2H), 7.07 — 7.00 (m, 2H), 6.65 —
6.59 (m, 1H), 6.45 (d, J = 7.5 Hz, 1H), 4.85 (d, J = 3.0 Hz, 2H), 3.71 (t, J = 7.0 Hz, 2H), 3.35 (t, J
= 8.5 Hz, 2H), 3.22 — 3.14 (m, 2H), 2.94 (t, J = 8.5 Hz, 2H), 2.31 (t, J = 7.5 Hz, 2H), 2.15 (t, J =
7.5 Hz, 2H), 1.91 — 1.81 (m, 2H). *C NMR (126 MHz, CDCIs) d 168.36, 152.20, 146.08, 133.86,
132.08, 129.95, 127.23, 124.32, 123.15, 117.33, 110.77, 106.81, 52.79, 47.81, 37.69, 33.43,
33.09, 28.49, 26.45. IR (ATR): 2940, 2831, 1702, 1602, 1391, 1355, 1341, 1024, 879, 759 cm™.

HRMS calculated for C23H24N2O2;Na [M+Na]* 383.1736, found 383.1738.

1-(2-(1H-inden-3-yl)ethyl)indoline (3na)

ord o

Prepared via General Method A. Isolated as a colorless oil (36.6 mg, 70% yield, >20:1 rr). *H
NMR (500 MHz, CDCls) & 7.51 — 7.47 (m, 1H), 7.44 — 7.40 (m, 1H), 7.33 (t, J = 7.5 Hz, 1H),
7.25 —7.21 (m, 1H), 7.12 — 7.05 (m, 2H), 6.69 — 6.64 (m, 1H), 6.53 (d, J = 7.5 Hz, 1H), 6.35 —
6.31 (m, 1H), 3.49 — 3.43 (m, 4H), 3.39 — 3.35 (m, 2H), 3.00 (t, J = 8.5 Hz, 2H), 2.91 — 2.84 (m,
2H). ¥C NMR (126 MHz, CDCls) & 152.18, 145.23, 144.33, 141.99, 130.02, 128.78, 127.32,
126.09, 124.66, 124.44, 123.83, 118.79, 117.42, 106.86, 52.91, 47.83, 37.91, 28.59, 25.21. IR
(ATR) 3046, 2921, 2087, 1605, 1487, 1455, 1261, 1016, 768, cm™’. HRMS calculated for

CioH1oN [M]* 261.1518, found 261.1499.

1-(2-(3,4-dihydronaphthalen-1-yl)ethyl)indoline (30a)

O‘
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Prepared via General Method A. Isolated as a colorless oil (40.2 mg, 73% yield, >20:1 rr). *H
NMR (400 MHz, CDClI3) & 7.33 — 7.29 (m, 1H), 7.25 - 7.19 (m, 1H), 7.18 — 7.12 (m, 2H), 7.09 —
7.01 (m, 2H), 6.63 (t, J = 7.2 Hz, 1H), 6.44 (d, J = 8.0 Hz, 1H), 5.95 (t, J = 4.4 Hz, 1H), 3.44 (t, J
= 8.4 Hz, 2H), 3.33 — 3.26 (m, 2H), 2.99 (t, J = 8.4 Hz, 2H), 2.79 -2.70 (m, 4H), 2.32 — 2.22 (m,
2H). 3C NMR (101 MHz, CDCls) d 152.22, 136.78, 134.62, 134.31, 129.89, 127.74, 127.30,
126.76, 126.43, 126.26, 124.38, 122.41, 117.20, 106.76, 52.85, 48.40, 30.20, 28.61, 28.33,
23.12. IR (ATR): 2929, 2828, 1606, 1487, 1458, 1263, 1021, 737, cm™*. HRMS calculated for

C20H22N [M+H]* 276.1752, found 276.1743.

(E)-1-(3-methylpent-3-en-1-yl)indoline (3pa)

jl/\/
Me

Prepared via General Method B. Isolated as a colorless oil (29.4 mg, 73% yield, >20:1 rr). *H
NMR (500 MHz, CD>Cl,) 8 7.05 — 6.97 (m, 2H), 6.58 (t, J = 7.5 Hz, 1H), 6.43 (d, J = 7.5 Hz, 1H),
5.34 —5.29 (m, 1H) 3.34 (t, J = 8.5 Hz, 2H), 3.15 — 3.11 (m, 2H), 2.91 (t, J = 8.5 Hz, 2H), 2.28 —
2.23 (m, 2H), 1.68 (s, 3H), 1.59 (d, J = 6.5 Hz, 3H). **C NMR (126 MHz, CDCls) & 152.99,
134.14, 130.51, 127.53, 124.64, 120.28, 117.45, 107.06, 53.20, 48.45, 37.29, 28.90, 15.92,
13.57. IR (ATR): 2918, 2848, 2359, 1606, 1488, 1380, 1256, 1022, 740 cm. HRMS Calculated

for C1aHz2oN [M+H]*, 202.1596, found 202.1602.

(2)-1-(3-phenylpent-3-en-1-yl)indoline (3ga)

~

Me
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Prepared via General Method B. Isolated as a colorless oil (27.9 mg, 53% vyield, >20:1 rr). *H
NMR (500 MHz, CDCl3) & 7.38 — 7.33 (m, 2H), 7.28 — 7.23 (m, 1H), 7.21 — 7.16 (m, 2H), 7.06 —
6.96 (M, 2H), 6.62 — 6.57 (m, 1H), 6.27 (d, J = 7.9 Hz, 1H), 5.65 (q, J = 7.0 Hz, 1H), 3.31 (t, J =
8.5 Hz, 2H), 3.08 — 3.01 (m, 2H), 2.92 (t, J = 8.5 Hz, 2H), 2.66 — 2.59 (m, 2H), 1.59 (d, J = 7.0
Hz, 3H). 13C NMR (126 MHz, CDCls) 5 152.31, 140.43, 139.36, 129.93, 128.56, 128.12, 127.20,
126.57, 124.28, 122.78, 117.14, 106.80, 52.74, 48.06, 36.48, 28.54, 14.73. IR (ATR): 3049,
2923, 2850, 2359, 2341, 1606, 1489, 1386, 1264, 736 cm™. HRMS: Calculated for CigH22N

[M+H]* 264.1752, found 263.9871.

(E)-1-(3,7-dimethylocta-3,6-dien-1-yl)indoline (3ra)

Me

Prepared via General Method A. Isolated as a colorless oil (26.1 mg, 51% vyield, >20:1 rr). 'H
NMR (500 MHz, CDCl3) & 7.10 — 7.03 (m, 2H), 6.66 — 6.59 (m, 1H), 6.47 (d, J = 8.0 Hz, 1H),
5.21 (t, J = 7.0 Hz, 1H), 5.14 — 5.08 (m, 1H), 3.36 (t, J = 8.5 Hz, 2H), 3.19 — 3.11 (m, 2H), 2.95
(t, J = 8.5 Hz, 2H), 2.70 (t, J = 7.0 Hz, 2H), 2.30 — 2.22 (m, 2H), 1.70 (s, 6H), 1.64 (s, 3H). °C
NMR (126 MHz, CDCls) & 152.37, 132.70, 131.55, 129.97, 127.23, 124.85, 124.33, 123.02,
117.17, 106.77, 52.80, 47.98, 36.87, 28.54, 27.11, 25.70, 17.71, 16.22. IR (ATR) 2927, 2358,
1737, 1607, 1489, 1372, 1240, 1190, 1045, 909, 731 cm™. HRMS calculated for CigHzsN [M+H]*

256.2065, found 256.2067.

2-methyl-1-(3-phenylbut-3-en-1-yl)indoline (3ab)

RS,
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Prepared via General Method A. Isolated as a colorless oil (32.7 mg, 62% vyield, 10:1 rr). *H
NMR (500 MHz, CDCl3) & 7.48 — 7.42 (m, 2H), 7.39 — 7.34 (m, 2H), 7.33 — 7.28 (m, 1H), 7.08 —
6.99 (m, 2H), 6.61 (t, J = 7.5 Hz, 1H), 6.34 (d, J = 8.0 Hz, 1H), 5.36 (s, 1H), 5.14 (s, 1H), 3.79 —
3.70 (m, 1H), 3.32 — 3.16 (m, 2H), 3.10 (dd, J = 15.5, 8.5 Hz, 1H), 2.82 — 2.68 (m, 2H), 2.59 (dd,
J =155, 8.5 Hz, 1H), 1.26 (d, J = 6.0 Hz, 3H). 3C NMR (126 MHz, CDCls) & 151.82, 146.33,
140.78, 128.81, 128.42, 127.58, 127.33, 126.03, 124.09, 116.92, 113.57, 106.13, 59.33, 45.22,
37.31, 32.28, 19.45. IR (ATR): 2960, 1606, 1483, 1375, 1358, 1268, 1216, 896, 743 cm™.

HRMS calculated for Ci9H22N [M+H]*" 264.1752, found 264.1743.

3-methyl-1-(3-phenylbut-3-en-1-yl)indoline (3ac)

QWW"

Prepared via General Method A. Isolated as a colorless oil (37.9 mg, 72% vyield, >20:1 rr). *H

Me

NMR (500 MHz, CDCls) & 7.52 — 7.43 (m, 2H), 7.40 — 7.34 (m, 2H), 7.34 — 7.29 (m, 1H), 7.11 —
7.02 (m, 2H), 6.72 — 6.64 (m, 1H), 6.39 (d, J = 7.5 Hz, 1H), 5.38 (s, 1H), 5.18 (s, 1H), 3.62 (t, J =
8.5 Hz, 1H), 3.38 — 3.25 (m, 2H), 3.20 — 3.09 (m, 1H), 2.92 (t, J = 8.5 Hz, 1H), 2.86 — 2.78 (m,
2H), 1.32 (d, J = 7.0 Hz, 3H). 3C NMR (126 MHz, CDCls) & 151.68, 146.28, 140.84, 134.89,
128.38, 127.52, 127.37, 126.06, 123.05, 117.30, 113.56, 106.73, 60.86, 47.97, 35.20, 32.76,
18.69. IR (ATR): 2957, 2811, 1605, 1487, 1458, 1250, 894, 739 cm™. HRMS calculated for

CioH22N [M+H]* 264.1752, found 264.1743.
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4-methyl-1-(3-phenylbut-3-en-1-yl)indoline (3ad)

oo

Prepared via General Method A. Isolated as a colorless oil (42.1 mg, 80% yield, >20:1 rr). H
NMR (500 MHz, CDCls) & 7.48 — 7.44 (m, 2H), 7.39 — 7.34 (m, 2H), 7.33 — 7.28 (m, 1H), 6.97 (t,
J = 7.5 Hz, 1H), 6.48 (d, J = 7.5 Hz, 1H), 6.24 (d, J = 7.5 Hz, 1H), 5.37 (s, 1H), 5.17 (s, 1H),
3.42 (t, J = 8.5 Hz, 2H), 3.26 — 3.18 (m, 2H), 2.90 (t, J = 8.5 Hz, 2H), 2.84 — 2.77 (m, 2H), 2.21
(s, 3H). *C NMR (126 MHz, CDCls) & 151.89, 146.28, 140.85, 133.83, 128.40, 128.38, 127.51,
127.36, 126.06, 118.71, 113.52, 104.31, 52.59, 48.28, 32.75, 27.25, 18.56. IR (ATR): 2915,
2840, 1739, 1595, 1462, 1261, 1216, 894, 776 cm™. HRMS calculated for CigHz,N [M+H]*

264.1752, found 264.1757.

4-methoxy-1-(3-phenylbut-3-en-1-yl)indoline (3ae)

S

Prepared via General Method A. Isolated as a colorless oil (45.2 mg, 81% yield, >20:1 rr). *H
NMR (500 MHz, CDCls) 8 7.48 — 7.43 (m, 2H), 7.40 — 7.33 (m, 2H), 7.33 — 7.28 (m, 1H), 7.07 —
6.99 (m, 1H), 6.27 (d, J = 8.0 Hz, 1H), 6.09 (d, J = 8.0 Hz, 1H), 5.37 (s, 1H), 5.17 (s, 1H), 3.82
(s, 3H), 3.43 (t, J = 8.5 Hz, 2H), 3.22 (t, J = 7.5 Hz, 2H), 2.94 (t, J = 8.5 Hz, 2H), 2.80 (t, J= 7.5
Hz, 2H). *C NMR (126 MHz, CDCls) d 156.11, 153.84, 146.22, 140.82, 128.64, 128.37, 127.52,
126.05, 115.71, 113.55, 100.81, 55.20, 53.02, 48.29, 32.85, 25.50. IR (ATR): 2937, 2834, 1613,
1481, 1465, 1253, 1227, 1075, 754 cm™. HRMS calculated for CigH22NO [M+H]" 280.1701,

found 280.1696.

4-chloro-1-(3-phenylbut-3-en-1-yl)indoline (3af)
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@W/v %ﬂ

Prepared via General Method A. Isolated as a colorless oil (38.6 mg 68% yield, 8:1 rr). *H
NMR (500 MHz, CDCls) & 7.47 — 7.39 (m, 2H), 7.38 — 7.32 (m, 2H), 7.31 — 7.27 (m, 1H), 6.98 —
6.89 (m, 1H), 6.57 (d, J = 8.0 Hz, 1H), 6.18 (d, J = 8.0 Hz, 1H), 5.36 (s, 1H), 5.15 (s, 1H), 3.46
(t, J = 8.5 Hz, 2H), 3.25 — 3.16 (m, 2H), 3.00 (t, J = 8.5 Hz, 2H), 2.82 — 2.74 (m, 2H). 13C NMR
(126 MHz, CDCls) & 153.34, 146.07, 140.71, 130.45, 128.79, 128.43, 127.70, 127.61, 126.07,
117.03, 113.79, 104.50, 52.10, 47.82, 32.73, 27.80. IR (ATR): 2921, 2849, 1600, 1456, 1264,

1124, 896, 753 cm*. HRMS calculated for C1sH19CIN [M+H]* 284.1206, found 284.1215.

5-fluoro-1-(3-phenylbut-3-en-1-yl)indoline (3ag)

S Ras

Prepared via General Method A. Isolated as a colorless oil (37.4 mg, 70% yield, >20:1 rr). H
NMR (500 MHz, CD,Cl,) & 7.47 — 7.40 (m, 2H), 7.38 — 7.31 (m, 2H), 7.31 — 7.23 (m, 1H), 6.80 —
6.73 (m, 1H), 6.73 — 6.63 (m, 1H), 6.21 (dd, J = 8.5, 4.0 Hz, 1H), 5.35 (s, 1H), 5.15 (s, 1H), 3.36
(t, J = 8.0 Hz, 2H), 3.17 — 3.09 (m, 2H), 2.90 (t, J = 8.0 Hz, 2H), 2.83 — 2.73 (m, 2H). 3C NMR
(126 MHz, CDCls) 8 156.29 (d, J = 235.6 Hz), 148.47, 146.19, 140.76, 131.50 (d, J = 8.2 Hz),
128.40, 127.57, 126.05, 113.62, 112.83 (d, J = 23.0 Hz), 112.05 (d, J = 24.0 Hz), 106.80 (d, J =
8.3 Hz), 53.41, 48.90, 32.81, 28.62. IR (ATR): 2926, 2843, 1488, 1470, 1253, 1231, 1124, 897,

799, 777 cm™. HRMS calculated for C1gH1sFN [M+H]* 268.1501, found 268.1498.

5-chloro-1-(3-phenylbut-3-en-1-yl)indoline (3ah)
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Prepared via General Method A. Isolated as a colorless oil (39.2 mg 69% yield, 12:1 rr). *H
NMR (400 MHz, CDCls) 5 7.44 — 7.39 (m, 2H), 7.38 — 7.32 (m, 2H), 7.32 — 7.28 (m, 1H), 7.02 —
6.92 (m, 2H), 6.22 (d, J = 8.4 Hz, 1H), 5.35 (d, J = 1.2 Hz, 1H), 5.14 (d, J = 1.2 Hz, 1H), 3.40 (t,
J =8.4 Hz, 2H), 3.21 - 3.13 (m, 2H), 2.93 (t, J = 8.4 Hz, 2H), 2.84 — 2.75 (m, 2H). *C NMR (126
MHz, CDCl;) & 150.77, 146.09, 140.70, 131.71, 128.42, 127.61, 126.87, 126.06, 124.54,
121.67, 113.76, 107.19, 52.87, 48.04, 32.68, 28.34. IR (ATR): 2922, 2839, 1602, 1489, 1470,
1265, 1201, 896, 798, 777 cm?®. HRMS calculated for CigHisCIN [M]* 283.1128, found

283.1124.

5-bromo-1-(3-phenylbut-3-en-1-yl)indoline (3ai)

YR

Prepared via General Method A. Isolated as a colorless oil (58.4 mg, 89% vyield, 18:1 rr). H
NMR (500 MHz, CDCls) 8 7.44 — 7.39 (m, 2H), 7.37 — 7.32 (m, 2H), 7.32 — 7.27 (m, 1H), 7.13 —
7.06 (m, 2H), 6.18 (d, J = 8.5 Hz, 1H), 5.34 (d, J = 1.0 Hz, 1H), 5.14 (d, J = 1.0 Hz, 1H), 3.39 (t,
J = 8.5 Hz, 2H), 3.20 — 3.14 (m, 2H), 2.93 (t, J = 8.5 Hz, 2H), 2.80 — 2.74 (m, 2H). 3C NMR (126
MHz, CDCls) & 151.17, 146.06, 140.68, 132.20, 129.78, 128.42, 127.61, 127.28, 126.06,
113.78, 108.59, 107.78, 52.75, 47.87, 32.64, 28.27. IR (ATR): 2922, 2839, 1598, 1487, 1468,

1264, 896, 797, 777 cm™. HRMS calculated for C1gH1oBrN [M+H]* 328.0701, found 328.0692.

Ethyl 4-((3-phenylbut-3-en-1-yl)amino)benzoate (3aj)

@W/\/H

N

L
CO,Et
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Prepared via General Method B. Isolated as a yellow solid (23.6 mg, 40% yield, 5:1 rr). *H
NMR (400 MHz, CDCl3) 6 7.88 — 7.83 (m, 2H), 7.44 — 7.31 (m, 5H), 6.54 — 6.48 (m, 2H), 5.41 (d,
J=1.2 Hz, 1H), 5.16 (d, J = 1.2 Hz, 1H), 4.32 (g, J = 7.2 Hz, 2H), 4.13 (t, J = 4.6 Hz, 1H), 3.33 —
3.27 (m, 2H), 2.85 (t, J = 6.8, 2H), 1.36 (t, J = 7.1 Hz, 3H). *C NMR (101 MHz, CDCls) d
167.07, 151.85, 145.64, 140.35, 131.69, 128.75, 128.06, 126.32, 125.93, 114.79, 111.71, 60.38,
41.77, 35.17, 14.67. IR (ATR): 3367, 2975, 1674, 1596, 1268, 1171, 1123, 1113, 835 cm™.

HRMS calculated for C19H21N [M]* 295.1572, found 295.1570.

4-fluoro-N-(3-phenylbut-3-en-1-yhaniline (3ak)

QW“O

Prepared via General Method B. Isolated as a yellow oil (29.4 mg, 61% yield, 10:1 rr). H

F

NMR (500 MHz, CDCls) & 7.43 — 7.38 (m, 2H), 7.37 — 7.32 (m, 2H), 7.31 — 7.27 (m, 1H), 6.90 —
6.83 (M, 2H), 6.55 — 6.45 (m, 2H), 5.39 (d, J = 1.0 Hz, 1H), 5.15 (d, J = 1.0 Hz, 1H), 3.57 (brs,
1H), 3.19 (t, J = 7.0 Hz, 2H), 2.88 — 2.76 (m, 2H). *C NMR (126 MHz, CDCls) & 156.70 (d, J =
234.4 Hz), 145.66, 144.39, 140.29, 128.46, 127.73, 126.09, 115.59 (d, J = 22.7 Hz), 114.31,
113.71 (d, J = 7.6 Hz), 42.81, 35.06. IR (ATR): 3405, 2922, 1508, 1217, 899, 818, 777 cm™.

HRMS calculated for Ci6H1sFN [M]* 241.1267, found 241.1257.

4-methoxy-N-(3-phenylbut-3-en-1-ylaniline (3al)

Yo

Prepared via General Method B. Isolated as a yellow oil (31.9 mg, 63% yield, 11:1 rr). H

NMR (500 MHz, CD2Cl,) & 7.46 — 7.42 (m, 1H), 7.37 — 7.32 (m, 2H), 7.31 — 7.26 (m, 2H), 6.74 —
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6.69 (M, 2H), 6.54 — 6.49 (m, 2H), 5.39 (d, J = 1.0 Hz, 1H), 5.15 (d, J = 1.0 Hz, 1H), 3.70 (s,
3H), 3.46 (brs, 1H), 3.16 (t, J = 7.0 Hz, 2H), 2.81 (t, J = 7.0 Hz, 2H). C NMR (126 MHz,
CD:Cly) & 152.47, 146.47, 142.93, 140.96, 128.79, 128.02, 126.51, 115.13, 114.43, 114.22,
56.03, 43.57, 35.56. IR (ATR): 3383, 2930, 2830, 1509, 1463, 1232, 1179, 1035, 897, 817, 778

cm™. HRMS calculated for C17H1sNO [M]* 253.1467, found 253.1475.

N-methyl-N-(3-phenylbut-3-en-1-yl)aniline (3am)

Prepared via General Method B. Isolated as a colorless oil (22.3 mg, 47% vyield, 3:1 rr). *H
NMR (500 MHz, CD2Cl,) & 7.49 — 7.41 (m, 2H), 7.39 — 7.34 (m, 2H), 7.32 — 7.28 (m, 1H), 7.21 —
7.15 (m, 2H), 6.69 — 6.62 (m, 3H), 5.35 (s, 1H), 5.12 (s, 1H), 3.47 — 3.41 (m, 2H), 2.90 (s, 3H),
2.80 — 2.74 (m, 2H). *C NMR (126 MHz, CDCl;) & 149.44, 146.88, 141.25, 129.47, 128.81,
127.97, 126.45, 116.29, 113.89, 112.51, 52.40, 38.47, 32.49. IR (ATR): 3024, 2937, 1598,
1504, 1445, 1356, 1191, 895, 777 cm™. HRMS calculated for CigH21N [M]* 237.1517, found

237.1514.

1-(3-phenylbut-3-en-1-yl)-1,2,3,4-tetrahydroquinoline (3an)

@WNN

Prepared via General Method B. Isolated as a colorless oil (23.7 mg, 45% vyield, 4:1 rr). *H
NMR (500 MHz, CDCl3) 6 7.47 — 7.43 (m, 2H), 7.39 — 7.33 (m, 2H), 7.33 — 7.27 (m, 1H), 7.07 —
7.00 (m, 1H), 6.94 (d, J = 7.5 Hz, 1H), 6.59 — 6.51 (m, 2H), 5.36 (d, J = 1.0 Hz, 1H), 5.13 (d, J =

1.0 Hz, 1H), 3.41 — 3.34 (m, 2H), 3.26 (t, J = 5.5 Hz, 2H), 2.81 — 2.76 (m, 2H), 2.74 (t, J = 6.5
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Hz, 2H), 1.96 — 1.88 (m, 2H). 3C NMR (126 MHz, CDCls) 5 146.36, 144.82, 140.84, 129.18,
128.41, 127.57, 127.09, 126.02, 122.25, 115.39, 113.67, 110.36, 50.68, 49.37, 31.65, 28.13,
22.13. IR (ATR): 2926, 2849, 1600, 1504, 1456, 1346, 1206, 894, 741 cm™. HRMS calculated

for C1gH21N [M]* 263.1674, found 263.1667.

4-(3-phenylbut-3-en-1-yl)morpholine (3ao)

Prepared via General Method A. Isolated as a colorless oil (34.3 mg, 79% vyield, >20:1 rr). H
NMR (500 MHz, CD2Cl,) & 7.44 — 7.39 (m, 2H), 7.36 — 7.30 (m, 2H), 7.29 — 7.24 (m, 1H), 5.31
(s, 1H), 5.11 — 5.09 (m, 1H), 3.69 — 3.59 (m, 4H), 2.72 — 2.64 (m, 2H), 2.50 — 2.37 (m, 6H). *C
NMR (126 MHz, CD.Cl,;) & 147.29, 141.52, 128.69, 127.80, 126.42, 113.27, 67.35, 58.42,
54.14, 33.05. IR (ATR): 2953, 2853, 1135, 1115, 1006, 895, 867, 776 cm™. HRMS calculated for

C14H20NO [M+H]" 218.1545, found 218.1540.

(E)-1-(pent-3-en-2-yl)indoline (7)

Me/\)\Me

Prepared via General Method A. Isolated as a colorless oil (22.5 mg, 60% vyield, 10:1 rr). H
NMR (500 MHz, CD2Cl,) & 7.08 — 6.94 (m, 2H), 6.56 (t, J = 7.5 Hz, 1H), 6.43 (d, J = 7.5 Hz, 1H),
5.70 — 5.60 (m, 1H), 5.58 — 5.49 (m, 1H), 4.19 — 4.08 (m, 1H), 3.41 — 3.25 (m, 2H), 2.89 (t, J =
8.5 Hz, 2H), 1.70 — 1.63 (m, 3H), 1.26 (d, J = 7.0 Hz, 3H). 3C NMR (126 MHz, CDCl3) 5 151.71,
131.29, 130.85, 127.37, 126.94, 124.64, 117.18, 107.91, 52.46, 47.24, 28.50, 17.97, 16.68. This

molecule has been previously synthesized.3!
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1.6.5 Determination of the Rate Law

The kinetic profile of the reaction was studied by obtaining initial rates of reaction for different
concentrations of 1,3-diene la, indoline 2a, mandelic acid A3, and Rh catalyst. No products of
decomposition are observed for the system. The rates were monitored by GC-FID analysis
using durene as an internal standard.

Representative procedure:

In a No-filled glovebox, a 0.0025M catalyst solution was prepared by combining Rh(cod).SbFe
(2.8 mg, 0.005 mmol), rac-BINAP (3.14 mg, 0.005 mmol), and DCE (2 mL). A second solution of
reagents was prepared by combining 1a (117.2 mg, 0.90 mmol), 2a (71.5mg, 0.60 mmol), A3
(45.7 mg, 0.30 mmol), and DCE (3 mL). A vial was charged with a stir bar and durene (6.0 mg,
0.045 mmol). 0.5 mL of 0.0025 M catalyst solution (1.25 mol% Rh) was added to the vial,
followed by 0.5 mL of reagent solution (0.15 mmol 1a, 0.10 mmol 2a, 0.05 mmol A3). The vial
was sealed with a Teflon cap and heated to 60 °C in a heating block. 50 yL aliquots were taken
every 5 minutes and quenched in 2 mL of ethyl acetate. No further catalysis occurs in the ethyl
acetate. The appearance of 3aa was monitored by GC-FID analysis.

Table 1.5 Kinetic Data for Intermolecular Hydroamination
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Rh(COd)szFG

rac-BINAP
A3
Ph\|/\ + ©j> > Ph N
| N DCE, 60 °C T\/
1a 2a 3aa
entry [1a] (M) [2a] (M) [A3] (M) [catalyst] (M) initial rate (M x min)
1 1.0 x 10" 1.0 x 10" 5.0 x 1072 1.0x 107 (4.23+0.16) x 107
2 2.0 x 10 1.0 x 10" 5.0 x 1072 1.0x 103 (4.71 £0.29) x 10
3 3.0x 107" 1.0 x 107" 5.0 x 1072 1.0 x 1073 (4.80 +0.31) x 107
4 4.0 x 10" 1.0 x 10" 5.0 x 1072 1.0 x 10°° (4.93 £0.33) x 10
5 5.0 x 107" 1.0 x 10" 5.0 x 1072 1.0x 107 (4.89 + 0.35) x 107
6 1.5 x 10" 0.3 x 10" 1.5 x 1072 2.5x 10 (0.95 £ 0.04) x 10
7 1.5x 107" 0.6 x 10" 3.0 x 1072 2.5x 10 (2.33+0.08) x 10™*
8 1.5 x 10" 0.9 x 10" 4.5x 1072 2.5x 10 (3.20 £ 0.15) x 10
9 1.5 x 10" 1.2x 10" 6.0 x 1072 2.5x 10 (4.08 +0.21) x 107
10 1.5x 10" 1.5 x 10" 7.5x 1072 2.5x 10 (4.82+0.25) x 107
1 1.5x 107" 1.0 x 107" 5.0 x 1072 2.5x 10 (1.10 £ 0.02) x 10™*
12 1.5 x 10" 1.0 x 10" 5.0 x 1072 5.0 x 10 (2.44 +0.16) x 107
13 1.5 x 10" 1.0 x 107" 5.0 x 1072 7.5 %10 (3.33+0.21) x 107
14 1.5x 10" 1.0 x 107" 5.0 x 1072 1.00 x 10°3 (4.31+0.41) x 10
15 1.5 x 10" 1.0 x 10" 5.0 x 1072 1.25 x 10°° (5.10 £ 0.45) x 10"

0.02 -
0.018 1 [1a] Initial Rate (k)
©0 1M (423%0.16)x 10
0016 1. 02M (471+0.29)x 10°
0.014 4 ®0.3M (4.80+0.31) x 107
00.4M (4.93%0.33)x 10"
0012 1g05M (4.89+0.35) x 107
E a
= 0.01 -
o
® 0.008
o,
0.006
0.004 ¢
0.002
a . . . . . . .
0 5 10 15 20 25 30 35

Time (min)

Figure 1.4 Plot of initial reaction rates at various concentrations of 1a.
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Figure 1.5 Log-log plot of initial reaction rates as a function of [1a] (slope = 0.092).

00149 [2a) Initial Rate (k,,.)

©03M (0.95+0.04)x 10"
0.012 {®06M (2.33+0.08) x 10
©0.9M (3200.15)x 10
12M (4.08+021)x 10"
e15M (4.82+025)x 10"

0.01 4

0.008 1

0.006 1

[3aa] /M

0.004 A

0.002 1 ®

0 5 10 15 20 25 30 35
Time (min)
([A3] was adjusted accordingly to be 50 mol% of 2a. This reflects the concentration of ammonium ion

in the reaction.)

Figure 1.6 Plot of initial reaction rates at various concentrations of 2a and A3.
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in the reaction.)

Figure 1.7 Log-log plot of initial reaction rates as a function of [2a] (slope = 1.000).

0.016 - [Rh] Initial Rate (&}
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Figure 1.8 Plot of initial reaction rates at various concentrations of catalyst.
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Figure 1.9 Log-log plot of initial reaction rates as a function of [catalyst] (slope = 0.948).
Based on the reaction orders obtained in this study, the following rate law was obtained:

rate = klammonium ion]}[catalyst][diene]®

1.6.6 Determining the Keq Between Amine and Acid Additive
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Figure 1.10 The change in indoline 2a’s chemical shift with the addition of A3.
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Figure 1.11 Plot of the chemical shift of indoline 2a as a function of the equivalents of A3.
Log(B) = 1.02 + 0.06. Keq = 10.5 + 1.1.

1.6.7 Determination of the Catalyst Resting State

A mixture of Rh(cod).SbFs (2.4 mg, 0.005 mmol), rac-BINAP (3.1 mg, 0.005 mmol), and DCE-

ds (0.1 mL) were added to a 1-dram vial in the glove box. After stirring 5 min at rt, the reaction
mixture was transferred to J-Young NMR tube. The 1-dram vial was rinsed with DCE-d4 (3 x 0.1
mL), and this liquid was also transferred to the J-Young NMR tube (for a total of 0.4 mL solvent).
The J-Young NMR tube was sealed and *H and 3!P NMR were taken.
IH NMR (500 MHz, CICD,CD,CI) & 7.87 — 7.82 (m, 2H), 7.76 (d, J = 8.8 Hz, 2H), 7.68 (d, J = 8.2
Hz, 2H), 7.63 — 7.51 (m, 10H), 7.44 — 7.33 (m, 6H), 7.08 — 7.00 (m, 2H), 6.83 (t, J = 7.5 Hz, 2H),
6.70 (t, J = 7.5 Hz, 2H), 6.54 (d, J = 8.5 Hz, 2H), 4.98 — 4.85 (m, 2H), 4.66 — 4.56 (m, 2H), 2.59
—2.48 (m, 2H), 2.44 — 2.31 (m, 4H), 2.28 — 2.17 (m, 2H). *P NMR (202 MHz, DCE) & 25.3 (d,
Jrnp = 145.4 Hz). The *H NMR and 3P NMR of [(BINAP)Rh(cod)]SbFs is similar with the
reported [(BINAP)Rh(COD)]BF,.5°

After this, indoline 2a (6 mg, 0.05 mmol), mandelic acid A3 (3.6 mg, 0,025 mmol), and 1,3-
diene 1a (0.075 mmol) were added to the J-Young NMR tube. The NMR was taken at 60 °C.

