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Abstract. Utilization of directing groups in a general and efficient manner for

highly regioselective hydroformylation of 1,1-disubstituted olefins.

Chapter One: Branched-selective hydroformylation of 1,1-disubstituted olefins for

the formation of quaternary carbon centers.

Chapter Two: Enantioselective hydroformylation of 1,1-disubstituted olefins for

the formation of all carbon quaternary stereogenic centers.
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Chapter 1: Synthesis of Quaternary Carbon Centers via
Hydroformylation

I. Use of Activated Substrates

In hydroformylation, alkene reactivity decreases with increasing substitution on
the alkene. Thus, 1,2- and 1,1-disubstituted, and trisubstituted olefins are much less
reactive than terminal alkenes. In general, 1,1-disubstituted and trisubstituted olefins
provide only one regio-isomeric product, the linear aldehyde product.' Hence,
formation of all carbon quaternary centers via hydroformylation is a significant
challenge. The transformation is so unfavorable that in 1948 Keulemans stated “in
hydroformylation, formyl groups are not produced at quaternary carbon centers”
(Keulemans’ rule).? Despite the definitive nature of Keulemans’ statement, a limited
number of examples have been reported that utilize both chelating and electronically
activating groups, such as esters, to effect the formation of all carbon quaternary
centers. For example, Alper and co-workers reported that hydroformylation of methyl
methacrylate using zwitterionic rhodium compound [Rh(cod)(n®-PhBPh;)] and dppb
as ligand gave a 54% isolated yield of the quaternary aldehyde 1.2 with a 9:1
regioselectivity (Figure 1.1).° Inspired by this result, Clarke and Roff sought a
general procedure for branched-selective hydroformylation of unsaturated esters.* An
earlier report by the Pittman group showed a pronounced temperature and pressure
effect on the regioselectivity of 1.1.° The group reported that at high pressure and

lower temperatures (40 — 60 °C), high selectivity for the quaternary aldehyde 1.2

1 Breit, B.; Seiche, W. Synthesis 2001, 1, 1.

2 Keulemans, A. I. M.; Kwantes, A.; van Bavel, T. Recl. Trav. Chim. Pays-Bas 1948, 67, 298.
3 Lee, C. W.; Alper, H. J. Org. Chem. 1995, 60, 499.

4 Clarke, M. L.; Roff, G. J. Chem. Eur. J. 2006, 12, 7978.

5 Pittman, C. U., Jr; Honnick, W. D.; Yang, J. J. J. Org. Chem. 1980, 45, 684.



could be obtained using [Rh(PPh;);(CO)H] as a catalyst. Unfortunately, at these

lower temperatures catalytic activity was compromised.

Figure 1.1. Hydroformylation of methyl methacrylate wusing a
zwitterionic rhodium compound

CHO
4 mol% [Rh(cod)(nS= PhBPhg)]  Me CHO
+
Me~ “CO,Me 8 mol% dppb, 600 psi CO/H,  Me”~ ~CO,Me Me” "CO,Me
11 100 °C, CH,Cly, 18 h 1.2 1.3
b:1=9:1

The Clarke group envisaged that highly reactive phosphite-based catalysts might help
circumvent this problem and promote a high yielding regioselective hydroformylation.
They reported that using a very reactive rhodium catalyst derived from the bulky
phosphite ligand tdtbpp, hydroformylation of the atropate ester 1.4 resulted in the
formation of the quaternary aldehyde 1.5 with a regioselectivity (b:1) of 13:1 as well

as formation of 13% hydrogenated starting material (Figure 1.2).°

Figure 1.2. Hydroformylation of methyl atropate using bulky phosphite
ligand

0.33 mol% [Rh(acac)(CO),]
JL 2 mol% tdtbpp Me CHO CHO Me
Ph™ “CO,Me P cope  * J: PN
2 507 psi CO/H,, toluene olvle
45°C. 701 Ph”™ ~CO,Me Ph™ ~CO,Me
1.4 1.5 (81%) 1.6 (6%) 1.7 (13%)
O+—P
3
tdtbpp

In collaboration with the Pringle group, the Clarke group had previously reported the

remarkably high activity of phenylphosphatrioxaadamantane 1.8 (cage phosphane) in

6 Clarke, M. L. Tet. Lett. 2004, 45, 4043.



the rhodium-catalyzed hydroformylation of hex-1-ene.” In that paper the authors also
disclosed that 1.8 seemed to hold some advantage in the hydroformylation of methyl
atropate in two preliminary reactions under unoptimized conditions. This prompted
them to investigate the hydroformylation of methyl methacrylate using 1.8 (Figure
1.3). At 50 °C under 725 psi of syngas (1:1 CO/H;), hydroformylation of 1.1 gave a
high quaternary/linear selectivity (Figure 1.3A).* The remarkable activity of 1.8 is
also demonstrated in the hydroformylation of 1.9, a trisubstituted alkene (Figure

1.3B).

Figure 1.3. Hydroformylation of atropate esters using highly active
cage phosphane

0.2 mol% Rh(acac)(CO), CHO
%

1 mol% 1.8 Me CHO . J:
Me” “CO,Me 725 psi CO/My, toluene Me” “CO,Me Me” >CO,Me (1.34)
50 °C, 20 h
1.1 1.2 (95%) 1.3 (2%)
Me
o7™o
Me% \J\Me
07~R
Mé  Ph
1.8
0.2 mol% Rh(acac)(CO)
Ph ol fih(aca 2 pp Ph. _CHO Ph
l _ j<CHO + I + j\ (1.3B)
Me” “CO,Me 1088 5;'%0’7"(')2;1‘0'“9”9 Me™ >CO,Me Me™ >CO,Me Me™ >CO,Me
1.9 ' 1.10 (59%) 1.1 (8%) 1.12 (3%)

Trisubstituted alkenes are especially problematic substrates for hydroformylation. In
addition to the quaternary aldehyde being disfavored by Keulemans’ rule, it is well
established that hydroformylation reactions are normally directed to benzylic
positions.® However, as illustrated in Figure 1.3B, there is a clear preference for the

quaternary aldehyde over the linear aldehyde. Clarke and Roff explained that this

7 Baber, R. A.; Clarke, M. L.; Heslop, K.; Marr, A.; Orpen, A. G.; Pringle, P. G.; Ward, A. M.;
Zambrano-Williams, D. A. Dalton Trans. 2005, 1079.
8 Clarke, M. L. Curr. Org. Chem. 2005, 9, 701.



outcome is due to the ability of the ester group to chelate to the rhodium catalyst and,

thus, direct the hydroformylation.

Another example of substrate-directed hydroformylation to form quaternary
aldehyde was reported by the Botteghi group.’ In this report the group showed that
the formation of quaternary aldehydes from vinylpyridine derivatives is feasible
depending on the position of the nitrogen atom of the pyridine moiety.
Hydroformylation of 1.13 in which the nitrogen atom is in the 2-position of the
pyridine moiety gave a 60% yield of the branched, quaternary aldehyde with no

formation of the linear aldehyde (Figure 1.4).

Figure 1.4. Hydroformylation of vinylpyridine derivatives

o
| X 1 mol% Rh(acac)(CO), ) A\
_N 2.5 mol% Pydiphos oxide ‘RN
735 psi CO/H,, benzene ©/ @
Ph 80 °C,69 h
1.13 1.14 (60% 1.15 (0%) 1.16 (39%) Pydiphos oxide
N
X 1 mol% [Rh(CO),Cl]»
| P 8 mol% PPhMe,
735 psi CO/Hy,, benzene
Ph 100 °C, 90 h
1.17 1. 18 % 1.19 (14.2%) 1.20 (80.2%)
Ph 2 mol% Rh(acac)(CO), Ph
5 mol% P(OPh); CHO
Ph 735 psi CO/H,, benzene Ph
1.21 80 °C, 48 h 1.22 (38%)

38% conversion

Conversely, hydroformylation of 1.17 in which the nitrogen atom is in the 4-position
of the pyridine moiety did not yield any branched product, with hydrogenation of the

substrate being the most predominant reaction. These results indicate that the position

9 Botteghi, C.; Marchetti, M.; Paganelli, S.; Sechi, B. J. Mol. Catal. A: Chemical 1997, 118, 173.



of the pyridine nitrogen atom is crucial to the regioselectivity of the H insertion. In
1.13 the formation of a stabilized a-acyl complex 1.13" due to the intramolecular
coordination of the pyridine nitrogen atom to the metal through a five-membered ring
favors the formation of the quaternary aldehyde. This stabilization may remarkably
affect the energy of activation of the aldehyde formation process by hydrogenolysis
of 1.13" (Figure 1.5). The absence of such a stabilized a-acyl intermediate in the
hydroformylation of 1.17 precludes the formation of the quaternary aldehyde. The
fact that the pyridine nitrogen in 1.13 is strongly involved in the catalytic cycle of
the reaction is further evidenced by results obtained in the hydroformylation of 1,1-
diphenylethene 1.21 and structurally related compounds, in which no heteroatoms
are present. In these cases the more linear aldehyde, 3,3-diarylpropanal, was formed

with a regioselectivity as high as 99% (Figure 1.4, see previous page).

Figure 1.5. Stabilized a-acyl complex

Ph Ph
_ Me Me Ph Me L
N [RN] z H ~ Lot
~ N 77 | o _ M _ “ ‘N o _ = | CHO + Rh
COM, X N/R\hi RA-4 SN Y
Ph UL L'H .
1.13 1.14 L = Ligand

II. Use of Stoichiometric Cleavable Directing Groups

As discussed above, synthesis of quaternary carbon centers through
hydroformylation can be achieved by using substrates that are both electronically
activated toward forming the branched regioisomer and which contain an ester or a
heteroatom such as nitrogen to serve as a chelating group. For unactivated substrates,
Leighton and coworkers have shown that using a dibenzophospholyl directing group,

formation of all carbon quaternary centers from 1,1-disubstituted allylic ethers is



achievable. ' In this work, the group reported that 1.23 can undergo
hydroformylation to form quaternary, protected p-hydroxyaldehyde in good yield

(Figure 1.6).

Figure 1.6. Dibenzophospholyl-directed hydroformylation

“ﬂ

P 5 mol% Rh(acac)( CO
o) 1000 psi CO/H, o 0 O
K{(Me MeCN, 90 °C % K[Me
H
Me Me CHO
1.23 1.24 (81%) 1.25 (7%)

The obvious drawbacks of this strategy are the need for stoichiometric amounts of the
phosphorus directing group, prior installation of the directing group onto the substrate
and the need for its subsequent cleavage, which drastically diminishes the synthetic
utility of this methodology. Furthermore, this methodology, in addition to the ones
discussed above, all require either high pressures of syngas or long reaction times to
effect good yield of the quaternary aldehyde. Hence, a new strategy that obviates
these limitations would greatly enhance the practicality of branched-selective

hydroformylation to form all carbon quaternary centers.

III. Use of Catalytic Directing Groups

As illustrated in the example by the Leighton group, phosphorus-based directing
groups can be used to reverse the inherent preference for linear aldehyde formation

over the formation of the more hindered, branched aldehyde in the hydroformylation

10 Krauss, L. J; Wang, C. C.; Leighton, J. L. J. Am. Chem. Soc. 2001, 123, 11514.



of 1,1-disubstituted olefins. In 2008, the Tan group (Figure 1.7, eq 1)'' and the Breit
group (Figure 1.7, eq 2)' reported that a catalytic amount of a directing group can be
employed in the regioselective hydroformylation of homoallylic alcohols if the

directing group reversibly and covalently links to the substrate."