'H NMR of Rh(cod).SbFs + rac-BINAP
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3P NMR of Rh(cod).SbFs + rac-BINAP + diene 1a + indoline 2a + mandelic acid A3 at 60
°C
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1.6.8 NMR Spectra for Compounds

1-(3-methylbut-3-en-1-yl)indoline (3a)
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1-(3-methylbut-3-en-2-yl)indoline (5)
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1-(3-phenylbut-3-en-1-yl)indoline (3aa)
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1-(3-(o-tolyl)but-3-en-1-yl)indoline (3ba)
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1-(3-(3-fluorophenyl)but-3-en-1-yl)indoline (3ca)
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1-(3-(3-methoxyphenyl)but-3-en-1-yl)indoline (3da)
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1-(3-(m-tolyl)but-3-en-1-yl)indoline (3ea)
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1-(3-(3-chlorophenyl)but-3-en-1-yl)indoline (3fa)
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1-(3-(4-chlorophenyl)but-3-en-1-yl)indoline (3ga)
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1-(3-(4-(trifluoromethyl)phenyl)but-3-en-1-yl)indoline (3ha)
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1-(3-(p-tolyl)but-3-en-1-yl)indoline (3ia)
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1-(3-cyclohexylbut-3-en-1-yl)indoline (3ja)
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1-(7-methyl-3-methyleneoct-6-en-1-yl)indoline (3ka)
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1-(6-(benzyloxy)-3-methylenehexyl)indoline (3la)
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2-(6-(indolin-1-yl)-4-methylenehexyl)isoindoline-1,3-dione (3ma)
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1-(2-(1H-inden-3-yl)ethyl)indoline (3na)
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1-(2-(3,4-dihydronaphthalen-1-yl)ethyl)indoline (30a)

65€T'T
196T°C
699TTT
0L8TC
PETL'T

T

LTy —

169/
§596'C—
6586'C
8900°€
zsoze/f
£687°€
£h0'E
Teer's
Ivbb'e
059t'€

6LE6'S
ag,mw
£096°S
YLTY9
1L¥h'9\
9609'9
wRo@W

——

T
T

(L

"H NMR (400 MHz, CDClj)

3oa

——==—TF60

£1 (ppm)

1L01°€T—

POTE'ST
$709'87
ziLros”

£68E°8Y —

99¥8°CS —

SOPLOL
wooo,EW
PPSTLL

899L°901 —

E0ELH
80€4'971
0v9L'9T /
L10£221
TerLiTl =

PILTHEL~
$009 €1~
SL9L9E1

13C NMR (101 MHz, CDClj,)

3o0a

30 25 20

35

45

50

140 135 130 125 120 115 110 105 100 95 90 85 80 75 70 65 60
f1 (ppm)

145

56



(E)-1-(3-methylpent-3-en-1-yl)indoline (3pa)
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(2)-1-(3-phenylpent-3-en-1-yl)indoline (3ga)
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(E)-1-(3,7-dimethylocta-3,6-dien-1-yl)indoline (3ra)
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2-methyl-1-(3-phenylbut-3-en-1-yl)indoline (3ab)
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3-methyl-1-(3-phenylbut-3-en-1-yl)indoline (3ac)
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4-methyl-1-(3-phenylbut-3-en-1-yl)indoline (3ad)
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4-methoxy-1-(3-phenylbut-3-en-1-yl)indoline (3ae)
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4-chloro-1-(3-phenylbut-3-en-1-yl)indoline (3af)

L89L°T

LT8LT

686L°C

61867  ——
owg.N/

6510+ ——
9161°€

worey ——
oczze/

S8EPE~

osstEF T
LTS

wyls —

16S€°6 —

TEL19~
88819~

€195~
0859

SYT6'9 /
Y0¥6'9 —
9569/
NOON.NW

PEIEL _
06SCL-F
gm:\ T
L89€L
8SIL
80EYL

Cl

3af
H NMR (500 MHz, CDCl3)

Iacl
L6
Fso1
=

[F96'0

[F00°1

60

IF56'0

4.8 4.6 4. 4.2 4.0 3.8 3.6

5.0

£1 (ppm)

)

L96L’LT —

creLce —

VI1T8'Ly —
0960°CS —

9SYLIL
mooo.\.\.W
8YSTLL

800S¥01 —

EPOLETT —
0620°L1T —
SELO9TI
¥609°LTI
groL’Lel
8LTY'8TI \
098L°8CI
[452403!

L90L OV —

€0LOOVT —

19eeest —

Cl

3af
13C NMR (126 MHz, CDCl5)

LT

AN

UG

A

M

90

100

110

120

130

140

150

160

f1 (ppm)



5-fluoro-1-(3-phenylbut-3-en-1-yl)indoline (3ag)
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5-chloro-1-(3-phenylbut-3-en-1-yl)indoline (3ah)
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5-bromo-1-(3-phenylbut-3-en-1-yl)indoline (3ai)
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Ethyl 4-((3-phenylbut-3-en-1-yl)amino)benzoate (3a))
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4-fluoro-N-(3-phenylbut-3-en-1-ylaniline (3ak)
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N-(3-phenylbut-3-en-1-yl)aniline (3al)
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N-methyl-N-(3-phenylbut-3-en-1-yl)aniline (3am)
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1-(3-phenylbut-3-en-1-yl)-1,2,3,4-tetrahydroquinoline (3an)
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4-(3-phenylbut-3-en-1-yl)morpholine (3ao)
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Chapter 2: Enantioselective Hydrothiolation: Diverging

Cyclopropenes Through Ligand Control?

2.1 Introduction

Given the prevalence of sulfur in biologically relevant organic molecules,®%8 inventing
methods to forge C—S bonds remains a worthwhile pursuit.®®’¢ Hydrothiolation, the addition of a
thiol across a degree of unsaturation, represents a straightforward and atom economical*? way
of building molecules with sulfide functional groups.””# In previous communications,”®° our
laboratory disclosed highly regioselective hydrothiolations of conjugated dienes, where
regiocontrol was achieved through careful selection of the counterion associated with the Rh
catalyst (Figure 2.1A). Using a non-coordinating counterion, such as SbFs, allows the
conjugated diene to bind the catalyst in an n* fashion en route to allylic sulfide products.” Using
a coordinating counterion, such as ClI-, forces the conjugated diene to bind the catalyst in an n?2
fashion en route to homoallylic sulfide products.®° The switch in regioselectivity was achieved by
having chloride occupy a coordination site on the catalyst. In this article, we focus on the
hydrothiolation of cyclopropenes. In contrast to our previous study, the appropriate choice of
ligand enables divergent pathways to yield either the cyclopropyl or allylic sulfide motifs, both
architectures found in natural products and biologically active molecules (Figure 2.1B).

Since their synthesis in 192284 cyclopropenes have captivated chemists due to their strained
structures and high reactivity.8>% Cyclopropene, the smallest possible unsaturated carbocycle,
owes its unique reactivity to 54.1 kcal/mol of strain energy.®® Releasing the strain energy
enables cyclopropenes to undergo cycloadditions and hydrofunctionalizations that are

challenging for simpler alkenes and alkynes. In contrast to less strained alkenes, however, there

2 Adapted with permission from Nie, S.-Z.; Lu, A.; Kuker, E. L.; Dong, V. M. J. Am. Chem.
Soc. 2021, 143, 6176. © 2021 American Chemical Society
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exists a unique challenge in controlling the diverse modes of reactivity (Figure 2.2A). Additions
to cyclopropenes are known to occur with ring-retention to yield cyclopropyl products,® as well
as with ring-opening to vyield allylic products.®”192 In general, ring-retentive
hydrofunctionalizations require softer nucleophiles, such as boranes, stannanes, and carbon
nucleophiles.?*116 Ring opening hydrofunctionalizations require harder nucleophiles, such as
amines, alcohols, or phosphonates.'’12° However, there are exceptions to this trend, including
Hou’s ring-retentive hydroamination!®® and Yamamoto’s ring-opening addition of carbon
nucleophiles.t’

A. Counterion-controlled hydrothiolation of dienes

/\(|L Rh=£X), (X)= SbFj R y—H
RS R - \/(
NNsr

3,4-anti-Markovnikov L, Rh/ L, Rh+ )\ 1,2-Markovnikov
homoallylic sulfides allylic sulfides

n2 blndlng n* binding

B. Sulfur-containing bioactive molecules

HN
NH,
o NH
Me Me Mo\\\g_/_
Me x x =
CF;
Merck (-)-Agelasidine A

y-secretase inhibitor

Figure 2.1 Extending hydrothiolation to cyclopropenes.

Lee demonstrated that both modes of reactivity are possible for thiol nucleophiles, depending
on the choice of conditions (Figure 2.2B).*?* The Au catalyst opens the cyclopropene through
C—C bond activation. The regioselectivity of the subsequent hydrothiolation depends on the
choice of thiol or thioacid as the nucleophile. While the reactivity is novel, only racemic mixtures
of the allylic sulfide are obtained when coupling unsymmetrical cyclopropenes to thiols. In the

absence of a Au catalyst, cyclopropyl sulfide products are observed.'?? Rendering either variant
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of Lee’s cyclopropene hydrothiolation asymmetric would be difficult: the enantio-determining
step of ring-opening hydrothiolation is protonation, while the ring-retentive hydrothiolation
proceeds in the absence of catalyst.

A. Cyclopropene hydrofunctionalizations

\

ring-retentive R1. iRz
Nu = B, C, Si, Sn, etc.
Nu
R

ring-opened 2

Nu=N,0,S,P, etc. R1N\Nu

Y

B. Lee's hydrothiolation of cyclopropenes

LAuSbFg-MeCN CeH1s
DCM, 25°C,05h Cus)\/\SPh
C6H13: :CGH13 + H—SPh 72%,16:1 E:Z
C6H13 CGH13

DCM,25°C,05h K

Figure 2.2 The diverse reactivity of cyclopropenes.

SPh

To address this challenge, we hypothesized that Rh-catalysis, along with careful selection of
the bisphosphine ligand, would enable access to both ring-opening and ring-retentive
hydrothiolations of cyclopropenes (Figure 2.3A). Controlling the reactivity of the cyclopropene
through ligands would enable us to select for products that are chiral, thus offering an
opportunity to render the transformations enantioselective. ldentifying ligands that can override
the native reactivity of substrates is challenging. However, there are several examples in the
literature of ligands enabling the divergent synthesis of constitutional isomers.*® 123131 | jgand-
control is established primarily through governing the regioselectivity?® 123127 or
chemoselectivity*®-13! of the transformation. Our group has studied the reactivity of
bisallylaldehydes under Rh-catalyzed hydroacylation (Figure 2.3B). Through the choice of
bisphosphine ligand, we can alter the steps of the catalytic cycle and obtain different

carbocycles from the same bisallylaldehyde starting material.1?8-12% 132 Encouraged that
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transition metals can catalyze reactions with thiols,*®-"® we focused on studying Rh catalysts to
explore how different bisphosphine ligands diverge the reactivity of cyclopropenes.

A. Our proposal: ligand-controlled hydrothiolation

Ris,, 4Rz Rh/L* R R Rh/L* R; R
fS <o 15 ? 4 H—SR ce-ecceeneen- > M.,\;(z
H SR HY X SR
B. Switching reactivity through ligands
[0}
Rh/L1 R
— 5
Me—r/
" ®
R P(DTBM), MeO P(DTBM), PPh,
H Rh/L2 . P(DTBM); MeO, P(DTBM), PPh,
7 \ ‘

L1 L2 L3

R
Rh/L3 ﬁo DTBM = 3,5-di-(tert-butyl)-4-methoxyphenyl
—> Me

Figure 2.3 Enabling divergent reactivity through ligand control.

2.2 Reaction Discovery and Optimization

To test our hypothesis, we attempted to couple cyclopropene 8a and thiophenol 9a using a
variety of achiral bisphosphine ligands with [Rh(cod)Cl].. Gratifyingly, we observed a correlation
between 10aa:1laa and the bite angle of the bisphosphine ligands (Figure 2.4A). Bisphoshines
with smaller bite angles (dppm, dppe) give exclusively cyclopropyl sulfide (+)-11laa (76% and
82%, >20:1 dr), while ligands with larger bite angles (rac-BINAP) form allylic sulfide (£)-10aa
exclusively (80%, >20:1 rr). Bisphosphine ligands with intermediate bite angles furnish mixtures
of 10aa and 11aa. A 1,1-dialkysubstituted cyclopropene (3,3-dihexylcycloprop-1-ene) has been
shown to undergo addition with thiols in the absence of any catalysts (Figure 2.2B).*?! In
contrast, control experiments with cyclopropene 8a show that neither product is obtained in the

absence of Rh-precursor or ligand, indicating that the selectivity is ligand-controlled.
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A. Effects of the ligand bite angle
[Rh(cod)Cl]5, (2.5 mol%)?

Ph Me SH ligand (5.0 mol%) Ph,,, Me@ Me PhO
+ > + .
z DCE, 30 °C, 6 h H” s H/\/<s

8a 9a 10aa 11aa
ligand: dppm dppe dppp dppf dppb rac-BINAP
Yield (+)-10aa: 76% 82% 35% 47% 36% -
Yield (+)-11aa: - - 22% 8% 45% 80%
[ increasing bite angle >

B. Screening chiral bisphosphine ligands

I 98

o P(DTBM), P(DTBM),
Fe : Fe - o) P(DTBM), P(DTBM),
S Se U QO
S S o

t t
ohp S __P(Bu), . Sz _P(Bu),

L4 L5 L6 L7
10aa®, 90%, 95:5 er, 10aa®, 81%, 51:49 er, 11aa® 87%, 72:28 er, 11aa®, 86%, 97:3 er,
>20:1 dr >20:1 dr >20:1 rr >20:1 rr

@ Reaction Conditions: 8a (0.12 mmol), 9a (0.10 mmol), [Rh(cod)Cl]z (2.5 mol%), ligand (5.0 mol%),
0.6 mL DCE, 30 °C, 6 h. Yields of isolated products are given.  Reaction performed using MeCN for 6
h. ¢ Reaction performed at 0 °C for 30 min. DTBM = 3,5-di-(tert-butyl)-4-methoxyphenyl.

Figure 2.4 Reaction optimization through various bisphosphine ligands.

Next, we optimized for asymmetric variants of the transformation to access 10aa or 11aa with
high enantioselectivity (Figure 2.4B). Ligands from the Josiphos family bearing alkyl substituents
(L4, L5) afforded 10aa. Ultimately, using L4 with MeCN as solvent afforded the best yield and
selectivity for 10aa (90%. 95:5 er, >20:1 dr) after 6 h. Hydrothiolations promoted with axially
chiral ligands bearing DTBM (3,5-di-tert-butyl-4-methoxyphenyl) substituents (L6, L7) afford
allylic sulfide 11aa with good yields (86—87%, >20:1 rr) when conducted at 0 °C for 30 min. The
best enantioselectivity for 11aa was achieved when using bisphosphine L7 (96:4 er).'® Given
the structural differences between chiral bisphosphines 10aa and 1laa, both steric and

electronic parameters must influence selectivity.

2.3 Substrate Scope for Ring-retentive and Ring-opened Hydrothiolation

With these conditions in hand, we evaluated the scope of the ring-retentive hydrothiolation
(Table 2.1). High reactivity and enantioselectivity (91:9-95:5 er) are observed with aromatic thiol
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partners (10ab—10ag). However, aliphatic thiols are unreactive under these conditions (10ap
and 10aq). This result most likely stems from the differences in their ability to bind Rh (vide
infra). Thus, further tuning of the bisphospine ligand will be necessary to obtain reactivity using
alkyl thiols. On the other hand, aromatic thiols bearing halogens transform well (10ad, 87%,
>20:1 dr, 94:6 er). Sterically hindered thiophenols with ortho substituents display good reactivity
and high selectivity (10af, 73%, >20:1 dr, 95:5 er). Electron withdrawing functional groups on
aromatic thiols (such as 4-(trifluoromethyl)thiophenol) give mixtures of both cyclopropyl and
allylic sulfide products. Aromatic thiols with extended 1r-systems couple to 8a with 81% yield
and 94:6 er (10ag).

Table 2.1 Ring-Retentive Hydrothiolation of Cyclopropenes

[Rh(cod)Cl], (2.5 mol%)?
R

R1KR2 . L4 (5.0 mol%) N Ris,, 4Rz
CH4CN, 30 °C, 6 h H” YsR

8 9 10
Ph,, :Me /©/Me
H S

Thiol Scope
10ab, 92%, 95:5 er

Ph,, :Me /@/‘Bu Ph,, :Me /©/C| Ph,, :Me O\
H S H S H S Me
>20:1 dr

10ac, 86%, 91:9 er
>20:1 dr

10ad, 87%, 94:6 er
>20:1 dr

10ae, 72%, 93:7 er
>20:1 dr

Ph,, Me Ph,,
A Q Ph,, Me Ph,, _Me A .
H s H s

Me HAS HAS/\/ Ph /\D

10af, 73%, 95:5 er
>20:1 dr

10ba, 83%, 94:6 er
>20:1 dr

10ag, 81%, 94:6 er
>20:1 dr
Cyclopropene Scope
F;C cl

10ap, not observed

10ca, 68%, 94:6 er
20:1 dr

10da, 92%,94:6 er
>20:1 dr

SPh

10fa, 98%, 98:2 er 10ga, 85%, 70:30 er
>20:1 dr >20:1 dr

10ea, 61%, 92:8 er
>20:1 dr

a Reaction conditions: 8 (0.12 mmol), 9 (0.10 mmol), [Rh(cod)Cl]2 (2.5 mol%), L4 (5.0 mol%), 0.6 mL
MeCN, 30 °C, 6 h. Yields of isolated products are given. Diastereomeric ratios (dr) were determined
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from *H NMR analysis of the unpurified reaction mixture. Enantiomeric ratios (er) were determined by
SFC analysis on a chiral stationary phase.

Cyclopropenes bearing different aromatic groups are all suitable coupling partners for the
transformation (10ba-10da). Cyclopropenes with electron rich aromatic groups (10ba) show
excellent reactivity (83%) and selectivity (>20:1 dr, 94:6 er). The hydrothiolation occurs even
with the addition of electron withdrawing substituents on the cyclopropene (10ca and 10da, 68—
92%, 220:1 dr, 94:6 er). The methyl substituent can be replaced with a bulkier benzyl
substituent (10ea, 61%, >20:1 dr, 92:8 er). There are many spirocyclic natural products
containing quaternary carbons, and these quaternary centers are difficult to set in a
stereoselective manner.’*313 Through a desymmetrization of the corresponding spirocyclic
cyclopropene, sulfide 10fa is obtained in excellent yield and stereoselectivity. Cyclopropenes
containing a methyl ether can also undergo hydrothiolation (10ga).

Next, we explored the scope for obtaining allylic sulfides (Table 2.2). The hydrothiolation of
8a was carried out with structurally and electronically different thiols. Both aryl (11ab—11a0) and
alkyl thiols (11ap, 11aq) add to cyclopropene 8a. In general, the ring-opened allylic sulfides are
obtained with excellent regioselectivity (>20:1 rr). Electron rich thiophenols couple to 8a with
high reactivity and good selectivities (11lab, 1lac, 11ah, 85%—-90%, 92:8-96:4 er). Electron
deficient thiophenols undergo addition with good selectivities (11lai—-11al, 82%—-89%, 91:9-95:5
er). Allylic sulfide 11al was originally obtained as a mixture with 10al. However, raising the
reaction temperature allows for the exclusive formation of 11al. Sterically hindered thiophenols
react with high enantioselectivities (11af and 11lao, >99:1 er and 95:5 er). Alkyl thiols couple,
albeit with moderate yields and selectivities (11ap and 1laq, 63—71%, 74:26 er).

Most of the cyclopropenes that react under the ring-retentive conditions also react under the
ring-opened hydrothiolation conditions. Cyclopropenes with either electron rich (11ba) or
electron poor (11ca and 11da) aryl substituents can couple to 9a (58%—83%, 85:15-97:3 er).

Cyclopropenes bearing larger substituents, such as benzyl (11ea) or naphthyl (11ha) also show
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good reactivity, albeit with less selectivity (74%—88%, 85:15-88:12 er). Allylic sulfides 1lap,
1llaq, 11ca, and 1lea are obtained as mixtures with their ring-retentive counterparts under the
standard conditions. However, raising the temperature to 30 °C and switching the bisphosphine
ligand from L7 to L6 gives exclusively the ring-opened allylic sulfide.

Table 2.2 Ring-Opened Hydrothiolation of Cyclopropenes

[Rh(cod)Cl], (2.5 mol%)?

R, L7 (5.0 mol%) R; R,

DCE, 0 °C, 30 min

8 9 1"
Thiol Scope
OMe Br
Me, Ph/©/ /©/ Me, Ph/©/ Me, Ph/©/
\/< \/43 \/43
11ab, 90%, 96:4 er 11ac, 85%, 96:4 er 11ah, 86%, 92:8 er 11ai, 88%, 95:5 er
>20:1 rr >20:1 rr >20:1 rr >20:1 rr
E CF, NO,

Me, Ph/©/ Me, Ph/©/ Me Ph Me, Ph/@\
\/43 \/43 \/<S \/43 Me
11aj, 83%, 95:5 er 11ak, 82%, 95:5 er 11al®, 89%, 91:9 er 11ae, 90%, 95:5 er
>20:1 rr >20:1 rr >20:1 rr >20:1 rr

Me F
Me Ph Me Ph Me, Phj@ Me, Phj@
\/4 \/43 \/43
11am, 80%, 90.10 er 11an, 90%, 96:4 er 1af, 72%, >99:1 er 11a0, 90%, 95:5 er
>20:1 rr >20:1 rr >20:1 rr >20:1 rr
Me Ph
Me Ph Me, Ph \/(
\/< \/4 /\/Ph /\E>
11ag, 74%, 98:2 er 11ap®, 63%, 74:26 er 11aq°®, 71%, 74:26 er
>20:1 rr >20:1 rr >20:1 rr
Cyclopropene Scope
CF,

11ba, 83%, 95:5 er 11ca® 58%, 97:3 er 11da, 65%, 96:4 er 11ea® 74%, 85:15 er
>20:1 rr >20:1 rr >20:1 rr >20:1 rr

11fa, 90%, 96:4 er 11ha, 88%, 88:12 er
>20:1 rr >20:1 rr

a Reaction conditions: 8 (0.12 mmol), 9 (0.10 mmol), [Rh(cod)CI]2 (2.5 mol%), L7 (5.0 mol%), 0.6 mL
DCE, 0 °C, 30 min. Yields of isolated products are given. Regioisomeric ratios (rr) were determined
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from *H NMR analysis of the unpurified reaction mixture. Enantiomeric ratios (er) were determined by
SFC analysis on a chiral stationary phase. ? Reaction performed at 30 °C. ¢ Reaction performed with
L6 at 30 °C.

2.4 Mechanistic Insights for Divergent Reactivity

Based on both literature precedent and our own observations, we propose the following
mechanism for ring-retentive hydrothiolation of cyclopropenes (Figure 2.5). The catalyst resting
state is an off-cycle species lll, with multiple thiols bound. Upon dissociation of thiols to enter
the catalytic cycle, the Rh catalyst (I) undergoes oxidative addition to 9a to generate II.
Following coordination, cyclopropene 8a inserts into the Rh—H bond to afford cyclopropyl-Rh(lll)
V. The turnover limiting step is reductive elimination to form the C-S bond, which furnishes
10aa and regenerates the Rh catalyst I. The mechanistic experiments that led to this proposed

mechanism are discussed below.

Ph,,' Me
10aa Rh' \P H— SPh FI’ CI
turnover H S.. ‘p>
limiting ?, | ‘P

Ph
1]
resting
state
III III
PhS’ I\P Phs' \p
\'
III
Phs' I\P
Cl
>=L4
1\ P

rate = k[catalyst]'[cyclopropene][thiol]*-3
Figure 2.5 Proposed catalytic cycle for ring-retentive hydrothiolation of cyclopropenes.

Through studies of the initial reaction rates, we determined that the hydrothiolation was first
order with regards to Rh catalyst and 8a, and a negative fractional order with regards to thiol 9a.
A negative order in thiol has been observed in our group’s previous report on the hydrothiolation
of dienes,®® leading us to propose an off-cycle resting state where multiple thiols are

coordinated through a hydrogen-bonding network (111).13 The proposed resting state Ill is further
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supported by the presence of a metal hydride resonance at -15.9 ppm when using *H NMR
spectroscopy to monitor experiments using stoichiometric amounts of [Rh(cod)Cl]2, dppe, and

9a.

A. Isotopic labeling

[Rh(cod)Cl]5 (2.5 mol%)
L4 (5.0 mol%) Ph,, _Me

Ph_ _Me
z + D—SPh > A
MeCN, 30 °C, 6 h (73%) D SPh

8a 9a-d 10aa-d
(86% D)

A. Kinetic isotope effect via independent rates

[Rh(cod)Cl] (2.5 mol%)

Ph Me L4 (5.0 mol%) Ph,, _Me Ky
K" - K
MeCN, 30 °C H SPh
8a 9a 10aa K
- k—” = 1 (no KIE)
[Rh(cod)Cl]5 (2.5 mol%) o
Ph Me L4 (5.0 mol%) Ph,, _Me ko
X e - K
MeCN, 30 °C ) SPh
8a 9a-d 10aa-d

Figure 2.6 Mechanistic experiments for ring-retentive hydrothiolation using 9a-d.

An isotopic labeling experiment was performed with the ring-retentive conditions using
deuterated thiophenol 9a-d (Figure 2.6A). Analysis of 10aa-d shows that the deuterium is
incorporated exclusively syn relative to the sulfide. This result suggests a syn hydrorhodation
operates in the catalytic cycle. No kinetic isotope effect (KIE) is observed when running
hydrothiolations with 9a and 9a-d in parallel (Figure 2.6B). The empirical rate law and lack of
KIE support reductive elimination as the turnover-limiting step.36-138

Based on both literature precedent and our own observations, we propose the catalytic cycle
for the ring-opening hydrothiolation depicted in Figure 2.7. After formation of Rh catalyst I,
oxidative addition into 9a occurs to form I, the catalyst resting state. Coordination of 8a and its
subsequent insertion into the Rh—H bond forms cyclopropyl-Rh(lll) intermediate V. The syn
hydrorhodation to form V is the turnover-limiting step. Ring-opening occurs, forming Rh-z-allyl

complex VI. Reductive elimination forms the C-S bond of 1laa and regenerates catalyst I.
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While trends in Tsuji-Trost allylation would suggest outer-sphere attack of 9a due to its high
acidity (pKa = 6.62 in H20),**° the thiolate should already be coordinated to the Rh atom in

intermediate Rh—H Il, thus reductive elimination for C—S bond formation is favored.

Ph Me

H/\)\sph H— SPh

P
11aa h' J
Cl
I Hio ", \P

n \P
PhS— Rh\

Me P PhS' 1] \P

Ph—S""~H resting state

[ ne z/%

Pr. ||| P
C 'Rh\ H |||‘
Pl bhsf |\P

V turnover limiting v

KIE=1.6 P
=L7
p

rate = k[catalyst]'[cyclopropene][thiol]°
Figure 2.7 Proposed catalytic cycle for ring-opened hydrothiolation of cyclopropenes.

There are two main pathways that are proposed for cyclopropene ring opening. One pathway
is through direct activation of the oc_c bond (eq. 2.1).1°2 However, in a few cases, it is proposed
that hydrometallation occurs first to generate a cyclopropyl-metal species.!!” 11° Ring-opening of
the cyclopropyl metal species then occurs to afford a metal-zn-allyl intermediate (eq. 2.2). Our
proposed mechanism is based on the ring-opening pathway outlined in equation 2.2. The

observations and mechanistic experiments that led to this proposed mechanism are discussed

below.
M
C-C activation A _— “r;l —_— M\\ / (2.1)
M
hydrometalation, A—> A — | ) (2.2)

then ring-opening
Mixtures of 10aa and 1laa are obtained when certain bisphosphine ligands are used for the
hydrothiolation (Figure 2.4A). However, in a crossover study where 10aa is subjected to the

standard ring-opening hydrothiolation conditions, only 10aa is recovered (Figure 2.8A). This
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demonstrates that 10aa is not converted into 11laa during catalysis. One explanation for these
results is that the ring-retentive and ring-opened pathways share a common intermediate,
cyclopropyl-Rh(lll) V (Figure 2.5). Allylic sulfide 11aa, the product obtained under ring opening
conditions, is similar to the products obtained from Rh-catalyzed hydrothiolation of 1,3-dienes
(Figure 2.8B).”° Rh-r-allyl species generally form the branched product upon interception with a
nucleophile.®® 149141 Additionally, the correlation between the enantiomer of DTBM-BINAP and
absolute configuration of the branched allylic sulfide product is in agreement between these two
previous examples. The highly regioselective formation of 11laa and its absolute configuration
support the intermediacy of Rh-z-allyl VI.

A. Crossover studies

[Rh(cod)Cl], (2.5 mol%)

Ph,, ;Me L7 (5.0 mol%) Me Ph
H SPh DCE,0°C,1h H/\/<sph
10aa 11aa
no reaction

B. Metal-r-allyl intermediates

Me Rh/(S)-L7 [Ph\)\ly‘ PhS, Me

Ph\N + H—SPh \\ /IIQh'" Ph\/d\/
PhS

Me. _Ph Rh/(R)-L7 PhS( Me SPh

Rhlll
+ H—SPh -------------oo-e- Me T feeeeeee-e- > /Q{\/
Z Sl P

Figure 2.8 Determining the operative pathway for ring-opening hydrothiolation.

The reactivity of cyclopropene 8g provides additional mechanistic support for the proposed
isomerization of cyclopropyl-Rh(lll) V into Rh-z-allyl complex VI. While 8g was able to couple to
9a in a ring-retentive fashion to access 10ga (Table 2.1), no reactivity was observed with 8g
under ring-opening hydrothiolation conditions (Figure 2.9A). One explanation for the observed
reactivity could be that ring-opening requires an additional coordination site on the metal. The
cyclopropyl group only occupies one coordination site, whereas the corresponding =-allyl ligand

requires two. The methyl ether of 8g could occupy the coordination site needed for ring-

85



opening, thus halting the reaction. Similar reactivity is observed for cyclopropyl metal complexes
prepared by the Puddephatt and Bergman groups.'?'45 For these Rh and Pt complexes,
abstraction of the halide ligand is required to induce isomerization into metal-z-allyl complexes
(Figure 2.9B).142-144

A. Reactivity of a chelating cyclopropene

[Rh(cod)ClI], (2.5 mol%)
L7 (5.0 mol%)

Ph MeO—. Ph
5 "OMe  + H—SPh . -
DCE, 0°C, 1 h H™ ™" “sPh
8g 9a 10ga
no reaction
B.Cyclopropyl metal complexes
R3P: A o RoP<5-PRs
A K(PFe) Pt (Puddephatt, 1978)
c1” PR, — . Orr,

AgBF4 ® Th(PMes)Cp*
. L —_— (Bergman, 1984)
Cp*(PMe3)Rh x .
p*(PMe3)Rh'{_ S eBF4

Figure 2.9 Ring-opening of prepared cyclopropyl metal complexes.
Additional kinetic and isotope labeling experiments were carried out to gain further

mechanistic insights. Initial rate studies show that this process is first order with regards to Rh
catalyst and cyclopropene 8a, and zeroth order with regards to thiol 9a. The saturation kinetics
observed with 9a support complex |l as the catalyst resting state. The deuterium is incorporated
into the terminal carbon of the olefin in 11aa-d, with most of the deuterium incorporated trans
relative to the rest of the molecule (Figure 2.10A). Additionally, a primary KIE of 1.6 is observed
when ring opening hydrothiolations with 9a and 9a-d were carried out in parallel (Figure 2.10B).
The first order dependence in 8a and primary KIE of 1.6 suggest that migratory insertion to form

V from 1V is the turnover-limiting step.
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A. Isotopic labeling
[Rh(cod)Cl], (2.5 mol%)

Ph.__Me L7 (5.0 mol%) (13%)D Me, Ph
25; + D—SPh - ~
DCE,0°C,1h (73%) D SPh
8a 9a-d 11aa-d

(86% D)
B. Kinetic isotope effect via independent rates

[Rh(cod)CI], (2.5 mol%)
o Mo L7 (5.0 mol%) Me Ph ki

+ H—SPh > i
E DCE, 0 °C HMSPh

8a 9a 11aa

kn
T =1.6 (1° KIE)
[Rh(cod)Cl], (2.5 mol%) .
L7 (5.0 mol%) k

Ph Me Me, Ph D

E vooDTSen > #J\)(
DCE, 0 °C DRI SPh

8a 9a-d 11aa-d

C. Proposed S-C elimination

o e
V7 Ph | H — /J*§y:1:
Ph H Ph H Me— 7D D SPh
H H H
Vv 11aa
D. Electrocyclic ring-opening of cyclopropyl metals
disrotatory
[Pd] [Pd]
Q Q opening Ho| & (Battiste, 1969)
Ph~ ~<F""Ph
Ph Ph
[Rh] D conrotatory [Rh] H e P
opemng Me
I Ph)\'-/k )\/4 (our proposal)
H
11aa

Figure 2.10 Deuterium labeling experiments studies for ring-opening hydrothiolation.

There are a few possible explanations for the primarily trans incorporation of deuterium.

Considering proposals from previous ring-opening hydrofunctionalizations, the ring-opening

process might be through B-C elimination.'”- 11® The trans-selectivity would result from a bond

rotation to align the occ bond of the cyclopropane with the Rh—C bond in a syn-coplanar

conformation to enable the B-elimination (Figure 2.10C). Studies on the isomerization of

cyclopropyl metal species into metal-z-allyl complexes have also been likened to the ring-

opening process to electrocyclic ring-opening.}*® Based on Woodward-Hoffman rules,
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cyclopropyl-Rh(lll) V is treated like a cyclopropyl-anion, conrotatory electrocyclic ring-opening

could also explain the trans-selectivity for deuterium incorporation (Figure 2.10D).14¢

2.5 Conclusion

While the reactivity of cyclopropenes has been extensively studied, there has yet to be a
catalyst that takes advantage of both modes of reactivity cyclopropenes offer. Through choice of
ligand on the Rh catalyst, thiols add to cyclopropenes, resulting in cyclopropyl sulfides or allylic
sulfides. This divergent reactivity allows cyclopropenes to act as versatile building blocks that
enables access to a diverse chemical space. Either hydrothiolation product can be obtained with
high yield and stereocontrol. Mechanistic experiments suggest that the ring opening from a
cyclopropyl-Rh(lll) intermediate is the key step for achieving divergent reactivity. For the ring-
retentive process, the Rh catalyst with smaller bite-angle ligands and chiral ligand L4 promote
reductive elimination to forge the C—S bond of the cyclopropyl sulfide product. For the ring-
opening process, the Rh catalyst with larger bite angle ligands and chiral ligand L7 promote
ring-opening, isomerizing the cyclopropane ring to form allylic sulfide products. Initially, the
ligand bite angle effect seems contradictory, given that wider bite angle ligands are known to
accelerate reductive elimination. However, given the faster reaction rate of the ring-opening
hydrothiolation, the wider bite angle ligands might accelerate the ring-opening process to a
greater extent than reductive elimination. These studies provide experimental support for a
mechanism that has only previously been proposed. Further computational studies are
warranted to provide additional insight into the more elusive aspects, such as nuances in the
ring-opening of cyclopropyl-Rh(lll) V.14 We are currently collaborating with the Hirschi group to
this end, calculating expected *C KIEs for different reaction pathways starting from cyclopropyl-
Rh(Ill) V seeing how well they match experimental *C KIE values. Given the symmetrical

nature of the cyclopropene substrate, the *C KIE can be determined in an intramolecular
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fashion.!® Mechanistic insights from this study pave the way for divergent
hydrofunctionalizations of cyclopropenes with a wide array of nucleophiles.
2.6 Experimental Data
2.6.1 General

These experiments were carried out together with Dr. Shaozhen Nie and Erin Kuker. My
contributions to this project include evaluating the scope for ring-opening hydrothiolation,
determining the rate law for ring-opening hydrothiolation, and isotope labeling with ring-opening
hydrothiolation.
Commercial reagents were purchased from Sigma Aldrich, Strem, Alfa Aesar, Acros Organics
or TCI and used without further purification. 1,2-Dichloroethane and acetonitrile were purified
using an Innovative Technologies Pure Solv system, degassed by three freeze-pump-thaw
cycles, and stored over 3A MS within a N filled glove box. All experiments were performed in
oven-dried or flame-dried glassware. Reactions were monitored using either thin-layer
chromatography (TLC) or gas chromatography using an Agilent Technologies 7890A GC
system equipped with an Agilent Technologies 5975C inert XL EI/ClI MSD. Visualization of the
developed plates was performed under UV light (254 nm) or KMnO4 stain. Organic solutions
were concentrated under reduced pressure on a Blchi rotary evaporator. Purification and
isolation of products were performed via silica gel chromatography (both column and
preparative thin-layer chromatography). Column chromatography was performed with Silicycle
Silica-P Flash Silica Gel using glass columns. Solvent was purchased from Fisher. H, ?H, *C,
and F NMR spectra were recorded on Bruker CRYO500 or DRX400 spectrometer. *H NMR
spectra were internally referenced to the residual solvent signal or TMS. **C NMR spectra were
internally referenced to the residual solvent signal. Data for *H NMR are reported as follows:
chemical shift (6 ppm), multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet),
coupling constant (Hz), integration. Data for 2H, *3C, and °F NMR are reported in terms of
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chemical shift (6 ppm). Infrared (IR) spectra were obtained on a Nicolet iS5 FT-IR spectrometer
with an iD5 ATR and are reported in terms of frequency of absorption (cm™). High resolution
mass spectra (HRMS) were obtained on a micromass 70S-250 spectrometer (El) or an
ABI/Sciex QStar Mass Spectrometer (ESI). Enantiomeric ratio for enantioselective reactions
was determined by chiral SFC analysis using an Agilent Technologies HPLC (1200 series)
system and Aurora A5 Fusion. Cyclopropene 8a—8d, 8f—8h used here were known compounds
and synthesized according to reported methods.1% 4° 9a—9q and all other reagents used for the
synthesis of non-commercial starting materials were used without further purification from

commercial sources (Sigma Aldrich, Combi-Blocks, Solvias and Alfa Aesar).

2.6.2 General Procedures for the Hydrothiolation of Cyclopropenes

[Rh(cod)Cl]; (2.5 mol%)
L4 (5.0 mol%) Ph,, _Me

R R .
! X ? + H-sR > A
MeCN, 30 °C H SPh

8 9 10

Method A (General Procedure for Ring-Retentive Hydrothiolation)

In a No-filled glove box, [Rh(cod)Cl]; (1.2 mg, 0.0025 mmol), L4 (2.7 mg, 0.0050 mmol), and
MeCN (0.50 mL) were added to a 1-dram vial containing a stir bar. The resulting mixture was
stirred for 10 min. Thiol 9 (11.0 mg, 0.10 mmol) was added followed by cyclopropene 8 (0.10
mL, 1.2 M solution in MeCN, 0.12 mmol) to initiate the reaction. The mixture was stirred at 30 °C
until no starting material was observed by TLC. The diastereomeric ratio was determined by 'H
NMR analysis of the unpurified reaction mixture. Isolated yields (obtained by column
chromatography on silica gel or preparative thin-layer chromatography) of the title compound
are reported.

((1S,2R)-2-methyl-2-phenylcyclopropyl)(phenyl)sulfane (10aa)

e
S
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Prepared via General Method A. Isolated as a colorless oil (21.6 mg, 90% yield, 95:5 er,
>20:1 dr, [a]?> = +13.7 (¢ 0.4, CHCls)). *H NMR (400 MHz, CDCls) & 7.39 — 7.20 (m, 9H), 7.18 —
7.11 (m, 1H), 2.56 (dd, J = 8.7, 5.5 Hz, 1H), 1.68 (dd, J = 8.7, 5.4 Hz, 1H), 1.60 (s, 3H), 0.96 (t,
J = 5.4 Hz, 1H). 13C NMR (126 MHz, CDCls) d 145.7, 138.6, 128.9, 128.6, 126.9, 126.6, 126.3,
125.1, 28.5, 27.9, 21.9, 20.5. IR (ATR): 2923, 1479, 1439, 1090, 1025, 786, 763, 689 cm™.
HRMS calculated for CieH16S [M]" 240.0973, found 240.0982. Chiral SFC: 100 mm
CHIRALCEL AD-H, 3% 'PrOH, 2.0 mL/min, 254 nm, 44 °C, nozzle pressure = 200 bar CO3, tr:

(major) = 3.6 min, trz (Minor) = 2.5 min.

((1S,2R)-2-methyl-2-phenylcyclopropyl)(p-tolyl)sulfane (10ab)

Ph,'. :Me /©/Me
S

Prepared via General Method A. Isolated as a colorless oil (23.4 mg, 92% vyield, 95:5 er,
>20:1 dr, [a]*p = +22.7 (c 0.4, CHCI3)). *H NMR (400 MHz, CDCls) & 7.38 — 7.27 (m, 5H), 7.27 —
7.20 (m, 2H), 7.11 (d, J = 8.1 Hz, 2H), 2.56 (dd, J = 8.7, 5.5 Hz, 1H), 2.34 (s, 3H), 1.65 (dd, J =
8.7, 5.4 Hz, 1H), 1.60 (s, 3H), 0.94 (t, J = 5.4 Hz, 1H). *C NMR (126 MHz, CDCls) & 145.9,
135.2, 134.8, 129.7, 128.6, 127.6, 126.8, 126.3, 29.1, 28.1, 21.9, 21.1, 20.7. IR (ATR): 2922,
1601, 1492, 1445, 1115, 1090, 1029, 801, 762, 697 cm™. HRMS calculated for C17H1sS [M]*
254.1129, found 254.1116. Chiral SFC: 100 mm CHIRALCEL AD-H, 3% 'PrOH, 2.0 mL/min,

254 nm, 44 °C, nozzle pressure = 200 bar COa, tr1 (Mmajor) = 5.2 min, tr2 (Minor) = 3.3 min.

(4-(tert-butyl)phenyl)((1S,2R)-2-methyl-2-phenylcyclopropyl)sulfane (10ac)

Ph,, :Me /©/‘Bu
S
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Prepared via General Method A. Isolated as a colorless oil (25.5 mg, 86% vyield, 91:9 er,
>20:1 dr, [a]*p = +14.7 (c 0.2, CHCI3)). *H NMR (400 MHz, CDCls) & 7.38 — 7.26 (m, 7H), 7.26 —
7.17 (m, 2H), 2.53 (dd, J = 8.7, 5.5 Hz, 1H), 1.63 (dd, J = 8.7, 5.5 Hz, 1H), 1.60 (s, 3H), 1.30 (s,
9H), 0.93 (t, J = 5.4 Hz, 1H). 3C NMR (126 MHz, CDCls) & 148.4, 145.9, 135.0, 128.7, 126.9,
126.7, 126.3, 126.0, 34.5, 31.5, 28.9, 27.9, 22.0, 20.6. IR (ATR): 2960, 1496, 1445, 1268, 1121,
1012, 819, 741, 697 cm™. HRMS calculated for CxoH24S [M]* 296.1599, found 296.1578. Chiral
SFC: 100 mm CHIRALCEL 0OJ-H, 3% 'PrOH, 2.0 mL/min, 254 nm, 44 °C, nozzle pressure = 200

bar COs,, tr1 (Major) = 8.9 min, trz (Minor) = 7.8 min.

(4-chlorophenyl)((1S,2R)-2-methyl-2-phenylcyclopropyl)sulfane (10ad)

Ph,,. :Me /©/CI
S

Prepared via General Method A. Isolated as a colorless oil (23.9 mg, 87% vyield, 94:6 er,
>20:1 dr, [a]*p = +29.4 (c 0.4, CHCI3)). *H NMR (400 MHz, CDCls) & 7.41 — 7.33 (m, 2H), 7.33 —
7.22 (m, 7H), 2.54 (dd, J = 8.7, 5.4 Hz, 1H), 1.71 (dd, J = 8.7, 5.5 Hz, 1H), 1.60 (s, 3H), 0.97 (t,
J = 5.4 Hz, 1H). 3C NMR (126 Hz, CDCl;) 5 145.4, 137.3, 131.1, 129.0, 128.7, 128.2, 126.6,
126.5, 28.7, 28.1, 22.0, 20.5. IR (ATR): 2924, 1495, 1474, 1093, 1010, 810, 763, 697 cm™.
HRMS calculated for CieHisCIS [M]* 274.0583, found 274.0584. Chiral SFC: 100 mm
CHIRALCEL AD-H, 3% 'PrOH, 2.0 mL/min, 254 nm, 44 °C, nozzle pressure = 200 bar CO3, tr:

(major) = 5.7 min, trz (Minor) = 4.2 min.

((1S,2R)-2-methyl-2-phenylcyclopropyl)(m-tolyl)sulfane (10ae)

Ph,, :MeQ\
S Me
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Prepared via General Method A. Isolated as a colorless oil (18.3 mg, 72% yield, 93:7 er,
>20:1 dr, [a]%p = +8.9 (c 0.3, CHCls)). *H NMR (500 MHz, CDCls) & 7.40 — 7.29 (m, 4H), 7.29 —
7.20 (m, 1H), 7.20 — 7.10 (m, 3H), 7.00 — 6.92 (m, 1H), 2.53 (ddd, J = 8.7, 5.5, 1.5 Hz, 1H), 2.31
(s, 3H), 1.69 (dd, J = 8.4, 5.5 Hz, 1H), 1.59 (s, 3H), 0.95 (td, J = 5.4, 1.6 Hz, 1H). 3C NMR (125
MHz, CDCls) 6 145.8, 138.7, 138.4, 128.8, 128.7, 127.6, 126.7, 126.3, 126.1, 123.9, 28.7, 28.0,
21.8, 21.5, 20.6. IR (ATR): 2922, 1592, 1495, 1444, 1083, 763, 697, 688 cm™. HRMS calculated
for Ci7H18S [M]* 254.1129, found 254.1119. Chiral SFC: 100 mm CHIRALCEL AD-H, 3%
'PrOH, 2.0 mL/min, 254 nm, 44 °C, nozzle pressure = 200 bar CO,, try (Major) = 4.8 min, trz

(minor) = 2.3 min.

((1S,2R)-2-methyl-2-phenylcyclopropyl)(o-tolyl)sulfane (10af)

Ph,, :Me ;
S
Me

Prepared via General Method A. Isolated as a colorless oil (18.5 mg, 73% yield, 95:5 er,
>20:1 dr, [a]?*> = +10.8 (¢ 0.3, CHCls)). *H NMR (500 MHz, CDCls) & 7.40 — 7.29 (m, 5H), 7.29 —
7.21 (m, 1H), 7.19 — 7.11 (m, 2H), 7.11 — 7.02 (m, 1H), 2.49 (dd, J = 8.6, 5.6 Hz, 1H), 2.36 (s,
3H), 1.72 (dd, J = 8.6, 5.4 Hz, 1H), 1.59 (s, 3H), 0.99 (t, J = 5.4 Hz, 1H). 3C NMR (125 MHz,
CDCls) 6 145.7, 138.0, 135.2, 129. 9, 128.7, 126.6, 126.5, 126.3, 125.8, 124.8, 28.1, 27.7, 22.0,
20.3, 20.1. IR (ATR): 3058, 2924, 1589, 1495, 1467, 1444, 1064, 1047, 1030, 762, 742, 696 cm"
!, HRMS calculated for Ci7HisS [M]* 254.1129, found 254.1122. Chiral SFC: 100 mm
CHIRALCEL AD-H, 3% 'PrOH, 2.0 mL/min, 220 nm, 44 °C, nozzle pressure = 200 bar CO, tr:

(major) = 3.2 min, tre (Minor) = 2.3 min.

((1S,2R)-2-methyl-2-phenylcyclopropyl)(naphthalen-2-yl)sulfane (10ag)
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puee

Prepared via General Method A. Isolated as a colorless oil (23.5 mg, 81% vyield, 94:6 er,
>20:1 dr, [a]*> = -18.2 (c 0.4, CHCI3)). *H NMR (400 MHz, CDCls) 5 7.83 — 7.69 (m, 3H), 7.65
(d, J = 8.0 Hz, 1H), 7.51 — 7.32 (m, 7H), 7.31 — 7.19 (m, 1H), 2.63 (dd, J = 8.7, 5.5 Hz, 1H), 1.78
(dd, J = 8.6, 5.6 Hz, 1H), 1.62 (s, 3H), 1.02 (t, J = 5.5 Hz, 1H). *C NMR (126 MHz, CDCls) &
145.7, 136.5, 134.0, 131.5, 128.7, 128.3, 127.9, 127.0, 126.6, 126.4, 125.6, 125.3, 124.2, 28.8,
28.0, 21.8, 20.4. IR (ATR): 3053, 2922, 1589, 1500, 1444, 1133, 1070, 941, 812, 738, 697 cm™.
HRMS calculated for CyHisS [M]" 290.1124, found 290.1129. Chiral SFC: 100 mm
CHIRALCEL AD-H, 3% 'PrOH, 2.0 mL/min, 254 nm, 44 °C, nozzle pressure = 200 bar CO3, tr:

(major) = 18.7 min, trz (Minor) = 11.8 min.

((1S,2R)-2-methyl-2-(p-tolyl)cyclopropyl)(phenyl)sulfane (10ba)

Me
\©I,. :Me
SPh

Prepared via General Method A. Isolated as a white solid (21.1 mg, 83% vyield, 94:6 er, >20:1
dr, [a]?%0 = +23.9 (c 0.5, CHCI3)). *H NMR (400 MHz, CDCl3) & 7.38 — 7.31 (m, 2H), 7.31 — 7.24
(m, 2H), 7.24 — 7.18 (m, 2H), 7.18 — 7.10 (m, 3H), 2.53 (dd, J = 8.7, 5.4 Hz, 1H), 2.36 (s, 3H),
1.65 (dd, J = 8.7, 5.4 Hz, 1H), 1.58 (s, 3H), 0.93 (t, J = 5.4 Hz, 1H). 3C NMR (126 MHz, CDCls)
0 142.8, 138.8, 135.9, 129.4, 128.9, 126.9, 126.6, 125.1, 28.4, 27.7, 21.9, 21.1, 20.6. IR (ATR):
2922, 1478, 1438, 1116, 1085, 820, 736, 690 cm™. HRMS calculated for C17H1sS [M]* 254.1129,
found 254.1127. Chiral SFC: 100 mm CHIRALCEL AD-H, 3% 'PrOH, 2.0 mL/min, 254 nm, 44

°C, nozzle pressure = 200 bar COg, tr1 (major) = 4.9 min, tr2 (Minor) = 3.3 min.

((1S,2R)-2-methyl-2-(4-(trifluoromethyl)phenyl)cyclopropyl)(phenyl)sulfane (10ca)
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F3;C
\©l,. :Me
SPh

Prepared via General Method A. Isolated as a white solid (21.0 mg, 68% yield, 94:6 er, >20:1
dr, [a]* = +19.4 (c 0.9, CHCIs)). *H NMR (400 MHz, CDCls) & 7.59 (d, J = 8.2 Hz, 2H), 7.38 (d,
J = 8.1 Hz, 2H), 7.35 — 7.24 (m, 4H), 7.21 — 7.11 (m, 1H), 2.57 (dd, J = 8.8, 5.6 Hz, 1H), 1.70
(dd, J = 8.7, 5.7 Hz, 1H), 1.61 (s, 3H), 1.03 (t, J = 5.6 Hz, 1H). 3C NMR (126 MHz, CDCI3) &
149.8 (q, J = 1.3 Hz), 138.2, 129.0, 128.6 (d, J = 32.8 Hz), 127.2, 126.9, 125.7 (g, J = 3.8 Hz),
125.5, 124.4 (d, J = 272.2 Hz), 29.4, 27.8, 22.4, 20.1. °*F NMR (376 MHz, CDCl3) & — 62.6. IR
(ATR): 2927, 1618, 1480, 1439, 1323, 1164, 1088, 1067, 840, 736, 700, 602. HRMS calculated
for Ci7H1sF3S [M]* 308.0847, found 308.0834. Chiral SFC: 100 mm CHIRALCEL OJ-H, 3%
'PrOH, 2.0 mL/min, 254 nm, 44 °C, nozzle pressure = 200 bar CO>, tr: (Major) = 2.3 min, tre

(minor) = 2.6 min.

((1S,2R)-2-(4-chlorophenyl)-2-methylcyclopropyl)(phenyl)sulfane (10da)

Cl
@I'. :Me
SPh

Prepared via General Method A. Isolated as a white solid (25.2 mg, 92% vyield, 94:6 er, >20:1
dr, [0]%p = +37.4 (¢ 1.3, CHCI3)). 'H NMR (500 MHz, CDCls) & 7.41 — 7.30 (m, 6H), 7.30 — 7.24
(m, 2H), 7.24 — 7.18 (m, 1H), 2.57 (dd, J = 8.8, 5.5 Hz, 1H), 1.69 (dd, J = 8.7, 5.5 Hz, 1H), 1.62
(s, 3H), 1.02 (t, J = 5.5 Hz, 1H). *C NMR (126 MHz, CDCls) & 144.3, 138.4, 132.1, 131.0,
129.0, 128. 8, 128.5, 128.0, 127.1, 125.4, 28.9, 27.5, 22.1, 20.4. IR (ATR): 2924, 1583, 1495,
1479, 1439, 1091, 1011, 829, 734, 689. HRMS calculated for. C1sH1sCIS [M]* 274.0583, found
274.0587. Chiral SFC: 100 mm CHIRALCEL AD-H, 2% 'PrOH, 2.0 mL/min, 220 nm, 44 °C,
nozzle pressure = 200 bar COy, tr1 (major) = 7.0 min, trz (Minor) = 5.4 min.
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((1S,2R)-2-benzyl-2-phenylcyclopropyl)(phenyl)sulfane (10ea)

O'“ Ph

&Ph
Prepared via General Method A. Isolated as a white solid (19.3 mg, 61% vyield, 92:8 er, >20:1
dr, [a]%p = -5.8 (c 0.6, CHCls)). *H NMR (400 MHz, CDCls) & 7.51 — 7.40 (m, 2H), 7.40 — 7.29
(m, 2H), 7.29 — 7.08 (m, 9H), 7.00 — 6.88 (m, 2H), 3.32 (d, J = 14.6 Hz, 1H), 3.23 (d, J = 14.6
Hz, 1H), 2.63 (dd, J = 8.5, 5.5 Hz, 1H), 1.76 (ddd, J = 8.5, 5.5, 1.3 Hz, 1H), 1.15 (t, J = 5.5 Hz,
1H). 3C NMR (126 MHz, CDCl;) d 143.7, 139.6, 138.4, 129.6, 129.0, 128.8, 128.4, 128.0,
127.6, 126.6, 126.0, 125.6, 40.3, 34.7, 28.6, 20.1. IR (ATR): 3058, 2918, 1601, 1582, 1494,
1479, 1254, 1025, 767, 737, 689. HRMS calculated for. C»H21S [M+H]" 317.1364, found
317.1362. Chiral SFC: 100 mm CHIRALCEL AD-H, 2% 'PrOH, 2.0 mL/min, 220 nm, 44 °C,

nozzle pressure = 200 bar COg, tr1 (Major) = 6.4 min, tr2 (Minor) = 7.1 min.

((1S,2R)-3',4'-dihydro-2'H-spiro[cyclopropane-1,1'-naphthalen]-2-yl)(phenyl)sulfane (10fa)

SPh
Prepared via General Method A. Isolated as a colorless oil (26.1 mg, 98% vyield, 98:2 er,
>20:1 dr, [0]*> = -30.0 (c 0.5, CHCls)). *H NMR (400 MHz, CDCls) & 7.28 — 7.19 (m, 4H), 7.19 —
7.05 (m, 4H), 6.80 (d, J = 7.3 Hz, 1H), 2.95 — 2.76 (m, 2H), 2.64 (dd, J = 8.7, 5.8 Hz, 1H), 2.09
(ddd, J = 13.6, 7.4, 3.2 Hz, 1H), 1.97 — 1.79 (m, 2H), 1.78 — 1.65 (m, 2H), 1.01 (t, J = 5.7 Hz,
1H). 3C NMR (126 MHz, CDCls) & 140.1, 138.5, 138.0, 129.2, 128.9, 126.6, 126.4, 125.6,
125.0, 121.9, 31.8, 30.7, 29.6, 26.4, 24.7, 22.5. IR (ATR): 2926, 1490, 1454, 1155, 1025, 759,

753, 689 cm™. HRMS calculated for CisH1sS [M]" 266.1129, found 266.1115. Chiral SFC: 100
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mm CHIRALCEL AD-H, 3% 'PrOH, 2.0 mL/min, 254 nm, 44 °C, nozzle pressure = 200 bar CO»,

tr1 (Major) = 8.6 min, tr2 (Minor) = 4.5 min.

((1S,2R)-2-(methoxymethyl)-2-phenylcyclopropyl)(phenyl)sulfane (10ga)

Q'Kom

SPh
Prepared via General Method A. Isolated as a colorless oil (23.0 mg, 85% vyield, 70:30 er,
>20:1 dr, [a]*p = +14.7 (c 0.3, CHCI3)). *H NMR (400 MHz, CDCls) & 7.45 — 7.40 (m, 2H), 7.40 —
7.34 (m, 2H), 7.34 — 7.22 (m, 5H), 7.22 — 7.14 (m, 1H), 3.86 (d, J = 10.2 Hz, 1H), 3.82 (d, J =
10.2 Hz, 1H), 3.28 (s, 3H), 2.66 (dd, J = 8.2, 5.6 Hz, 1H), 1.68 (dd, J = 8.2, 5.6 Hz, 1H), 1.14 (t,
J = 5.5 Hz, 1H).*C NMR (126 MHz, CDCls) d 142.7, 138.1, 129.0, 128.6, 128.4, 127.6, 126.9,
125.6, 76.5, 59.0, 33.2, 27.3, 20.0. IR (ATR): 2920, 1479, 1117, 1100, 1025, 766, 737, 689 cm™.
HRMS calculated for. Ci7H1s0S [M]® 270.1078, found 270.1066. Chiral SFC: 100 mm
CHIRALCEL AD-H, 3% 'PrOH, 2.0 mL/min, 254 nm, 44 °C, nozzle pressure = 200 bar CO», tr:

(major) = 5.8 min, trz (Minor) = 4.4 min.

[Rh(cod)Cl], (2.5 mol%)

L7 or L8 (5.0 mol%)
R4 R, Ri Ry
+ H—SR > %
Z DCE, 0 °C H/\/(SR
1 2 4

Method B (Procedure for Ring-Retentive Hydrothiolation)

In a No-filled glove box, [Rh(cod)Cl]z (1.2 mg, 0.0025 mmol), L7 (5.9 mg, 0.0050 mmoal), and
DCE (0.30 mL) were added to a 1-dram vial containing a stir bar. The resulting mixture was
stirred for 10 min. Thiol 9 (11.0 mg, 0.10 mmol) was added followed by cyclopropene 8 (0.10
mL, 1.2 M solution in DCE, 0.12 mmol) to initiate the reaction. The mixture was cooled to 0 °C

and stirred until no starting material was observed by TLC. The regioisomeric ratio was
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determined by *H NMR analysis of the unpurified reaction mixture. Isolated yields (obtained by
column chromatography on silica gel or preparative thin-layer chromatography) of the title
compound are reported.

Method C (Procedure for Ring-Retentive Hydrothiolation)

In a No-filled glove box, [Rh(cod)Cl]z (1.2 mg, 0.0025 mmol), L7 (5.9 mg, 0.0050 mmol), and
DCE (0.30 mL) were added to a 1-dram vial containing a stir bar. The resulting mixture was
stirred for 10 min. Thiol 9 (11.0 mg, 0.10 mmol) was added followed by cyclopropene 8 (0.10
mL, 1.2 M solution in DCE, 0.12 mmol) to initiate the reaction. The mixture stirred at 30 °C until
no starting material was observed by TLC. The regioisomeric ratio was determined by *H NMR
analysis of the unpurified reaction mixture. Isolated yields (obtained by column chromatography
on silica gel or preparative thin-layer chromatography) of the title compound are reported.
Method C (Procedure for Ring-Retentive Hydrothiolation)

In a No-filled glove box, [Rh(cod)Cl]z (1.2 mg, 0.0025 mmol), L6 (5.9 mg, 0.0050 mmol), and
DCE (0.30 mL) were added to a 1-dram vial containing a stir bar. The resulting mixture was
stirred for 10 min. Thiol 9 (11.0 mg, 0.10 mmol) was added followed by cyclopropene 8 (0.10
mL, 1.2 M solution in DCE, 0.12 mmol) to initiate the reaction. The mixture stirred at 30 °C until
no starting material was observed by TLC. The regioisomeric ratio was determined by *H NMR
analysis of the unpurified reaction mixture. Isolated yields (obtained by column chromatography
on silica gel or preparative thin-layer chromatography) of the title compound are reported.

(S)-phenyl(2-phenylbut-3-en-2-yl)sulfane (11aa)

Me,' Ph@
~ A

Prepared via General Method B. Isolated as a colorless oil (20.7 mg, 86% yield, 96:4 er,
>20:1 11, [a]**o = -84.3 (c 0.4, CHCIs)). The characterization data is in agreement with previously

reported spectral data.®° *H NMR (400 MHz, CDCls) & 7.57 — 7.50 (m, 2H), 7.37 — 7.27 (m, 5H),
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7.27 —7.17 (m, 3H), 6.31 (dd, J = 17.3, 10.6 Hz, 1H), 5.15 (d, J = 10.6 Hz, 1H), 4.99 (d, J = 17.3
Hz, 1H), 1.69 (s, 3H). 3C NMR (125 MHz, CDCl;) d 144. 6, 143.0, 136.9, 132.6, 128.8, 128.4,
128.3, 127.4, 127.1, 113. 6, 56.7, 26.4. IR (ATR): 2926, 1490, 1438, 1368, 1059, 1025, 915,
747. HRMS calculated for CigH1eS [M]* 240.0973, found 240.0957. Chiral SFC: 100 mm
CHIRALCEL AD-H, 3% 'PrOH, 2.0 mL/min, 254 nm, 44 °C, nozzle pressure = 200 bar CO3, tr:

(major) = 2.2 min, trz (Minor) = 2.0 min.

(S)-(2-phenylbut-3-en-2-yl)(p-tolyl)sulfane (11ab)

Me
Me, Ph
\/'43/@

Prepared via General Method B. Isolated as a colorless oil (22.9 mg, 90% yield. 96:4 er,
>20:1 rr. [a]%p = -44.0 (c 1.0, CHCls)). *H NMR (500 MHz, CDCls) & 7.56 (d, J = 7.6 Hz, 2H),
7.34 (t, J = 7.6 Hz, 2H), 7.27 (d, J = 7.0 Hz, 1H), 7.22 (d, J = 8.0 Hz, 2H), 7.06 (d, J = 7.9 Hz,
2H), 6.33 (dd, J = 17.3, 10.6 Hz, 1H), 5.16 (d, J = 10.6 Hz, 1H), 4.99 (d, J = 17.3 Hz, 1H), 2.34
(s, 3H), 1.70 (s, 3H). *C NMR (125 MHz, CDCls) & 144.7, 143.1, 139.0, 137.0, 129.2, 129.0,
128.2, 127.4, 127.0, 113.4, 56.5, 26.3, 21.4. IR (ATR): 3020, 2974, 2922, 1630, 1600, 1490,
1444, 1076, 1059, 914, 810, 697. HRMS calculated for C17H1sS [M]* 254.1129, found 254.1106.
Chiral SFC: 100 mm CHIRALCEL OJ-H, 2% 'PrOH, 2.0 mL/min, 254 nm, 44 °C, nozzle

pressure = 200 bar CO,, tr1 (Major) = 5.8 min, trz (Minor) = 7.7 min.

(S)-(4-(tert-butyl)phenyl)(2-phenylbut-3-en-2-yl)sulfane (11ac)

Bu
Me, Ph /©/
A

Prepared via General Method B. Isolated as a colorless oil (25.2 mg, 85% yield, 96:4 er,

>20:1 rr, [a]%* = -77.7 (c 1.0, CHCls)). *H NMR (400 MHz, CDCls) & 7.55 (d, J = 7.8 Hz, 2H),
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7.32 (t, 3= 7.5 Hz, 2H), 7.29 — 7.18 (m, 5H), 6.32 (dd, J = 17.3, 10.6 Hz, 1H), 5.15 (d, J = 10.6
Hz, 1H), 4.99 (d, J = 17.3 Hz, 1H), 1.69 (s, 3H), 1.30 (s, 9H). *C NMR (126 MHz, CDCl3) &
152.0, 144.7, 143.2, 136.6, 129.2, 128.2, 127.4, 127.0, 125.5, 113.4, 56.6, 34.8, 31.4, 26.4. IR
(ATR): 2962, 2867, 1633, 1597, 1489, 1444, 1363, 1267, 1059, 1014, 914, 829, 760, 697 cm™.
HRMS calculated for CxH24S [M]* 296.1599, found 296.1597. Chiral SFC: 100 mm
CHIRALCEL AD-H, 3% 'PrOH, 2.0 mL/min, 220 nm, 44 °C, nozzle pressure = 200 bar CO», tr:

(major) = 3.4 min, trz (Minor) = 5.6 min.

(S)-(4-methoxyphenyl)(2-phenylbut-3-en-2-yl)sulfane (11ah)

OMe
Me, Ph /©/
\/(S

Prepared via General Method B. Isolated as a colorless oil (23.3 mg, 86% yield. 92:8 er,
>20:1 rr. [a]%p = -25.7 (c 1.4, CHCls)). *H NMR (500 MHz, CDCls) & 7.55 (d, J = 7.5 Hz, 2H),
7.35 (t, J = 7.6 Hz, 2H), 7.31 — 7.22 (m, 3H), 6.80 (d, J = 8.8 Hz, 2H), 6.33 (dd, J = 17.3, 10.6
Hz, 1H), 5.17 (d, J = 10.6 Hz, 1H), 4.99 (d, J = 17.3 Hz, 1H), 3.82 (s, 3H), 1.70 (s, 3H). 3C NMR
(125 MHz, CDCls) & 160.5, 144.6, 143.1, 138.8, 128.2, 127.4, 127.0, 123.3, 113.9, 113.4, 56.5,
55.4, 26.1. IR (ATR): 3091, 2995, 1586, 1488, 1244, 1025, 905, 694. HRMS calculated for
Ci17H180S [M]* 270.1078, found 270.1086. Chiral SFC: 100 mm CHIRALCEL OJ-H, 2% 'PrOH,
2.0 mL/min, 254 nm, 44 °C, nozzle pressure = 200 bar CO., tr1: (Mmajor) = 9.6 min, tr2 (Minor) =

13.2 min.

(S)-(4-bromophenyl)(2-phenylbut-3-en-2-yl)sulfane (11ai)

Me, Ph/©/3r
~ A
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Prepared via General Method B. Isolated as a colorless oil (28.1 mg, 88% yield. 95:5 er,
>20:1 rr. [a]%p = -35.9 (¢ 1.1, CHCIl3)). *H NMR (500 MHz, CDClz) & 7.56 — 7.47 (m, 2H), 7.40 —
7.29 (m, 4H), 7.29 — 7.22 (m, 1H), 7.18 — 7.11 (m, 2H), 6.29 (dd, J = 17.3, 10.6 Hz, 1H), 5.18
(dd, J = 10.6, 0.7 Hz, 1H), 5.01 (dd, J = 17.3, 0.7 Hz, 1H), 1.69 (s, 3H). *C NMR (126 MHz,
CDCl3) & 144.2, 142.7, 142.7, 138.3, 131.8, 131.6, 128.4, 127.4, 127.3, 123.6, 114.0, 57.0,
26.3. IR (ATR): 3056, 2973, 2926, 1471, 1068, 1009, 915, 696. HRMS calculated for C16H1sBrS
[M]* 318.0078, found 318.0087. Chiral SFC: 100 mm CHIRALCEL OJ-H, 5% 'PrOH, 2.0
mL/min, 220 nm, 44 °C, nozzle pressure = 200 bar CO,, tr1 (major) = 4.5 min, tgz (Minor) = 6.0

min.

(S)-(4-fluorophenyl)(2-phenylbut-3-en-2-yl)sulfane (11aj)

F
Me, Ph

S A

Prepared via General Method B. Isolated as a colorless oil (21.4 mg, 83% yield. 95:5 er,
>20:1 rr. [a]%p = -37.9 (c 0.7, CHCls)). *H NMR (500 MHz, CDCl3) & 7.53 (d, J = 7.3 Hz, 2H),
7.35 (t, J = 7.6 Hz, 2H), 7.32 — 7.27 (m, 3H), 6.95 (t, J = 8.7 Hz, 2H), 6.32 (dd, J = 17.3, 10.6
Hz, 1H), 5.19 (d, J = 10.6 Hz, 1H), 5.01 (d, J = 17.3 Hz, 1H), 1.70 (s, 3H). 3C NMR (126 MHz,
CDCls) 5 163.5 (d, J = 249.0 Hz), 144.3, 142.8, 139.1 (d, J = 8.4 Hz), 128.3, 127.9 (d, J = 3.4
Hz), 127.4, 127.2, 1155 (d, J = 21.6 Hz), 113.8, 56.8, 26.2. °F NMR (376 MHz, CDCls) & —
112.6. IR (ATR): 3057, 2973, 2922, 1632, 1600, 1490, 1444, 1076, 1059, 914, 810, 697. HRMS
calculated for CisHisFS [M]" 258.0879, found 258.0884 Chiral SFC: 100 mm CHIRALCEL OJ-
H, 3% 'PrOH, 2.0 mL/min, 220 nm, 44 °C, nozzle pressure = 200 bar COy, tr1 (Mmajor) = 4.5 min,

tr2 (Minor) = 6.6 min.

(S)-(2-phenylbut-3-en-2-yl)(4-(trifluoromethyl)phenyl)sulfane (11ak)
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Prepared via General Method B. Isolated as a colorless oil (25.3 mg, 82% yield. 95:5 er,
>20:1 rr. [0]*p = -30.6 (¢ 1.0, CHCl3)). *H NMR (400 MHz, CDCl3) & 7.55 — 7.49 (m, 2H), 7.46 —
7.40 (m, 2H), 7.37 — 7.28 (m, 4H), 7.28 — 7.21 (m, 1H), 6.28 (dd, J = 17.3, 10.6 Hz, 1H), 5.18 (d,
J = 10.6 Hz, 1H), 5.04 (d, J = 17.3 Hz, 1H), 1.70 (s, 3H). *C NMR (126 MHz, CDCls) 5 144.0,
142.5, 137.9 (q, J = 1.7 Hz), 135.9, 130.4 (q, J = 32.5 Hz), 128.5, 127.4, 127.4, 125.2 (q, J = 3.7
Hz), 124.2 (q, J = 270.5 Hz), 114.3, 57.4, 26.7. *°F NMR (376 MHz, CDCl3) & — 62.9. IR (ATR):
3058, 2978, 2929, 1605, 1398, 1320, 1123, 1101, 1029, 836, 697. HRMS calculated for
Ci7H1sF3S [M]* 308.0847, found 308.0858. Chiral SFC: 100 mm CHIRALCEL OJ-H, 2% 'PrOH,
2.0 mL/min, 220 nm, 44 °C, nozzle pressure = 200 bar COx, tr: (Mmajor) = 2.0 min, tgz (Minor) =

2.5 min.