Figure 1.7. Regio- and diastereoselective hydroformylation

OH 1) 2 mol% Rh(acac)(CO), 0
20 mol% 1.27, 200 psi CO/H, O
X > ' 'Me (1)
Ph 0.2 mol% p-TsOH, benzene
2) PCC, NaOAc, CH,Cl, Ph
1.26 1.28 b:1=89: 11

Ne anti: syn=86:14
©: >=Oi-Pr 94%
P

Ph
1.27

1) 1 mol% Rh(acac)(CO),
OH 10 mol% Ph,POMe, 290 psi CO/H,
2 > 2
K& 4 A MS, THF, 40 °C ?\J§7Me @
2) PCC/Al,/O3, NaOAc, CH,Cl,

1.29 1.30 b:1=99:1
91%

Ligand 1.27, termed scaffolding ligand, simultaneously and reversibly binds a
variety of organic functionalities as well as a metal-based catalyst. The unique ability
of this ligand to achieve such scaffolding catalysis without both domains substantially
interfering with each other allows for enhanced control of the selectivity of the

transformation. Consequently, the directed reaction can be performed with a catalytic

' (a) Lightburn, T. E.; Dombrowski, M. T.; Tan, K. L. J. Am. Chem. Soc. 2008, 130, 9210. (b)
Worthy, A. D.; Gagnon, M. M.; Dombrowski, M. T.; Tan, K. L. Org. Lett. 2009, 11, 2764. (c)
Worthy, A. D.; Joe, L. C.; Lightburn, T.; Tan, K. L. J. Am. Chem. Soc. 2010, 132, 14757. (d)
Lightburn, T. E.; De Paolis, O. A.; Cheng, K. A.; Tan, K. L. Org. Lett. 2011, 13, 2686.

12 (a) Grunanger, C. U.; Breit, B. Angew. Chem. Int. Ed. 2010, 49, 967. (b) Grunanger, C. U.; Breit,
B. Angew. Chem. Int. Ed. 2008, 47, 7346.

" Tan, K. L. ACS Catal. 2011, 1, 877.



amount of ligand and the ligand can be tuned for efficient catalysis without having to

change the nature of the substrate.''

We sought to investigate the application of scaffolding ligand 1.27 in the
regioselective hydroformylation of 1,1-disubstituted olefins to form all carbon

14

quaternary centers. =~ We envisioned a catalytic cycle as illustrated in Figure 1.8.

Exchange of 1.27 onto substrate 1.31 is driven by release of i-PrOH.

Figure 1.8. Proposed catalytic cycle using scaffolding ligand 1.27

Me

N
@[ >=—OiPr

P

1.27 Ph
HO >
R
HO/\"/ 1.31 HO
7 /\f
PrOH
R
CHO M
R O CHO
=0 e =0 p>_
AN P { “[RN]
Ph [Rh] :Ph Ph
35 1.32 1.38
OH O [Rh] OH
%H Wo
Me R
1.36 l:‘1.39H
Me
N I\N/Ie '\r\ljle
(0]
P>_ N =0 R @F)_ °
PH \RhAéR N Q PR VZ
! Rh
AN Ph" “ph_— oc™ A
occo. oc'Lo -~ co
1.34 branched pathway 1.33 linear pathway 187
(favored) (disfavored)

Association of the phosphorus atom in 1.27 to rhodium and subsequent coordination
of the metal and alkene affords 1.33, as the important regioselectivity determining

intermediate. Formation of 1.34, a six-membered rhodacycle, via the branched

14 Sun, X.; Frimpong, K.; Tan, K. L. J. Am. Chem. Soc. 2010, 132, 11841.



pathway was hypothesized to be more favored over formation of 1.37, a seven-
membered rhodacycle. Subsequent CO insertion yields 1.35, followed by release of
the branched aldehyde product 1.36 by exchange of 1.35 with an equivalent of

substrate to achieve turnover.
IV. Synthesis of Scaffolding Ligand 1.27

The synthesis of 1.27 is shown in Figure 1.9. Starting from commercially
available N-methylaniline, 1.27 is synthesized in a three-step sequence that requires
no column chromatography, making it amenable to large-scale synthesis. Synthesis of
1.27 begins with deprotonation of N-methylaniline and trapping with CO», to yield a
lithium carbamate. The lithium carbamate is then used to direct ortho lithiation,
which is trapped with diphenylphosphine chloride. Acidic workup decomposes the
lithium carbamate, releasing CO, to yield 2-(diphenylphosphino)-N-methylaniline
1.41. The second step involves reduction of 1.41 with lithium wire selectively to
remove a phenyl ring from phosphorus atom, affording the secondary phosphine
1.42 on workup. The secondary phosphine is then treated with triisopropyl
orthoformate and catalytic acid to produce ligand 1.27 as a white solid after
crystallization or distillation. The ligand is isolated as one major diastereomer, anti-
diastereomer, as judged by 'H and *'P NMR. An X-ray crystal structure of 1.27

confirmed that the stereochemistry of the ligand was anti.'"
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Figure 1.9. Synthesis of scaffolding ligand 1.27

Me
NHMe r-Buli, COp, THF O tBuLi, PhoPCI, THE NHMe Lo NHMe  Lic0i-Pr), NN
— \]4 HOOFPn)y \ >=—0i-Pr
78°C = 10 °C T asCc—on THF PPTS (cat) “_z~p
. 160 °C, 2h F
1.40 1.41 (73%) 1.42 (97%) 1.27 (73%)

31P NMR TH NMR

e o34,
0,9

X-ray structure of 1.27

V. Hydroformylation of 1,1-Disubstituted Olefins with Scaffolding

Ligand 1.27

As a preliminary study, we investigated the hydroformylation of 1.43 (Figure
1.10). Though styrenyl olefins are known to have a preference for the branched
regioisomer,'” a-substituted styrenes have been shown to be highly linear-selective.'®
We hypothesized that use of scaffolding ligand 1.27 would lead to intermediates in
the catalytic cycle that favor the branched pathway over the linear pathway (Figure
1.8). During the course of our studies we realized that the branched aldehyde product
1.44 is unstable to silica gel purification and also dimerizes to a small extent to the

cyclic acetal 1.45.'7 To circumvent these problems, Pinnick oxidation of the

15 (a) Klosin, J.; Landis, C. R. Acc. Chem. Res. 2007, 40, 1251. (b) Dieguez, M.; Pamies, O.;
Claver, C. Tetrahedron: Asymmetry 2004, 15, 2113. (c) Agbossou, F.; Carpentier, J. F.; Mortreux,
A. Chem. Rev. 1995, 95, 2485.

16 (a) Korneyeva, G. A.; Vladimirova, T. V.; Potarin, M. M.; Khromushina, E. L.; Slivinskii, Y.
V.; Loktev, S. M. Pet. Chem. 1993, 33, 391. (b) Marchetti, M.; Mangano, G.; Paganelli, S.;
Botteghi, C. Tetrahedron Lett. 2000, 41,3717.

17 Boeckman, R. K.; Miller, J. R. Org. Lett. 2009, 11, 4544.
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unpurified reaction mixture was immediately performed to isolate the carboxylic acid

product 1.46.

Figure 1.10. Initial Studies on the hydroformylation of 1.43

OH
OH O
4 mol% Rh(acac)(CO), C@(ﬂ NaClO,, H,O/t-BuOH %
° o H - X OH
Ph 20 mol% 1.27, 0.2 mol% p-TsOH Me” “Ph NaH,PO,, 2-methyl-2-butene Me” “Ph
45 °C, 200 psi CO/H,, benzene
1.43 1.44 1.46
Me_ Ph
HO O\RQOH
Ny
Me
1.45

Hydroformylation of 1.43 with scaffolding ligand 1.27 afforded the branched
product in 54% yield with a b: 1 regioselectivity of 96:4 (Table 1.1, entry 1). A
temperature screen using 1.27 was performed to determine the temperature
dependence of the reaction. At 45 °C the branched product is formed in 61% yield
with excellent regioselectivity (b:1 = 95:5, Table 1.1, entry 2). When the temperature
is increased to 55 °C, there is a decreased yield of the branched product. This is
attributed to slow product decomposition (Table 1.1, entry 3). Next, we optimized the
pressure of the syngas and found that at 400 psi, the desired product could be isolated
in 73% yield with b:l ratio of 97:3 (Table 1.1, entry 6). At pressures of 50 psi and 100
psi CO/H; the regioselectivity decreases to 89:11 and 94:6 respectively. These results
suggest that the selectivity-determining step may be changing with pressure or higher
pressure could be suppressing minor amounts of background reaction. The latter
seems less likely based on the poor reactivity with PPhs at 45 °C (vide infra). There

are two steps that could be rate limiting: hydride insertion or CO insertion. The
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hydride insertion depends on the rhodium hydride species, and is not dependent on
CO pressure. The rate of CO insertion depends on the CO pressure and, thus, as CO
pressure increases the rate of CO insertion increases. As CO pressure is decreased,
CO insertion may become rate limiting rather than the hydride insertion being rate
limiting. Each step has a selectivity associated with it and if the CO pressure is

altered, the selectivity-determining step may also change.'®
Table 1.1. Optimization studies for hydroformylation of 1.43

1) 4 mol% Rh(acac)(CO), 0]
OH 20 mol% 1.27, benzene OH O

0.2 mol% p-TsOH (0]
X °C, Y psi CO/H, oH *

Ph  2)NaClO,, H,O/tBuOH, NaH,PO, Me Ph

Ph

1.43 2-methyl-2-butene 1.46 (branched)  1.47 (linear)
entry ligand pressure temperature b:l2 yield
(psi) (°C) (%)°
1 1.27¢ 200 35 96:4 54
2 1.27¢ 200 45 95:5 61
3 1.27¢ 200 55 95:5 50
4 1.27¢ 50 45 89:11 38
5 1.27¢ 100 45 94:6 53
6 1.27¢ 400 45 97:3 70 (73)°
7 PPh,9 400 45 - 0
8 PPh,9 400 75 <2:98 66’

a Regioselectivities determined by '"H NMR of crude reaction mixtures. ? Yields of
the branched product determined by 'H NMR by comparison to internal
standard. ¢ 20 mol% 1.27. 48 mol% PPh,. ¢ Isolated yield of branched product.
fIsolated yield of lactone.

18 Landis, C. R.; Watkins, A. L. J. Am. Chem. Soc. 2010, 132, 10306.
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Theoretical calculations performed by Alagona and coworkers on the branched
pathway in the hydroformylation of 1,1-diphenylethene showed that all the transition
states are close in energy with CO insertion, with H, addition or reductive elimination
being the rate-limiting step.'® As a control reaction, hydroformylation was carried out
under the same reaction conditions as entry 6 in Table 1.1, except with PPh; as ligand
(Table 1.1, entry 7). PPh; is known to be a good ligand for hydroformylation.
However, under these conditions, no reaction was observed. The temperature had to
be increased to 75 °C to observe any conversion. As anticipated, this reaction was
linear selective. These results provide evidence that ligand 1.27 is a very active
ligand for branched selective hydroformylation of 1.43. A second control reaction
was performed with the methyl ether of 1.43 and ligand 1.27. The purpose of this
control reaction was to determine if the alcohol functionality of 1.43 was essential
for high selectivity. Substrate 1.48 provides no conversion to product under standard

conditions, consistent with ligand 1.27 acting as directing group (Figure 1.11).

Figure 1.11. Control reaction of methyl ether

OMe
4 mol% Rh(acac)(CO), ~ MeO MeO CHO
20 mol% 1.27 CHO
400 psi CO/H, Me + + 148
35 °C, benzene, 12 h
1.48 1.49 (0%) 1.50 (0%) 100%

The uniqueness of ligand 1.27 is its ability to reversibly bind both substrate and
catalyst. To achieve turnover in the hydroformylation reaction, it is beneficial, albeit

not required, for the product to have a lower binding affinity to the ligand than the

19 Ghio, C.; Lazzaroni, R.; Alagona, G. Eur. J. Inorg. Chem. 2009, 1, 98.
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substrate to the ligand. To investigate the respective binding affinities of the substrate
and product to the ligand, a binding study was performed by adding 2.5 equivalents
of 1.43 and 2.5 equivalents of the aldehyde product 1.44 to ligand 1.27. A 61:39
ratio of 1.43 bound to 1.27 over the product 1.44 bound to 1.27 was observed,
indicating a slight preference for binding of 1.43 over the product (Figure 1.12).
Under the exchange conditions the aldehyde product appears to dimerize to a small
degree to the cyclic acetal 1.45. This complicates trying to extract an equilibrium
constant, but we feel this most accurately reflects the conditions in which
hydroformylation is occurring. These results are consistent with ligand 1.27 serving
as a catalytic directing group that controls the regioselectivity of the reaction and

accelerates the overall process.

Figure 1.12. Equilibrium stabilities of substrates and products versus
their scaffolded derivatives

OH

Ph

Ne
S

(e} Ph
CL- L

Ph
1.43 (2.5 equiv) 151
+ _1.27(0equv) + 1.51:1.52
0.25 mol% p-TsOH 61:39
45 °C, C¢Dg
OH O Me
N o}
%H (j: =0 H
Me Ph Y Ph
1.44 (2.5 equiv) 152 Ph Me
Me Ne 0
! @ - - OLX ¥
| 0 Ph
g \_ﬁ EPh M .
B e
151 Ph 1.52

) \_I

s |

| bl ;
S |1 8 AT | MH‘UJ }”MJU

7 T T T T [ N

[+)]
o
'S
w

100.00
28.55
30.38
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Once these initial promising results were obtained, the next step was to
investigate the substrate scope of the reaction. We were particularly interested in
electronic and steric effects on the reaction. As outlined in Table 1.2, the use of
catalytic quantities of scaffolding ligand 1.27 can effect efficient formation of all
carbon quaternary centers from 1,1-disubstituted styrenyl olefins under mild
conditions for a wide range of electronically varied substrates with good yields and
excellent regioselectivities. Substrates with electron withdrawing and electron
donating substituents are all tolerated. For instance, the addition of electron-
withdrawing groups to the aromatic ring leads to an increase in the yields of the
branched product while maintaining high selectivity (Table 1.2, entries 1 and 2). This
outcome is probably because the terminal carbon of the olefin becomes more electron
deficient thus, favoring addition of the hydrogen to that carbon. An electron-rich
aromatic ring is tolerated with a small decrease in the yield, while maintaining
excellent regioselectivity (Table 1.2, entry 3). Halogens remain unperturbed during
the reaction as shown in entries 4-6 (Table 1.2). Furthermore, z-electron-withdrawing
groups such as nitriles and esters can be used in the reaction while maintaining an
excellent regioselectivity of >98:2 (Table 1.2, entries 7 and 8). Heterocyclic aromatic
rings and naphthalene-based substrates also yield the quaternary carbon products
(Table 1.2, entries 9-12). The aldehyde products obtained for entries 11 and 12 were
reduced to the respective diol with NaBH4 because they decomposed under Pinnick
oxidation conditions. To investigate the effect of sterics on the reaction,
hydroformylation of an o-tolyl substrate was attempted with minimal conversion,
suggesting that steric hindrance impedes the reaction. This methodology is also

amenable to aliphatic substituted olefins. Hydroformylation of 2-methyl-propen-1-ol
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results in the branched product being formed as the major product (b:1 = 76:24; Table

1.2, entry 13).

Table 1.2. Substrate scope

OH 1) 4 mol% Rh(acac)(CO),
20 mol% 1.27, p-TsOH
k]/ 400 psi CO/H,, benzene %
R 2)NaClO,, H,O/tBuOH, NaH,PO, e
2-methyl-2-butene
branched Ilnear
temp p-TsOH yield
entry R (°C) (mol%) b:l2 (%)P
R .
1 O 45 0.2 96:4 85
CF3
& CFs
2 © 45 0.05 >98:2 80
CF3
3 & ~ 35 0.2 >98:2 66
& OMe
4 - S 35 0.05 97:3 60
Z >0l
5 f@ 35 0.05 94:5 71
. Br
6 £ © 35 0.2 >08:2 77
Cl
7 é’@ 45 0.05 >98:2 74
CO,Me
8 ;‘Q 45 0.2 >08:2 67
CN
9 \f 35 0.05 95:5 85
10 ;fm 45 0.2 95:5 70
S
11 & o~ 45 0.2 98:2 68¢
12 ‘fm 55 0.05 >98:2 64¢
(0]
13 Mo 45 0.2 76:24 49

2 Regioselectivities determined by TH NMR of crude reaction mixture. ? Isolated yield of
branched product. ¢ Reduction to the diol with NaBH, was performed instead of oxidation.
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To make this methodology more versatile, we investigated the possibility of
isolating the product in the aldehyde oxidation state. This is achieved by treating the
crude hydroformylation reaction mixture with ethylene glycol and catalytic p-TsOH
to form the cyclic acetal 1.53 (Figure 1.13). Over the two steps the product was
isolated in 72% yield, matching the results obtained from direct oxidation to the

carboxylic acid.
Figure 1.13. Acetal protection

1) 4 mol% Rh(acac)(CO),

OH

20 mol% 1.27, 0.2 mol% p-TsOH OH O/>

K]/ 45 °C, 400 psi CO/H,, benzene MS(PtO
Ph 2) ethylene glycol, 70 °C, benzene ©

1.43 1.53 (72%)

VI. Conclusions

Formation of all carbon quaternary centers through hydroformylation can be
achieved through the use of catalytic directing groups. Use of catalytic amounts of
scaffolding ligand 1.27 promotes high regioselectivity for the more hindered,
branched aldehyde in the hydroformylation of 1,1-disubstituted olefins — a
contradiction to Keulemans’ rule. The unique ability of this ligand to utilize
reversible covalent bonds to transiently bind a variety of organic functionalities
without substantially interfering with the metal-binding domain allows for enhanced
control of the selectivity of the transformation. The advantages of this methodology
are the use of catalytic amounts of the directing group, use of non-activated substrates
and absence of prior installation of the directing group onto the substrate.
Furthermore, low reaction temperatures and pressure make this methodology

practical for the synthesis of all carbon quaternary centers. These results demonstrate
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the power of directing groups to overturn inherent reaction selectivities even under

mild reaction conditions.

VII. Experimental

General Considerations

Unless otherwise noted, all reagents were obtained from commercial suppliers and
used without further purification. Flash column chromatography was performed using
EMD Silica Gel 60 (230-400 mesh) and ACS grade solvents as received from Fisher
Scientific. All experiments were performed in oven or flame dried glassware under an
atmosphere of nitrogen or argon using standard syringes, except where otherwise
noted. All reactions were run with dry, degassed solvents dispensed from a Glass
Contour Solvent Purification System (SG Water, USA LLC). 'H and "C were
performed on either a Varian Unity INOVA 400 MHz or a Varian 500 MHz
instrument. Deuterated solvents were purchased from Cambridge Isotope Labs and
stored over 3A molecular sieves. All NMR chemical shifts are reported in ppm
relative to residual solvent for 'H and "*C and external standard (neat H3POy) for 3p
NMR. Coupling constants are reported in Hz. Abbreviations are as follows: s
(singlet), d (doublet), t (triplet), q (quartet), dd (doublet of doublet), m (multiplet), br
s (broad singlet). All IR spectra were gathered on a Bruker Alpha FT-IR equipped
with a single crystal diamond ATR module and values are reported in cm™. HRMS
data were generated in Boston College facilities. Hydroformylation was performed in
an Argonaut Technologies Endeavor Catalyst Screening System using 1:1 CO/H,

supplied by Airgas, Inc.
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Scaffolding Ligand 1.27 Synthesis and Characterizations
@[NHMe
p- Ph

Ph
1.41

2-(Diphenylphosphino)-N-methylaniline (1.41). To a flame dried 500 mL
three-neck round bottom flask was added THF (100 mL) and N-methylaniline (5.3 g,
50.0 mmol, distilled from KOH). The solution was cooled to an internal temperature
of -78 °C and n-BuLi (34 mL, 1.47 M, 50.0 mmol) was added dropwise at a rate that
maintained a constant internal temperature of -70 °C. The resulting white suspension
was allowed to warm to 0 °C and CO, was bubbled through the suspension, resulting
in a clearing of the suspension and a rise in temperature to 10 °C. The solution was
concentrated under high vacuum and the resulting foamy residue was dissolved in
THF (100 mL) and cooled to -70 °C. To this, -BuLi (32.5 mL, 1.54 M, 50.0 mmol)
was added dropwise at a rate that maintained a constant internal temperature of -
70 °C. The solution was allowed to warm to -20 °C by removing from cold bath for
30 minutes then re-cooled to -78 °C. Chlorodiphenylphosphine (10.2 mL, 55.0 mmol,
distilled) was added as a solution in THF (30 mL). The resulting dark orange solution
was allowed to warm slowly overnight to room temperature. The solution was added
to 1 M HCI (120 mL) and stirred for 45 minutes. The solution was adjusted to pH 14
with 6 M NaOH, the organic layer was collected, and the aqueous layer was extracted
with ethyl acetate (4 x 100 mL). The combined organics were dried over anhydrous
magnesium sulfate, filtered, and concentrated to a yellow solid that was recrystallized

from absolute ethanol (75 mL) containing THF (5 mL). The resulting off white
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crystals that formed were washed with cold ethanol and collected via vacuum
filtration (9.9 g, 73%). "H NMR (CDCl;, 300 MHz) § 7.38-7.24 (m, 11H), 6.73-6.79
(m, 1H), 6.58-6.69 (m, 2H), 4.76 (br s, 1H), 2.82 (s, 3H); *C NMR (CDCl;, 100
MHz) 8 152.3 (Jp.c =19.0), 135.8 (Jp.c =7.0), 134.5, 133.8 (Jp.c =19.0), 130.9, 128.9,
128.7 (Jo.c = 7.0), 118.8 (Jp.c = 7.1), 117.2, 109.8, 31.1; *'P NMR (CDCl;, 121
MHz) & -22.2; IR: 3383, 3069, 3053, 2931, 2859, 1587, 1504, 1434, 1310, 1168, 744,
696, 479 cm’l; HRMS (DART-TOF) calcd. for C19H19NP+[M+H]+: 292.1258, found:

292.1267.



sanple: KF=z-035
File: exp

Pulse Sequence: s2pul

Solvent: cdcl3
anbient temperature
Operator: k1t
INOVA-500 “nmr11®

Relax. delay 1.000 sac
Pulse 45.0 degrees
Acg. tine 2.000 sec
Vidth 7396.0 Hz

a repetitions
OBSERVE M1, 4997720124 Hiiz
DATA PROCESSING C
Resol. enhancement =9.0 Hz
FTosize .