(S)-(4-nitrophenyl)(2-phenylbut-3-en-2-yl)sulfane (11al)

NO,
Me Ph /©/
\/<S

Prepared via General Method C. Isolated as a yellow oil (25.4 mg, 89% yield. 91:9 er, >20:1
rr. [a]**p = -63.8 (c 0.7, CHCls)). *H NMR (400 MHz, CDCls) 6 7.93 (d, J = 8.8 Hz, 2H), 7.46 (d, J
= 7.7 Hz, 2H), 7.31 — 7.22 (m, 4H), 7.22 — 7.16 (m, 1H), 6.24 (dd, J = 17.2, 10.6 Hz, 1H), 5.17
(d, J = 10.6 Hz, 1H), 5.06 (d, J = 17.2 Hz, 1H), 1.70 (s, 3H). 3C NMR (126 MHz, CDCls) &
147.4, 143.8, 143.3, 142.2, 134.6, 128.9, 127.9, 127.5, 123.6, 115.2, 58.2, 27.3. IR (ATR):
2975, 1594, 1575, 1510, 1444, 1335, 1089, 911, 851, 741, 697. HRMS calculated for
Ci16H19N202S [M+NH.]* 303.1167, found 303.1159. Chiral SFC: 100 mm CHIRALCEL AD-H,
3% 'PrOH, 2.0 mL/min, 220 nm, 44 °C, nozzle pressure = 200 bar COx, tr1 (major) = 3.1 min, tr2

(minor) = 3.5 min.
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(S)-(2-phenylbut-3-en-2-yl)(m-tolyl)sulfane (11ae)

Me, Ph

\/.48 Me

Prepared via General Method B. Isolated as a colorless oil (22.9 mg, 90% yield. 95:5 er,
>20:1 rr. [0]?%p = -40.2 (¢ 0.9, CHCI3)). *H NMR (400 MHz, CDCls) & 7.56 — 7.47 (m, 2H), 7.36 —
7.28 (m, 2H), 7.27 — 7.18 (m, 1H), 7.15 — 7.05 (m, 4H), 6.31 (dd, J = 17.3, 10.6 Hz, 1H), 5.15 (d,
J = 10.6 Hz, 1H), 5.00 (d, J = 17.3 Hz, 1H), 2.26 (s, 3H), 1.69 (s, 3H). 23C NMR (126 MHz,
CDClz) 6 144.7, 143.1, 138.1, 137.5, 133.8, 132.3, 129.6, 128.2, 128.2, 127.5, 127.1, 113. 5,
56.6, 26.4, 21.3. IR (ATR): 3054, 2972, 2924, 1591, 1444, 1059, 914, 779, 760, 604. HRMS
calculated for C17H1sS [M]* 254.1129, found 254.1116. Chiral SFC: 100 mm CHIRALCEL OJ-H,
3% 'PrOH, 2.0 mL/min, 220 nm, 44 °C, nozzle pressure = 200 bar CO,, tr1 (Mmajor) = 5.3 min, tr.

(minor) = 7.3 min.

(S)-(3-chlorophenyl)(2-phenylbut-3-en-2-yl)sulfane (11am)

Me, Ph

Prepared via General Method B. Isolated as a colorless oil (22.0 mg, 80% vyield. 90:10 er,
>20:1 r1. [0]*p = -43.4 (c 0.8, CHCl3)). *H NMR (400 MHz, CDCls) & 7.56 — 7.48 (m, 2H), 7.38 —
7.29 (m, 2H), 7.29 — 7.22 (m, 3H), 7.20 — 7.11 (m, 2H), 6.30 (dd, J = 17.3, 10.6 Hz, 1H), 5.19 (d,
J = 10.6 Hz, 1H), 5.03 (d, J = 17.3 Hz, 1H), 1.71 (s, 3H). 3C NMR (126 MHz, CDCl3) 5 144.1,
142.6, 136.3, 134.7, 133.9, 129.4, 128.9, 128.4, 127.4, 114.0, 57.2, 26.4. IR (ATR): 3057, 2973,
2927, 1573, 1459, 1396, 1071, 1059, 917, 778, 697, 683. HRMS calculated for C16H15CIS [M]*
274.0583, found 274.0585. Chiral SFC: 100 mm CHIRACEL OJ-H, 5% i-PrOH, 2.0 mL/min, 220

nm, 44 °C, nozzle pressure = 200 bar COg, tr1 (major) = 4.0 min, tr2 (Minor) = 5.3 min.
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(S)-(3-fluorophenyl)(2-phenylbut-3-en-2-yl)sulfane (11an)

Me Ph

Prepared via General Method B. Isolated as a colorless oil (23.3 mg, 90% yield. 96:4 er,
>20:1 rr. [0]*p = -38.0 (¢ 0.9, CHCls)). *H NMR (500 MHz, CDCls) & 7.57 — 7.46 (m, 2H), 7.38 —
7.29 (m, 2H), 7.29 — 7.20 (m, 1H), 7.20 — 7.12 (m, 1H), 7.10 — 7.01 (m, 1H), 7.01 — 6.91 (m, 2H),
6.29 (dd, J = 17.3, 10.6 Hz, 1H), 5.18 (d, J = 10.6 Hz, 1H), 5.02 (d, J = 17.3 Hz, 1H), 1.70 (s,
3H). 13C NMR (126 MHz, CDCl3) & 162.1 (d, J = 248.3 Hz), 144.2, 142.77, 134.9 (d, J = 7.7 Hz),
132.2 (d, J = 2.9 Hz), 129.5 (d, J = 8.3 Hz), 128.4, 127.4, 127.3, 123.0 (d, J = 21.3 Hz), 115.8
(d, J =21.0 Hz), 114.0, 57.2, 26.5. *®F NMR (376 MHz, CDCl3) 6 —113.3. IR (ATR): 3060, 2978,
2928, 1596, 1576, 1471, 1214, 878, 781, 696, 680. HRMS calculated for CisHisFS [M]*
258.0879, found 258.0887. Chiral SFC: 100 mm CHIRACEL AD-H, 2% i-PrOH, 2.0 mL/min,

220 nm, 44 °C, nozzle pressure = 200 bar COz, tr1 (Mmajor) = 2.5 min, trz (Minor) = 2.1 min.

(S)-(2-phenylbut-3-en-2-yl)(o-tolyl)sulfane (11af)

Me
Me,' Ph
\/(sj@

Prepared via General Method B. Isolated as a colorless oil (18.3 mg, 72% yield. >99:1 er,
>20:1 rr. [a]%p = -31.3 (¢ 1.0, CHCI3)). 'H NMR (400 MHz, CDCls) & 7.59 — 7.49 (m, 2H), 7.38 —
7.30 (m, 2H), 7.30 — 7.18 (m, 4H), 7.08 — 6.98 (m, 1H), 6.34 (dd, J = 17.3, 10.6 Hz, 1H), 5.13 (d,
J = 10.6 Hz, 1H), 4.97 (d, J = 17.3 Hz, 1H), 2.39 (s, 3H), 1.69 (s, 3H). 3C NMR (126 MHz,
CDCls) & 144.8, 143.6, 143.1, 137.8, 132.1, 130.4, 128.9, 128.3, 127.3, 127.1, 125.8, 113.4,
57.3, 26.2, 21.7. IR (ATR): 3056, 2971, 2925, 1489, 1444, 1057, 914, 750, 696. HRMS
calculated for C17H1sS [M]* 254.1129, found 254.1122. Chiral SFC: 100 mm CHIRALCEL OJ-H,

2% 'PrOH, 2.0 mL/min, 220 nm, 44 °C, nozzle pressure = 200 bar COy, tr1 (major) = 7.8 min.
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(S)-(2-fluorophenyl)(2-phenylbut-3-en-2-yl)sulfane (11a0)

Me,_ PE;@
~ A

Prepared via General Method B. Isolated as a colorless oil (23.3 mg, 90% yield. 95:5 er,
>20:1 rr. [0]*p = -33.1 (¢ 0.7, CHCl3)). *H NMR (500 MHz, CDCl3) & 7.57 — 7.48 (m, 2H), 7.35 —
7.26 (m, 3H), 7.26 — 7.18 (m, 2H), 7.04 (t, J = 8.5 Hz, 1H), 6.97 (t, J = 7.6 Hz, 1H), 6.33 (dd, J =
17.3, 10.7 Hz, 1H), 5.08 (d, J = 10.6 Hz, 1H), 4.90 (d, J = 17.3 Hz, 1H), 1.68 (s, 3H). *C NMR
(126 MHz, CDCls) 8 164.2 (d, J = 247.3 Hz), 144.1, 142.7, 139.8, 131.4 (d, J = 8.2 Hz), 128.3,
127.3, 127.3, 124.0 (d, J = 3.9 Hz), 119.7 (d, J = 18.4 Hz), 115.9 (d, J = 24.3 Hz), 113.6, 57.9,
26.3. °'F NMR (376 MHz, CDCl;3) & — 104.7. IR (ATR): 3087, 3056, 2980, 2928, 1588, 1487,
1221, 1155, 916, 830, 696. HRMS calculated for CisHisFS [M]* 258.0879, found 258.0870.
Chiral SFC: 100 mm CHIRALCEL AD-H, 3% 'PrOH, 2.0 mL/min, 220 nm, 44 °C, nozzle

pressure = 200 bar COz, tr1 (Major) = 2.2 min, trz (Minor) = 1.7 min.

(S)-naphthalen-2-yl(2-phenylbut-3-en-2-yl)sulfane (11ag)

Me, Ph O
~ A

Prepared via General Method B. Isolated as a yellow solid (21.5 mg, 74% vyield. 98:2 er,
>20:1 rr. [0]**p = -89.3 (c 0.7, CHCIs)). *H NMR (500 MHz, CDCl3) 8 7.77 (s, 1H), 7.75 - 7.70 (m,
1H), 7.70 — 7.65 (m, 1H), 7.61 (d, J = 8.5 Hz, 1H), 7.55 — 7.47 (m, 2H), 7.45 — 7.37 (m, 2H),
7.32 = 7.24 (m, 3H), 7.23 = 7.17 (m, 1H), 6.31 (dd, J = 17.3, 10.7 Hz, 1H), 5.10 (d, J = 10.6 Hz,
1H), 4.95 (d, J = 17.3 Hz, 1H), 1.68 (s, 3H). 13C NMR (125 MHz, CDCls) & 144.6, 143.0, 136.6,
133.5, 133.4, 133.2, 130.1, 128.3, 128.0, 127.7, 127.5, 127.2, 126.8, 126.3, 113.7, 57.0, 26.5.
IR (ATR): 3053, 2925, 1583, 1490, 1444, 1368, 1058, 916, 814, 742, 697. HRMS calculated for

C20H1sS [M]* 290.1129, found 290.1124. Chiral SFC: 100 mm CHIRALCEL OJ-H, 4% 'PrOH,
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2.0 mL/min, 220 nm, 44 °C, nozzle pressure = 200 bar CO, tr1 (major) = 14.9 min, tg2 (Minor) =

19.6 min.

(S)-phenethyl(2-phenylbut-3-en-2-yl)sulfane (11ap)

Me, Ph

\)43/\/Ph

Prepared via General Method D. Isolated as a colorless oil (16.9 mg, 63% vyield. 74:26 er,
>20:1 rr. [a]?*p = -7.4 (c 0.6, CHCl3)). *H NMR (500 MHz, CDCls) & 7.57 — 7.46 (m, J = 7.1 Hz,
2H), 7.38 = 7.29 (m, J = 7.6 Hz, 2H), 7.29 — 7.21 (m, 3H), 7.21 — 7.16 (m, J = 13.5, 6.3 Hz, 1H),
7.16 —7.08 (m, J=7.1 Hz, 2H), 6.20 (dd, J =17.2, 10.6 Hz, 1H), 5.22 (d, J = 10.5 Hz, 1H), 5.16
(d, J = 17.3 Hz, 1H), 2.76 (t, J = 7.9 Hz, 2H), 2.67 — 2.53 (m, 2H), 1.74 (s, 3H). *C NMR (125
MHz, CDCls) 6 144.7, 142.8, 140.9, 128.6, 128.5, 128.4, 127.2, 127.0, 126.4, 113.4, 53.8, 36.0,
31.5, 27.2. IR (ATR): 3026, 2924, 1630, 1600, 1490, 1444, 1369, 1029, 915, 738, 670. HRMS
calculated for C1gH20S [M]* 268.1286, found 268.1277. Chiral SFC: 100 mm CHIRALCEL OJ-H,
3% 'PrOH, 2.0 mL/min, 220 nm, 44 °C, nozzle pressure = 200 bar CO,, tr1 (Major) = 9.7 min, trz

(minor) = 19.0 min.

(S)-2-(((2-phenylbut-3-en-2-yNthio)methyl)furan (11aq)

Mec Ph
\/’(s o
W
Prepared via General Method D. Isolated as a colorless oil (17.3 mg, 71% vyield, 74:26 er,
>20:1 rr, [0]?* = -8.0 (¢ 0.7, CHCl3)). *H NMR (500 MHz, CDCls) § 7.52 (d, J = 7.6 Hz, 2H), 7.34
- 7.27 (m, 3H), 7.25 - 7.18 (m, 1H), 6.26 — 6.15 (m, 2H), 6.05 (d, J = 2.5 Hz, 1H), 5.25(d, J =
10.6 Hz, 1H), 5.18 (d, J = 17.3 Hz, 1H), 3.58 (d, J = 14.1 Hz, 1H), 3.54 (d, J = 14.1 Hz, 1H),
1.73 (s, 3H). ¥C NMR (126 MHz, CDCls) & 151.7, 144.2, 142.6, 142.4, 142.0, 128.5, 127.2,

113.9, 110.6, 107.5, 54.4, 27.2, 27.0. IR (ATR): 2970, 1631, 1597, 1490, 1444, 1149, 1063,
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1009, 934, 733, 697, 598. HRMS calculated for CisHi160S [M]* 244.0922, found 244.0919.
Chiral SFC: 100 mm CHIRALCEL OJ-H, 3% 'PrOH, 2.0 mL/min, 220 nm, 44 °C, nozzle

pressure = 200 bar COz, tr1 (Major) = 5.4 min, trz (Minor) = 6.7 min.

(S)-phenyl(2-(p-tolyl)but-3-en-2-yl)sulfane (11ba)

Prepared via General Method B. Isolated as a colorless oil (21.1 mg, 83% yield, 95:5 er,
>20:1 1, [a]*p = -66.5 (c 0.9, CHCIs)). The characterization data is in agreement with previously
reported spectral data.® *H NMR (400 MHz, CDCl;) & 7.48 — 7.39 (d, J = 8.0 Hz, 2H), 7.39 -
7.27 (m, 3H), 7.27 — 7.20 (m, 2H), 7.18 — 7.10 (d, J = 7.9 Hz, 2H), 6.32 (dd, J = 17.3, 10.6 Hz,
1H), 5.13 (d, J = 10.6 Hz, 1H), 4.96 (d, J = 17.3 Hz, 1H), 2.36 (s, 3H), 1.68 (s, 3H). IR (ATR):
2922, 1583, 1515, 1479, 1438, 1112, 1024, 817, 737, 690. cm™. HRMS calculated for C17H19S
[M+H]* 255.1207, found 255.1222. Chiral SFC: 100 mm CHIRALCEL OJ-H, 3% 'PrOH, 2.0
mL/min, 220 nm, 44 °C, nozzle pressure = 200 bar CO, tr1 (Mmajor) = 7.6 min, tgz (Minor) = 9.9

min.

(S)-phenyl(2-(4-(trifluoromethyl)phenyl)but-3-en-2-yl)sulfane (11ca)

Prepared via General Method D. Isolated as a colorless oil (17.9 mg, 58% yield, 97:3 er,
>20:1 rr, [a]**p = -63.7 (c 0.8, CHCI3)). The characterization data is in agreement with previously

reported spectral data.®’ *H NMR (500 MHz, CDCls) 8 7.62 (d, J = 7.4 Hz, 2H), 7.56 (d, J = 7.7
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Hz, 2H), 7.34 — 7.17 (m, 5H), 6.26 (dd, J = 17.3, 10.7 Hz, 1H), 5.19 (d, J = 10.5 Hz, 1H), 5.01 (d,
J = 17.3 Hz, 1H), 1.69 (s, 3H). °F NMR (376 MHz, CDCls) & — 62.7. IR (ATR): 2929, 1616,
1438, 1324, 1165, 1115, 1070, 1015, 919, 842, 748, 692. cm*. HRMS calculated for C17H1sF3sS
[M]* 308.0847, found 308.0847. Chiral SFC: 100 mm CHIRALCEL OJ-H, 3% 'PrOH, 2.0
mL/min, 220 nm, 44 °C, nozzle pressure = 200 bar CO, tr1 (major) = 1.6 min, tro (Minor) = 1.9

min.

(S)-(2-(4-chlorophenyl)but-3-en-2-yl)(phenyl)sulfane (11da)

Prepared via General Method B. Isolated as a colorless oil (17.9 mg, 65% yield, 96:4 er,
>20:1 rr, [a]?%5 = -33.7 (¢ 1.0, CHCls). *H NMR (500 MHz, CDCls) & 7.57 — 7.40 (m, 2H), 7.38 —
7.28 (m, 5H), 7.28 — 7.22 (m, 2H), 6.28 (dd, J = 16.9, 10.9 Hz, 1H), 5.19 (d, J = 10.6 Hz, 1H),
5.02 (d, J = 17.3 Hz, 1H), 1.69 (s, 3H). 3C NMR (125 MHz, CDCls) & 143.2, 142.6, 136.9,
132.9, 132.2, 129.0, 128.9, 128.5, 128.3, 114.0, 56.2, 26.5. IR (ATR): 3057, 2926, 1489, 1438,
1096, 1012, 917, 829, 748, 692. HRMS calculated for CisHisCIS [M]" 274.0583, found
274.0593. Chiral SFC: 100 mm CHIRALCEL AD-H, 2% 'PrOH, 2.0 mL/min, 220 nm, 44 °C,

nozzle pressure = 200 bar COg, tr1 (Major) = 3.9 min, tr2 (Minor) = 3.5 min.

(S)-(1,2-diphenylbut-3-en-2-yl)(phenyl)sulfane (11ea)

Ph—,
= SPh
Prepared via General Method D. Isolated as a colorless oil (23.4 mg, 74% vyield, 85:15 er,
>20:1 rr, [a]**p = +10.0 (c 1.0, CHCIz). *H NMR (400 MHz, CDCl3) & 7.46 — 7.36 (m, 2H), 7.32 —
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7.08 (m, 11H), 6.94 — 6.83 (m, 2H), 6.15 (dd, J = 17.4, 10.8 Hz, 1H), 5.29 (dd, J = 10.8, 0.7 Hz,
1H), 5.24 (dd, J = 17.4, 0.7 Hz, 1H), 3.50 (d, J = 13.8 Hz, 1H), 3.33 (d, J = 13.8 Hz, 1H). 13C
NMR (125 MHz, CDCls) & 142.0, 140. 7, 136.8, 135.9, 133.1, 131.1, 128.9, 128.4, 128.2, 127. 9,
127.6, 127.1, 126.5, 116.0, 62.1, 46.7. IR (ATR): 3058, 3028, 1599, 1494, 1437, 1077, 1025,
911, 745, 691. HRMS calculated for CxH21S [M+H]* 317.1364, found 317.1362. Chiral SFC:
100 mm CHIRALCEL AD-H, 3% 'PrOH, 2.0 mL/min, 220 nm, 44 °C, nozzle pressure = 200 bar

COso, tr1 (major) = 6.4 min, trz (Minor) = 4.0 min.

(S)-phenyl(1-vinyl-1,2,3,4-tetrahydronaphthalen-1-yl)sulfane (11fa)

\@@gl‘]

Prepared via General Method B. Isolated as a colorless oil (24.0 mg, 90% vyield, 96:4 er,
>20:1 11, [a]?p = -96.7 (c 0.2, CHCls). *H NMR (400 MHz, CDCls) & 7.66 (d, J = 7.6 Hz, 1H), 7.41
— 7.33 (M, 2H), 7.33 — 7.28 (m, 1H), 7.28 — 7.23 (m, 2H), 7.23 — 7.11 (m, 2H), 7.07 (d, J = 7.2
Hz, 1H), 6.24 (dd, J = 17.2, 10.5 Hz, 1H), 5.13 (d, J = 10.5 Hz, 1H), 4.79 (d, J = 17.2 Hz, 1H),
2.81 — 2.67 (m, 2H), 2.11 — 1.88 (m, 3H), 1.81 — 1.64 (m, 1H). 3C NMR (126 MHz, CDCls) &
143.7, 137.9, 137.8, 136.7, 133.1, 130.1, 129.4, 128.7, 128.5, 127.0, 125.8, 115.0, 57.4, 34.4,
30.3, 19.6. IR (ATR): 2930, 1682, 1438, 1085, 1047, 1024, 746, 691 cm™. HRMS calculated for
CisH18S [M]* 266.1129, found 266.1137. Chiral SFC: 100 mm CHIRALCEL OJ-H, 3% 'PrOH,
2.0 mL/min, 220 nm, 44 °C, nozzle pressure = 200 bar CO., tr: (major) = 5.8 min, trz (Minor) =

7.1 min.

(S)-(2-(naphthalen-2-yl)but-3-en-2-yl)(phenyl)sulfane (11ha)
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Prepared via General Method B. Isolated as a white solid (25.6 mg, 88% yield, 88:12 er,
>20:1 rr, [a]?%p = -36.5 (¢ 0.4, CHCI3). *H NMR (400 MHz, CDCls) & 7.89 — 7.79 (m, 3H), 7.79 —
7.73 (m, 2H), 7.51 — 7.37 (m, 2H), 7.31 — 7.21 (m, 3H), 7.21 — 7.11 (m, 2H), 6.39 (dd, J = 17.3,
10.6 Hz, 1H), 5.21 (d, J = 10.6 Hz, 1H), 5.06 (d, J = 17.3 Hz, 1H), 1.79 (s, 3H). *C NMR (126
MHz, CDCls) d 142.9, 141.9, 136.8, 133.2, 132.5, 128.8, 128.5, 128.3, 127.9, 127.6, 126.3,
126.2, 126.1, 125.7, 113.9, 56.9, 26.4. IR (ATR): 3055, 1674, 1478, 1438, 1022, 818, 742, 689
cm?. HRMS calculated for CxHisS [M]* 290.1129, found 290.1139. Chiral SFC: 100 mm
CHIRALCEL 0J-H, 3% 'PrOH, 2.0 mL/min, 220 nm, 44 °C, nozzle pressure = 200 bar CO, tr:

(major) = 13.1 min, trz (Minor) = 16.8 min.

2.6.3 Synthesis of Cyclopropenes

8a 8b 8c 8d 8e
O‘ OM OO Me
e
JAN JA JA
8f 8g 8h

Cyclopropenes 8a-8d, 8f, and 8h were prepared according to the following sequence from

literature reports.106. 149

Ph;PMeBr CHBrj EtMgBr
o n-BuLi NaOH RN Ti(OPr)y (cat) R._R KOBU Rk g
P > J\ > 4& > —_—
R R THF R™ "R BTEAC (cat.) Et,0 Br DMSO

Br

Cyclopropene 8g was synthesized according to the following reaction sequence.%®

ha(OAc)4 NaH
Ph CO,Me T™MS— Ph CO,Me DIBAL-H Ph Mel Ph
\n/ > 5 —_— OH —— 5 OMe
N then aq. K,CO3 Et,0 THF
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Cyclopropene 8e was synthesized according to the following reaction sequence.1%: 14

Ph;PMeBr CHBr;
o n-BuLi JI\/ NaOH Ph/ﬁgr
Ph)l\/ THF Ph BTEAC (cat.) Br
12e 13e 14e
93% vyield 35% yield
EtMgBr
Ti(O'Pr) (cat.) oh Ph KOBu o Ph
o —_— T
Et,0 Br DMSO
15e 8e
82% vyield 34% vyield

Synthesis of prop-1-en-2-ylbenzene (13e):

Methyltriphenylphoshphonium bromide (11 g, 30 mmol, 3.0 equiv.) was added to a flame-
dried flask under an atmosphere of N2. Anhydrous THF (40 mL) was added and the mixture was
cooled to 0 °C. KO'Bu (3.4 g, 30 mmol, 3.0 equiv.) was added all at once and the resulting
mixture was stirred for 10 min. A solution of 2-phenylacetophenone (12¢) (2.0 g, 10 mmol, 1
equiv.) in dry THF (10 mL) was added. The reaction was allowed to warm to room temperature
and stirred overnight. The reaction was monitored by TLC for complete consumption of starting
material. The mixture was quenched with sat. ammonium chloride and extracted with ethyl
acetate (3x). The combined organic layers were dried with MgSQs, filtered, and concentrated
under reduced pressure. The crude mixture was purified by column chromatography on silica
gel (hexanes) to yield the desired product (1.8 g, 93% vyield). *H and 3C NMR spectra of the

product are in agreement with previously reported data.*°

Synthesis of (2,2-dibromo-1-methylcyclopropyl)benzene (14e):

Benzyltriethylammonium chloride (BTEAC) (0.11 g, 0.46 mmol, 0.050 equiv) was added to a
flask charged with a stir bar and placed under an atmosphere of N». A solution of 13e (1.8 g, 9.3
mmol, 1.0 equiv.) in bromoform (3.2 mL, 37 mmol, 4.0 equiv.) was added followed by dropwise

addition of 50% ag. NaOH (1.5 mL, 37 mmol, 4.0 equiv.). The resulting mixture was heated to
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60 °C and stirred overnight. Upon completion determined by TLC, the reaction mixture was
allowed to cool to room temperature, quenched with water, and extracted with dichloromethane
(3x). The combined organic layers were dried with MgSQs, filtered, and concentrated under
reduced pressure. The crude mixture was purified by column chromatography on silica gel

(hexanes) to yield the desired product (1.2 g, 35% yield).

Synthesis of (2-bromo-1-methylcyclopropyl)benzene (15e€):

A 0.74 M solution of ethylmagnesium bromide (5.7 mL, 4.2 mmol, 1.3 equiv) in Et,O was added
dropwise to a cooled solution (0 °C ice bath) of dibromide 14e (1.2 g, 3.2 mmol, 1.0 equiv.) and
titanium(lV) isopropoxide (0.10 mL, 0.32 mmol, 0.10 equiv.) in Et2O (6.4 mL). The reaction
mixture was stirred for 4 h at 30 °C. The reaction was monitored by TLC for complete
consumption of starting material. Upon completion, the reaction mixture was quenched with
10% ag. HCI and extracted with Et,O (3x). The combined ethereal layers were washed with
brine (2x), dried with MgSOs., filtered, and concentrated under reduced pressure. The crude
mixture was purified by column chromatography on silica gel (hexanes) to yield the desired

product (0.73 g, 82% vyield).

Synthesis of (1-methylcycloprop-2-en-1-yl)benzene (8e):

A solution of bromide 15e (0.73 g, 2.5 mmol, 1.0 equiv.) in DMSO (20 mL) was added to a
flask under an atmosphere of N,. A solution of KO'Bu (0.43 g, 3.8 mmol, 1.5 equiv) in DMSO (5
mL) was added slowly and the resulting mixture was stirred at 30 °C overnight. The reaction
was monitored by TLC for complete consumption of starting material. Upon completion, the
reaction mixture was quenched with 10% aqg. HCI and extracted with Et,O (3x). The combined
ethereal layers were washed with brine (2x), dried with NaSO., filtered, and concentrated under
reduced pressure. The crude mixture was purified by column chromatography on silica gel
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(hexanes) to yield the desired product (177.4 mg, 34% vyield). Purified product was stored in a
1.2 M solution of DCE or MeCN at 0 °C to prevent decomposition.
(1-benzyl-2,2-dibromocyclopropyl)benzene (14e)

on Ph
/K/B’

Br

Isolated as a white solid (1.2 g, 35% yield). *H NMR (500 MHz, CDCl3) & 7.25 — 7.20 (m, 3H),
7.15—7.10 (m, 3H), 7.09 — 7.04 (m, 2H), 6.86 — 6.80 (m, 2H), 3.49 (d, J = 13.8 Hz, 1H), 3.10 (d,
J =13.9 Hz, 1H), 2.08 (d, J = 7.7 Hz, 1H), 2.02 (d, J = 7.7 Hz, 1H). 13C NMR (126 MHz, CDCls)
0 140.4, 138.1, 129.9, 129.6, 128.2, 128.2, 127.4, 126.6, 46.3, 41.3, 36.4, 32.9. IR (ATR): 3084,
3061, 3023, 2958, 1494, 1454, 1013, 757, 698. HRMS calculated for C16H14Br2 [M + NH4]*

386.9799, found 386.9658.

(1-benzyl-2-bromocyclopropyl)benzene (15e€):

Ph
Ph/K

Br
Isolated as a colorless oil (0.73 g, 82% vyield). *H NMR (500 MHz, CDCls) 8 7.22 — 7.11 (m, 5H),
7.08 — 7.03 (m, 2H), 7.01 — 6.95 (m, 2H), 3.38 — 3.26 (m, 2H), 3.10 (d, J = 14.4 Hz, 1H), 1.68 (t,
J =7.2 Hz, 1H), 1.29 (t, J = 5.6 Hz, 1H). 3C NMR (126 MHz, CDCl3) d 142.5, 139.0, 129.6,
129.0, 128.3, 128.1, 126.8, 126.2, 43.5, 32.2, 30.2, 21.9. IR (ATR): 3059, 3026, 2916, 1493,

1445, 765, 697. HRMS calculated for C16H1sBr [M + NH4]* 307.0714, found 307.0695.

(1-benzylcycloprop-2-en-1-yl)benzene (8e):

Ph/ZPh
Colorless oil. 34.4% yield. 'H NMR (500 MHz, CDCls) & 7.40 — 7.29 (m, 6H), 7.27 — 7.20 (m,
4H), 7.18 — 7.15 (m, 1H), 7.15 — 7.13 (m, 1H), 3.48 (s, 2H). *°C NMR (126 MHz, CDCls) & 149.0,

140.3, 129.7, 128.3, 128.1, 126.6, 125.8, 125.5, 114.0, 43.2, 28.0. IR (ATR): 3083, 3058, 3025,
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2915, 2851, 1640, 1493, 1444, 695. HRMS calculated for CisHisa [M]* 207.1129, found

207.1157.

2.6.4 Isotope Labeling Studies

Synthesis of 9a-d

SH SD
©/ D,0,25°C, 2 h ©/

9a 9a-d

Benezenethiol 9a (1.62 g, 15 mmol) was dissolved in D,O (3.0 g, 150 mmol) and vigorously
stirred for 2 hours at room temperature. The clear solution was concentrated in vacuo and
resulted in 9a-d with 86% D incorporation which was determined by *H NMR. Colorless oil, 84%

yield.
'H NMR (400 MHz, C¢Ds) 8 7.01 — 6.92 (m, 2H), 6.91 — 6.78 (m, 3H), 3.00 (s, 0.14H).

3.00
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T
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w
=
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Synthesis of 10aa-d
[Rh(cod)Cl], (2.5 mol%)

Ph. Me sD L4 (5.0 mol%) Ph,, _Me
+ > ZS
K ©/ MeCN, 30 °C,6 h (73%) D SPh
8a 9a-d 10aa-d
Following the General Method A, 9a-d was used as the thiol partner. Colorless oil, 81% vyield,

>20:1 rr. *H NMR (400 MHz, CDCl3) 6 7.40 — 7.29 (m, 7H), 7.28 — 7.22 (m, 2H), 7.18 — 7.11 (m,
1H), 2.55 (d, J = 8.4 Hz, 1H), 1.60 (s, 3H), 0.96 (t, J = 5.6 Hz, 0.27 H). Deuterium incorporation
was determined by *H NMR. Percent deuterium (% D) incorporation is depicted as the amount

of deuterium in place of a single hydrogen atom at that site.
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3.19-%

810271
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Synthesis of 11aa-d
[Rh(cod)Cl]; (2.5 mol%)

Ph_ _Me D L7 (5.0 mol%) (13%)D me  Ph
+ “
Z ©/ DCE, 0°C, 0.5 h (73%) D)\/(sph
8a 9a-d 11aa-d
Following General Method B, 9a-d was used as the thiol partner. Colorless oil, 83% vyield,

Y

>20:1 1. *H NMR (400 MHz, CDCls) & 7.55 (d, J = 7.8 Hz, 2H), 7.37 — 7.29 (m, 5H), 7.24 (dd, J
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=14.6, 7.2 Hz, 3H), 6.33 (d, J = 17.3 Hz, 1H), 5.15 (dd, J = 10.6, 5.8 Hz, 0.27 H), 4.99 (dd, J =
17.3, 5.4 Hz, 0.87 H), 1.71 (s, 3H). Deuterium incorporation was determined by H NMR.
Percent deuterium (% D) incorporation is depicted as the amount of deuterium in place of a

single hydrogen atom at that site.
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2.6.5 Initial rate studies

Initial rate studies for ring-retentive hydrothiolation of cyclopropenes

[Rh(cod)Cl],
Ph. Me L4 Ph,, _Me
E + H—SPh >
MeCN, 30 °C H SPh
8a 9a 10aa

The kinetic profile of the reaction was studied by obtaining initial rates of reaction for different
concentrations of (1-methylcycloprop-2-en-1-yl)benzene 8a, benzenethiol 9a, and Rh catalyst.
No products of decomposition are observed for the system. The rates were monitored by GC-

FID analysis using 1,3,5-trimethoxybenzene as an internal standard.

Determination of the reaction order in cyclopropene 8a (entries 1-5)

Representative procedure (entry 1):
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In a No-filled glove box, a 0.025 M solution of catalyst was prepared by combining [Rh(cod)Cl].
(7.4 mg, 0.015 mmol), L4 (16 mg, 0.030 mmol), and MeCN (1.2 mL). The resulting mixture was
stirred for 10 min. A second 0.50 M solution of thiol 9a was prepared by combining 9a (66 mg,
0.60 mmol) and MeCN (1.2 mL). A vial was charged with a stir bar and 1,3,5-trimethoxybenzene
(3.4 mg, 0.020 mmol). Catalyst solution (0.20 mL, 5.0 mol% Rh) was added to the vial, followed
by 9a (0.20 mL, 0.10 mmol). MeCN (0.10 mL) was added so that the final reaction volume was
0.6 mL. The vial was sealed with a Teflon septum screw cap. 8a (0.10 mL, 1.2 M solution in
MeCN, 0.12 mmol) was added to the sealed vial to initiate the reaction at 30 °C. 20 pL aliquots
were taken every 5 minutes and quenched in 2 mL of ethyl acetate. No further catalysis occurs
after dilution in ethyl acetate. The appearance of 10aa was monitored by internally referenced

GC-FID analysis.

Determination of the reaction order in Rh catalyst (entries 6—10)

Representative procedure (entry 6):

In a No-filled glove box, a 0.30 M solution of catalyst was prepared by combining [Rh(cod)Cl]»
(9.9 mg, 0.020 mmol), L4 (22 mg, 0.040 mmol), and MeCN (1.3 mL). The resulting mixture was
stirred for 10 min. A second 0.50 M solution of thiol 9a was prepared by combining 9a (66 mg,
0.60 mmol) and MeCN (1.2 mL). A vial was charged with a stir bar and 1,3,5-trimethoxybenzene
(2.0 mg, 0.012 mmol). Catalyst solution (0.10 mL, 3.0 mol% Rh) was added to the vial, followed
by 9a (0.20 mL, 0.10 mmol). MeCN (0.13 mL) was added so that the final reaction volume was
0.6 mL. The vial was sealed with a Teflon septum screw cap. 8a (0.17 mL, 1.2 M solution in
MeCN, 0.20 mmol) was added to the sealed vial to initiate the reaction at 30 °C. 20 pL aliquots
were taken every 5 minutes and quenched in 2 mL of ethyl acetate. No further catalysis occurs
after dilution in ethyl acetate. The appearance of 10aa was monitored by internally referenced
GC-FID analysis.
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Determination of the reaction order in thiol 9a (entries 11-14)

Representative procedure (entry 11):

In a No-filled glove box, a 0.050 M solution of catalyst was prepared by combining [Rh(cod)Cl]
(7.4 mg, 0.015 mmol), L4 (16 mg, 0.030 mmol), and MeCN (0.60 mL). The resulting mixture
was stirred for 10 min. A second 0.50 M solution of thiol 9a was prepared by combining 9a (77
mg, 0.70 mmol) and MeCN (1.4 mL). A vial was charged with a stir bar and 1,3,5-
trimethoxybenzene (4.8 mg, 0.029 mmol). Catalyst solution (0.10 mL, 5.0 mol% Rh) was added
to the vial, followed by 9a (0.16 mL, 0.080 mmol). MeCN (0.17 mL) was added so that the final
reaction volume was 0.6 mL. The vial was sealed with a Teflon septum screw cap. 8a (0.17 mL,
1.2 M solution in MeCN, 0.20 mmol) was added to the sealed vial to initiate the reaction at 30
°C. 20 pL aliquots were taken every 5 minutes and quenched in 2 mL of ethyl acetate. No

further catalysis occurs after dilution in ethyl acetate. The appearance of 10aa was monitored by

internally referenced GC-FID analysis.

Table 2.3 Kinetic Data for Ring-Retentive Hydrothiolation of Cyclopropene

entry

O ~NOOODA WN-

8a
[8a] (M)

2.0 x 107"
2.5x 10"
3.0 x 10"
35x 10"
4.0x 10"
3.3x 10"
3.3x 10"
3.3x 10"
3.3x 10"
3.3x 10"
3.3x 10"
3.3x 10"
3.3x 10"
3.3x 10"

[Rh(cod)Cl],
L4
H—SPh
MeCN, 30 °C
9a
[Rh] (M) [9a] (M)
8.3 x 1073 1.7 x 107"
8.3 x 1073 1.7 x 107
8.3x 103 1.7 x 107"
8.3x 1073 1.7 x 107
8.3 x 1073 1.7 x 107
5.0 x 1073 1.7 x 107"
6.7 x 1073 1.7 x 107
8.3 x 103 1.7 x 107
1.0 x 102 1.7 x 10"
1.2 x 1072 1.7 x 107
8.3x 1073 1.3x 10"
8.3 x 1073 1.6 x 107
8.3 x 1073 2.0x 10"
8.3 x 1073 2.7 x 107"
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Ph, Me

H* *SPh

10aa

initial rate (M x min™')

x 102
x 1073
x 103
x 1073
x 1073
x 10
x 1073
x 1073
x 102
x 1073
x 103
x 1073
x 1073
x 102

(1.1 £0.04
(1.4 £0.03
(1.6 £0.02
(1.9 £ 0.04
(2.2 £0.04
(9.0 +0.19
(1.2+0.03
(1.5 +0.03
(1.8 +0.08
(2.1+0.05
(2.3 +0.04
(2.2 £0.02
(2.1 +0.04
(1.9 £ 0.04
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Figure 2.11 Plots of initial rates at different concentrations of 8a.
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cyclopropene (first order).
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Figure 2.14 Plot of logkess Vs log[Rh] (slope = 1.0) for ring-retentive hydrothiolation of
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Figure 2.16 Plot of logkes vs log[9a] (slope = -0.28) for ring-retentive hydrothiolation of
cyclopropene.

Initial rate studies of ring-opening hydrothiolation of cyclopropenes

[Rh(cod)Cl],
Ph_ _Me L7 Me, Ph
E + H—SPh - .
DCE-d,, 25 °C HT™ SPh
8a 9a 11aa

The kinetic profile of the reaction was studied by obtaining initial rates of reaction for different
concentrations of (1-methylcycloprop-2-en-1-yl)benzene 8a, benzenethiol 9a, and Rh catalyst.
No products of decomposition are observed for the system. The rates were monitored by 'H

NMR analysis using 1,3,5-trimethoxybenzene as an internal standard.
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Determination of the reaction order in cyclopropene 8a (entries 1-5)
Representative procedure (entry 1):

In a Nofilled glove box, a 0.010 M solution of catalyst was prepared by combining
[Rh(cod)CI], (1.5 mg, 0.0030 mmol), L7 (7.2 mg, 0.0060 mmol), and DCE-d4 (0.60 mL). The
resulting mixture was stirred for 10 min. A second 1.0 M solution of thiol 9a was prepared by
combining 9a (66 mg, 0.60 mmol) and DCE-d4 (0.60 mL). 1,3,5-trimethoxybenzene (2.0 mg,
0.012 mmol) was added to a J. Young NMR tube. Catalyst solution (0.10 mL, 1.0 mol% Rh) was
then added to the J. Young NMR tube, followed by 9a (0.10 mL, 0.10 mmol). DCE-d4 (0.20 mL)
was added so that the final reaction volume was 0.50 mL. The J. Young NMR tube was sealed
with a Teflon septum screw cap. 8a (0.10 mL, 1.2 M solution in DCE-d4, 0.12 mmol) was added
to the sealed tube to initiate the reaction at 25 °C. A *H NMR spectrum was taken every minute
with one scan. The appearance of 11aa was monitored by comparing the integration of one of
the vinyl protons of the product (5.16 ppm) to the internal standard (3.77 ppm).

Determination of the reaction order in Rh catalyst (entries 6-9)
Representative procedure (entry 6):

In a Nyfilled glove box, a 0.010 M solution of catalyst was prepared by combining
[Rh(cod)ClI]. (1.5 mg, 0.0030 mmol), L7 (7.2 mg, 0.0060 mmol), and DCE-d4 (0.60 mL). The
resulting mixture was stirred for 10 min. A second 1.0 M solution of thiol 9a was prepared by
combining 9a (66 mg, 0.60 mmol) and DCE-d4 (0.60 mL). 1,3,5-trimethoxybenzene (2.0 mg,
0.012 mmol) was added to a J. Young NMR tube. Catalyst solution (0.10 mL, 1.0 mol% Rh) was
then added to the J. Young NMR tube, followed by 9a (0.080 mL, 0.080 mmol). DCE-d4 (0.22
mL) was added so that the final reaction volume was 0.50 mL. The J. Young NMR tube was
sealed with a Teflon septum screw cap. 8a (0.10 mL, 1.2 M solution in DCE-d4, 0.12 mmol) was
added to the sealed tube to initiate the reaction at 25 °C. A *H NMR spectrum was taken every
minute with one scan. The appearance of 11aa was monitored by comparing the integration of

one of the vinyl protons of the product (5.16 ppm) to the internal standard (3.77 ppm).

Determination of the reaction order in thiol 9a (entries 10-13)
Representative procedure (entry 10):

In a No-filled glove box, a 0.050 M solution of catalyst was prepared by combining
[Rh(cod)ClI], (4.9 mg, 0.010 mmol), L7 (7.2 mg, 0.0060 mmol), and DCE-d4 (0.60 mL). The
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resulting mixture was stirred for 10 min. A second 1.0 M solution of thiol 9a was prepared by
combining 9a (66 mg, 0.60 mmol) and DCE-ds (0.60 mL). 1,3,5-trimethoxybenzene (2.0 mg,
0.012 mmol) was added to a J. Young NMR tube. Catalyst solution (0.10 mL, 1.0 mol% Rh) was
then added to the J. Young NMR tube, followed by 9a (0.080 mL, 0.080 mmol). DCE-d, (0.22
mL) was added so that the final reaction volume was 0.50 mL. The J. Young NMR tube was
sealed with a Teflon septum screw cap. 8a (0.10 mL, 1.2 M solution in DCE-d4, 0.12 mmol) was
added to the sealed vial to initiate the reaction at 25 °C. A *H NMR spectrum was taken every
minute with one scan. The appearance of 11laa was monitored by comparing the integration of
one of the vinyl protons of the product (5.16 ppm) to the internal standard (3.77 ppm).
Table 2.4 Kinetic Data for Ring-Opening Hydrothiolation of Cyclopropenes

[Rh(cod)Cl],
L7
Ph Me Me Ph
+ H—SPh > g
K DCE-dy, 25 °C H/\/<SPh
8a 9a 11aa
entry [8a] (M) [Rh] (M) [9a] (M) initial rate (M x min*")
1 1.9 x 10 2.0x10°% 2.0x 10" (6.7 £0.30) x 10°3
2 2.4 x 107" 2.0x10° 2.0x 10" (7.4 £0.40) x 107
3 2.9 x 10" 2.0x10°% 2.0x 10" (9.2 £0.20) x 1073
4 3.8x 10" 2.0x10° 2.0x 10" (1.4 £0.02) x 1072
5 2.4 x 107" 2.0x 107 2.0x 10" (3.4 £0.30) x 107
6 2.4 x 10" 4.0x103 2.0x 10" (6.7 £+ 0.40) x 107
7 2.4 x 10" 6.0 x 107 2.0x 10" (1.1 +£0.04) x 1072
8 2.4 x 107" 8.0 x 1073 2.0 x 10" (1.2 £0.04) x 1072
9 2.4 x 107" 1.0 x 1072 2.0x 10" (1.6 +0.08) x 1072
10 2.4 x 107" 2.0x 103 1.6 x 10" (9.0 £0.70) x 1073
11 2.4 x 10" 2.0x10° 2.0 x 10" (8.9 +0.50) x 107
12 2.4 x 10" 2.0x10°% 2.2x 10" (9.0 £ 0.60) x 1073
13 2.4 x 107" 2.0x10° 2.4 x 10" (8.8 +0.50) x 107
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Figure 2.17 Plots of initial reaction rates at different concentrations of 8a.
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Figure 2.18 Plot of logkes vs log[8a] (slope = 1.1) for ring-retentive hydrothiolation of
cyclopropene (first order).
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Figure 2.19 Plots of initial reaction rates at different concentrations of Rh.
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Figure 2.20 Plot of logkes Vs log[Rh] (slope = 0.95) for ring-retentive hydrothiolation of
cyclopropene (first order).
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Figure 2.22 Plot of logkes vs log[9a] (slope = -0.04) for ring-retentive hydrothiolation of
cyclopropene (zeroth order).

2.6.6 Initial Rate Studies to Determine Kinetic Isotope Effect

Kinetic isotope effect for ring-retentive hydrothiolation
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Ph Me

X

8a

In a Nyfilled glove box, a 0.025 M solution of catalyst was prepared by combining
[Rh(cod)ClI]2 (3.7 mg, 0.0075 mmol), L4 (8.1 mg, 0.015 mmol), and MeCN (0.60 mL). The
resulting mixture was stirred for 10 min. A vial was charged with a stir bar and 1,3,5-
trimethoxybenzene (5.1 mg, 0.030 mmol). Catalyst solution (0.20 mL, 5.0 mol% Rh) was added
to the vial, followed by 9a (11 mg, 0.10 mmol) or 9a-d (11 mg, 0.10 mmol) and MeCN (0.23 mL).
The vial was sealed with a Teflon septum screw cap. 8a (0.17 mL, 1.2 M solution in MeCN, 0.20
mmol) was added to the sealed vial to initiate the reaction at 30 °C. 30 pL aliquots were taken
every 5 minutes and quenched in 2 mL of ethyl acetate. No further catalysis occurs after dilution

in ethyl acetate. The appearance of 10aa or 10aa-d was monitored by internally referenced GC-

FID analysis.**

+

+

H—SPh

9a

D—SPh

9a-d

[Rh(cod)Cl]
L4

MeCN, 30 °C
ku

[Rh(cod)Cl],
L4

Y

MeCN, 30 °C
kp
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Adjusted initial rate of 9a-d (given 25% of 9a in 9a-d):
0.0016 = 0.75kp + 0.25 x 0.015

kp = 0.0016
ky 0015 094
kp, 0.0016

Figure 2.23 Initial rate data for determining KIE of ring-retentive hydrothiolation.

Kinetic isotope effect for ring-opening hydrothiolation

[Rh(cod)Cl],
L7
Ph_ _Me Me Ph
+ H—SPh > -
§
K DCE-d,, 25 °C H’J\/(SR
8a 9a kn 11aa
[Rh(cod)Cl],
L7
Ph_ _Me Me Ph
+ D—SPh - -
N
E DCE-d,, 25 °C D’\/(SR
8a 9a-d ko 11a-d

In a Nyfilled glove box, a 0.050 M solution of catalyst was prepared by combining
[Rh(cod)CI]. (3.7 mg, 0.0075 mmol), L7 (17.9 mg, 0.015 mmol), and DCE-ds (0.30 mL). The
resulting mixture was stirred for 10 min. 1,3,5-trimethoxybenzene (2.0 mg, 0.012 mmol) was
added to a J. Young NMR tube. Catalyst solution (0.10 mL, 5.0 mol% Rh) was then added to
the J. Young NMR tube, followed by 9a (11 mg, 0.10 mmol) or 9a-d (11 mg, 0.10 mmol) and

DCE-ds (0.30 mL). The J. Young NMR tube was sealed with a Teflon cap. 8a (0.10 mL, 1.2 M
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solution in DCE-d4, 0.12 mmol) was added to the sealed tube to initiate the reaction. A 'H NMR
spectrum was taken every minute with one scan. The appearance of 1laa or 1laa-d was
monitored by comparing the integration of one of the vinyl protons of the product (5.16 ppm) to

the internal standard (3.77 ppm).25?

0.07

0.06 @
® PhSH

y = 0.0086x - 0.0048
R2=0.9931

[11aa] (M)

0 2 4 6 8
Time (min)
Figure 2.24 Initial rate data for determining KIE of ring-opening hydrothiolation.
Adjusted initial rate of 9a-d (given 25% of 9a in 9a-d):
0.0086 = 0.75kp + 0.25 x 0.012

kp = 0.0075
ky 0012
kp ~ 0.0075

2.6.7 Crossover Studies
[Rh(cod)Cl], (2.5 mol%)
Ph,, Me@ Me L4 (5.0 mol%) Ph,, Me@ Ph,, ,Me Me
+ - +
HAS HS/©/ MeCN, 30 °C, 6 h HAS HAS/Q/
10aa 9b 10aa 10ab
recovered not observed

Ring-retained crossover experiment:
In a N»-filled glove box, [Rh(cod)Cl]. (1.2 mg, 0.0025 mmol), L4 (2.7 mg, 0.0050 mmol), and
MeCN (0.60 mL) were added to a 1-dram vial containing a stir bar. The resulting mixture was
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stirred for 10 min. Thiol 9b (11 mg, 0.10 mmol) was added followed by 10aa (24 mg, 0.10
mmol). The mixture was stirred at 30 °C for 6 h. We observed no reactivity (incorporation of 9b
to form product 10ab), only remaining starting materials after 6 h. Formation of 10ab was

monitored by GC-FID.
[Rh(cod)Cl], (2.5 mol%)
Me N OMe L7 (5.0 mol%) Me OMe
Me, Ph/©/ N | o Me Ph/©/ + Me Ph/©/
\/(s HS P DCE, 30 °C, 3 h \/(s \/’43

11ab 9h 11ab 11ah
recovered recovered not observed

Ring-opening crossover experiment:

In a No-filled glove box, [Rh(cod)ClI]. (0.74 mg, 0.0015 mmol), L7 (3.6 mg, 0.0030 mmol), and
DCE (0.30 mL) were added to a 1-dram vial containing a stir bar. The resulting mixture was
stirred for 10 min. Thiol 9h (8.4 mg, 0.060 mmol) was added followed by 1lab (15 mg, 0.060
mmol). The mixture was stirred at 30 °C for 3h. We observed no reactivity (incorporation of 9h
to form product 11ah), only remaining starting materials after 3 h. 11ab was re-isolated after

preparatory TLC (hexanes) and confirmed by *H NMR.

2.6.8 NMR Studies
Stoichiometric rhodium hydride formation

In a Ne-filled glovebox, [Rh(cod)ClI]. (4.9 mg, 0.010 mmol), dppe (8.0 mg, 0.020 mmol), and
DCE-ds (0.x mL) were added to a 1-dram vial containing a stir bar. the resulting mixture was
stirred for 10 min, followed by the addition of 9a (11 mg, 0.10 mmol). The mixture was
transferred to a J. Young NMR tube and sealed with a Young’s valve. A multiplet at —15.9 ppm
was observed in 'H NMR spectrum (Figure 2.25). Based on this study and the empirical rate

law, we assign IIl as the resting state.
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2.6.9 NMR Spectra for Compounds
((1S,2R)-2-methyl-2-phenylcyclopropyl)(phenyl)sulfane (10aa)
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((1S,2R)-2-methyl-2-phenylicyclopropyl)(p-tolyl)sulfane (10ab)
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(4-(tert-butyl)phenyl)((1S,2R)-2-methyl-2-phenylcyclopropyl)sulfane (10ac)
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(4-chlorophenyl)((1S,2R)-2-methyl-2-phenylcyclopropyl)sulfane (10ad)
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((1S,2R)-2-methyl-2-phenylcyclopropyl)(m-tolyl)sulfane (10ae)
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((1S,2R)-2-methyl-2-phenylcyclopropyl)(o-tolyl)sulfane (10af)
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((1S,2R)-2-methyl-2-phenylcyclopropyl)(naphthalen-2-yl)sulfane (10ag)

o
0
re
o
B o
0
o
101 ° ¥ 0C~
NQPW - F00'L [+ S
o 00°82~
29l © 08'8c~
oLl 80€| ~
whrw Mﬁnmwm¢qr
8.1 =
08’} [ o
192 ©
€9¢C Y]
m@ww - — 100
S9z O o
D ™
) s
N i
o= -
ST LA o [ o€ P-WwliojoIoly0 91" LL —
STLA = - O F<8
P-WI0j0I0|YD 92/ N
9T L1 hw 4 0
1211 = r<
1211 o 2
82/ T o
62°LA - | ©
GE/A
167 0 el
167 [ © cesel
wm.Ng 09'6¢l
651 L © y¥'9gL
6€ L1 © ¥9'9¢L
L] 66921
IRIE L M ww.NN_‘ s
v /A e8¢l -7
(a2 €.'8¢l
ol L2 wﬁm@
LA ~ ) _50'L VOA‘vm_‘
[TV H/OON o mv.wm_‘
Py gL 99'GY| —
ov'L — = wmmm
nIx - o
9L [
992
€17 0
IVE [
8111
08'2- L2

-1C

10

20

30

40

Ph,, :Me
S
10ag
13C NMR (126 MHz, CDCl;)
70 60 50

139

100 90 80
(ppm)

110

120

160 150 140 130

170

180



((1S,2R)-2-methyl-2-(p-tolyl)cyclopropyl)(phenyl)sulfane (10ba)
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((1S,2R)-2-methyl-2-(4-(trifluoromethyl)phenyl)cyclopropyl)(phenyl)sulfane (10ca)
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((1S,2R)-2-(4-chlorophenyl)-2-methylcyclopropyl)(phenyl)sulfane (10da)
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((1S,2R)-2-benzyl-2-phenylcyclopropyl)(phenyl)sulfane (10ea)
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((1S,2R)-3',4'-dihydro-2'H-spiro[cyclopropane-1,1'-naphthalen]-2-yl)(phenyl)sulfane (10fa)
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((1S,2R)-2-(methoxymethyl)-2-phenylcyclopropyl)(phenyl)sulfane (10ga)
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(S)-(2-phenylbut-3-en-2-yl)(p-tolyl)sulfane (11ab)
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3-en-2-yl)sulfane (11ac)
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(S)-(4-methoxyphenyl)(2-phenylbut-3-en-2-yl)sulfane (11ah)
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(S)-(4-bromophenyl)(2-phenylbut-3-en-2-yl)sulfane (11ai)
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(S)-(4-fluorophenyl)(2-phenylbut-3-en-2-yl)sulfane (11aj)
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(S)-(2-phenylbut-3-en-2-yl)(4-(trifluoromethyl)phenyl)sulfane (11ak)
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(S)-(4-nitrophenyl)(2-phenylbut-3-en-2-yl)sulfane (11al)
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(S)-(2-phenylbut-3-en-2-yl)(m-tolyl)sulfane (11ae)
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(S)-(2-phenylbut-3-en-2-yl)(o-tolyl)sulfane (11af)
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(S)-(2-fluorophenyl)(2-phenylbut-3-en-2-yl)sulfane (11a0)
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(S)-naphthalen-2-yl(2-phenylbut-3-en-2-yl)sulfane (11ag)
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(S)-phenethyl(2-phenylbut-3-en-2-yl)sulfane (11ap)
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(S)-2-(((2-phenylbut-3-en-2-yl)thio)methyl)furan (11aq)
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(S)-phenyl(2-(p-tolyl)but-3-en-2-yl)sulfane (11ba)
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(S)-phenyl(2-(4-(trifluoromethyl)phenyl)but-3-en-2-yl)sulfane (11ca)

?
£
o
2
o
e
(&)
N~ OOV OWOMNMNT—TDHDOUOM o MmO D
COEULWHNNNNNNNNNN N= S S ©
MNMANMNNMMNMNSMNMNNMNNMNNO OO © 0 Wwww -~
11ca
TH NMR, (500 MHz, CDCl5)
1
I
|
I
T & 5 Py ¥
O~ ™M o o o ~
SN\ - - - %)
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 00 -05 -1.0
(ppm)
~
o
©
I
11ca
1°F NMR, (500 MHz, CDCl5)
5 0 5 -15 -25 -35 -45 -55 -65 75 -85 -95 -105 -115 -125
(ppm)

168



(S)-(2-(4-chlorophenyl)but-3-en-2-yl)(phenyl)sulfane (11da)
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(S)-(1,2-diphenylbut-3-en-2-yl)(phenyl)sulfane (11ea)
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(S)-phenyl(1-vinyl-1,2,3,4-tetrahydronaphthalen-1-yl)sulfane (11fa)
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(S)-(2-(naphthalen-2-yl)but-3-en-2-yl)(phenyl)sulfane (11ha)
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(1-benzyl-2,2-dibromocyclopropyl)benzene (S14e)
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(1-benzyl-2-bromocyclopropyl)benzene (S15e)
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2.6.10 SFC Spectra
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Chapter 3: Tandem Catalysis: Transforming Alcohols to

Alkenes by Oxidative Dehydroxymethylation3

3.1 Introduction

Enzymes perform one-carbon dehomologations of alcohols via the intermediacy of an
aldehyde. For example, DNA demethylases oxidize alcohols to aldehyde intermediates that are
decarbonylated to generate alkanes and arenes.'®? Lanosterol demethylase performs a tandem
oxidation and dehydroformylation to generate alkenes (Figure 3.1A). In contrast, while
dehomologation of alcohols to generate alkanes has been achieved with various homogeneous
catalysts,'31%8 jnitial efforts to convert alcohols into olefins used heterogeneous catalysis and
resulted in side reactions, including dehydration, olefin isomerization, and cracking, due to high
reaction temperatures (>380 °C).'®® Inventing ways to access olefins remains a primary focus
due to their versatility as building blocks for materials and medicines.®*16* To achieve a mild,
selective, and more general alcohol to alkene transformation, we thus focused on developing a

bioinspired cascade.

3 Adapted with permission from Wu, X.; Cruz, F. A.; Lu, A.; Dong, V. M. J. Am. Chem. Soc.
2018, 140, 10126. © 2018 American Chemical Society

211



A. Nature's approach:

Me R Me R
lanosterol demethyl o
Me anosterol demethylase . Me . J\
Me - Me H OH

HO reductase HO

Me H NADPH, O, Mo

oxidation l T deformylation

Me R Me R
Me Me
Me Me

HO > HO

Me OH oxidation Me H o

B: Emerging methods for deformylation
catalyst
H 0 catalyst N R [Rh] (Dong, 2015) shuttle catalysis w/ norbornadiene
RMH —> R [Irl1  (Nozaki, 2015) acceptorless
R R R [Co] (Sorenson, 2017) photochemical w/ [W4¢03,]
C: Our proposal for a bioinspired cascade
~ [Ni, Ir, Rh, Pd] _ H OH [Rh] _ A accessing alkenes

R™ "Me _CO,H, R ; —CO,2H, RT™X over alkanes

Figure 3.1 Inspiration for proposed alcohol oxidative dehydroxymethylation.

Our laboratory reported a dehomologation that transforms aldehydes into olefins via transfer
of the formyl group and hydride onto a strained olefin acceptor, such as norbornadiene.%®
Morandi coined such processes as shuttle catalysis.'%¢-1%° Nozaki'’® and Sorensen!’! reported
complementary dehydroformylations, through Ir-catalysis or photocatalysis, respectively (Figure
3.1B). In Sorensen’s study, he illustrated one oxidative dehydroxymethylation of a neopentylic
alcohol, although a mixture of products was observed. Given precedence for both transfer
hydrogenation'’?17” and transfer dehydroformylation,®®> we focused on the use of tandem Rh-

catalysis'’® to achieve a more general alcohol dehomologation to alkenes (Figure 3.1C).
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Table 3.1 Effect of Acceptor Selective for Oxidative Dehydroxymethylation
[Rh(cod)OMel], (2 mol%)?
Xantphos (4 mol%)
Me 3-OMeBzOH (4 mol%) Me Me .
™ "oH - ™I ¢+ Y9 Me + undecene isomers

16 acceptor (3 equiv.) 17 18 is0-17
@ PhMe, 90 °C, 24 h 2 2 iso-17a)

0 o 0o
Ab Lb Me)I\Me Ph)I\CF3 \)I\Me
A5 A6 A7 A8 A9

acceptor no acceptor
17a:18a:iso-17a <1:10:<1 32:<1:2 18 :<1:8 <1:15:<1 <1:12:<1 10:7:2
(o]
o U j DU j
A
N
\)J\OEt \)I\NHZ \/ VJ\NMeZ \)I\NMEZ
Me
A10 A11 A12 A13 A14 DMAA®
3:9: 1 33 :1:1 35:2:1 3:—-:1— 5:—:1— 95:1:2

a Reaction conditions: 16a, (0.2 mmol), [Rh(cod)OMe]z (2 mol%), Xantphos (4 mol%), 3-OMeBzOH (4
mol%), acceptor (3 equiv.), PhMe (0.4 mL), 24 h. Yields were determined by GC using durene as an
internal standard. ? 92% yield of CO by GC-TCD analysis.

3.2 Reaction Optimization

We set out to identify one catalyst capable of both transfer hydrogenation and transfer
hydroformylation.”®-183 Using 1-dodecanol 16a as a model substrate, we began our studies with
a catalyst known to activate aldehyde C—H bonds ([Rh(cod)OMe]., 3-OMeBzOH, and Xantphos,
Table 3.1).1%° Upon successful oxidation of alcohol 16a, we imagined the resulting aldehyde
could undergo dehydroformylation to the alkene 17a or decarbonylation to the alkane 18a. From
an initial survey, we discovered that selectivity for alkene versus alkane was influenced by the
acceptor. In the absence of an acceptor, we observed undecane 18a as the only product (10%
yield). In stark contrast, by using strained olefin acceptors A5 and A6, we observed 1-undecene
(17a, 32% and 18% respectively), along with undecene isomers (iso-17a, 16:1 and 2.3:1,
17aiiso-17a). Using ketones as acceptors (A7, A8) resulted in decarbonylation to undecane
18a. While using electron-deficient olefin acceptors, such as enone A9 or acrylonitrile A10, a

mixture of 1-undecene 17a and undecane 18a was observed (1.4:1 and 1:3, 17a:18a). Using
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unsaturated ester or amide acceptors provided a breakthrough in selectivity for the desired
alkene 17a.

Unsaturated ester and amide acceptors (All, Al2) enabled selective formation of 1-
undecene (17a, 33—-35%, >20-17.5:1, 17a:18a). Use of N,N-dimethylacrylamide (DMAA) as an
acceptor gave 1-undecene 17a in 95% yield and >20:1 selectivity.'®* We reason DMAA affords
improved reactivity because it can bind more effectively to the Rh catalyst in comparison to
other Michael acceptors (A9-A12, Al4). We found that the byproduct was N,N-
dimethylpropionamide, which arises from the hydrogenation of DMAA. The use of N-
vinylpyrrolidone (A13) or the a-methyl substituted acrylamide A14 resulted in diminished
reactivity (3-5%). Previously, we found that both CO and H. were transferred to our strained
olefin acceptor, norbornadiene A5.1% In contrast, we do not observe transfer hydroformylation,
yet catalyst turnover still proceeds in the presence of CO generation, as quantified by gas

chromatography with thermal conductivity detection (GC-TCD).8°

3.3 Substrate Scope

With this catalyst-acceptor combination, we performed the dehomologation of primary
alcohols (Table 3.2). Allyloenzene 17b was obtained (93% yield) from 4-phenyl-1-butanol,
without isomerization to a conjugated olefin. 3-Phenyl-1-propanol and derivatives with electron-
donating and electron-withdrawing groups gave styrenes (17c—e) in 85-93% yields.
Heterocyclic alcohols, such as those with pyridine and indole, were tolerated (17f, 85%; 179,
77%). A primary diol gave diene 17h in 88% yield, in the presence of double the amount of
DMAA (6 equivalents). A B,B-disubstituted alcohol transformed to internal olefin 17i in 91%
yield. Alcohols bearing alkenes and tertiary alcohols underwent dehomologation (17j, 82%; 17Kk,

87%).
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Table 3.2 Oxidative Dehydroxymethylation of Alcohols

Me Me
[Rh(cod)OMel, (2 mol%)?
Xantphos (4 mol%) O O
. o,
R/Y\OH 3-OMeBzOH (4 mol%) . /\/H o
> R
H DMAA (3 equiv.) PPh, PPh,
16 PhMe, 90 °C, 24 h 17 Xantphos
N N
o T O
N H
CHig” N Ph M e " peo NC N F
17a, 91% 17b, 93%° 7c, 93%P 17d, 91% 17e, 85% 17f, 85%
Qj\/ \ H &/ )\/\)\/ W/
179, 77% 17h, 8% 17i, 91% (E:Z = 3:1) 17j, 82% 17k, 87%
H
H
@/H (j/ BOCU BocN” X
H
BnO_ X Bzo/\/ NBoc BocN
171, 81% 17m, 80% 17n, 75% 170, 92% 17p, 83% 179, 80%
H
OH standard standard PhthN” X~
conditions | conditions 17s, 78%
> i PhthN/\(\OH , +
H N H H
H H . PhthN” >~
16r 17r, 75% 6s 17s, 19%
standard
condlt/ons
cis-16t: 90% 17t, 7:1 17t1:17t2
trans-16t: 91% 17t, 4:1 17t1:17t2
cis-16t, trans-16t 171 17t2
[Rh(cod)OMe], (2 mol%)?
Xantphos (4 mol%) Me Me
3-OMeBzOH (4 mol%) PR P N Me)\/\/K
RTX"0oH > X b . < oro
19 DMAA (1.5 equiv.) 17 17¢, 95%°  17u, 75% 17j, 85%

PhMe, 90 °C, 24 h
a Reaction conditions: 16 (0.2 mmol), [Rh(cod)OMe]z, (2 mol%), Xantphos (4 mol%), 3-OMeBzOh (4

mol%), DMAA (3 equiv.), PhMe (0.4 mL), 90 °C, 24 h. Isolated yields. P GC yields using durene as an
internal standard. ¢ DMAA (6 equiv.) used. ¢ DMAA (1.5 equiv.) used.

Next, we explored 1,3- or 1,4-diols and 2-, 3- or 4-amino derived alcohols (171-s). Allylic
ether 171 and amine 170 were obtained in 81% and 92% yields respectively, without allylic C-O
or C—-N bond cleavage or debenzylation. Enol and enamine derivatives (17m, 17n, 17p-s) can

be accessed (75-83% yields). Enamine formation occurred preferentially over allyl amine
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formation to afford 17q (80% yield). We obtained tri-substituted enamide 17r in 75% yield from
alcohol 16r. With most alcohols, excellent chemoselectivities (>20:1) were observed. In
contrast, use of 3-phthalimido-1-propanol gave a 4:1 mixture of oxidation-dehydroformylation
(17s) and oxidation-decarbonylation (18s). When cis- or trans-16t was used, B-hydride
elimination occurred preferentially at the less substituted position to give 17t1. In addition, we
found that allylic alcohols (18a—c) underwent oxidative dehydroxymethylation (75-95% vyields),

with only 1.5 equivalents of DMAA needed.8¢

3.4 Synthetic Applications

Next, we explored applications (Figure 3.2). By combining hydroboration-oxidation with
oxidative dehydroxymethylation, a one-carbon dehomologation of 1-dodecene 20 was achieved
on gram scale to give 1-undecene 17a (82% vyield, Figure 3.2A). This two-step process provides
valuable odd-numbered carbon olefins from readily available even-numbered carbon olefins.*&”
A two-carbon dehomologation of olefins can be achieved by combining olefin dihydroxylation
and oxidative dehydroxymethylation. For example, we found that 1-dodecene 20 could be
transformed to 1-decene 17v. The transformation occurs efficiently with molecules that are more
structurally complex (Figure 3.2B). Benzyl protected deoxycholic acid derivative 22a gave olefin
23a (81% yield), with no debenzylation. We probed chemoselectivity by using triol 22b, with
alcohols bearing different steric bulk. We observed oxidative dehydroformylation of the primary
alcohol and selective oxidation of the less hindered secondary alcohol to afford 23b (66% yield).
Diol 22c underwent oxidative dehydroxymethylation and secondary alcohol oxidation to access
(+)-yohimbenone 23c. Based on this result, we improved our previous synthesis of (+)-

yohimbenone 23c by shortening the sequence to two steps.
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A.Versatile dehomologation of alkenes
[Rh(cod)OMel, (2 mol%)
Xantphos (4 mol%)
BH3 THF, oH 3-OMeBzOH (4 mol%)
- NN »
C8H17/\/\ » CgHyy ) - C8H17/\/
20 then H,O,, NaOH 16a, 95% P?qll\\nAAAg(oS%quzlz)h 17a, 86%
even carbons e, ’ odd carbons

[Rh(cod)OMe], (2 mol%)

0,
OH Xantphos (4 mol%)

0sOy4, NMO /\)\/OH 3-OMeBzOH (4 mol%)
CeHyy” D X > CyH, > CoHy X

17v, 75%
even carbons

\

7
DMAA (4 equiv.)

20 THF/H,0
PhMe, 90 °C, 24 h

even carbons

21, 92%

B. Synthesis of natural products and derivatives
[Rh(cod)OMe], (2 mol%)

Xantphos (4 mol%)
3-OMeBzOH (4 mol%)

DMAA (3 equiv.)
PhMe, 90 °C, 24 h

[Rh(cod)OMel, (2 mol%)
Xantphos (4 mol%)
3-OMeBzOH (4 mol%)

DMAA (3 equiv.)
PhMe, 90 °C, 24 h

[Rh(cod)OMe], (2 mol%)
H Xantphos (4 mol%)
3-OMeBzOH (4 mol%)

Y

DMAA (3 equiv.)