Total tine 0 -.gnE 40 sec

2.858
2.845
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Sample: KF-2-035
File: exp

Pulse Sequence: s2pul
Solvent: cdcl3

Temp. 25.0 C / 298.1 K
operator:

VNMRS-500 “nmris"

Relax. delay 1.800 sec
Pulse 45.0 degrees

80 repetitions
OBSERVE P31, 202.3573037 MHz
DECOUPLE ML, 493.8878615 MHz
Power B

continuously on

VALTZ-16 modulated

DATA PROCESSING

Line broadening 1.0 Hz

FT size 524288

Total time 11 min, 6 sec

-22.482

ppm
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Ej:NHMe
Z > PH

Ph
1.42
N-Methyl-2-(phenylphosphino)aniline (1.42). To a flame dried 100 mL
round bottom flask was added THF (60 mL) and 2 (diphenylphosphino)-N-
methylaniline (9.9 g, 33.9 mmol). The solution was sparged with argon for 15
minutes. Lithium wire (706 mg, 101.2 mmol) was washed with THF to remove
mineral oil and added as small pieces. The reaction was stirred at room temperature
for 4 hours after sparging with argon for an additional 15 minutes. Degassed,
deionized water (7.4 mL) was added via syringe to the deep orange solution. The
solution cleared and a white ppt. formed. The reaction was stirred for five minutes
and the solvent removed under high vacuum. The residue was quickly extracted with
dry, degassed CH,Cl,, dried over anhydrous magnesium sulfate, filtered, and
concentrated under high vacuum. The crude residue was distilled (120 °C @ 0.3
mmHg) resulting in the title compound as a pale yellow oil (7.0 g, 96%). [Note:
Stench! All steps were performed in a fume hood, including solvent removal which
was performed using high vacuum and trapping in a cold finger.] '"H NMR (C¢Ds,
400 MHz) 6 7.46-7.26 (m, 7H), 6.71 (dd, 1H, J=8.3, 7.4), 6.63 (d, 1H, J=17.9), 5.46
(d, 1H, Jpy =222.3), 4.31 (br s, 1H), 2.80 (d, 3H, J =5.1); *C NMR (C¢Ds, 100
MHz) 6 151.8, 138.1 (Jp.c =21.9), 134.3, 132.4 (Jp.c = 15.7), 131.7, 129.54 (Jp.c =
4.7), 127.9, 117.1 (Jp.c =8.6), 115.6, 109.8, 30.1; P NMR (C¢D¢, 121 MHz) § -
61.3; IR: 3470 (br), 3052, 3000, 2908, 2812, 1588, 1570, 1502, 1452, 1434, 1422,
1310, 1286, 1168, 743, 718, 692, 495 cm'; HRMS (DART TOF) caled. for

C13HsNP' [M+H]": 216.0942, found: 216.0954.



distilled

Sample Name:
KF-2-041
Archive directory:

Sample directory:
FidFile: KF-2-041-distilled-H

Pulse Sequence: Proton (s2pul)
Solvent: cdcl3
Data collected on: Feb 28 2010

Temp. 25.0 C / 298.1 K
Operator: kit
INOVA-500 “nmrl6"”

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acq. time 2.049 sec

Width 8012.8 Hz

8 repetitions

OBSERVE  H1, 499.8853621 Miz
DATA PROCESSING

Resol. enhancement -0.0 Hz
FT size 65536

Total time 0 min 30 sec
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2
sample: KF-1-266
File: exp

Pulse Sequence: s2pul
solvent: cdcl3

Tenp. 25.0 C / 298.1 K
Operator: yumf
VNMRS-400  “vnmri3®

Relax. delay 1.000 sec

Pulse 45.0 degrees

Acq. tine 1.600 sec

Vidth 83333.3 Hz

32 repetitions

OBSERVE P31, 161.8352115 WHz

DECOUPLE  H1, 399.7852130 MHz
4B

Total time 2 min, 46 sec

— -§1.313

B e T

250 200 150 100 50 0 =50

ppm
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Me
N
©: >—Oi-Pr
P
Ph

1.27

2-Isopropoxy-2,3-dihydro-1H-benzo[d][1,3]azaphosphole (1.27). To a
flame dried two-neck 500 mL round bottom flask with reflux condenser was added
triisopropyl orthoformate (150 mL) and the solution was sparged with argon for 20
minutes. N-methyl-2-(phenylphosphino)aniline (7.0 g, 32.6 mmol) was added and the
solution was sparged with argon for an additional 15 minutes. Pyridinium p-toluene
sulfonate (409 mg, 1.6 mmol) was added to the solution and the flask was immersed
in a preheated oil bath (108 °C) and stirred for 1 hour at 160 °C. The solvent was
distilled off under high vacuum, the flask brought into a dry box under a nitrogen
atmosphere and extracted with degassed pentanes (3 x 50 mL). The combined
organics were concentrated and Kugelrohr distilled (150 °C @ 0.05 mmHg) affording
a clear oil that crystallizes from pentanes to give a white solid (6.8 g, 73%). 'H
NMR (C¢Dg, 300 MHz) & 7.39 (dd, 1H, J =7.1, 6.8), 7.26-7.15 (m, 3H), 6.95- 6.92
(m, 3H), 6.68 (dd, 1H, J =10.0, 6.4), 6.32 (d, 1H, J =8.0), 4.88 (d, 1H, Jo.u = 8.4),
3.08 (s, 3H), 2.53 (s, 3H); ®C NMR (C¢Dg, 100 MHz) 8 155.0, 137.4 (Jp.c = 19.5),
133.0 (Jp.c =23.6), 132.8 (Jp.c = 18.7), 131.7, 129.5, 129.2 (Jp.c =6.2), 121.6, 118.6
(Jp.c =7.8), 107.7, 103.9 (Jp.c =4.7), 52.9 (Jp.c =13.2), 33.1; *'P NMR (C¢Ds, 121
MHz) & -26.5; IR: 3053, 2984, 2928, 2882, 2816, 1586, 1472, 1297, 1052, 914, 737,
694, 491 cm™'; HRMS (DART-TOF) caled. for C;sH;;NOP™ [M+H]": 258.1048,

found: 258.1056.
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PR LR
Fidrile: Xr-2-042-distilled-u

Pulse Sequence: Proton (sZpul)
Solvent: c6d6
Data collected on: Mar 1 2010

Temp. 25.0 C / 298.1 K
Operator: klt
INOVA-500 “menrl6”

Relax. delay 10.000 sec
Pulse 45.0 degrees

Req. time 2.049 sec

Width 8012 Hx

8 repetitions

OBSERVE  El, 499.3854071 M
DATA PROCESSING

Resol. eshancement -0.0 Hx
FT size 63536

Total time Z min 0 sec

A SR | PV

aistilied
Sample: KF-2-042
File: exp

Pulse Sequence: s2pu)
Solvest: céds

Tewp. 25.0 C / 238.1 K
Operato;

VKMRS-500  "nAris”

Relax. delay 1.000 sec
Pulse 65.0 degrees

Acg. time 1.600 sec

vidth 186.2 whz

A8 repetitions

QBSERVE P31, 202.3573213 WMz
DECOUPLE M1, 439.8879865 Mz

ver a8 d

cont inuously on
VALTZ-1§ modulated
DATA PROCESSING

Uine broadening 1.0 Kz
PT size $242

Total time 11 min, § sec

_-23.154

250 200 150 100 50 0 =50 -200 ppm
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Substrate Syntheses and Characterizations

Me o ONg OH
f _— —_— >

General Procedure A. The substrates were synthesized from the corresponding

ketone precursors according to modified literature procedure’ % To a stirring solution
of corresponding ketone substrate (40 mmol) in anhydrous THF (100 mL) was added
diiodomethane (4.8 mL, 60 mmol) under nitrogen. Methyllithium (27 mL of 3.0 M in
diethoxymethane, 80 mmol) was added dropwise at 0 °C. After stirring at 0 °C for 30
min, the mixture was stirred for one additional hour at room temperature. The
resulting mixture was treated with H,O (50 mL) and extracted with CH,CI, (3 x 50
mL). The combined organic layers were dried over MgSQOy, filtered and the solvents
were removed to afford crude epoxide, which was used without further purification.
To a stirring solution of dry diisopropylamine (8.5 mL, 60 mmol) in anhydrous Et,O
(60 mL), n-butyllithium (38 mL of 1.6 M in hexanes, 60 mmol) was added at room
temperature under nitrogen. The solution was stirred for 45 min, and then a solution
of the crude epoxide in anhydrous Et;O (80 mL) was added dropwise via syringe
pump over a period of 1 h. The solution was stirred at room temperature overnight,
followed by refluxing for 4 h. The reaction was quenched with aqueous ammonium
chloride and extracted with Et;0O (3 x 50 mL), the combined organic layers were
washed with 1.0 N HCI (30 mL), aqueous sodium carbonate (30 mL) and brine (30

mL), dried over MgSO4 and concentrated. Flash column chromatography
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(Hex/EtOAc = 8:1) followed by vacuum distillation (bulb-to-bulb) afforded pure

alcohol product.

2-Phenylprop-2-en-1-0l (2.28). Using General Procedure A, the alcohol was
synthesized from acetophenone and was obtained as a colorless liquid (1.3 g, 24%).
'"H NMR (CDCls, 400 MHz) 8 7.46-7.43 (m, 2H), 7.38-7.29 (m, 3H), 5.48 (s, 1H),
5.36 (d, 1H, J = 0.8), 4.51 (s, 2H), 2.58 (s, 1H); *C NMR (CDCl;, 100 MHz) §
147.1, 138.4, 128.4, 127.8, 125.9, 112.3, 64.6; IR: 3332, 1495, 1444, 1024, 902, 778,

705 cm’l; HRMS (DART-TOF) caled. for CoH;;O [M+H]+: 135.08099, found:

135.08081.

ppn
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2-(4-Methoxyphenyl)prop-2-en-1-ol. Using General Procedure A, the alcohol
was synthesized from 4’-methoxyacetophenone and was obtained as a white solid
(2.0 g, 31%). "H NMR (CDCls, 400 MHz) & 7.39 (d, 2H, J = 9.2), 6.87 (d, 2H, J =
9.2), 538 (d, 1H, J=0.6), 5.24 (d, 1H, J= 0.9), 4.50 (s, 2H), 3.80 (s, 3H), 1.54 (s,
1H); *C NMR (CDCls, 100 MHz) 8 159.4, 146.6, 130.8, 127.2, 113.9, 111.1, 65.2,
55.3; IR: 3240, 1515, 1253, 1186, 1110, 1029, 897, 838 cm'; HRMS (DART-TOF)

caled. for C1(H 30, [M+H]+: 165.09155, found: 165.09171.



Sample Mame:
x8-2-7.3
Archive directory:

Sample directory:
Fidrile: Proton

Pulse Sequence: Proton (s2pul)
Solvent: cdcl3
Data collected on: Mar 4 2010

Temp. 25.0 C / 298.1 K
Sample #9, Operator: xixi
INOVA-500 ‘"nmrl6"

Rolax. delay 1.000 sec
Pulse 45.0 degrees

Acq. time 2.049 sec

width 6410.3 Hz

8 repetitions

OBSERVE H1, 399.7662768 Mz
DATA PROCESSING

Resol. enhancement -0.0 Hz
FT size 65536

Total time 0 min 30 sec
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Sample Name:
x8-2-7.3-C
Archive directory:

Sample directory:
FidFile: Carbon

Pulse Sequence: Carbom (s2pul)
Solvent: cdcll
Data collected on: Mar 4 2010

Temp. 25.0 C / 298.1 K
Sample #9, Operator: xixi
INOVA-500 “nmrl§*

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acq. time 1.300 sec

wWidth 24509.8 Hz

512 repetitions

OBSERVE C13, 100.5212934 MEz
DECOUPLE H1, 399.7682756 MHz
Power 40 ds

continucusly on

WALTZ-16 modulated

DATA PROCESSING

Line broadening 0.5 Hz

FT size 65536

Total time 19 min

L L L L B L B B B B i

220 200 180 160 140

120

TTTT T T T

4 3 2 1 ppm
|
w———— monasnte imarn
.
100 80 60 40 20 0 ppm
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CF3

30

2-(4-(Trifluoromethyl)phenyl)prop-2-en-1-o0l. Using General Procedure A,

the alcohol was synthesized from 4’-(trifluoromethyl)acetophenone and was obtained

as a white solid (2.3 g, 28%). '"H NMR (CDCl;, 400 MHz) § 7.59 (d, 2H, J = 8.4),

7.54 (d, 2H, J= 8.4), 5.53 (d, 1H, J = 0.8), 5.44 (d, 1H, J= 1.0), 4.54 (d, 2H, J = 5.6),

1.66 (t, 1H, J=2.0); *C NMR (CDCls, 100 MHz) & 146.1,142.1, 129.9 (q, J =32.0),

126.4, 125.4, 123.8 (q, J = 205.4), 114.8, 64.8 ; IR: 3320, 1326, 1166, 1117, 1068,

845 cm’l; HRMS (DART-TOF) caled. for CioH;oF;0 [M+H]+: 203.06837, found:

203.06881.

Sample Name:
x8-2-7.2
Archive directory:

sample directory:
Fidrile: Proton

Pulse Sequence: Proton (s2pul)
Solvent: cdcl3
Data collected on: Mar 4 2010

Temp. 25.0 C / 298.1 K
Sample #8, Operator: xixi
INOVA-500 "nmrl6~

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acq. time 2.049 sec

width 6410.3 Hz

8 repetitions
OBSERVE H1, 399.7662768 Mz
DATA PROCESSING

Resol. enhancement -0.0 Hz
FT size 65536
Total time 0 min 30 sec

12

10




Sample Mame:
x8-2-7.2-C
Archive directory:

Sample directory:
FidFile: Carbon

Pulse Sequence: Carbon (s2pul)
Solvent: odel3
Data collected on: Mar 4 2010

Temp. 25.0 € / 298.1 K
Sample #8, Operator: xixi
INOVA-500 “"nmrls™

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acq. time 1.300 sec

width 24509.8 Hz

512 repetitions

OBSERVE C13, 100.5212926 mMHz
DECOUPLE H1, 399.7682756 MHz
Power 40 a»

continuously on

WALTZ-16 modulated
DATA PRCCESSING

Line broadening 0.5 Hz

FT size 65536
Total time 19 min

31

220 200 180 160 140

2-(pyridin-3-yl)prop-2-en-1-o0l. Using General Procedure A, the alcohol was

synthesized from 3-acetylpyridine and was obtained as a colorless liquid (0.63 g,

12%). '"H NMR (CDCls, 500 MHz) 8 8.66 (d, 1H, J= 2.0), 8.49-8.48 (m, 1H), 7.79-

7.77 (m, 1H), 7.29-7.26 (m, 1H), 5.51 (d, 1H, J=0.7), 5.48 (d, 1H, J= 1.2), 4.54 (s,

2H), 3.57 (br s, 1H); ®C NMR (CDCl;, 125 MHz) 8 148.6, 147.3, 144.7, 134.6,

133.8, 123.4, 114.4, 64.4; IR: 3212, 1414, 1024, 908, 815, 700, 632 cm'; HRMS

(DART-TOF) calcd. for CsHoNO [M+H]": 136.07624, found: 136.07601.



Sample Name:
x5-1-224-pure
Archive directory:

Sample directory:
PidPile: Proton

Pulse Sequence: Protom (s2pul)
Solvent: cdcl3
Data collected on: Jul 17 2010

Temp. 25.0 C / 298.1 K
Operator: kit
INOVA-500 "nmrl6™

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acq. time 3.000 sec

Width 7996.0 Hz

8 repetitions

OBSERVE M1, 499.7720124 Muz
DATA PROCESSING

Resol. enhancement -0.0 Hz
FT size 65536

Total time 0 min 40 sec

Sample Name:
x8-1-224-pure-C
Archive directory:

sample directory:
FidFile: Carbon

Pulse Sequence: Carbon (s2pul)
Solvent: ecdel3
Data collected on: Jul 16 2010

Temp. 25.0 C / 298.1 K

Operator: kit
INOVA-500 “mmrl"

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acq. time 1.300 sec

width 30165.9 Rz

40 repetitions
OBSERVE C13, 125.6677582 muz
DECOUPLE 1, 499.7745112 muz
Power 42 a8

continuously on

WALTZ-16 modulated

DATA PROCESSING

Line broadening 0.5 Hz

FT size 131072

Total time 9 min 49 sec

i
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General Procedure B. Substrates were synthesized from the corresponding
benzoyl chloride precursors according to literature procedure’: To a stirring solution
of lithium bromide (3.8 g, 44 mmol), corresponding benzoyl chloride (20 mmol) and
chloroiodomethane (3.2 mL, 44 mmol) in anhydrous THF (60 mL) under nitrogen,
methyllithium (15 mL of 3.0 M in diethoxymethane, 46 mmol) was added dropwise
over 30 min at -78 °C. After stirring at -78 °C for 1 h, the mixture was warmed to
room temperature and stirred overnight. Lithium iodide (2.7 g, 20 mmol) was added
and solution was stirred for additional 40 h. The reaction was quenched with aqueous
ammonium chloride and the solvent was removed. The residue was extracted with
Et;0O (3 x 50 mL). Combined organic layers were washed with 0.5 M aqueous
sodium thiosulfate (30 mL) and aqueous sodium bicarbonate (30 mL), dried over
MgSO,, and concentrated in vacuo. Flash column chromatography (Hex/EtOAc =

8:1), followed by vacuum distillation (bulb-to-bulb), afforded pure alcohol product.
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OH

Cl

2-(4-Chlorophenyl)prop-2-en-1-o0l. Using General Procedure B, the alcohol
was synthesized from 4-chlorobenzoyl chloride and was obtained as a colorless liquid
(0.91 g, 27%). "H NMR (CDCl;, 400 MHz) & 7.36 (d, 2H, J = 8.8), 7.30 (d, 2H, J =
8.8), 5.44 (d, 1H, J=0.8), 5.34 (d, 1H, J=1.2), 4.48 (dd, 2H, J= 0.8, 1.2), 2.03 (s,
1H); *C NMR (CDCls, 100 MHz) & 146.1, 136.9, 133.7, 128.6, 127.4, 113.3, 64.9;

IR: 3338, 1493, 1091, 1012, 909, 832 cm'; HRMS (DART-TOF) calcd. for

CoH,¢C1;0 [M+H]": 169.04202, found: 169.04258.

Archive directory:
sample directory:
Fidrile: Proton

Pulse Sequence: Proton (s2pul)
Solvent: cdcl3
Data collected on: Mar 4 2010

Temp. 25.0 C / 298.1 K
Sample #7, Operator: xixi
INOVA-500 "nmri§"

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acqg. time 2.049 sec

width 6410.3 Hz

8 repetiticns
OBSERVE  H1, 399.7662768 MHz
DATA PROCESSING

Resol. enhancement -0.0 Hz
FT size 65536
Total time 0 min 30 sec




Sample Name:
%8-2-7.1-C
Archive directory:

Sample directory:
FidFile: Carbon

Pulse Sequence: Carbon (s2pul)
Solvent: cdecl3
Data collected on: Mar 4 2010

Temp. 25.0 C / 298.1 K
sample #7, Operator: xixi
INOVA-500 “"nmrl6"

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acq. time 1.300 sec

Width 24509.8 Hz

512 repetitions

OBSERVE €13, 100.5212956 Muz
DECOUPLE H1, 399.7682756 MHz
Power 40 dB

continuously on

WALTZ-16 modulated
DATA PROCESSING

Line broadening 0.5 Kz
FT size 65536
Total time 19 min
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2-(4-Bromophenyl)prop-2-en-1-o0l. Using General Procedure B, the alcohol

was synthesized from 4-bromobenzoyl chloride and was obtained as a slightly yellow

solid (1.3 g, 30%). "H NMR (CDCls, 400 MHz) & 7.45 (d, 2H, J= 8.4), 7.30 (d, 2H,

J=28.4),5.45(d, 1H, J=0.8), 5.34 (d, 1H, J = 1.2), 4.48 (s, 2H), 1.77 (s, 1H); *C

NMR (CDCls, 100 MHz) 6 146.1, 137.4, 131.6, 127.7, 121.9, 113.3, 64.8; IR: 3326,

1488, 1072, 1007, 907, 828 cm'; HRMS (DART-TOF) caled. for CoH;¢Br,O

[M+H]": 212.99150, found: 212.99138.



Sample Mame:
%x8-2-7.5

Archive directory:

Sample directory:

Fidrile: Protom

Pulse Sequence: Protom (s2pul)

Solvent: cdcl3

Data collected on: Mar 4 2010

Temp. 25.0 C / 298.1 X
Sample #11, Operator: xixi
INOVA-500 “mmrl6"

Relax. delay 1.000 sec
Pulse 45.0 degre
Acq. time 2.049 sec

wWidth 6410.3 Hz

8 repetitions

OBSERVE ~ H1, 399.7662768 Mz
DATA PROCESSING

Resol. enhancement -0.0 Hz
PT size 65536

Total time 0 min 30 sec

Sample Name:
x8-2-7.5-C
Archive directory:
Sample directory:
FidFile: Carbon

Pulse Sequence: Carbom (s2pul)
Solvent: cdclld

Data collected on: Mar & 2010

Temp. 25.0 C / 298.1 K
Sample #11, Operator: xixi
INOVA-500 “nmrlé"

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acq. time 1.300 sec

width 24509.8 Hz

512 repetitions

OBSERVE C13, 100.5212971 MHz
DECOUPLE ®1, 399.7682756 MHz
Power 40 dB

continucusly on

WALTZ-16 modulated
DATA PROCESSING

Line broadening 0.5 Hz

FT size 65536
Total time 19 min
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OH

Cl

2-(3-Chlorophenyl)prop-2-en-1-o0l. Using General Procedure B, the alcohol
was synthesized from 3-chlorobenzoyl chloride and was obtained as a colorless liquid
(0.78 g, 23%). '"H NMR (CDCls, 400 MHz) § 7.42 (s, 1H), 7.33-7.24 (m, 3H), 5.47
(d, 1H, J=0.4), 5.38 (d, 1H, J= 0.4), 4.50 (s, 2H), 1.61 (s, 1H); *C NMR (CDCls,
100 MHz) 6 146.1, 140.4, 134.4, 129.7, 127.9, 126.3, 124.2, 114.0, 64.9; IR: 3318,
2924, 1593, 1562, 1478, 1044, 911, 789, 690 cm '; HRMS (DART-TOF) calcd. for

CoH,¢Cl1;0 [M+H]": 169.04202, found: 169.04174.