NH PhMe, 90 °C, 24 h

22c
yohimbinol yohimbenone, 54%

Figure 3.2 Synthetic applications of oxidative dehydroxymethylation.
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3.5 Mechanistic Studies

v Alcohol Oxidation P
(turnover limiting) C ""Rh—O

HO™ TAr NH, P:
P Oz, ~NMe C ;Rh4<—\
“Rh 2 P"
Coern T R
vir
Aldehyde
co Dehydroformylation CP/,, h,‘\CO
P7 v R

Figure 3.3 Proposed mechanism for oxidative dehydroxymethylation.
While further studies are warranted, on the basis of literature reports® 184 188 and our own
observations, we propose the pathway above (Figure 3.3). Exchange between the benzoate

counterion in Rh-complex | and alcohol substrate affords Il. Intermediate Il undergoes B-hydride
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elimination to give Rh—H Ill. Coordination of DMAA to Ill generates intermediate IV.
Hydrometallation of DMAA followed by protodemetalation provides the aldehyde and
regenerates complex |. Oxidative addition into the aldehyde C—H bond by | generates acyl-Rh-
hydride IP’. Reductive elimination of 3-methoxybenzoic acid generates acyl-Rh . CO
deinsertion to IV’ followed by p-hydride elimination yields Rh-hydrido-carbonyl V’. Olefin
exchange with DMAA generates Rh-hydride VI’. Hydrometallation of DMAA gives complex VIP,
and CO is extruded to make VIII’. Finally, protodemetalation regenerates complex |.

A. Neopentylic alcohol substrate

[Rh(cod)OMe], (2 mol%)
Xantphos (4 mol%)

3-OMeBzOH (4 mol%) 0 . .
Ph/v(\OH o /%J\ CI" counterion?: no reaction
o Ph H
Me Me i no DMAA : 5%
DMAA (3 equiv.) me Me °

16w PhMe, 90 °C, 24 h 24, 90%

B. Aldehyde intermediate

[Rh(cod)OMe], (2 mol%)
Xantphos (4 mol%)

o 3-OMeBzOH (4 mol%) or terion? ti
counterion?: no reaction
. e N
ph/\)I\H DMAA (3 equiv.) no DMAA : 17c, 14%
25 PhMe, 90 °C, 24 h 17¢c, 95% 18¢c, <1% 18¢c, 78%

C. Deuterium labeling for oxidation

[Rh(cod)OMe], (2 mol%)
Xantphos (4 mol%)

oD /o) 3-OMeBzOH (4 mol%) o D (27%)
+ /Y - + (95%)D o
Me”™ "Me NMe, PhMe-dg, 90 °C, 24 h Me” “Me .
26-d, DMAA e e,
(1.05 equiv.) (1 equiv.) o

D. Deuterium labeling for deformylation
[Rh(cod)OMe], (2 mol%)
Xantphos (4 mol%)
o o) 3-OMeBzOH (4 mol%) D (56%)

/\)I\ * /\( L 0
Ph D NMe, PhMe-dg, 90 °C, 24 h

9 NM
25-d DMAA 17c¢, 88% L
(1 equiv.) (1 equiv.)
2 [Rh(cod)Cl]2 used instead of [Rh(cod)OMe]z and 3-OMeBzOH.

Figure 3.4 Probing the mechanism of oxidative dehydroxymethylation.
To support the proposed mechanism, control experiments and deuterium-labeling

experiments were carried out. Under standard conditions, neopentylic alcohol 16w oxidizes to
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aldehyde 24 in 90% vyield (Figure 3.4A). Incorporation of a quaternary carbon alpha to the
carbonyl suppressed dehydroformylation. These results support the intermediacy of an
aldehyde in the catalytic cycle. Of note, aldehyde 25 undergoes dehydroformylation under
standard conditions (Figure 3.4B), showing similar reactivity to our previous report,'® but with a
more economical acceptor (i.e., norbornadiene vs DMAA). Replacing the benzoate counterion
with chloride suppressed both oxidation and dehydroformylation (Figure 3.4A and 3.4B). In the
absence of DMAA, dehydrogenation of alcohol 16w was not observed (Figure 3.4A). In contrast,
decarbonylation of aldehyde 25 gave ethyl benzene 18c (78% vyield, 5.5:1 18c:17c, Figure
2.4B). These observations highlight the importance of both the benzoate counterion and DMAA.
In support of the protonation of intermediate V (Figure 3.3), we observed deuterium
incorporation at the B-position of DMAA when using deuterated isopropanol 26-d; (Figure 3.4C).
Hydrogen-deuterium exchange is possible during dehydroformylation via the benzoate

counterion acting as a proton shuttle (Figure 3.4C and 3.4D).1%°

Me Me
OH OH Me
C8H17/\)I\ C10H21/\/\0H Ph)\ 6H13 Me > m

benzyllc benzylic neopentylic bulky
aldehyde 1° alcohol 1° alcohol 2° alcohol  2° alcohol 1° alcohol 2° alcohol
relative
reactivity 60 2.4 1.0 1.0 0.6 0.4 0.2

increasing reactivity

Figure 3.5 Relative reactivities of different substrates towards oxidative
dehydroxymethylation.

Using competition experiments, we studied the chemoselectivity of this cascade. Aldehydes
undergo dehydroformylation in preference to primary alcohols undergoing oxidative
dehydroxymethylation, with 60:1 selectivity. Primary alcohols oxidize faster than secondary and
benzylic alcohols faster than aliphatic. These observations support that alcohol oxidation is the
turnover limiting cycle in this novel cascade.

3.6 Conclusion and Future Directions
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Established strategies for constructing olefins, including the Wittig olefination,8%-1%° the Heck
reaction,’®1%2 and olefin metathesis,'**'% generate carbon-carbon bonds. In contrast, our
strategy contributes to emerging routes to olefins that involve C—C bond cleavage.'®® These
methods represent examples of a one-carbon dehomologation of carbon frameworks and thus
hold promise for various applications, including the conversion of biomass into feedstocks.%
Moreover, such transformations increase retrosynthetic flexibility by allowing the interconversion
of two common functional groups. 187 197-198

Additionally, DMAA’s ability to be used as an acceptor for dehydroformylation demonstrates
that releasing ring-strain is not necessarily required to drive transfer dehydroformylation
reactions.’®®> Unlike other dehydroformylation catalysts,’’®'"* our Rh catalyst is much less
reactive towards olefin isomerization. Due to these characteristics, the Rh catalyst has potential
application in the synthesis of normal alpha olefins (NAOS).

On the industrial scale, NAOs are formed from the oligomerization of ethylene, with different
catalysts producing different distributions of NAO carbon number fractions.%°-2%° NAOs with
smaller carbon numbers can potentially be turned into NAOs with larger carbon numbers
through olefin metathesis.?°* However, olefin metathesis produces internal olefins, and having a
terminal olefin is key for their reactivity as polyethylene monomers and commodity chemical
precursors.?’? Internal olefins can be isomerized and trapped as terminal olefins through an
isomerization-hydroformylation cascade.?®®> We proposed that our transfer hydroformylation
conditions could be used to dehydroformylate the resulting linear aldehydes, forming the desired
longer NAOs. In collaboration with Chevron Phillips, we worked to find cheaper acceptors and

catalysts that would be amenable towards industrial scale reactions.
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A) Product distribution of higher order olefins from ethylene oligomerization

[m]

ra > M eW

(AI(CH3)0), (MAO)

wt%

—  increasing
—carbon number

B) Proposed reaction sequence for increasing the carbon number of NAOs

olefin metathesis n chain walking
Moy rxy ------oeeoe-- > MeM/\/H --------------- Moo~~~ |--s
Mn/\ . Me o X i
transfer :
o hydroformylation H O hydroformylation |

Figure 3.6 Proposed application of transfer hydroformylation for industrial synthesis.

Since the goal of this reaction sequence was to make NAOSs, linear aldehyde undecanal (27)
was selected as the model substrate. We first focused on finding cheaper acceptor molecules
that could be used compared to norbornadiene and DMAA. 3,3-Dimethyl-1-butene, a slightly
strained olefin, was chosen as an acceptor first given its use in the transfer hydrogenation of
alkenes.?®* Superstoichiometric amounts of 3,3-dimethyl-1-butene required in order to have
transfer hydroformylation occur in the forward sense. We hypothesized that conjugated dienes
such as 1,3-butadiene and isoprene could be more reactive towards hydroformylation than the
desired terminal olefin product (17v), and promising yields were observed. Breaking the
conjugation of the dienes did not seem to affect the reactivity much. Ultimately, another simple
terminal olefin such as 1-octene was able to be used as an acceptor. However, the cheapest
and most desirable olefin acceptor, ethylene, failed to give any reactivity. We hypothesize that
the lack of reactivity may be due to the Rh catalyst being coordinatively saturated by ethylene

due to ethylene’s small size and high pressure.
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Table 3.3 Economical acceptors for transfer hydroformylation

[Rh(cod)OMe]; (4 mol%)?
Xantphos (8 mol%)

o 3-OMeBzOH (8 mol%)
/\)]\ + acceptor > caHﬂ/\
CgH47 H (20 equiv.) PhMe, 90 °C, 24 h
27 17v

entry acceptor yield entry acceptor yield

1 By X 59% 4 NNF 60%

Me
2 N 65% 5 NN T3%
3 ANF 71% 6 Me” NN 8%

a Reaction conditions: aldehyde 27 (0.2 mmol), acceptor (20 equiv.), [Rh(cod)OMe]z (4 mol%), Xantphos
(8 mol%), 3-OMeBzOH (8 mol%), PhMe (0.2 mL), 90 °C, 24 h. Yields of 17v are determined by GC
analysis using durene as an internal standard.

We next turned our focus on exploring finding base metal catalysts that could be more
amenable to industrial scale reactions. Co complexes have been shown to activate aldehyde C—
H bonds,32 205206 the first step towards achieving transfer hydroformylation. Using citronellal as
a starting material and norbornadiene as the acceptor, we explored the reactivity of different Co
catalysts. While promising reactivity was observed using Co(O'Pr), as the Co source and using
Et.Zn as the reductant, the highest yield of 2j obtained was 31%. We hypothesize that the metal
reductants interfere with the 3-OMeBzOH'’s ability to act as a proton shuttle, a key process in
our proposed transfer hydroformylation mechanism. Our transfer hydroformylation and oxidative
dehydroxymethylation reactions have potential applications in the target-oriented synthesis of
complex molecules, as well as the industrial synthesis of bulk chemicals. Future efforts in this
area will be aimed at developing new catalysts that use base metals to make the reaction more

broadly applicable.
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Co(O'Pr), (10 mol%)?
Xantphos (10 mol%)

Me Me O Et,Zn (50 mol%) Me Me
+
Me)\/\/k/u\H LE/ 7 3-OMeBzOH (10 mol%)
28 (1.2 equiv.) PhMe, 90 °C, 24 h 17j
31% yield

Y

5
g/:
/

a Reaction conditions: 28 (0.2 mmol), norbornadiene (1.2 equiv.), Co(O'Pr)2 (10 mol%), Xantphos (10
mol%), Et2Zn (50 mol%), 3-OMeBzOH (10 mol%), PhMe (0.4 mL), 90 °C, 24 h. Yields of 17j are
determined by GC analysis using durene as an internal standard.

Figure 3.7 Co-catalyzed transfer hydroformylation.

3.7 Experimental Data
3.7.1 General

The following experiments were carried out together with Dr. Xuesong Wu and Faben A. Cruz.
My main contributions to the project were understanding the mechanism of
dehydroxymethylation and dehydroformylation using DMAA, the competition experiments, and
the studies carried out in collaboration with Chevron Phillips.

Commercially available reagents were purchased from Sigma Aldrich, Strem, Acros Organics,
TCI or Alfa Aesar and used without further purification. All experiments were performed in oven-
dried or flame-dried glassware under an atmosphere of N.. Acetonitrile and tetrahydrofuran
were purified using an Innovative Technologies Pure Solv system, degassed by three freeze-
pump-thaw cycles, and stored over 3A MS within a N filled glove box. High pressure reactions
are run inside a CAT 18 reactor autoclave from the HEL group. Reactions were monitored either
via gas chromatography using an Agilent Technologies 7890A GC system equipped with an
Agilent Technologies 5975C inert XL EI/CI MSD or by analytical thin-layer chromatography on
EMD Silica Gel 60 Fzs4 plates. Visualization of the developed plates was performed under UV
light (254 nm) or using KMnQ, stain. Purification and isolation of products were performed via
silica gel chromatography (both column and preparative thin-layer chromatography). Column
chromatography was performed with Silicycle Silia-P Flash Silica Gel using glass columns. *H,

and ®C NMR spectra were recorded on a Bruker DRX-400 (400 MHz 'H, 100 MHz ®3C)
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spectrometer. *H NMR spectra were internally referenced to the residual solvent signal or TMS.
13C NMR spectra were internally referenced to the residual solvent signal. Data for *H NMR are
reported as follows: chemical shift (6 ppm, & 7.26 for CDCIs), multiplicity (s = singlet, d =
doublet, t = triplet, g = quartet, m = multiplet, br = broad), coupling constant (Hz), integration.
Data for 3C NMR are reported in terms of chemical shift (5 ppm, & 77.16 for CDCls). Infrared
spectra were obtained on a Thermo Scientific Nicolet iS5 FT-IR spectrometer equipped with an
iD5 ATR accessory, and were reported in terms of frequency of absorption (cm™). High-
resolution mass spectra (HRMS) were obtained on a micromass 70S-250 spectrometer (El) or
an ABI/Sciex QStar Mass Spectrometer (ESI), performed by the University of California, Irvine
Mass Spectrometry Center. Gas quantification was obtained on an Agilent 7890B Gas
Chromatography System outfitted with a J&W HP-PLOT Moilsieve GC Column and a thermal

conductivity detector (TCD) using He carrier gas.

3.7.2 General Procedure for the Dehomologation of Alcohols

[Rh(cod)OMe], (2 mol%)
Xantphos (4 mol%)
3-OMeBzOH (4 mol%)
R N"oH > R
16 DMAA (1.5 equiv.) 17
PhMe, 90 °C, 24 h

In a Ny-filled glovebox, [Rh(cod)OMe]. (1.9 mg, 0.004 mmol), Xantphos (4.6 mg, 0.008
mmol), 3-methoxybenzoic acid (1.2 mg, 0.008 mmol) and PhMe (0.40 mL) were added to a 1-
dram vial. After stirring for 3 min, N,N-dimethylacrylamide (63 uL, 60 mg, 0.60 mmol) and
alcohol (16, 0.20 mmol) were added successively. The vial was sealed completely by a screw
cap with a Teflon septum. Then, the reaction mixture was stirred at 90 °C for 24 h. Chemo- and
regioselectivity were determined from analysis of the reaction mixture by either GC or *H NMR
analysis. The olefin product was isolated by either column chromatography or preparatory thin
layer chromatography. Alternatively, the yields of volatile products were determined by either

GC or 'H NMR analysis.
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1-Undecene (17a)
Me” MM

Isolated by column chromatography (pentane) as a colorless oil (28.7 mg, 93% yield). H
NMR (400 MHz, CDCls) & 5.82 (ddt, J = 16.9, 10.2, 6.7 Hz, 1H), 5.04 — 4.89 (m, 2H), 2.09 —
2.00 (m, 2H), 1.44 — 1.19 (m, 14H), 0.89 (t, J = 6.9 Hz, 3H). *C NMR (101 MHz, CDCls)

139.4, 114.2, 34.0, 32.1, 29.8, 29.7, 29.5, 29.3, 29.1, 22.9, 14.3. This compound is known.2%’

Allylbenzene (17b)

SN

Yield determined by GC-FID analysis (93% GC yield). *H NMR (400 MHz, CDCl3) & 7.38 —
7.29 (m, 2H), 7.28 — 7.17 (m, 3H), 6.02 (ddt, J = 16.9, 10.2, 6.7 Hz, 1H), 5.16 — 5.05 (m, 2H),
3.43 (d, J = 6.7 Hz, 2H). *C NMR (101 MHz, CDCls) d 140.2, 137.6, 128.7, 128.6, 126.2, 115.9,

40.4. This compound is known.2%8

Styrene (17¢)
O

Yield determined by GC-FID analysis (95% GC yield).

1-Methoxy-4-vinylbenzene (17d)

/@/\
MeO

Isolated by column chromatography (2% ethyl acetate in hexanes) as a colorless oil (24.4
mg, 91% yield). *H NMR (400 MHz, CDCls) & 7.37 (d, J = 8.8 Hz, 2H), 6.88 (d, J = 8.7 Hz, 2H),
6.68 (dd, J = 17.6, 10.9 Hz, 1H), 5.63 (d, J = 17.6 Hz, 1H), 5.14 (d, J = 10.9 Hz, 1H), 3.82 (s,
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3H). 3C NMR (101 MHz, CDCls) & 159.5, 136.4, 130.6, 127.5, 114.0, 111.7, 55.4. This

compound is known.2%

4-Vinylbenzonitrile (17¢e)

/@/\
NC

Isolated by column chromatography (1% methanol in DCM) as a yellow oil (17.8 mg, 85%
yield). *H NMR (400 MHz, CDCIls3) & 8.53 (d, J = 6.0 Hz, 2H), 7.24 (d, J = 6.1 Hz, 2H), 6.64 (dd, J
= 17.6, 10.9 Hz, 1H), 5.94 (d, J = 17.6 Hz, 1H), 5.46 (d, J = 10.9 Hz, 1H). *C NMR (101 MHz,

CDCl3) 8 150.2, 144.8, 134.9, 120.8, 118.7. This compound is known.?*°

4-Vinylpyridine (17f)

I\\
N A

Isolated by column chromatography (20% ethyl acetate in hexanes) as a yellow oil (22.1 mg,
77% vyield). *H NMR (400 MHz, CDCl3) & 8.06 (brs, 1H), 7.99 — 7.95 (m, 1H), 7.42 — 7.36 (m,
1H), 7.33 — 7.22 (m, 3H), 6.97 (dd, J = 17.8, 11.3 Hz, 1H), 5.79 (dd, J = 17.8, 1.4 Hz, 1H), 5.26
(dd, J = 11.3, 1.4 Hz, 1H). **C NMR (101 MHz, CDCl;) & 136.8, 129.6, 125.7, 123.7, 122.6,

120.5, 120.2, 115.9, 111.5, 110.9. This compound is known.?!!

3-Vinylindole (179)

Qj/\
HN

Isolated by column chromatography (20% ethyl acetate in hexanes) as a yellow oil (22.1 mg,
77% vyield). 'H NMR (400 MHz, CDCl3) & 8.06 (brs, 1H), 7.99 — 7.95 (m, 1H), 7.42 — 7.36 (m,

1H), 7.33 — 7.22 (m, 3H), 6.97 (dd, J = 17.8, 11.3 Hz, 1H), 5.79 (dd, J = 17.8, 1.4 Hz, 1H), 5.26
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(dd, J = 11.3, 1.4 Hz, 1H). 3C NMR (101 MHz, CDCls) & 136.8, 129.6, 125.7, 123.7, 122.6,

120.5, 120.2, 115.9, 111.5, 110.9. This compound is known.?*2

Deca-1,9-diene (17h)
NN NN

Isolated by column chromatography (pentane) as a colorless oil (88% yield, 24.3 mg). H
NMR (400 MHz, CDCls) 6 5.81 (ddt, J = 16.9, 10.2, 6.7 Hz, 2H), 5.04 — 4.90 (m, 4H), 2.09 —
2.00 (m, 4H), 1.44 — 1.26 (m, 8H). *C NMR (101 MHz, CDCls) & 139.3, 114.3, 33.9, 29.1, 29.0.

This compound is known.?3

Cyclododecene (17i)

Isolated by column chromatography (pentane) as a colorless oil (30.2 mg, 91% vyield, 3:1
E/Z). (E)-2i: *H NMR (400 MHz, CDCls) & 5.40 — 5.36 (m, 2H), 2.09 — 2.03 (m, 4H), 1.49 — 1.22
(m, 16H). 3C NMR (101 MHz, CDCls) & 131.6, 32.3, 26.4, 25.8, 25.1, 24.8. (Z)-2i: *H NMR (400
MHz, CDCls) & 5.34 — 5.30 (m, 2H), 2.15 — 2.09 (m, 4H), 1.49 — 1.22 (m, 16H). 3C NMR (101

MHz, CDCl3) 8 130.5, 27.1, 24.8, 24.5, 24.1, 22.2. This compound is known.?'

2,6-Dimethylhepta-1,5-diene (17j)

Isolated by column chromatography (pentane) as a colorless oil (82% yield, 20.4 mg). 'H
NMR (400 MHz, CDCl3) 6 5.17 — 5.10 (m, 1H), 4.74 — 4.67 (m, 2H), 2.13 (dt, J = 11.5, 3.9 Hz,

2H), 2.07 — 2.01 (m, 2H), 1.74 (s, 3H), 1.70 (d, J = 1.1 Hz, 3H), 1.63 (s, 3H). *C NMR (101
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MHz, CDCls) & 146.0, 131.6, 124.3, 109.9, 38.0, 26.5, 25.8, 22.6, 17.8. This compound is

known.2t®

2,6-Dimethylhept-6-en-2-ol (17k)
OH Me
MeM
Me
Isolated by column chromatography (10% ethyl ether in pentane) as a colorless oil (24.7 mg,
87% yield). *H NMR (400 MHz, CDCls) 6 4.71 — 4.66 (m, 2H), 2.01 (t, J = 6.9 Hz, 2H), 1.71 (s,
3H), 1.55 — 1.41 (m, 4H), 1.34 (brs, 1H), 1.21 (s, 6H). *C NMR (101 MHz, CDCls) d 145.9,

110.1, 71.1, 43.6, 38.3, 29.4, 22.4, 22.4. This compound is known 26

Allyl benzyl ether (171)

O\/o\/\

Isolated by column chromatography (2% ethyl acetate in hexanes) as a colorless oil (24.0
mg, 81% yield). *H NMR (400 MHz, CDCl3) & 7.42 — 7.30 (m, 5H), 6.01 (ddt, J = 17.2, 10.4, 5.6
Hz, 1H), 5.36 (ddd, J = 17.2, 3.4, 1.7 Hz, 1H), 5.26 (ddd, J = 10.4, 3.1, 1.3 Hz, 1H), 4.57 (s, 2H),
4.08 (dt, J = 5.6, 1.4 Hz, 2H). 3C NMR (101 MHz, CDCl;) d 138.4, 134.8, 128.4, 127.8, 127.7,

117.1, 72.2, 71.2. This compound is known.?!’

Vinyl benzoate (17m)

C\n/o\/\

o
Isolated by column chromatography (2% ethyl acetate in hexanes with 0.5% triethylamine) as

a colorless oil (23.7 mg, 80% yield). *H NMR (400 MHz, CDCls) & 8.14 — 8.09 (m, 2H), 7.63 —
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7.57 (m, 1H), 7.52 (dd, J = 14.0, 6.3 Hz, 1H), 7.50 — 7.44 (m, 2H), 5.08 (dd, J = 14.0, 1.7 Hz,
1H), 4.71 (dd, J = 6.3, 1.7 Hz, 1H). *C NMR (101 MHz, CDCls) & 163.8, 141.6, 133.7, 130.1,

129.1, 128.7, 98.3. This compound is known.?*®

tert-Butyl 2,3-dihydro-1H-pyrrole-1-carboxylate (17n)

X
NBoc

Isolated by column chromatography (5% ethyl acetate in hexanes with 1% triethylamine) as a
colorless oil (a mixture of rotamers, 25.4 mg, 75% vyield). *H NMR (400 MHz, CDCls) & 6.60 —
6.35 (m, 1H), 5.02 — 4.88 (m, 1H), 3.75 — 3.57 (M, 2H), 2.65 — 2.53 (m, 2H), 1.44 (s, 9H). :*C
NMR (101 MHz, CDCls) 6 151.7, 129.9, 107.6, 80.1, 44.9, 28.7, 28.5. This compound is

known.21°

1-Benzyl-1,2,3,6-tetrahydropyridine (170)

S
BocN

Isolated by column chromatography (10% ethyl acetate in hexanes with 1% triethylamine) as
a colorless oil (31.8 mg, 92% yield). *H NMR (400 MHz, CDCl3) & 7.40 — 7.30 (m, 4H), 7.29 —
7.23 (m, 1H), 5.80 — 5.73 (m, 1H), 5.71 — 5.64 (m, 1H), 3.59 (s, 2H), 3.01 — 2.96 (m, 2H), 2.57 (t,
J =5.7 Hz, 2H), 2.21 — 2.14 (m, 2H). *C NMR (101 MHz, CDCls) d 138.5, 129.3, 128.3, 127.1,

125.5, 125.4, 63.1, 53.0, 49.8, 26.3. This compound is known.??°

tert-Butyl 3,4-dihydropyridine-1(2H)-carboxylate (17p)

BocT:jij
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Isolated by column chromatography (5% ethyl acetate in hexanes with 1% triethylamine) as a
colorless oil (a mixture of rotamers, 30.4 mg, 83% vyield). *H NMR (400 MHz, CDCls) d 6.88 —
6.66 (M, 1H), 4.93 — 4.74 (m, 1H), 3.58 — 3.48 (m, 2H), 2.08 — 1.96 (m, 2H), 1.84 — 1.75 (m, 2H),
1.47 (s, 9H). *C NMR (101 MHz, CDCls) & 152.5, 125.8, 105.3, 80.6, 41.6, 28.5, 21.9, 21.6.

This compound is known.???

tert-Butyl 3,4-dihydropyridine-1(2H)-carboxylate (17q)

Boch[j

Isolated by column chromatography (5% ethyl acetate in hexanes with 1% triethylamine) as a
colorless oil (a mixture of rotamers, 29.3 mg, 80% vyield). *H NMR (400 MHz, CDCls) & 6.81 —
6.59 (M, 1H), 4.86 — 4.65 (m, 1H), 3.52 — 3.40 (m, 2H), 1.98 — 1.89 (m, 2H), 1.78 — 1.66 (m, 2H),
1.41 (s, 9H). *C NMR (101 MHz, CDCls) & 152.3, 125.6, 105.1, 80.3, 41.5, 28.3, 21.8, 21.5.

This compound is known.??!

tert-Butyl 6-methyl-3,4-dihydropyridine-1(2H)-carboxylate (17r)
(j\
N
H

Isolated by column chromatography (5% ethyl acetate in hexanes with 1% triethylamine) as a

Me

colorless oil (29.5 mg, 75% vyield). *H NMR (400 MHz, CDCl3) 8 4.83 — 4.77 (m, 1H), 3.53 — 3.46
(m, 2H), 2.04 — 1.96 (m, 5H), 1.75 — 1.67 (m, 2H), 1.45 (s, 9H). **C NMR (101 MHz, CDCls) d

153.8, 135.7, 111.3, 80.4, 44.7, 28.5, 23.3, 23.2, 22.8. This compound is known.???

N-Vinylphthalimide (17s)

231



o

(o)
Isolated by preparatory TLC (30% ethyl acetate in hexanes) as a white solid (27.0 mg, 78%
yield). *H NMR (400 MHz, CDCl3) 8 7.88 — 7.82 (m, 2H), 7.76 — 7.70 (m, 2H), 6.86 (dd, J = 16.4,
9.9 Hz, 1H), 6.07 (d, J = 16.4 Hz, 1H), 5.03 (d, J = 9.9 Hz, 1H). 3C NMR (101 MHz, CDCl;) d

166.6, 134.6, 131.7, 123.9, 123.8, 104.6. This compound is known.??3

N-Ethylphthalimide (18s)

o

Me
N—
0
Isolated by preparatory TLC (30% ethyl acetate in hexanes) as a white solid (6.6 mg, 19%

yield). *H NMR (400 MHz, CDCls) & 7.85 — 7.79 (m, 2H), 7.72 — 7.65 (m, 2H), 3.73 (9, J = 7.2
Hz, 2H), 1.26 (t, J = 7.2 Hz, 3H). *C NMR (101 MHz, CDCl;) & 168.4, 134.0, 132.4, 123.3, 33.1,

14.1. This compound is known.??*

Cyclohex-2-en-1-yImethyl benzoate (17t1) and cyclohex-1-en-1-ylmethyl benzoate (17t2)
Bno/\© . BnO/\©
17t1 17t2
From cis-16t, a mixture of compounds 17t1 and 17t2 was isolated by column
chromatography (5% ethyl acetate in hexanes) as a colorless oil (38.9 mg, 90% vyield, 3:1
17t1:17t2). From trans-16t: a mixture of compounds 17t1 and 17t2 was isolated by column
chromatography (5% ethyl acetate in hexanes) as a colorless oil 39.1 mg, 91% vyield, 4:1

17t1:17t2).
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Cyclohex-2-en-1-ylmethyl benzoate (17t1): 'H NMR (400 MHz, CDCl;) d 8.08 — 8.04 (m,
2H), 7.58 — 7.52 (m, 1H), 7.47 — 7.41 (m, 2H), 5.86 — 5.80 (M, 1H), 5.69 — 5.63 (m, 1H), 4.21 (d,
J = 6.9 Hz, 2H), 2.66 — 2.56 (m, 1H), 2.11 — 2.00 (m, 2H), 1.92 — 1.83 (m, 1H), 1.82 — 1.73 (m,
1H), 1.65 — 1.53 (m, 1H), 1.51 — 1.42 (m, 1H). *C NMR (101 MHz, CDCls) & 166.7, 132.9,
130.6, 129.7, 129.7, 128.4, 127.1, 68.6, 35.1, 25.9, 25.3, 20.8.

Cyclohex-1-en-1-yImethyl benzoate (17t2): 'H NMR (400 MHz, CDCl;) d 8.08 — 8.04 (m,
2H), 7.58 — 7.52 (m, 1H), 7.47 — 7.41 (m, 2H), 5.86 — 5.80 (M, 1H), 4.70 (s, 2H), 2.20 — 1.95 (m,
4H), 1.80 — 1.40 (m, 4H). 3C NMR (101 MHz, CDCls) & 166.6, 133.1, 130.6, 129.3, 128.3,

126.3, 125.5, 69.4, 26.0, 25.1, 22.5, 22.3. These compounds are known.??>

(3R,5R,8R,9S,10S,12S,13R, 14S,17R)-3,12-bis(benzyloxy)-17-((R)-but-3-en-2-y1)-10,13-

dimethylhexadecahydro-1H-cyclopenta[a]phenanthrene (23a)

Isolated by preparatory TLC (3% ethyl acetate in hexanes) as a colorless oil (85.1 mg, 81%
yield). *H NMR (600 MHz, CDCls) 87.47 — 7.45 (m, 2H), 7.43 — 7.39 (m, 5H), 7.35 — 7.32 (m,
3H), 5.76 (dt, J = 17.3, 8.8 Hz, 1H), 4.96 (d, J = 17.3 Hz, 1H), 4.89 (d, J = 10.2 Hz, 1H), 4.69
(d, J = 11.4 Hz, 1H), 4.61 (s, 2H), 4.40 (d, J = 11.4 Hz, 1H), 3.75 (s, 1H), 3.46 — 3.42 (m, 1H),
2.17 — 2.11 (m, 2H), 1.98 — 1.87 (m, 6H), 1.83 — 1.74 (m, 2H), 1.70 — 1.68 (m, 1H), 1.64 — 1.61
(m, 1H), 1.52 — 1.22 (m, 9H), 1.11 (t, J = 6.1 Hz, 1H), 1.08 (d, J = 6.3 Hz, 3H), 1.08 — 1.03 (m,
2H), 1.01 (s, 3H), 0.80 (s, 3H). *C NMR (151 MHz, CDCls) & 145.5, 139.4, 128.41, 128.38,
127.7, 127.6, 127.39, 127.35, 111.6, 81.0, 78.7, 70.5, 69.7, 48.9, 46.7, 46.1, 42.4, 41.3, 36.2,
35.5, 34.7, 34.0, 33.4, 27.8, 27.54, 27.40, 26.2, 23.9, 23.5, 23.3, 19.8, 13.2. HRMS calculated

from Cz7Hs402N [M+NH4]" 544.4155, found 544.4159.
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(5R,8R,9S,10S,12S,13R,14S,17R)-17-((R)-but-3-en-2-yl)-12-hydroxy-10,13-

dimethylhexadecahydro-3H-cyclopenta[a]phenanthren-3-one (23b)

Isolated by preparatory TLC (30% ethyl acetate in hexanes) as a white solid (45.5 mg, 66%
yield). *H NMR (400 MHz, CDCl3) 8 5.67 (ddd, J = 17.1, 10.2, 8.4 Hz, 1H), 4.94 — 4.82 (m, 2H),
4.03 (t, J = 2.9 Hz, 1H), 2.72 (dd, J = 14.9, 13.5 Hz, 1H), 2.42 — 2.34 (m, 1H), 2.17 — 2.11 (m,
1H), 2.08 (t, J = 7.7 Hz, 1H), 2.06 — 1.94 (m, 2H), 1.93 — 1.88 (m, 1H), 1.87 — 1.78 (m, 2H), 1.76
—1.70 (m, 2H), 1.70 — 1.66 (m, 1H), 1.66 — 1.64 (m, 1H), 1.64 — 1.53 (m, 5H), 1.49 (dquintet, J =
12.4, 2.9 Hz, 2H), 1.41 — 1.33 (m, 1H), 1.29 — 1.22 (m, 2H), 1.15 — 1.10 (m, 1H), 1.07 (d, J = 5.1
Hz, 3H), 1.00 (s, 3H), 0.74 (s, 3H). 3C NMR (101 MHz, CDCls) 5213.4, 144.8, 112.1, 73.1, 48.3,
47.2,46.7,44.4, 425, 41.0, 37.2, 37.0, 35.9, 34.6, 34.1, 29.0, 27.8, 26.7, 25.6, 23.7, 22.5, 19.5,

13.1. HRMS calculated from Cz3H3s02Na [M+Na]* 367.2613, found 367.2617.

(4aR,13bS)-3,4,4a,5,8,13,13b,14-octahydroindolo[2',3":3,4]pyrido[1,2-b]isoquinolin-2(7H)-

one (23c)

Isolated by preparatory TLC (ethyl acetate) as a yellow solid (31.5 mg, 54% vyield). 'H NMR
(400 MHz, CDCls) & 8.00 (s, 1H), 7.51 — 7.48 (m, 1H), 7.35 — 7.32 (m, 1H), 7.19 — 7.09 (m, 2H),
5.99 (s, 1H), 3.43 — 3.38 (m, 1H), 3.25 — 3.20 (m, 1H), 3.19 — 3.14 (m, 1H), 3.07 — 2.98 (m, 1H),
2.87 — 2.75 (m, 3H), 2.72 — 2.64 (m, 1H), 2.60 — 2.53 (m, 1H), 2.53 — 2.47 (m, 1H), 2.44 — 2.36
(m, 1H), 2.31 — 2.24 (m, 1H), 2.15 — 2.07 (m, 1H), 1.76 — 1.63 (m, 2H). This compound is

known.165
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3.7.3 General Procedures for the Dehomologation of Allylic Alcohols

[Rh(cod)OMel, (2 mol%)
Xantphos (4 mol%)
3-OMeBzOH (4 mol%)
R0 > R
19 DMAA (1.5 equiv.) 17
PhMe, 90 °C, 24 h

In a Ng-filled glovebox, [Rh(cod)OMe]. (1.9 mg, 0.004 mmol), Xantphos (4.6 mg, 0.008
mmol), 3-methoxybenzoic acid (1.2 mg, 0.008 mmol) and PhMe (0.40 mL) were added to a 1
dram vial. After stirring for 3 min, N,N-dimethylacrylamide (31 pL, 30 mg, 0.30 mmol) and allylic
alcohol (19, 0.20 mmol) were added successively. The vial was sealed completely by a screw
cap with a Teflon septum. Then, the reaction mixture was stirred at 90 °C for 24 h. Chemo- and
regioselectivity were determined from analysis of the reaction mixture by GC analysis. The
olefin product was isolated by either column chromatography. Alternatively, the yields of volatile
products were determined by GC analysis.