Ls.ar2

5.381
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17,320

77.000
76,680

OH

FsC CF3

2-(3,5-Bis(trifluoromethyl)phenyl)prop-2-en-1-ol. Using General
Procedure B, the alcohol was synthesized from 3,5-bis(trifluoromethyl)benzoyl
chloride and was obtained as a colorless liquid (1.3 g, 24%). '"H NMR (CDCls, 400
MHz) 6 7.88 (s, 2H), 7.79 (s, 1H,), 5.60 (s, 1H), 5.54 (t, 1H, J = 1.2), 4.56 (s, 2H),
2.28 (s, 1H); *C NMR (CDCl;, 100 MHz) & 144.8, 140.7, 131.8 (q, /= 33.5), 126.3,

123.2 (q, J=271.6), 121.5, 116.4, 64.7 ; IR: 3328, 1375, 1274, 1171, 1120, 897, 846,



700, 682 cm'; HRMS

found: 271.05627.

Sample Name:
x8-2-7.4
Archive directory:

Sample directory:
FidrFile: Proton

Pulse Sequence: Proton (s2pul)
Solvent: cdell
Data collected on: Mar 4 2010

Temp. 25.0 € / 298.1 K
Sample #10, Operator: xixi
INOVA-500 “"nmrl6"

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acq. time 2.049 sec

Width 6410.3 Hz

8 repetitions

OBSERVE H1, 399.7662768 MHz
DATA PROCESSING

Rescl. enhancement -0.0 Hz
FT size 65536
Total time 0 min 30 sec

L

e e e L A e S S |

9 8 7

Sample Name:
%8-2-7.4-C
Archive directory:

Sample directory:
Fidrile: Carbon

Pulse Sequence: Carbon (s2pul)
Solvent: cdcl3
pata collected on: Mar 4 2010

Temp. 25.0 C / 298.1 K
Sample #10, Operator: xixi
INOVA-500 “nmrl6"

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acqg. time 1.300 sec

wWidth 24509.8 Hz

512 repetitions

OBSERVE C13, 100.5212904 MHz
DECOUPLE H1, 399.7682756 MHz
Power 40 4B

continucusly on

WALTZ-16 modulated

DATA PROCESSING

Line broadening 0.5 Hz
¥T size 65536
Total time 19 min

R N N R R R R R N
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(DART-TOF) caled. for CyHoFsO [M+H]": 271.05576,
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OH

40

2-(Naphthalen-2-yl)prop-2-en-1-o0l. Using General Procedure B, the alcohol

was synthesized from 2-naphthoyl chloride and was obtained as a white solid (0.68

mg, 19%). '"H NMR (CDCls, 400 MHz) & 7.87 (s, 1H), 7.84-7.79 (m, 3H), 7.60 (dd,

1H, J= 2.0, 8.4), 7.47-7.44 (m, 2H), 5.61 (d, 1H, J= 0.8), 5.45 (d, 1H, J= 1.2), 4.66

(s, 2H), 1.63 (s, 1H); ®C NMR (CDCls;, 100 MHz) & 147.0, 135.6, 133.3, 133.0,

128.2, 128.1, 127.5, 126.2, 126.1, 124.8, 124.3, 113.2, 65.2; IR: 3302, 1091, 1044,

901, 860, 824, 746, 480 cm'; HRMS (DART-TOF) calcd. for C;3Hi30 [M]™:

184.08881, found: 184.08846.

Sample Hame:
x8-2-7.7
Archive directory:

Sample directory:
Fidrile: Proton

Pulse Sequence: Proton (s2pul)
Solvent: cdclld
Data collected on: Mar 4 2010

Temp. 25.0 C / 298.1 K
samplo #13, Operator: xixi
INOVA-500 “nmrl6"™

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acq. time 2.049 sec

Width 6410.3 Hz

8 repetitions

OBSERVE H1, 399.7662768 MEz
DATA PROCESSING

Resol. enhancement -0.0 Hz
FT size 65536
Total time 0 min 30 sec

ppm
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Sample Name:
x8-2-7.7-C
Archive directory:

Sample directory:
FidFile: Carbon

Pulse Sequence: Carbon (s2pul)
Solvent: cdel3
Data collected on: Mar 4 2010

Texp. 25.0 C / 298.1 K
Sample #13, Operator: xixi
INOVA-500 "nmrié"

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acqg. time 1.300 sec

width 24509.8 Hz

512 repetitions

OBSERVE €13, 100.5212934 MHz
DECOUPLE H1, 399.7682756 MHz
Power 40 a8

continuously on

WALTZ-16 modulated
DATA PROCESSING

Line broademing 0.5 Hz
FT size 65536
Total time 19 min

N

R RS N R N R R AR RN R
220 200 180 160 140

OH

CN

4-(3-Hydroxyprop-1-en-2-yl)benzonitrile. Using General Procedure B, the
alcohol was synthesized from 4-cyanobenzoyl chloride and was obtained as a
colorless liquid (760 mg, 24%). '"H NMR (CDCl;, 500 MHz) & 7.67-7.65 (m, 2H),
7.60-7.57 (m, 2H), 5.61 (d, 1H, J=0.6), 5.53 (d, 1H, J=0.6), 4.57 (s, 2H), 1.81 (br s,
1H); ®C NMR (CDCls, 100 MHz) & 145.7, 143.1, 132.3, 126.8, 118.8, 115.9, 111.3,
64.6; IR: 3414, 2227, 1605, 1504, 1403, 1105, 1016, 914, 842, 542 cm'; HRMS

(DART-TOF) calcd. for C;oH;(NO [M+H]+: 160.07624, found: 160.07571.
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Sample Name:
KF-2-053
Archive directory:

Sample diractory:
rigrile: Kr-2-053

Pulse Sequence: Proton (s2pul)
Solvent: odol3
Data collacted on: Mar 18 2010

Operator: klt
INOVA-500 “nmrlé"

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acqg. time 3.000 sec

width 7996.0 Hz

8 repetitions

OBSERVE  H1, 499.7720124 MHz
DATA PROCESSING

Resol. enhancement -0.0 Hz
FT size 65536

Total time 0 min 40 sec

Sample Name:
KF-2-053-C
Archive directory:

Sample directory:
Fidrile: KF-2-053-C_2_053_01

Pulse Sequence: Carbon (s2pul)
Solvent: cdelld
pata collacted on: Mar 17 2010

Temp. 25.0 C / 298.1 K
Sample #40, Operator: kwame
INOVA-500 ‘“nmri6"

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acq. time 1.301 sec

width 26595.7 Hz

512 repetitions
OBSERVE €13, 100.5212962 Mz
DECOUPLE H1, 399.7682756 Mz
Power 40 dB

continuously on

WALTZ-16 modulated

DATA PROCESSING

Line broadening 0.5 Hz

¥T size 131072

Total time 19 min

1]
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OH
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2-(furan-3-yl)prop-2-en-1-0l. The alcohol was synthesized from 3-furoyl
chloride and was obtained as a light yellow liquid (0.96 g, 39%). Characterization

data of this compound was previously reported.*

Sample Name:
x8-2-113-pure
Archive directory:

sample directory:
Fidrile: Proton

Pulse Sequence: Proton (s2pul)
Solvent: cdcl3
Data collected on: Jul 16 2010

Temp. 25.0 C / 298.1 K
Oparator: kit
INOVA-500 “nmx16"

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acq. time 3.000 sec

Width 7996.0 Ex

8 repetitions

OBSERVE M1, 499.7720124 Mmz
DATA PROCESSING

Resol. enhancement -0.0 Mz
FT size 65536

Total time 0 min 40 sec
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Sample Name:
x8-2-113-pure-C
Archive directory:

Sample directory:
Fidrile: Carbon

Pulse Sequence: Carbon (s2pul)
Solvent: cdcl3
Data collected on: Jul 16 2010

Temp. 25.0 C / 298.1 K
Operator: klt
INOVA-500 "nmrl6"

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acq. time 1.300 sec

Width 30165.9 Hz

56 repetitions

OBSERVE €13, 125.6677632 Mz
DECOUPLE N1, 499.7745112 MHz
Power 42 4B

continuously on

WALTZ-16 modulated

DATA PROCESSING

Line broadening 0.5 Hz

FT size 131072

Total time 9 min 49 sec I

I T | T T T T T TTTT T T T T T T T
220 200 180 160 140 120 100 80 60 40 20 0 opom
OH
Br
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General Procedure C. Substrates were synthesized from allyl alcohol and the
corresponding aryl bromide precursors according to literature procedure’. To the oven
dried 25 mL round bottomed flask charged with palladium(II) acetate (90 mg, 0.40
mmol) and 1,3-bis(diphenylphosphino)propane (330 mg, 0.80 mmol), corresponding
aryl bromide (10 mmol, see below), solvent (20 mL, see below), 2-propen-1-ol (3.4
mL, 50 mmol) and triethylamine (2.2 mL, 16 mmol) were added under nitrogen.
After stirring at 125 °C for 30 h, the reaction was cooled to room temperature and 1.0
N HCI (100 mL) was added, followed by stirring at rt for 1 h. Aqueous sodium
carbonate (100 mL) was added and reaction was stirred for additional 10 min. The

resulting mixture was extracted with CH,Cl, (3 x 80 mL). Combined organic layers
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were washed with HO (30 mL) and brine (30 mL), dried over Na,SO4, and solvent
was removed. Flash column chromatography (Hex/EtOAc = 8:1) afforded pure

alcohol product.

OH

2-(Thiophen-3-yl)prop-2-en-1-ol. Using General Procedure C, the alcohol was
synthesized from 3-bromothiophene with anhydrous [bmim][BF4] as solvent and was
obtained as a white solid (210 mg, 15%). '"H NMR (CDCl;, 400 MHz) & 7.31-7.24
(m, 3H), 5.48 (s, 1H), 5.30 (s, 1H), 4.49 (s, 2H), 1.57 (s, 1H); *C NMR (CDCls, 100
MHz) & 142.0, 139.7, 125.6, 120.8, 111.4, 79.2, 65.2; IR: 3333, 3104, 2923, 1461,
1106, 1038, 901, 872, 790, 730, 602 cm '; HRMS (DART-TOF) calcd. for C;HyOS

[M+H]": 141.03741, found: 141.03739.
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Sample Nawe:
xs5-2-31-pure
Axchive directory:

Sample directory:
FidFile: Proton

Pulse Sequence: Proton (s2pul)
Solvent: cdcl3
Data collected on: Apr 14 2010

Temp. 25.0 C / 298.1 K
Sample #6, Operator: xixi
INOVA-500 “nmrl6”

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acq. time 2.049 sec

wWidth 6410.3 Hs

8 repetitions
OBSERVE W1, 399.7662768 MHz
DATA PROCESSING

Resol. enhancement -0.0 Hz
FT size 65536
Total time 0 min 30 sec

Sample Name:
x8-2-31-pure-C
Archive directory:

Sample directory:
ridrile: Carbon

Pulse Sequence: Carbon (s2pul)
Solvent: cdcl3
pata collacted on: Apr 14 2010

Temp. 25.0 C / 298.1 K
sample #6, Operator: xixi
INOVA-500 "nmrlé"

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acq. time 1.300 sec

Width 24509.8 Ez

512 repetitions

OBSERVE C13, 100.5212926 MHz
DECOUPLE K1, 399.7682756 MHz
Power 40 4B

continucusly on

WALTZ-16 modulated

DATA PROCRSSING

Line broadening 0.5 Kz

FT size 65536

Total time 19 min
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OH

COzMe

Methyl 4-(3-hydroxyprop-1-en-2-yl)benzoate. Using General Procedure C,
the alcohol was synthesized from methyl 4-bromobenzoate with anhydrous
[bmim][BF4] and anhydrous DMSO (1:1) as solvent and was obtained as a slightly
yellow solid (810 mg, 42%). '"H NMR (CDCls, 500 MHz) & 8.03 (d, 2H, J = 7.0),
7.41 (d, 2H, J = 7.0), 5.59 (s, 1H), 5.48 (s, 1H), 4.58 (d, 2H, J=5.5), 3.93 (s, 3H),
1.59 (s, 1H); ®C NMR (CDCl;, 125 MHz) & 166.8, 146.5, 143.0, 129.8, 129.5,
126.0, 114.7, 64.8, 52.1; IR: 3315, 1718, 1432, 1284, 1193, 1099, 905, 722 cm';

HRMS (DART-TOF) calcd. for C;;H 303 [M+H]+: 193.08647, found: 193.08643.

Sample Mame:
KP-2-064
Archive directory:

sample directory:
Fidrile: Xr-2-064

Pulse Sequence: Protem (s2pul)
Solvent: edcl3
pata collected on: Apr 5 2010

Temp. 25.0 C / 298.1 K
Operator: kit
INOVA-500 “nmrl6™

Relax. delay 1.000 sec

Pulse 45.0 degrees

Acq. time 2.049 sec

width 8012.8 Hz

8 repotitions

OBSERVE  H1, 499.8853621 Muz

DATA PROCESSING

Rescl. enhancement -0.0 Hz |
FT size 65536
Total time 0 min 30 sec

T T
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Sample Name:
KP-2-064-C
Archive directory:

sample directory:
Fidrile: KP-2-064-C

Pulse Sequence: Carbon (s2pul)
Solvent: cdcl3
Data collected on: Apr 5 2010

Temp. 25.0 C / 298.1 K
Operator: klt
INOVA-500 ‘"mmrlé"

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acq. time 1.300 sec

Width 32894.7 Hz

336 repetitions

OBSERVE C13, 125.6962547 Mz
DECOUPLE N1, 499.8878615 Mz
Power 40 dB

continuously on
WALTZ-16 modulated
DATA PROCESSING

Line broadening 0.5 Hz
FT size 131072

Total time 38 min

I T T T [T T T T T e LE| T T T T T T T T T T T T T T T T T T T T T T T T YT T T T T T T T T
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Optimization of Branch Selective Hydroformylation

General Hydroformylation Procedure A. The oven dried glass reaction vial
was placed in the Endeavor, and 2-phenylprop-2-en-1-ol, 1.43 (20 mg, 0.15 mmol)
was added. The Endeavor was sealed and purged with nitrogen (4 x 100 psi). A
solution of dicarbonylacetylacetonato rhodium(I) (1.6 mg, 6.0 x 10 mmol, 4.0
mol%), ligand 1.27 (8.6 mg, 3.0 x 10> mmol, 20 mol%), p-toluenesulfonic acid (500
uL of 6.0 x 10* M in benzene, 3.0 x 10 mmol, 0.20 mol%) and benzene (to total
volume of 1 mL) was injected, followed by injection of additional benzene (0.5 mL)
to wash the injection port. The Endeavor was purged with nitrogen (1 x 100 psi),
stirring was started at 250 rpm, and the Endeavor was heated to and held at
corresponding temperature (see below) for 10 minutes. Stirring was stopped, the
Endeavor was charged with corresponding pressure (see below) of CO/H,, stirring

was re-initiated at 700 rpm, and the Endeavor was maintained at a constant
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temperature (see below) and pressure (see below) of CO/H, for 12 h. The Endeavor
was vented to ambient pressure and cooled to ambient temperature. The reaction
mixture was removed from the Endeavor and concentrated. The residue was
redissolved in z-butanol (0.75 mL) and 2-methyl-2-butene (0.16 mL, 1.5 mmol, 10.0
eq.) followed by addition of a solution of NaClO; (80%, 68 mg, 0.60 mmol, 4.0 eq.)
and NaH,PO4 (72 mg, 0.60 mmol, 4.0 eq.) in H,O (0.4 mL). The solution was stirred
at room temperature overnight. The resulting mixture was concentrated and
redissolved in EtOAc (0.75 mL), followed by addition of 10% HCI (0.18 ml) and
brine (0.18 mL). The solution was extracted with EtOAc (3 x 5 mL). Combined
organic layers were dried over MgSO,, filtered and solvent was removed. 1,3,5-
Trimethoxybenzene (100 mL of 0.15 M in CDCl;, 0.015 mmol) was added as

standard and 'H NMR was taken to analyze yields and selectivities.

General Hydroformylation Procedure B. The oven dried glass reaction vial
was placed in the Endeavor, and 2-phenylprop-2-en-1-ol, 1.43 (80 mg, 0.60 mmol)
was added. The Endeavor was sealed and purged with nitrogen (4 x 100 psi). A
solution of dicarbonylacetylacetonato rhodium(I) (6.2 mg, 2.4 x 10? mmol, 4.0
mol%), triphenylphosphine (13 mg, 4.8 x 10 mmol, 8.0 mol%) and benzene (to total
volume of 4 mL) was injected, followed by injection of additional benzene (2 mL) to
wash the injection port. The Endeavor was purged with nitrogen (1 x 100 psi),
stirring was started at 250 rpm, and the Endeavor was heated to and held at 45 °C for
10 minutes. Stirring was stopped, the Endeavor was charged with 400 psi CO/Ha,
stirring was re-initiated at 700 rpm, and the Endeavor was maintained at a constant
temperature and pressure of 45 °C and 400 psi CO/H; for 12 h. The Endeavor was

vented to ambient pressure and cooled to ambient temperature. The reaction was
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removed from the Endeavor and concentrated. 1,3,5-Trimethoxybenzene (400 mL of
0.15 M in CDClI;, 0.060 mmol) was added as standard and '"H NMR was taken to

analyze conversion.

General Hydroformylation Procedure C. The oven dried glass reaction vial
was placed in the Endeavor, and 2-phenylprop-2-en-1-ol, 1.43 (80 mg, 0.60 mmol)
was added. The Endeavor was sealed and purged with nitrogen (4 % 100 psi). A
solution of dicarbonylacetylacetonato rhodium(I) (6.2 mg, 2.4 x 10? mmol, 4.0
mol%), triphenylphosphine (13 mg, 4.8 x 10 mmol, 8.0 mol%) and benzene (to total
volume of 4 mL) was injected, followed by injection of additional benzene (2 mL) to
wash the injection port. The Endeavor was purged with nitrogen (1 x 100 psi),
stirring was started at 250 rpm, and the Endeavor was heated to and held at 75 °C for
10 minutes. Stirring was stopped, the Endeavor was charged with 400 psi CO/Ha,
stirring was re-initiated at 700 rpm, and the Endeavor was maintained at a constant
temperature and pressure of 75 °C and 400 psi CO/H; for 12 h. The Endeavor was
vented to ambient pressure and cooled to ambient temperature. The reaction was
removed from the Endeavor and concentrated. The residue was redissolved in t-
butanol (3 mL) and 2-methyl-2-butene (0.64 mL, 6.0 mmol, 10.0 eq.) followed by
addition of a solution of NaClO; (80%, 270 mg, 2.4 mmol, 4.0 eq.) and NaH,PO,
(290 mg, 2.4 mmol, 4.0 eq.) in H,O. The solution was stirred at room temperature
overnight. The resulting mixture was concentrated and redissolved in EtOAc (3 mL),
followed by addition of 10% HCI (0.75 ml) and brine (0.75 mL). The solution was
extracted with EtOAc (3 x 20 mL). Combined organic layers were dried over MgSOs,

filtered and concentrated in vacuo. 'H NMR was taken to analyze selectivity. Flash
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column chromatography (Hex/EtOAc = 8/1) was performed to determine isolated

yields.

Table 1.1, Entry 1: 2-Phenylprop-2-en-1-0l (1.43) was hydroformylated using

General Procedure A with 200 psi CO/H; at 35 °C. Analysis of crude mixture after

oxidation by "H NMR showed a b:1 selectivity of 96:4 and yield of 54%.

PUTEE SEqUBncE: 5Ipul
Solvent: cdcld
e [

aper
File: xB-2-22.1-Cru
VNHRE-508 “nmr L

Relax. delay 18.008 sec

Pulse 45.0 degrees

Acq. timE 7.043

Width 8052.8 Hz |
8 repetitions

OBSERVE WL, 43%. BBS3GZ1 MMz |
onTa PROCESSTNG

REs0l. ennancement =0.9 Hz

FY size 65536

Total time 2 min, 0 sec

0
| OJ/\ ‘HO CO,H
\\( Ph” “Me
| ‘ NS
s
i !
_“_,.MMNO‘J._ 1_[_.___;_.4.____...L_L.. J._;..l...JL-«..m.»L-H___H_‘______..w_..;k__.____.n_d...L L_._‘LJ,AH_JLLJ.&_____ 1
g 7 —_—— T

-
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Table 1.1, Entry 2: 2-Phenylprop-2-en-1-0l (1.43) was hydroformylated using

General Procedure A with 200 psi CO/H; at 45 °C. Analysis of crude mixture after

oxidation by "H NMR showed a b:1 selectivity of 95:5 and yield of 61%.