Styrene (17¢)
o™

Yield was determined by GC-FID analysis (95% GC vyield.)

But-3-en-1-ylbenzene (17u)
©/W

Isolated by column chromatography (pentane) as a colorless oil (75% vyield, 19.8 mg). H
NMR (400 MHz, CDCl3) 6 7.35 — 7.28 (m, 2H), 7.24 — 7.19 (m, 3H), 5.90 (ddt, J = 16.9, 10.2, 6.6

Hz, 1H), 5.12 — 4.98 (m, 2H), 2.78 — 2.71 (m, 2H), 2.46 — 2.37 (m, 2H). *C NMR (101 MHz,

CDCls) 5 142.0, 138.2, 128.6, 128.4, 126.0, 115.0, 35.7, 35.5. This compound is known.??
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2,6-Dimethylhepta-1,5-diene (17j)

Isolated by column chromatography (pentane) as a yellow oil (85% vyield, 21.0 mg). *H NMR
(400 MHz, CDCl3) & 5.15 - 5.10 (m, 1H), 4.73 — 4.67 (m, 2H), 2.17 — 2.09 (m, 2H), 2.07 — 2.00
(m, 2H), 1.73 (s, 3H), 1.70 (s, 3H), 1.62 (s, 3H). 13C NMR (101 MHz, CDCls) d 146.1, 131.7,

124.3, 109.9, 38.0, 26.5, 25.8, 22.6, 17.8. This compound is known.?®

3.7.4 Preparation of Substrates

Br NaH, TBAI
Ho/\/\/OH + — > Bno/\/\/OH
THF 161

To a suspension of NaH (60 wt.%, 40 mg, 1.0 mmol) in THF (2.5 mL) was added 1,4-
butanediol (88 uL, 90 mg, 1.0 mmol) at O °C. After stirring at 0 °C for 2 h, benzyl bromide (110
puL, 158 mg, 0.90 mmol) and tetrabutylammonium iodide (37 mg, 0.10 mmol) was added
successively. The reaction mixture was stirred at rt for 5 h. Then, the reaction mixture was
guenched with saturated aqueous NH4Cl (5 mL) and extracted with DCM (3 x 10 mL). The
combined organic extracts were washed with brine, dried over Na.SO, filtered and
concentrated in vacuo. Purification of the crude residue by column chromatography (25% ethyl
acetate in hexanes) afforded 4-(benzyloxy)butan-1-ol (161) as a colorless oil (144 mg, 89%
yield).
4-(Benzyloxy)butan-1-ol (161): *H NMR (400 MHz, CDCl3) 8 7.38 — 7.25 (m, 5H), 4.52 (s, 2H),
3.62 (t, J = 5.9 Hz, 2H), 3.52 (t, J = 5.9 Hz, 2H), 2.54 (brs, 1H), 1.77 — 1.60 (m, 4H). 3C NMR
(101 MHz, CDCls) 6 138.3, 128.5, 127.8, 127.7, 73.1, 70.4, 62.6, 30.1, 26.7. This compound is

known.2%"
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(o]

NEts
HO _~_OH + ¢ — = BzO __~_OH
DCM 16
m

To a solution of 1,3-propanediol (0.43 mL, 0.45 g, 6.0 mmol) and trimethylamine (0.56 mL,
0.40 g, 4.0 mmol) in DCM (10 mL) was slowly added benzoy! chloride (0.23 mL, 0.28 g, 2.0
mmol) at 0 °C. The solution was stirred at rt for 12 h. Then, the reaction mixture was diluted with
water (50 mL) and extracted with DCM (3 x 10 mL). The combined organic extracts were
washed with brine, dried over Na,SO., filtered and concentrated in vacuo. Purification of the
crude residue by column chromatography (50% ethyl acetate in hexanes) afforded 3-
hydroxypropyl benzoate (16m) as a colorless oil (0.30 g, 82% vyield).
3-Hydroxypropyl benzoate (16m): *H NMR (400 MHz, CDCl;) 8.08 — 7.98 (m, 2H), 7.60 — 7.50
(m, 1H), 7.48 — 7.39 (m, 2H), 4.52 — 4.46 (m, 2H), 3.81 — 3.74 (m, 2H), 2.08 (brs, 1H), 2.04 —
1.96 (m, 2H). 3C NMR (101 MHz, CDCl;) & 167.1, 133.1, 130.2, 129.7, 128.5, 61.9, 59.2, 32.0.

This compound is known.??8

HO OH NEt, BzO OH
+ T ——
O o= O
cis-16t

To a solution of cis-1,2-cyclohexanedimethanol (0.88 g, 6.0 mmol) and trimethylamine (0.56
mL, 0.40 g, 4.0 mmol) in DCM (10 mL) was slowly added benzoyl chloride (0.23 mL, 0.28 g, 2.0
mmol) at 0 °C. The solution was stirred at rt for 12 h. Then, the reaction mixture was diluted with
water (50 mL) and extracted with DCM (3 x 10 mL). The combined organic extracts were
washed with brine, dried over Na>SOs, filtered and concentrated in vacuo. Purification of the
crude residue by column chromatography (50% ethyl acetate in hexanes) afforded cis-2-
(hydroxymethyl)cyclohexyl)methyl benzoate (cis-16t) as a colorless oil (0.42 g, 85% vyield).
cis-2-(Hydroxymethyl)cyclohexyl)methyl benzoate (cis-16t): *H NMR (400 MHz, CDCls) &

8.06 — 8.00 (m, 2H), 7.58 — 7.51 (m, 1H), 7.47 — 7.39 (m, 2H), 4.41 (dd, J = 11.1, 6.4 Hz, 1H),
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4.29 (dd, J = 11.1, 7.8 Hz, 1H), 3.72 (dd, J = 10.9, 7.4 Hz, 1H), 3.61 (dd, J = 10.9, 7.3 Hz, 1H),
2.30 — 2.21 (m, 1H), 2.00 — 1.92 (m, 1H), 1.90 (brs, 1H), 1.72 — 1.34 (m, 8H). 3C NMR (101
MHz, CDCls) & 166.9, 133.1, 130.4, 129.6, 128.5, 65.2, 63.9, 40.7, 36.0, 27.2, 25.9, 24.2, 23.1.

This compound is known.?2°

HO ~—oH i NEts
+ o —>
DCM

To a solution of trans-1,2-cyclohexanedimethanol (0.65 g, 4.5 mmol) and trimethylamine

BzO —OH

trans-16t

(0.42 mL, 3.0 mmol) in DCM (7.5 mL) was slowly added benzoyl chloride (0.21 g, 1.5 mmol) at 0
°C. The solution was stirred at rt for 12h. Then, the reaction mixture was diluted with water (50
mL) and extracted with DCM (3 x 10 mL). The combined organic extracts were washed with
brine, dried over Na,SOy, filtered and concentrated in vacuo. Purification of the crude residue by
column chromatography (50% ethyl acetate in hexanes) afforded trans-2-
(hydroxymethyl)cyclohexyl)methyl benzoate (trans-16t) as a colorless oil (0.21 g, 57% yield).

trans-2-(Hydroxymethyl)cyclohexyl)methyl benzoate (trans-16t): 'H NMR (400 MHz,
CDCls) & 8.05 — 8.02 (m, 2H), 7.55 (ddt, J = 8.0, 6.8, 1.3 Hz, 1H), 7.46 — 7.41 (m, 2H), 4.40
(dd, J = 11.1, 4.3 Hz, 1H), 4.26 (dd, J = 11.1, 6.0 Hz, 1H), 3.70 (d, J= 4.6 Hz, 2H), 1.92 — 1.88

(m, 1H), 1.84 — 1.67 (m, 6H), 1.48 — 1.42 (m, 1H), 1.31 — 1.19 (m, 4H). This compound is

known.z
o o 90 NaH o DIBAL-H
1l X
+ P—OEt ——— > /\/\)j\ —_— Ph/\/\/\OH
Ph/\)I\H EtOJ\/ Yot DMF  Ph N okt DCM
29 19b

To a solution of NaH (60 wt.%, 0.22 g, 5.5 mmol) in DMF (20 mL) was added triethyl
phosphonoacetate (1.1 mL, 1.23 g, 5.5 mmol) at 0 °C. After stirring at 0 °C for 0.5h, 3-

phenylpropanal (0.66 mL, 0.67 g, 5.0 mmol) was added. The reaction mixture was stirred at rt
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for 2h. Then, the reaction mixture was quenched with 1N HCI (10 mL) and extracted with ethyl
acetate (50 mL). The extract was washed with water, dried over Na,SO., filtered and
concentrated in vacuo. Purification of the crude residue by column chromatography (5% ethyl
acetate in hexanes) afforded ethyl 5-phenylpent-2-enoate (29) as a colorless oil (0.95 g, 93%
yield). To a solution of compound 29 (0.82 g, 4.0 mmol) in DCM (20 mL) was added DIBAL-H (1
M in hexane, 8.0 mL, 8.0 mmol) slowly at -78 “C. The resulting mixture was stirred at -78 "C for
2h. Then, the reaction mixture was carefully quenched with saturated aqueous potassium
sodium tartrate (20 mL) and extracted with DCM (3 x 30 mL). The combined organic extracts
were washed with brine, dried over Na,SO,, filtered and concentrated in vacuo. Purification of
the crude residue by column chromatography (25% ethyl acetate in hexanes) afforded 5-
phenylpent-2-en-1-ol (19b) as a colorless oil (0.54 g, 83% yield).

5-Phenylpent-2-en-1-ol (19b): *H NMR (400 MHz, CDCls) § 7.34 — 7.27 (m, 2H), 7.24 — 7.17
(m, 3H), 5.80 — 5.62 (m, 2H), 4.08 (dd, J = 5.5, 0.9 Hz, 2H), 2.77 — 2.69 (m, 2H), 2.44 — 2.35 (m,

2H), 1.65 (brs, 1H). This compound is known.?!

3.7.5 Dehomologation of Olefins

BHy THF, on
- NN
CaH17/\/\ » CgHyy
20 then H202, NaOH 16a

To a solution of 1-dodecene (20, 1.33 mL, 1.0 g, 6.0 mmol) in dry THF (20 mL) was added
borane (1.0 M in THF, 6.0 mL, 6.0 mmol) dropwise at 0 °C under a N, atmosphere. The reaction
mixture was stirred for 1h at 0 °C and 6h at rt. Then, the reaction mixture was cooled to 0 °C,
and water (5 mL) was added dropwise followed by addition of aq. NaOH (3N, 5 mL) and H20;
(30 wt.%, 5 mL). The resulting mixture was stirred for 0.5h at °C and additional 6h at rt. Then,
the solution was saturated with solid NaCl and extracted with Et.O (3 x 50 mL). The combined

organic extracts were washed with brine, dried over Na>SO., filtered and concentrated in vacuo.
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Purification of the crude residue by column chromatography (20% Et.O in hexanes) afforded 1-
dodecanol (16a) as a colorless oil (1.06 g, 95% yield).
1-Dodecanol (16a): *H NMR (400 MHz, CDCls) & 3.64 — 3.57 (m, 2H), 1.67 (brs, 1H), 1.59 —

1.20 (m, 2H), 1.37 — 1.19 (s, 18H), 0.87 (t, J = 6.8 Hz, 3H). This compound is known.?32

[Rh(cod)OMel, (2 mol%)
Xantphos (4 mol%)
o 3-OMeBzOH (4 mol%)
NN >
CgHyz DMAA (3 oquiv) > CsH17/\/
16 equiv.
a PhMe, 90 °C, 24 h 17a

In a N-filled glovebox, [Rh(cod)OMe]. (54 mg, 0.114 mmol), Xantphos (131 mg, 0.228
mmol), 3-methoxybenzoic acid (34 mg, 0.228 mmol) and PhMe (10 mL) were added to a 50 mL
Schlenk tube. After stirring for 3 min, N,N-dimethylacrylamide (1.8 mL, 1.7 g, 17 mmol) and 1-
dodecanol (16a, 1.06 g, 5.7 mmol) were added successively. The Schlenk tube was sealed
completely by a Teflon screw cap. Then, the reaction mixture was stirred at 90 ‘C for 24 h.
Chemo- and regioselectivity were determined from analysis of the reaction mixture by GC
analysis. The reaction mixture was concentrated carefully in vacuo. Purification of the crude
residue by column chromatography (pentane) afforded 1-undecene (17a) as a colorless oil (0.76
g, 86% yield, >20:1 17a:18a+other alkene isomers).
1-Undecene (17a): *H NMR (400 MHz, CDCls) & 5.82 (ddt, J = 16.9, 10.2, 6.7 Hz, 1H), 5.04 —
4.89 (m, 2H), 2.10 — 2.00 (m, 2H), 1.44 — 1.21 (m, 14H), 0.89 (t, J = 6.9 Hz, 3H). This compound

is known.2%7

0Os0y4 (10 mol%)
NMO (1 equiv.) OH

C8H17/\/\ - /\)\/OH
THF, 0 °C to rt, o/n CgHy7
20 21

To a mixture of 1-dodecene (20, 1.0 mL, 0.76g, 4.5 mmol), THF (40 mL) and water (4 mL)

was added OsO, (4 wt.% in water, 0.29 mL, 0.045 mmol) at 0 °C. After stirring for 20 min at O

°C, N-methylmorpholine N-oxide (0.53g, 4.5 mmol) was added. The resulting mixture was stirred
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overnight at rt. The saturated aqueous NaHSO; (5 mL) was added and mixture was stirred for
10 min. The THF was removed by evaporation. The residue was extracted with DCM (3 x 50
mL). The combined organic extracts were washed with brine, dried over Na>SO, filtered and
concentrated in vacuo. Purification of the crude residue by column chromatography (35% ethyl
acetate in hexanes) afforded dodecane-1,2-diol (21) as a white solid (0.84 g, 92% yield).

Dodecane-1,2-diol (21): *H NMR (400 MHz, CDCl3) & 3.74 — 3.58 (m, 2H), 3.45 — 3.36 (m, 1H),

2.83 (brs, 2H), 1.49 — 1.17 (m, 18H), 0.87 (t, J = 6.8 Hz, 3H). This compound is known.?*3

[Rh(cod)OMel, (2 mol%)
OH Xantphos (4 mol%)

/\)\/OH 3-OMeBzOH (4 mol%)
CoHa7 > Gy N

] - C7Hq5
21 DMAA (3 equiv.)
PhMe, 90 °C, 24 h

In a Ng-filled glovebox, [Rh(cod)OMe]. (1.9 mg, 0.004 mmol), Xantphos (4.6 mg, 0.008

mmol), 3-methoxybenzoic acid (1.2 mg, 0.008 mmol) and PhMe (0.40 mL) were added to a 1-
dram vial. After stirring for 3 min, N,N-dimethylacrylamide (84 uL, 80 mg, 0.80 mmol) and
dodecane-1,2-diol (21, 41 mg, 0.20 mmol) were added successively. The vial was sealed
completely by a screw cap with a Teflon septum. Then, the reaction mixture was stirred at 90 °C
for 24 h. The yield, chemo- and regioselectivity were determined from analysis of the reaction
mixture by GC analysis (75% GC yield, >20:1 17v:18v+other alkene isomers). The product 1-
decene (17v) was isolated by column chromatography (pentane) as a colorless oil.

1-Decene (17v): *H NMR (400 MHz, CDCls) & 5.82 (ddt, J = 16.9, 10.2, 6.7 Hz, 1H), 5.04 — 4.89
(m, 2H), 2.11 - 1.98 (m, 2H), 1.44 — 1.21 (m, 12H), 0.89 (t, J = 6.9 Hz, 3H). This compound is

known.23
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3.7.6 Dehydrogenation of Aldehyde 16w

[Rh(cod)OMe), (2 mol%)
Xantphos (4 mol%) 0

3-OMeBzOH (4 mol%)
Ph/YOH > Ph H
Me  Me DMAA (3 equiv.) Me Me
16w PhMe, 90 °C, 24 h 24

In a Ny-filled glovebox, [Rh(cod)OMe]. (1.9 mg, 0.004 mmol), Xantphos (4.6 mg, 0.008
mmol), 3-methoxybenzoic acid (1.2 mg, 0.008 mmol) and PhMe (0.40 mL) were added to a 1
dram vial. After stirring for 3 min, N,N-dimethylacrylamide (63 uL, 60 mg, 0.60 mmol) and 2,2-
dimethyl-3-phenyl-propan-1-ol (16w, 33.0 mg, 0.20 mmol) were added successively. The vial
was sealed completely by a screw cap with a Teflon septum. Then, the reaction mixture was
stirred at 90 “C for 24 h. Purification of the reaction mixture by column chromatography (50%
DCM in pentane) afforded 2,2-dimethyl-3-phenylpropanal (24) as a colorless oil (29.2 mg, 90%
yield).
2,2-Dimethyl-3-phenylpropanal (24): *H NMR (400 MHz, CDClz) & 9.63 (s, 1H), 7.35 — 7.23

(m, 3H), 7.16 — 7.11 (m, 2H), 2.83 (s, 2H), 1.10 (s, 6H). This compound is known.?%

3.7.7 Isotope Labeling Experiments

[Rh(cod)OMe], (2 mol%)

Xantphos (4 mol%) D (27%)
oD P 3-OMeBzOH (4 mol%) (95%) D o
+ ’
Me”™ “Me NMe PhMe-dg, 90 °C, 24 h NMe,
26-d, (98% D) DMAA 87% yield
(1.05 equiv.) (1 equiv.)

In a N-filled glovebox, [Rh(cod)OMe]. (1.9 mg, 0.004 mmol), Xantphos (4.6 mg, 0.008
mmol), 3-methoxybenzoic acid (1.2 mg, 0.008 mmol) and PhMe-ds (0.40 mL) were added to a
1-dram vial. After stirring for 3 min, N,N-dimethylacrylamide (21 uL, 20 mg, 0.20 mmol) and 2-
propanol-OD (26-d;, 98% D, 16 uL, 12.8 mg, 0.21 mmol) were added successively. The vial
was sealed completely by a screw cap with a Teflon septum. Then, the reaction mixture was

stirred at 90 °C for 24 h. The yield and deuterium incorporation were determined from analysis
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of the reaction mixture by H NMR analysis using 1,3,5-trimethoxybenzene as an internal
standard (87% NMR yield, 20 second relaxation delay).
N,N-Dimethylpropionamide: 'H NMR (400 MHz, PhMe-ds) d 2.64 (s, 3H), 2.26 (s, 3H), 1.84

(q, J = 7.4 Hz, 1.72H), 1.06 (t, J = 7.4 Hz, 2.05H).

T T TS %
D (27%)
(95%) D\/i\(o
NMe,
TH NMR (400 MHz, PhMe-dy)
. \. J L .
4 : z £} %
4‘.5 4‘.0 3‘.5 3‘.0 2‘.5 2‘.0 1‘.5 1‘.0 0‘.5 0‘.0
[Rh(cod)OMel, (2 mol%)
Xantphos (4 mol%) D (56%)
o /YO 3-OMeBzOH (4 mol%) (38%) D (o}
+ :
Ph/\)J\D NMe PhMe-dg, 90 °C, 24 h NMe
25-d;(98% D) DMAA 96% yield

(1 equiv.) (1 equiv.)

In a Ny-filed glovebox, [Rh(cod)OMe]. (1.9 mg, 0.004 mmol), Xantphos (4.6 mg, 0.008
mmol), 3-methoxybenzoic acid (1.2 mg, 0.008 mmol) and PhMe-ds (0.40 mL) were added to a
1-dram vial. After stirring for 3 min, N,N-dimethylacrylamide (21 uL, 20 mg, 0.20 mmol) and 3-
phenylpropanal-1-D (25-d1, 98% D, 27.0 mg, 0.20 mmol) were added successively. The vial was
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sealed completely by a screw cap with a Teflon septum. Then, the reaction mixture was stirred
at 90 °C for 24 h. The yield and deuterium incorporation were determined from analysis of the
reaction mixture by *H NMR analysis using 1,3,5-trimethoxybenzene as an internal standard
(96% NMR yield, 20 second relaxation delay).

N,N-Dimethylpropionamide: *H NMR (400 MHz, PhMe-dg) & 2.65 (s, 3H), 2.25 (s, 3H), 1.84

(q, J = 7.4 Hz, 1.44H), 1.08 (t, J = 7.4 Hz, 2.62H).

2.647
4

AR BNSF N

3.357
1.095
1.077
1.058

NNN N g

A
X
v
N

D (56%)
(38%) D o

NMe,
TH NMR (400 MHz, PhMe-dg)

0.56=
3.0
3.00]
1.60-]
2.881

3.7.8 Competition Experiments

To obtain a better understanding of the reaction’s chemoselectivity, we conducted
competition experiments between our model substrate, 1-dodecanol, and various other types of

alcohols (primary, secondary, benzylic, or sterically hindered) and aldehydes.
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Representative procedure for competition experiments (Figure 2.6A)
A) 1° alcohol vs 1° aldehyde?

[Rh(cod)OMe], (2 mol%)
Xantphos (4 mol%)

o 3-OMeBzOH (4 mol%)
C10H21/\/\0H + /\)I\ > C10Hz1/\ + CSH17/\
CgHq7 H DMAA (3 equiv.)
16a 27 PhMe-dg, 90 °C, 24 h 17a 17v
(1 equiv.) (1 equiv.) <1% yield 60% yield

B) 1° alcohol vs neopentylic 1° alcohol?
[Rh(cod)OMe], (2 mol%)
Xantphos (4 mol%)
3-OMeBzOH (4 mol%) o

Cuattar”™"on + P X OH = CoHpr X + Ph%H
Me Me DMAA (3 equiv.)
Me Me
PhMe-dg, 90 °C, 24 h
16a 16w 17a 24
(1 equiv.) (1 equiv.) 43% yield 18% yield
C) 1° alcohol vs benzylic 1° alcohol?
[Rh(cod)OMe], (2 mol%)
OH Xantphos (4 mol%) H o
3-OMeBzOH (4 mol%)
C10H21/\/\OH + > C10H21/\ * *
OO DMAA (3 equiv.) OO
PhMe-dg, 90 °C, 24 h
16a 30a 17a 30b 30c
(1 equiv.) (1 equiv.) 39% yield 82% yield 13% yield®
D) 1° alcohol vs 2° alcohol?
[Rh(cod)OMe], (2 mol%)
Xantphos (4 mol%)
OH 3-OMeBzOH (4 mol%) o
C10*"21/\/\(”" + > C10H21/\ +
CgHq3 Me DMAA (3 equiv.) CeHq3 Me
16a 31a PhMe-dg, 90 °C, 24 h 17a 31b
(1 equiv.) (1 equiv.) 44% vyield 27% yield

E) 1° alcohol vs bulky 2° alcohol?

[Rh(cod)OMe], (2 mol%)
Xantphos (4 mol%)

Me—Me 3-OMeBzOH (4 mol%) me— Me
e
CaoHa” >"0H + > CooHy” X + o
DMAA (3 equiv.)
OH PhMe-dg, 90 °C, 24 h
16a 32a 17a 32b
(1 equiv.) (1 equiv.) 47% yield 10% yield
F) 1° alcohol vs benzylic 2° alcohol?

[Rh(cod)OMe], (2 mol%)
Xantphos (4 mol%)

OH 3-OMeBzOH (4 mol%) o
CagHa” >"NoH + )\ > CooHy” XY + )j\
Ph Me DMAA (3 equiv.) Ph Me
16a 33a PhMe-ds, 90 °C, 24 h 17a 33b
(1 equiv.) (1 equiv.) 49% vyield 51% yield
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2 Yields obtained through GC-FID analysis using durene as an internal standard. ® Unhindered
aldehydes that cannot undergo deformylation can undergo decarbonylation. Some of the 30b formed
is further decarbonylated to form 30c.

Figure 3.8 Competition experiments using 1-dodecanol with various alcohols and aldehydes.

Based on the competition experiments we performed, aldehydes undergo the
dehydroformylation more rapidly than alcohols undergo oxidation. In general, primary alcohols
are more reactive than secondary alcohols. Benzylic alcohols react faster than unactivated

alcohols, which in turn react faster than sterically hindered alcohols (Figure 2.6).

3.7.9 CO Gas Quantification

[Rh(cod)OMel, (2 mol%)
Xantphos (4 mol%)
3-OMeBzOH (4 mol%)

CroHi” > “OH > Coy” N+ C=O
DMAA (3 equiv.)
16a PhMe, 90 °C, 24 h 17a .
(1 equiv.) 95% yield 92% yield

In a No-filled glovebox, [Rh(cod)OMe]; (1.9 mg, 0.004 mmol, 2 mol%), Xantphos (4.6 mg,
0.008 mmol, 4 mol%), 3-methoxybenzoic acid (1.2 mg, 0.008 mmol, 4 mol%), durene as internal
standard (4.3 mg, 0.032 mmol, 4 mol%), and PhMe (0.40 mL) were added to a 1-dram vial.
After stirring for 3 min, N,N-dimethylacrylamide (63 pL, 60 mg, 0.60 mmol, 3 equiv.), and 1-
dodecanol 16a (37.2 mg, 0.20 mmol, 1 equiv.) were added successively. The vial was sealed
completely by a screw cap with a Teflon septum. Then, the reaction mixture was stirred at 90 °C
for 24 h. A gastight syringe was used to sample the headspace of the sealed vial. Headspace
aliquots were injected onto GC-TCD for analysis.

Samples were run using He carrier gas on an Agilent 7890B Gas Chromatography System
outfitted with a J&W HP-PLOT Molsieve GC Column and a TCD. The yield of CO was
determined by referencing the N, signal as an internal standard. The reaction mixture was

analyzed by GC-FID to determine the yield of olefin product 17a.
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3.7.10 Chevron Phillips Collaboration

Representative Procedure for Evaluating Other Acceptors for Transfer Hydroformylation
(Table 3.3)

[Rh(cod)OMe]l, (4 mol%)
Xantphos (8 mol%)
fo) 3-OMeBzOH (8 mol%)

/\)l\ + acceptor > CeHi X
CgHq7 H (20 equiv.) PhMe, 90 °C, 24 h

27 17v

In a N-filled glovebox, [Rh(cod)OMe]. (1.9 mg, 0.004 mmol), Xantphos (4.6 mg, 0.008
mmol), 3-methoxybenzoic acid (1.2 mg, 0.008 mmol) and PhMe (0.40 mL) were added to a 1-
dram vial. After stirring for 3 min, acceptor (2.0 mmol) and aldehyde (27, 0.20 mmol) were
added successively. The vial was sealed completely by a screw cap with a Teflon septum.
Then, the reaction mixture was stirred at 90 °C for 24 h. Chemo- and regioselectivity were
determined from analysis of the reaction mixture by GC analysis. The olefin product is
inseparable from the acceptor, so yields were determined by GC analysis using durene as an
internal standard.

Procedure for Using Ethylene as an Acceptor for Transfer Hydroformylation

[Rh(cod)OMe], (4 mol%)
Xantphos (8 mol%)
o 3-OMeBzOH (8 mol%)

PR G gkl
CgHq7 H PhMe, 90 °C, 24 h
27 (45 bar) 17v

In a N-filled glovebox, [Rh(cod)OMe]. (1.9 mg, 0.004 mmol), Xantphos (4.6 mg, 0.008
mmol), 3-methoxybenzoic acid (1.2 mg, 0.008 mmol) and PhMe (0.40 mL) were added to a 2
mL GC vial. After stirring for 3 min, aldehyde (27, 0.20 mmol) was added. The vial was fitted
with a screw cap with a slitted Teflon septum. The vial was removed from the glovebox and
placed into an autoclave. The autoclave was pressurized with ethylene gas and released
immediately three times in order to replace the air inside with ethylene gas. The autoclave was
pressurized to 45 bar with ethylene gas and sealed. The autoclave was heated to 90 °C with an

aluminum heating block and stirred at 90 °C for 24 h. After 24 h, the autoclave is cooled to room
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temperature and carefully depressurized. The reaction mixture is analyzed using GC analysis
with durene as an internal standard.
Representative Procedure for Co-Catalyzed Transfer Hydroformylation (Figure 3.7)

Co(O'Pr), (10 mol%)
Xantphos (10 mol%)

Me Me O Et,Zn (50 mol%) Me Me
* )\/\)\
Me)\/\/K/U\H Lb/ 3-OMeBzOH (10 mol%) Me” X X
28 (1.2 equiv.) PhMe, 90 °C, 24 h 17j
31% yield

Y

In a No-filled glovebox, Co(O'Pr). (3.6 mg, 0.02 mmol) and Xantphos (11.6 mg, 0.02 mmol), 3-
methoxybenzoic acid (3.0 mg, 0.02 mmol), norbornadiene (24 pL, 22.1 mg, 0.24 mmol), and
PhMe (0.40 mL) were added to a were added to a 1l-dram vial. After stirring for 10 min,
aldehyde (28, 0.20 mmol) was added, followed by Et,Zn (100 puL, 1.0M in hexanes, 0.10 mmol).
The vial was sealed completely by a screw cap with a Teflon septum. Then, the reaction mixture
was stirred at 90 °C for 24 h. Chemo- and regioselectivity were determined from analysis of the

reaction mixture by GC analysis.
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3.7.11 NMR Spectra for Compounds

(3R,5R,8R,9S5,10S,12S,13R,14S,17R)-3,12-bis(benzyloxy)-17-((R)-but-3-en-2-yl)-10,13-
dimethylhexadecahydro-1H-cyclopenta[a]phenanthrene (23a)
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(5R,8R,9S,10S,12S,13R,14S,17R)-17-((R)-but-3-en-2-yl)-12-hydroxy-10,13-
dimethylhexadecahydro-3H-cyclopenta[a]phenanthren-3-one (23b)
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(4aR,13bS)-3,4,4a,5,8,13,13b,14-octahydroindolo[2',3":3,4]pyrido[1,2-blisoquinolin-2(7H)-
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Chapter 4: Dynamic Kinetic Hydroacylation of Acrylamides

4.1 Introduction

Dynamic kinetic resolution is a powerful way to prepare enantiopure materials from racemic
reagents.?®6-240 While there are many dynamic Kkinetic resolutions that occur through
hydrogenation (Figure 4.1A),237-238. 241244 dynamic kinetic resolutions that form C-C bonds are
relatively underexplored.?** 24 Qlefin hydroacylation couples aldehydes and olefins to form
ketones in an atom economical fashion,*? forming a C—C bond in the process.?*¢24” Herein, we
report a Rh and amine catalytic system that enables the synthesis of 1,4-ketoamides through
intermolecular hydroacylation.

A) Dynamic kinetic resolution of pharmaceuticals through hydrogenation
F CO,H

(" 1
- o N
e—NH
Me Me -
NC OMeA
Cl

Taranabant PF-00951966
(Merck) (Pfizer)

B) Resolutions of chiral aldehydes through hydroacylation

o o 0 o)
P:\:Ie H—> Pr:we" SEt O SEt O PMB H PMB"'E E
z Ph)\/u\H Ph Zpn /
Me Me
40% yield 47% yield 94% yield
61% ee 88% ee >99% ee
kinetic resolution kinetic resolution —— ! — dynamic kinetic resolution —
James (1983) Willis (2010) Dong (2019)

Figure 4.1 Current methods for the resolution of molecules.

There are several examples of kinetic resolutions of chiral aldehydes that proceed through
hydroacylation (Figure 4.1B).*¢2°1 The first example was discovered by James where the
aldehyde substrate cyclizes to furnish the cyclopentanone product in 61% ee.?*® Willis disclosed
a kinetic resolution of B-thioaldehydes through an intermolecular hydroacylation with alkynes.°
While these examples highlight the ability for chiral Rh-bisphosphine complexes to distinguish

between enantiomers of chiral aldehyde reagents, kinetic resolutions are still limited by the fact
252



that the maximum theoretical yield for a reaction is 50%. More recently, our group achieved the
dynamic kinetic resolution of aldehydes through the intramolecular hydroacylation (Figure
4.1A).%%2 Inspired by List's dynamic kinetic resolution of aldehydes through reductive
amination,?%2% a bulky primary amine co-catalyst was used to selectively racemize the
aldehyde without epimerizing the ketone product.

A) Directing groups for intermolecular hydroacylation with Rh catalysts
e
o NN o
CoRlC NN oI
NHTs OH MeS/\)I\H

Li, 2014 Jun, 1999 Dong, 2010 Willis, 2009
B) Intermolecular hydroacylation coupling aldehydes with acrylamides (Tanaka, 2009)
" Rh(nbd),BF4 (5 mol%) o
o e (R,R)-QuinoxP* (5 mol%)

o - (0]

R s Y
Ph H NPh, DCE, 80 °C, 16 h NPh,

87% yield, 98% ee

C) Proposed dynamic kinetic resolution through intermolecular hydroacylation

e Me NPh, Me NPh,

fo) H * Me
o kslow RIh’ Y kslow 0 Ne
------ > ~ _) + O i o
7 H Ph P ;

Me Me NPh, Me NPh,

Figure 4.2 Extending dynamic kinetic resolution of aldehydes to intermolecular
hydroacylation.

However, dynamic kinetic resolution through hydroacylation is limited to substrates that can
undergo intramolecular hydroacylation. Developing hydroacylations that can couple aldehydes
and olefins in an intermolecular fashion is challenging due to side reactivity after activation of
the aldehyde C-H bond,?*®?" particularly decarbonylation.?*” 258 One strategy to prevent
decarbonylation is incorporating various directing groups on the aldehyde substrate to

transiently occupy open coordination sites on the Rh catalyst (Figure 4.2A).205 250. 259-263 Tanaka
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developed an intermolecular hydroacylation where a directing group is incorporated on the
olefin partner, enabling any aldehyde to be used for hydroacylation (Figure 4.1B).264267 We
hypothesize that using acrylamide substrates would enable the dynamic kinetic resolution of a-
chiral aldehydes through intermolecular hydroacylation. This approach towards the synthesis of
1,4-dicarbonyls would be a complementary to traditional methods like the Stetter reaction?®® and

set two distal stereocenters in a single step (Figure 4.1C).

4.1.1 Reaction Optimization

To being our studies, we attempted to couple aldehyde 34a and acrylamide 35a using a
cationic Rh source with a bisphosphine ligand (Table 4.1). Aldehyde 34a has previously been
resolved through dynamic kinetic resolution,?®® and the Tanaka group has shown that
acrylamide 35a is uniquely reactive as a coupling partner.?®* No hydroacylation is observed with
a variety of cationic Rh sources (entries 1-2). Desired reactivity is obtained when hydrogenating
the catalyst solution, hydrogenating the dienes on the Rh source to prevent binding to the active
catalyst.?5 26 Using this hydrogenation procedure, we found that achiral bisphosphine ligand

L8 gave the best reactivity, forming 36a as a single regioisomer (68% yield, entry 3).
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Table 4.1 Optimization for DKR Through Intermolecular Hydroacylation
(o] Me (o] Me

conditions?
Ph\H‘\H + )\ﬁo > Ph\_/u\)\fo
Me NPh, DCE, 24 h We NPh,
34a 35a 36a, >20:1 rr
(1.5 equiv.) (1.0 equiv.)
entry conditions yield (%) dr ee (%)
1 Rh(cod),SbFg (10 mol%), L8 (10 mol%), 80 °C 0 — —
2 Rh(nbd),BF4 (10 mol%), L8 (10 mol%), 80 °C 0 — —
3 Rh(nbd),BF4 (10 mol%), L8 (10 mol%)®, 80 °C 68 2:1 —
4 [Rh(L8)CI], (5 mol%), AgBF4 (10 mol%), 80 °C 80 2:1 —
5 [Rh(C5H,4)2Cll, (5 mol%), L8 (10 mol%), AgBF,4 (10 mol%), 80 °C 78 2:1 —
6 [Rh(L8)CI], (5 mol%), AgBF4 (10 mol%), 1-AdNH, (10 mol%), 80 °C 0 — —
7 Rh(nbd),BF4 (10 mol%), L9 (10 mol%)®, 1-AdNH, (10 mol%), 60 °C 41 8:1 95
8 Rh(nbd),BF4 (10 mol%), L10 (10 mol%)®, 1-AdNH, (10 mol%), 60 °C 72 10:1 96
9 Rh(nbd),BF4 (10 mol%), L10 (10 mol%)®, 60 °C 74 4:1 96
‘Bu‘ l\lle (0] PPh
Ny P §PQ\/ 2
thP/\/\/Pth @ I H "Bu Fe “le
NZ SR (>
mé “Bu
dppb (R,R)-QuinoxP* JoSPOPhos
L8 L9 L10

a Reaction conditions: 34a (0.15 mmol), 35a (0.10 mmol), catalyst (10 mol%), DCE (0.2 mL), 60 °C or 80
°C, 24 h. Isolated yields. Regioisomeric ratios (rr) and diastereomeric ratios (dr) are determined from H
NMR analysis of the crude reaction mixture. Enantiomeric excess (ee) is determined by SFC analysis on
a chiral stationary phase. P Catalyst solution is subjected to hydrogenation prior to performing the
hydroacylation.

Other catalyst preparation methods that avoid additional alkenes in the reaction mixture also
give comparable reactivity (78—-80% yield, entries 4-5). [Rh(L1)Cl],, prepared separately from
ligand exchange with [Rh(coe):Cl]. and L8, can be used to generate the cationic Rh catalyst
through the addition of AgBF..2’%2"* The cationic Rh catalyst can also be prepared in a single
pot without hydrogenation by combining [Rh(C2H.).Cl]., L8, and AgBF4, where the volatile
ethylene from the Rh source escapes into the reaction headspace after ligand exchange with
the bisphosphine ligand. While the bulky amine co-catalyst is not required at this stage since the
reaction is not a dynamic kinetic resolution yet, it is interesting to note that the addition of 1-

adamantylamine (1-AdNH>) shuts down reactivity when L8 is used as the ligand (entry 6).
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Gratifyingly, some of the chiral bisphosphine ligands are compatible with the bulky primary
amine co-catalyst. Both QuinoxP* (L9) and JoSPOPhos (L10) deliver product 36a in good yield,
with high enantioselectivity and promising diastereoselectivity (entries 7—8), with L10 being the
optimal ligand (72% vyield, 10:1 dr, 96% ee). In the absence of amine co-catalyst, the
diastereoselectivity decreases, suggesting that 1-AdNH. improves the dynamic kinetic
resolution. Unfortunately, preparing the catalyst in the same manner as entries 4 and 5 with

L10 instead of L8 leads to only trace amounts of product 36a.

4.2 Conclusion and Future Directions

Dynamic kinetic resolution through hydroacylation is extended to intermolecular reactions
using acrylamides as the coupling partner. The bulky primary amine co-catalyst improves the
dynamic kinetic resolution, increasing the diastereoselectivity of the reaction. The removal of
exogenous alkenes is critical for obtaining reactivity. While a variety catalyst preparations works
well for L8, asymmetric reactions with L10 work best hydrogenation of the catalyst prior to use.
With optimized reaction conditions in hand, our next goal is to evaluate the substrate scope of
other a-chiral aldehydes and other alkenes bearing directing groups. Mechanistically, we are
also interested determining the rate of racemization of enantioenriched aldehydes using bulky
primary amines. Racemization studies with 1-AdNH; can help pave the way for new dynamic
kinetic resolutions by helping chemists determine which transformations are compatible with 1-

AdNH’s racemization rates.

4.3 Experimental Details

Commercial reagents were purchased from Sigma Aldrich, Strem, Alfa Aesar, Acros Organics
or TCI and used without further purification. 34a was purchased from Acros Organic and purified
by distillation prior to use. 1,2-Dichloroethane and acetonitrile were purified using an Innovative
Technologies Pure Solv system, degassed by three freeze-pump-thaw cycles, and stored over

3A MS within a N; filled glove box. All experiments were performed in oven-dried or flame-dried
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glassware. Reactions were monitored using either thin-layer chromatography (TLC) or gas
chromatography using an Agilent Technologies 7890A GC system equipped with an Agilent
Technologies 5975C inert XL EI/CI MSD. Visualization of the developed plates was performed
under UV light (254 nm) or KMnQO. stain. Organic solutions were concentrated under reduced
pressure on a Biichi rotary evaporator. Purification and isolation of products were performed via
silica gel chromatography (both column and preparative thin-layer chromatography). Column
chromatography was performed with Silicycle Silica-P Flash Silica Gel using glass columns.
Solvent was purchased from Fisher. *H, ?H, 3C, and **F NMR spectra were recorded on Bruker
CRYO500 or DRX400 spectrometer. *H NMR spectra were internally referenced to the residual
solvent signal or TMS. ¥C NMR spectra were internally referenced to the residual solvent
signal. Data for *H NMR are reported as follows: chemical shift (5 ppm), multiplicity (s = singlet,
d = doublet, t = triplet, g = quartet, m = multiplet), coupling constant (Hz), integration. Data for
2H, 13C, and °F NMR are reported in terms of chemical shift (5 ppm). Infrared (IR) spectra were
obtained on a Nicolet iS5 FT-IR spectrometer with an iD5 ATR and are reported in terms of
frequency of absorption (cm™). High resolution mass spectra (HRMS) were obtained on a
micromass 70S-250 spectrometer (El) or an ABI/Sciex QStar Mass Spectrometer (ESI).
Enantiomeric ratio for enantioselective reactions was determined by chiral SFC analysis using

an Agilent Technologies HPLC (1200 series) system and Aurora A5 Fusion.

4.3.1 Preparation of Starting Materials
Me EtsN (3 equiv.) Me
)YO + NP > )Yo
& DCM, 0-25 °C, 16 h NPh,
35a, 62% yield

To a flame-dried round bottom flask was added diphenylamine (5.1 g, 30 mmol),
triethylamine (4.2 mL, 3.2 g, 30 mmol), and DCM (50 mL). After the diphenylamine was

dissolved, the reaction was cooled to 0 °C, and methacryloyl chloride was added dropwise (2.0
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mL, 1.8 g, 20 mmol). The reaction headspace was flushed with N, warmed up to room
temperature, and stirred for 16 h. The reaction was cooled to 0 °C and quenched with sat. aq.
ammonium chloride. The layers were separated and extracted with DCM (3 x 30 mL). The
combined organic layers were dried with MgSO,4 and concentrated in vacuo. The product 35a
was purified by flash column chromatography on silica gel in hexanes/ethyl acetate (5:1 — 3:1).
35a was further purified through recrystallization from hexanes and PhMe at 0 °C (white solid,
62% vyield, 2.9 g).

N,N-diphenylmethacrylamide (35a)

IH NMR: *H NMR (400 MHz, CDCls) & 7.44 — 7.05 (m, 10H), 5.24 (s, 1H), 5.18 (s, 1H), 1.85 (s,
3H), 1.56 (s, 3H). This compound has previously been synthesized.?"?

4.3.2 General Procedures for Hydroacylation

Synthesis of [Rh(L8)CI]:

Ph, Ph,
PPh Pr.. o . Clu.g WP
[Rh(coe);Cll, +  pp,p~"~PPh2 m PRNL RN
’ h; 2
L8 [Rh(L8)CI],
(1.0 equiv.) (2.0 equiv.)

In a N»-Filled glovebox, [Rh(coe).Cl], (0.72 g, 1.0 mmol), dppb L8 (0.85 g, 2.0 mmol), and
THF (5 mL) were added to a round bottom flask. The flask was sealed with a rubber septum and
stirred at 30 °C for 16 h. Heptane was added to the reaction to precipitate [Rh(L8)Cl]. out of the
solution. The mixture was washed through Schlenk filtration and washed with additional heptane
(2 x 2 mL). The precipitate was dried under high vacuum and transferred back into the glovebox
for use (yellow powder, 0.53 g, 46% yield).

3P NMR (162 MHz, THF-ds) & 45.6 (d, J = 190.8 Hz). This complex has previously been
reported in the literature.?”°

Hydroacylation Procedure A

Rh(nbd),BF,4 (10 1%
o Me (nbd)2BF4 (10 mol%)

L8 (10 mol%) T
Phﬁ)J\H + )\(0 PhMo
DCE, 80 °C, 24 h

\

Me NPh, Me NPh,
34a 35a (*)-36a, 68% vyield
(1.5 equiv.) (1.0 equiv.) >20:1 rr, 2:1 dr

258



In a No-filled glovebox, Rh(nbd);BF. (3.7 mg, 0.010 mmol), L8 (4.3 mg, 0.010 mmol) and
DCE (0.4 mL) were added to a Schlenk tube. After stirring for 5 min, the reaction vessel was
sealed and removed from the glovebox. The tube was placed on a Schlenk line, and the catalyst
solution was subjected to two freeze-pump-thaw cycles and backfilled with H, gas. After stirring
under Hz atmosphere for 30 min at room temperature, the solvent was completely removed
under vacuum. The tube was evacuated and backfilled with N2 three times, sealed, and returned
to the glovebox. The catalyst solution was transferred to a 1-dram vial with DCE (2 x 100 pL).
35a (23.7 mg, 0.10 mmol) was added to the reaction, followed by 34a (20 uL, 20 mg, 0.15
mmol). The vial was sealed with a Teflon-line screw cap and stirred at 80 °C for 24 h. The
reaction mixture is then concentrated in vacuo. The regioselectivity and diastereoselectivity are
determined by H NMR analysis of the crude reaction mixture. The product is purified by
preparative thin layer chromatography (hexanes/ethyl acetate 5:1).

Hydroacylation Procedure B
[Rh(L8)CI], (5 mol%)

o AgBF,4 (10 mol%)
Ph\HI\H + )\fo > Ph\/u\)\fo
DCE, 80 °C, 24 h

Me NPh, Me NPh,

34a 35a (*)-36a, 80% yield
(1.5 equiv.) (1.0 equiv.) >20:1 rr, 221 dr

In a N-filled glovebox, [Rh(L8)CI]. (5.6 mg, 0.005 mmol), AgBF4 (1.9 mg, 0.010 mmol) and
DCE (0.2 mL), were added to a vial. After stirring for 5 min, 35a (23.7 mg, 0.10 mmol) was
added to the reaction, followed by 34a (20 pL, 20 mg, 0.15 mmol). The vial was sealed with a
Teflon-line screw cap and stirred at 80 °C for 24 h. The reaction mixture is then concentrated in
vacuo. The regioselectivity and diastereoselectivity are determined by *H NMR analysis of the
crude reaction mixture. The product is purified by preparative thin layer chromatography
(hexanes/ethyl acetate 5:1).

Hydroacylation Procedure C
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[Rh(C2H2)2C|]2 (5 mol%)

L8 (10 mol%)
Q We AgBF, (10 mol%) D Me
Ph\Hj\ + )Yo > Ph\)J\/k(O
H o Y
Me NPh, DCE, 80 °C, 24 h e NPh,
34a 35a ()-36a, 78% yield
(1.5 equiv.) (1.0 equiv.) >20:1 rr, 221 dr

In a N2-filled glovebox, [Rh(C2H2)2Cl]2 (1.9 mg, 0.005 mmol), L8 (4.3 mg, 0.010 mmol), AgBF4
(2.9 mg, 0.010 mmol), and DCE (0.2 mL) were added to a vial. After stirring for 5 min, 35a (23.7
mg, 0.10 mmol) was added to the reaction, followed by 34a (20 pL, 20 mg, 0.15 mmol). The vial
was sealed with a Teflon-line screw cap and stirred at 80 °C for 24 h. The reaction mixture is
then concentrated in vacuo. The regioselectivity and diastereoselectivity are determined by ‘H
NMR analysis of the crude reaction mixture. The product is purified by preparative thin layer
chromatography (hexanes/ethyl acetate 5:1).

Hydroacylation Procedure D

Rh(nbd),BF4 (10 mol%)
L10 (10 mol%)
AgBF,4 (10 mol%)

Q Me 1-AdNH, (10 mol%) 0 Me
Phw)J\ + )YO > PhMO
H >
Mo NPh, DCE, 60 °C, 24 h Me NPh,
34a 35a 36a, 72% vyield
(1.5 equiv.) (1.0 equiv.) >20:1 rr, 10:1 dr

In a No-filled glovebox, Rh(nbd).BF. (3.7 mg, 0.010 mmol), L10 (4.3 mg, 0.010 mmol) and
DCE (0.4 mL) were added to a Schlenk tube. After stirring for 5 min, the reaction vessel was
sealed and removed from the glovebox. The tube was placed on a Schlenk line, and the catalyst
solution was subjected to two freeze-pump-thaw cycles and backfilled with H, gas. After stirring
under H; atmosphere for 30 min at room temperature, the solvent was completely removed
under vacuum. The tube was evacuated and backfilled with N three times, sealed, and returned
to the glovebox. The catalyst solution was transferred to a 1-dram vial with DCE (2 x 100 pL).
35a (23.7 mg, 0.10 mmol) and 1-AdNH; (1.5 mg, 0.010 mmol) were added to the reaction,

followed by 34a (20 pL, 20 mg, 0.15 mmol). The vial was sealed with a Teflon-line screw cap
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and stirred at 60 °C for 24 h. The reaction mixture is then concentrated in vacuo. The
regioselectivity and diastereoselectivity are determined by 'H NMR analysis of the crude
reaction mixture. The product is purified by preparative thin layer chromatography
(hexanes/ethyl acetate 5:1) and isolated as a mixture of diastereomers. The product mixture can
be further recrystallized from hexanes and PhMe to isolate the major diastereomer 36a.

(2R,5R)-2-methyl-4-0x0-N,N,5-triphenylhexanamide (36a)

o Me
Ph (o]

Me NPh,

Prepared via General Method D. Isolated as a white solid (mixture of diastereomers) (26.7
mg, 72% yield, 10:1 dr, >99% ee, [a]?4> = +8.1 (c 0.0032, CHCls)). *H NMR (500 MHz, CDCls) &
7.60 — 6.98 (m, 15H), 3.73 (g, J = 6.9 Hz, 2H), 3.08 — 2.86 (m, 2H), 2.28 — 2.01 (m, 1H), 1.33 (d,
J = 7.0 Hz, 3H), 0.92 (d, J = 6.7 Hz, 3H). *C NMR (126 MHz, CDCls) d 210.0, 176.4, 143.2,
143.0, 141.1, 129.7, 129.3, 129.0, 129.0, 128.1, 127.9, 127.2, 126.8, 126.2, 77.4, 77.2, 76.9,
53.1, 45.6, 33.5, 17.6, 17.4. IR (ATR): 2979, 2932, 1704, 1662, 1590, 1489, 1450, 1392, 1268,
967, 754, 655, 623 cm™. HRMS calculated for CasH2sNO2 [M+H]* 372.1964, found 372.1964.
Chiral SFC: 100 mm CHIRALCEL AD-H, 10% 'PrOH, 2.0 mL/min, 254 nm, 44 °C, nozzle

pressure = 200 bar COz, tr1 (Major) = 4.9 min, trz = 6.3 min, trz (Minor) = 8.4 min, trq = 22.6 min.

261



4.3.3 NMR of Compounds

(2R,5R)-2-methyl-4-0x0-N,N,5-triphenylhexanamide (36a)
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4.3.4 SFC Spectra

Ph O , Ph o

e NPh, Me NPh,

(*)-36a + diastereomers

mAl 2 &
] 4
1 s
B0 i P
] 3 \.{‘3’
60— oqu‘Z?
a0- gy
] o &
] 2
20— gy
1 o
o . ‘ .
L T T T T T T
5 0 15 20 25 20min
K| [+]
# Time Area Height Width Area® Symmetry
1 4912 1129 992 01898 37.338 0.958
2 B.277 384.9 263 02435 12.729 1.005
3 5.4039 1133 55.8 03383 37.468 0818
4 22568 3769 72 08729 12,465 0.843
(0} Me
Ph (o]
Me NPh,
36a
mAL & el
120 __\‘3},
] e
100
a0
60
0 4}@“
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20— S o & g &F
| = s é;’ b2l D@.'\
. A ES e
s T T
T T T T T T T T T
25 5 75 10 12.5 15 17.5 20 22.5 min
[T [+]
# Time Area Height Width Area® Symmetry
1 4723 1488.8 133.8 0.1854 59.409 0.953
2 5.057 1546 1141 0.2331 9.284 0.943
3 8.058 E 3.2E1 0.3124 0.360 0.783
4 22.362 15.8 3.8E4 0.6335 0.947 3144
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4.3.5 X-Ray Crystallographic Data

Rh(nbd),BF4 (10 mol%)
Me ent-L10 (10 mol%) O Me

o M Ph,P.
1-AdNH, (10 mol%) : 2 \/@P,/o
Ph S o > Ph o S Fe, 4
o Mé By
e NPh, DCE, 80 °C, 24 h e NPh, &

34a 35a ent-36a
. . JoSPOPhos
(1.5 equiv.) (1.0 equiv.) ent-L10

Crystals for ent-36a were prepared using Hydroacylation Procedure D, using ent-L10
instead of L10. Crystals of ent-36a were grown from a mixture of hexanes and ethyl acetate by
vapor diffusion. The X-ray crystal structure was obtained and solved by Dr. Milan Gembicky at
University of California, San Diego. The CIF has been deposited to the CCDC under Deposition
Number 2014418.

Experimental Summary

The single crystal X-ray diffraction studies were carried out on a Bruker SMART APEX

Il CCD diffractometer equipped with Cu K radiation (A = 1.5478). Crystals of the subject

compound were used as received. (Grown from Ethyl acetate/hexane by vapor diffusion)

A 0.225 x 0.200 x 0.180 mm colorless block was mounted on a Cryoloop with Paratone oil.
Data were collected in a nitrogen gas stream at 100(1) K using ¢ and w scans. Crystal-to-
detector distance was 40 mm using variable exposure time (1, 3 and 8s) depending on the
detector 0 position, with a scan width of 1.4°. Data collection was 100.0% complete to 67.500°
in 6. A total of 21345 reflections were collected covering the indices,-11<=h<=11, -17<=k<=17,
-17<=I<=18. 3946 reflections were found to be symmetry independent, with a R, of 0.0284.
Indexing and unit cell refinement indicated a Primitive, Orthorhombic lattice. The space group
was found to be P2:2:2;. The data were integrated using the Bruker SAINT software program
and scaled using the SADABS software program. Solution by direct methods (SHELXT)

produced a complete phasing model consistent with the proposed structure.
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All nonhydrogen atoms were refined anisotropically by full-matrix least-squares
(SHELXL-2014). All hydrogen atoms were placed using a riding model. Their positions were
constrained relative to their parent atom using the appropriate HFIX command in SHELXL-2014.

Crystallographic data are summarized in Table 1.

Notes: Absolute structure parameter 0.00(7) conclusive

Excellent data quality data and refinement,
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Table 1. Crystal data and structure refinement for AL100.

Report date
Identification code
Empirical formula
Molecular formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

4

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Crystal color, habit

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 67.500°

Absorption correction

2020-07-06

al100

C25 H25 N 02

C25 H25 N 02

371.46

100.0 K

1.54178 A

Orthorhombic

P212121

a=9.2434(3) A = 90°.
b = 14.7215(5) A = 90°.
c =15.1822(6) A [0 =90°.
2065.94(13) A3

4

1.194 Mg/m3

0.590 mm-1

792

0.2 x0.18 x 0.17 mm3

colorless irregular

4.183 to 71.109°.

-11<=h<=11, -17<=k<=17, -17<=I<=18

21345
3946 [R(int) = 0.0352]
100.0 %

Semi-empirical from equivalents
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Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Absolute structure parameter
Extinction coefficient

Largest diff. peak and hole

0.7534 and 0.6719

Full-matrix least-squares on F2
3946 /0/ 256

1.061

R1=0.0257, wR2 = 0.0632
R1 =0.0265, wR2 = 0.0637
0.00(7)

0.00093(19)

0.161 and -0.128 e.A-3
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Table 2. Atomic coordinates ( X 104) and equivalent isotropic displacement parameters
(A2x 103)

for AL100. U(eq) is defined as one third of the trace of the orthogonalized Uil tensor.

X y z U(eq)
0(1) 4699(1) 3726(1) 531(1) 31(1)
0(2) 7618(1) 3771(1) 1780(1) 34(1)
N(L) 4363(1) 4496(1) 1803(1) 21(1)
c@) 4679(2) 3722(1) 1334(1) 22(1)
c) 5008(2) 2855(1) 1846(1) 23(1)
c@) 6352(2) 2414(1) 1442(1) 24(1)
C(4) 7676(2) 3002(1) 1488(1) 23(1)
C(5) 9090(2) 2598(1) 1160(1) 23(1)
C(6) 10193(2) 3337(1) 937(1) 31(1)
c@) 3713(2) 2208(1) 1812(1) 35(1)
c(8) 9673(2) 1948(1) 1858(1) 22(1)
C(9) 9962(2) 2255(1) 2708(1) 26(1)
C(10) 10546(2) 1673(1) 3333(1) 33(1)
C(11) 10834(2) 777(1) 3119(1) 33(1)
C(12) 10546(2) 466(1) 2278(1) 30(1)
c(13) 9965(2) 1047(1) 1648(1) 26(1)
C(14) 4415(2) 5370(1) 1374(1) 22(1)
C(15) 5581(2) 5594(1) 844(1) 30(1)
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C(16)
c(17)
C(18)
C(19)
C(20)
C(21)
C(22)
C(23)
C(24)

C(25)

5685(2)
4636(2)
3463(2)
3338(2)
4259(2)
5449(2)
5336(2)
4045(2)
2866(2)

2967(2)

6465(1)
7109(1)
6874(1)
6006(1)
4508(1)
4766(1)
4797(1)
4575(1)
4316(1)

4283(1)

497(1)

678(1)
1189(1)
1540(1)
2751(1)
3250(1)
4161(1)
4568(1)
4073(1)

3159(1)

36(1)
34(1)
32(1)
26(1)
21(1)
23(1)
29(1)
32(1)
34(1)

29(1)
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Table 3. Bond lengths [A] and angles [°] for AL100.

0(1)-C(1)
0(2)-C(4)
N(1)-C(1)
N(1)-C(14)
N(1)-C(20)
C(1)-C(2)
C(2)-H(2)
C(2)-C(3)
C(2)-C(7)
C(3)-H(3A)
C(3)-H(3B)
C(3)-C(4)
C(4)-C(5)
C(5)-H(5)
C(5)-C(6)
C(5)-C(8)
C(6)-H(6A)
C(6)-H(6B)
C(6)-H(6C)
C(7)-H(7A)
C(7)-H(7B)
C(7)-H(7C)
C(8)-C(9)

C(8)-C(13)

1.2201(18)
1.2162(19)
1.3744(19)
1.4427(18)
1.4433(19)
1.525(2)
1.0000
1.529(2)
1.530(2)
0.9900
0.9900
1.501(2)
1.520(2)
1.0000
1.529(2)
1.525(2)
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.393(2)

1.391(2)

270

C(9)-H(9)
C(9)-C(10)
C(10)-H(10)
C(10)-C(11)
C(11)-H(11)
C(11)-C(12)
C(12)-H(12)
C(12)-C(13)
C(13)-H(13)
C(14)-C(15)
C(14)-C(19)
C(15)-H(15)
C(15)-C(16)
C(16)-H(16)
C(16)-C(17)
C(17)-H(17)
C(17)-C(18)
C(18)-H(18)
C(18)-C(19)
C(19)-H(19)
C(20)-C(21)
C(20)-C(25)
C(21)-H(21)

C(21)-C(22)

0.9500
1.387(2)
0.9500
1.385(3)
0.9500
1.382(3)
0.9500
1.392(2)
0.9500
1.384(2)
1.390(2)
0.9500
1.390(2)
0.9500
1.383(3)
0.9500
1.378(3)
0.9500
1.389(2)
0.9500
1.388(2)
1.386(2)
0.9500

1.387(2)



C(22)-H(22)
C(22)-C(23)
C(23)-H(23)
C(23)-C(24)
C(24)-H(24)
C(24)-C(25)

C(25)-H(25)

C(1)-N(1)-C(14)

C(1)-N(1)-C(20)

C(14)-N(1)-C(20)

O(1)-C(1)-N(1)
0(1)-C(1)-C(2)
N(1)-C(1)-C(2)
C(1)-C(2)-H(2)
C(1)-C(2)-C(3)
C(1)-C(2)-C(7)
C(3)-C(2)-H(2)
C(3)-C(2)-C(7)

C(7)-C(2)-H(2)

C(2)-C(3)-H(3A)
C(2)-C(3)-H(3B)

H(3A)-C(3)-H(3B)

C(4)-C(3)-C(2)

C(4)-C(3)-H(3A)

C(4)-C(3)-H(3B)

0.9500
1.384(3)
0.9500
1.378(3)
0.9500
1.392(2)

0.9500

119.90(12)
122.76(12)
116.17(11)
121.13(13)
120.67(13)
118.20(12)
109.1
108.21(12)
110.34(13)
109.1
110.94(12)
109.1
108.9
108.9
107.7
113.52(12)
108.9

108.9
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0(2)-C(4)-C(3)
0(2)-C(4)-C(5)
C(3)-C(4)-C(5)
C(4)-C(5)-H(5)
C(4)-C(5)-C(6)
C(4)-C(5)-C(8)
C(6)-C(5)-H(5)
C(8)-C(5)-H(5)
C(8)-C(5)-C(6)
C(5)-C(6)-H(6A)
C(5)-C(6)-H(6B)
C(5)-C(6)-H(6C)
H(6A)-C(6)-H(6B)
H(6A)-C(6)-H(6C)
H(6B)-C(6)-H(6C)
C(2)-C(7)-H(7A)
C(2)-C(7)-H(7B)
C(2)-C(7)-H(7C)
H(7A)-C(7)-H(7B)
H(7A)-C(7)-H(7C)
H(7B)-C(7)-H(7C)
C(9)-C(8)-C(5)
C(13)-C(8)-C(5)
C(13)-C(8)-C(9)
C(8)-C(9)-H(9)

C(10)-C(9)-C(8)

121.17(14)
121.44(14)
117.39(12)
108.4
111.54(12)
108.78(12)
108.4
108.4
111.36(13)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
120.56(13)
120.49(14)
118.92(14)
119.7

120.57(15)



C(10)-C(9)-H(9)
C(9)-C(10)-H(10)
C(11)-C(10)-C(9)
C(11)-C(10)-H(10)
C(10)-C(11)-H(11)
C(12)-C(11)-C(10)
C(12)-C(11)-H(11)
C(11)-C(12)-H(12)
C(11)-C(12)-C(13)
C(13)-C(12)-H(12)
C(8)-C(13)-C(12)
C(8)-C(13)-H(13)
C(12)-C(13)-H(13)
C(15)-C(14)-N(1)
C(15)-C(14)-C(19)
C(19)-C(14)-N(1)
C(14)-C(15)-H(15)
C(14)-C(15)-C(16)
C(16)-C(15)-H(15)
C(15)-C(16)-H(16)
C(17)-C(16)-C(15)
C(17)-C(16)-H(16)
C(16)-C(17)-H(17)
C(18)-C(17)-C(16)
C(18)-C(17)-H(17)

C(17)-C(18)-H(18)

119.7
119.9
120.17(16)
119.9
120.1
119.72(15)
120.1
119.8
120.36(15)
119.8
120.26(15)
119.9
119.9
120.03(14)
120.18(14)
119.67(14)
120.2
119.60(16)
120.2
119.7
120.58(17)
119.7
120.3
119.41(15)
120.3

119.6
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C(17)-C(18)-C(19)
C(19)-C(18)-H(18)
C(14)-C(19)-H(19)
C(18)-C(19)-C(14)
C(18)-C(19)-H(19)
C(21)-C(20)-N(1)

C(25)-C(20)-N(1)

C(25)-C(20)-C(21)
C(20)-C(21)-H(21)
C(22)-C(21)-C(20)
C(22)-C(21)-H(21)
C(21)-C(22)-H(22)
C(23)-C(22)-C(21)
C(23)-C(22)-H(22)
C(22)-C(23)-H(23)
C(24)-C(23)-C(22)
C(24)-C(23)-H(23)
C(23)-C(24)-H(24)
C(23)-C(24)-C(25)
C(25)-C(24)-H(24)
C(20)-C(25)-C(24)
C(20)-C(25)-H(25)

C(24)-C(25)-H(25)

120.84(16)
119.6
120.3
119.36(16)
120.3
119.65(14)
120.02(14)
120.32(14)
120.2
119.55(15)
120.2
119.9
120.19(16)
119.9
119.9
120.23(15)
119.9
120.0
120.06(16)
120.0
119.65(16)
120.2

120.2
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Table 4. Anisotropic displacement parameters (Azx 103) for AL100. The anisotropic

displacement factor exponent takes the form: -202[ h2 a*2Ull + .. + 2 hk a* b* U12]

ull U22 U33 U23 ul3 ul2
Oo(1) 47(1) 27(1) 20(1) -3(1) -5(1) 2(1)
0(2) 30(1) 24(1) 47(1) -13(1) 1(2) 1(2)
N(1) 27(1) 18(1) 18(1) 1(2) -1(1) 1(2)
C(1) 24(1) 21(1) 22(1) -1(1) -3(1) 1(2)
C@2 27(1) 19(1) 24(1) 0(1) 0(1) 1(2)
C(3) 30(1) 18(1) 25(1) -3(1) -1(1) 3(1)
C(4) 30(1) 21(1) 19(1) 0(1) -2(1) 3(1)
C(5) 30(1) 22(1) 18(1) -1(1) 1(2) 4(1)
C®6) 36(1) 28(1) 29(1) 8(1) 7(2) 4(1)
Cc(7) 31(1) 24(1) 51(1) 1(2) 2(1) -2(1)
C@®) 21(1) 24(1) 22(1) 2(1) 2(1) 0(1)
C(9) 30(1) 25(1) 24(1) 0(1) 2(1) -2(1)
C(10) 35(1) 41(1) 23(1) 3(1) -3(1) -4(1)
C(11) 29(1) 36(1) 34(1) 14(1) -2(1) 1(2)
C(12) 28(1) 23(1) 39(1) 6(1) 2(1) 2(1)
C(13) 26(1) 24(1) 26(1) 1(1) 2(1) 1(2)
C(14) 27(1) 18(1) 19(1) 0(1) -5(1) -2(1)
C(15) 28(1) 29(1) 31(1) 5(1) -1(1) 0(1)
C(16) 37(1) 36(1) 34(1) 12(1) -2(1) -9(1)
C(17) 52(1) 22(1) 29(1) 6(1) -11(1) -7(1)
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C(18)
C(19)
C(20)
C(21)
C(22)
C(23)
C(24)

C(25)

46(1)
33(1)
28(1)
28(1)
40(1)
49(1)
36(1)

26(1)

22(1)
24(1)
16(1)
19(1)
24(1)
25(1)
36(1)

31(1)

27(1)
22(1)
20(1)
24(1)
24(1)
22(1)
31(1)

29(1)

-1(2)

-1(1)

1(1)

-2(1)

-4(1)

0(1)
5(1)

2(1)

-5(1)
-1(1)
1(2)
1(2)
-6(1)
6(1)
11(1)

0(1)

6(1)
2(1)
4(1)
0(1)
2(1)
6(1)
2(1)
0(1)
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Table 5. Hydrogen coordinates ( x 104) and isotropic displacement parameters (Azx 10 3)

for AL100.
X y z U(eq)

H(2) 5214 3014 2474 28
H(3A) 6549 1836 1753 29
H(3B) 6150 2268 818 29
H(5) 8885 2242 613 28
H(6A) 10368 3714 1459 46
H(6B) 9816 3717 459 46
H(6C) 11102 3054 750 46
H(7A) 2864 2508 2066 53
H(7B) 3935 1658 2149 53
H(7C) 3513 2045 1198 53
H(9) 9757 2867 2862 32
H(10) 10748 1891 3909 40
H(11) 11227 378 3548 40
H(12) 10746 -149 2130 36
H(13) 9767 827 1072 31
H(15) 6305 5154 719 35
H(16) 6483 6619 132 43
H(17) 4724 7708 451 41
H(18) 2731 7311 1303 38
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H(19)
H(21)
H(22)
H(23)
H(24)

H(25)

2524

6334

6148

3971

1984

2154

5849

4919

4972

4601

4160

4106

1891

2969

4505

5192

4356

2817

31

28

35

38

41

34
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