File: home/all/k1e/xS/UMR 580 Z000.03.19/%5-2-22. 2~crude. T id
Pulze Saguance: sZpul

Temp. 75.0 € ; 138.1 K
Operator: kit

File: xs=2-22.2-crude
VNMRE=G00  “narig”

Solvent: edeld

Relax, delay 10,000 sec | |
Pulee 45.0 degrees | |
Acq. time 2.043 soc
Width B312.8 He
& repetitions

OBSER , A450.BAS3ET] WHz

DATA PROCESSING
Resol. enhancement =00 Hz

FI size 65536
Tetal time ? min, 0 sec

o] CO,H
HO
@ <
R e

T u.-EU-J‘.J‘"“u___,_ . I

i |
— .t_...._»’u!v“‘ (TR DU ¥ B ___L_L._-__...Lj.‘JL-:.LuwI\_..____n__ ,
sj ._.._.____;_...., . 5 S 5 . x, S :] S 3 S T R l ——— -

100.04
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Table 1.1, Entry 3: 2-Phenylprop-2-en-1-0l (1.43) was hydroformylated using

General Procedure A with 200 psi CO/H; at 55 °C. Analysis of crude mixture after

oxidation by "H NMR showed a b:1 selectivity of 95:5 and yield of 50%.

ammpies ar e ce.u wuum
File: homa/AT1/k1L/XS/HHR S00 2010.03.19/x8=2<22 3=crude.fid
Pulse Sequence: sZpul

SOIVENT: £dClS

Tenp, 25.8 C / 298.1 K
operator: k1

File: xs—2-22.53-crute
VNMRS=500  "narlf”

Relax, delay 10,000 sec
Pulse 45.0 degrees

feg. time 2,048 ser
width 8017.8 Hz

& repetitions

OBSERVE  Hi, 400.8853621 MHz |
DATa PROCESSING |
Resol, enhancement -9.0 Hz 1
FT 5126 65536 |
Total time 2 min, 0 sec

o |
\\( HO/XCOZH
Ph Ph" Me
| ///,
| | ’
| |
¥ . b
PP T SN DY IY VU PR SUPY. AT 1. NN R 1IN __‘._.J_L.A_J'I"-LJJ'I-‘J“II‘J““ ——
R — B — B . e — .
8 7 B 5 N a4 3 Z 1 ppm

5
10004
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Table 1.1, Entry 4: 2-Phenylprop-2-en-1-0l (1.43) was hydroformylated using

General Procedure A with 50 psi CO/H, at 45 °C. Analysis of crude mixture after

oxidation by "H NMR showed a b:1 selectivity of 89:11 and yield of 38%.

FiTE: hones/alT7kTL/%E M 500 2010.03. 18 %5-2-22 _a-crude. t1d
Pulse Sequence: sZpul

Solvent: cdeld

Temp. 25.0 C ; 2496.1 K

operatar: k1t

File: xg=2=22.4-crude

WNHRE=500  “nmrlg"

5
OBSERVE M1, 43%.8B5236Z1 MHz
OATA PROCESSING
Resol. enhancenent =0.0 Hz
FT size GES2E
Total time 2 min, 0 sec

Lot Lt |_.uJ.|.ul| u,ul’li

?\J%h P "Me
Ve
SN

oAl al K

5, a 3

11,88
10000
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Table 1.1, Entry 5: 2-Phenylprop-2-en-1-0l (1.43) was hydroformylated using

General Procedure A with 100 psi CO/H; at 45 °C. Analysis of crude mixture after

oxidation by "H NMR showed a b:1 selectivity of 94:6 and yield (53%).

Sample: x5-2-22,5-crude
File: homefall/kTe/xS/MHR 500 2010.05.19/%8=2-22 S-crude.fid

0
?\//>
COzH
Ph HOI/Dh><Me
\ z
; .Lm._,JL-w l_- el _L___M_._._____ 1 .h.._mlﬁi_.wht.-.__. SN I VR N
8 7 [ 5 LI 3 2 1 ppm

Table 1.1, Entry 6: 2-Phenylprop-2-en-1-0l (1.43) was hydroformylated using

General Procedure A with 400 psi CO/H; at 45 °C. Analysis of crude mixture after

oxidation by "H NMR showed a b:1 selectivity of 97:3 and yield of 70%.



Sample: xg=2=

22, ¢
File: homesRl 1k £/6E/MMR 5H0 281003, 19 fxs-2-22 . §-crude. £ id

Fulse Sequence: sZpul
Solvent: cdeld
Temp. 25.0 C / 738.1 K
Operator: k1t

File: xg-2-22.6=crude
VHNAS-500 “narlE"

Relax, gelay 10,000 sec
ulse 45.0 degrees

Acq. time 7.043 sec
Hz

& repetitiong
OBSERVE ML, 493.8353571 Wiz
DATA PROCESSTI

Resol. enhancement =0.0 Hz
FT size 6%

Total time ? min, 0 sec

Pulse Sequence: s2pul
Solvent: cdcl3d
T

File: xs-1-284.1-crude
VNHRS-50  “nnrl6"

Relax. delay 10.000 sec
ces

ne
OBSERVE  H1, 499.8853521 Mif
DATA PROCESSING
Resol. enhancement =0.0 Hz
FT size 65536
Total time 2 min, 0 sec

iz

56

=

ppm
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o
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HO
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Table 1.1, Entry 7: 2-Phenylprop-2-en-1-0l (1.43) was hydroformylated using

General Procedure B. Analysis of crude mixture after hydroformylation by 'H NMR

showed 0% conversion.

Table 1.1, Entry 8: 2-Phenylprop-2-en-1-0l (1.43) was hydroformylated using

General Procedure C. Analysis of crude mixture after oxidation by '"H NMR showed
a b:l selectivity of <2:98. Linear product was isolated as a white solid (64.0 mg,

66%).

Hydroformylation Using Ligand 1.27 and Product Characterizations

General Hydroformylation Procedure. The oven dried glass reaction vial was
placed in the Endeavor, and corresponding alcohol substrate (0.60 mmol, see below)
was added. The Endeavor was sealed and purged with nitrogen (4 x 100 psi). A
solution of dicarbonylacetylacetonato rhodium(I) (6.2 mg, 2.4 x 102 mmol, 4.0
mol%), ligand 1.27 (34 mg, 0.12 mmol, 20 mol%), p-toluenesulfonic acid (see
below) and benzene (to total volume of 4 mL) was injected, followed by injection of
additional benzene (2 mL) to wash the injection port. The Endeavor was purged with
nitrogen (1 x 100 psi), stirring was started at 250 rpm, and the Endeavor was heated
to and held at 35 °C (or 45 °C, see below) for 10 minutes. Stirring was stopped, the
Endeavor was charged with 400 psi CO/H,, stirring was re-initiated at 700 rpm, and
the Endeavor was maintained at a constant temperature (see below) and pressure (see
below) of CO/H; for 12 h (or 16 h, see below). The Endeavor was vented to ambient
pressure and cooled to ambient temperature. The reaction was removed from the
Endeavor and concentrated. The residue was redissolved in #-butanol (3 mL) and 2-
methyl-2-butene (0.64 mL, 6.0 mmol, 10.0 eq.) followed by addition of a solution of

NaClO; (80%, 270 mg, 2.4 mmol, 4.0 eq.) and NaH,PO4 (290 mg, 2.4 mmol, 4.0 eq.)
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in H,O. The solution was stirred at room temperature overnight. The resulting
mixture was concentrated and redissolved in EtOAc (3 mL), followed by addition of
10% HCI (0.75 ml) and brine (0.75 mL). The solution was extracted with EtOAc (3 x
20 mL). Combined organic layers were dried over MgSO,, filtered and concentrated.
'"H NMR was taken to analyze selectivities. Flash column chromatography

(Hex/EtOAc = 4/1) afforded pure branched products.

Table 1.1, Entry 6:

HO
CO5H
Me

3-Hydroxy-2-methyl-2-phenylpropanoic acid (1.46). 2-Phenylprop-2-en-1-
ol (80 mg, 0.60 mmol) was hydroformylated with 0.20 mol% p-toluenesulfonic acid
(2.0 mL of 6.0 x 10 M in benzene, 1.2 x 10 mmol) at 45 °C for 12 h. Analysis of
crude mixture after oxidation by "H NMR showed selectivity (b:1 = 97:3). Branched
product was isolated as a white solid (79 mg, 73%). "H NMR (CDCls;, 400 MHz) &
7.36-7.24 (m, SH), 6.98 (br s, 1H), 4.09 (d, 1H, J=11.6), 3.66 (d, 1H, J=11.2), 1.67
(s, 3H); *C NMR (CDCl;, 100 MHz) & 181.2, 139.5, 128.7, 127.6, 126.3, 69.1, 52.4,
20.0; IR: 2982, 1701, 1239, 1026, 698 cm'; HRMS (DART-TOF) calcd. for

C1oHsNO; [M+NH,]™: 198.11302, found: 198.11247.



Sample Name:
xa8-1-248-check
Archive directory:

Sample directory:
FigPile: Proton

Pulse Sequence: Proton (s2pul)
Solvent: cdcl3
pata collected on: Jan 5 2010

Temp. 25.0 C / 298.1 K
Operator: kit
INOVA-500 "nmrl6”

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acq. time 2.049 sec

width 6410.3 Hz

8 repetitions

OBSERVE M1, 399.7662768 MHz
DATA PROCESSING

Resol. enhancement -0.0 Hz
FT size 65536

Total time 0 min 30 sec
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Sample Name:
x6-1-248-check-C
Archive directory:

Sample directory:
Fidrile: Carbon

Pulse Sequence: Carbon (s2pul)
Solvent: cdell3
Data collected on: Jan 5 2010

Temp. 25.0 C / 298.1 K
Operator: kit
INOVA-500 “nmrl®

Relax. delay 1.000 sec
Pulse 45.0 degrees
Acq. time 1.300
Width 24509.8 Mz
512 repetitions
OBSERVE C13, 100.5212941 MHz
DECOUPLE H1, 399.7682756 MHz
Power 40 dB

continuously on

WALTZ-16 modulated

DATA PROCESSING

Line broadening 0.5 Hz

FT size 65536

Total time 19 min

|

e

T

220
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200 180
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Table 1.2, Entry 1:

HO
CO,H
Me

FsC

3-Hydroxy-2-methyl-2-(4-(trifluoromethyl)phenyl)propanoic acid. 2-(4-
(trifluoromethyl)phenyl)prop-2-en-1-ol (120 mg, 0.60 mmol) was hydroformylated
with 0.20 mol% p-toluenesulfonic acid (2.0 mL of 6.0 x 10* M in benzene, 1.2 x 107
mmol) at 45 °C for 12 h. Analysis of crude mixture after oxidation by 'H NMR
showed a b:l selectivity of 96:4. Branched product was isolated as a white solid (126
mg, 85%). '"H NMR (CDCl;, 500 MHz) § 7.54 (d, 2H, J= 8.5), 7.41 (d, 2H, J = 8.5),
7.12 (br s, 1H), 4.00 (d, 1H, J=11.5), 3.66 (d, 1H, J= 11.5), 1.61 (s, 3H); *C NMR
(CDCls, 125 MHz) 6 180.4, 143.6, 129.9 (q, J = 32.5), 126.9, 125.6, 123.9 (q, J =
270.1), 68.7, 52.5, 20.2; IR: 2946, 1708, 1328, 1167, 1124, 1066, 1016, 837 cm™';

HRMS (DART-TOF) caled. for C;1H2F303 [M+H]+: 249.07385, found: 249.07392.

Crude "H NMR

o o s H
0

— 77‘_‘_)‘,,\,&"’! 'JlJ“‘-——f._ — JI . .___L__,_IN_.;JLL!'IW._.J'M'L.,AF. SN Y _LJJ_‘._.M'LM -«.,A.,,,_ifl

e P S e N B S S
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Sample Name:
x8-1-255.3
Archive directory:

Sample directory:
Fidrile: Proton

Pulse Sequence: Protom (aZpul)
Solvent: c6dé
Data collected on: Jan 6 2010

Temp. 25.0 € / 298.1 K
Operator: klt
THOVA-500 "nmri6"

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acq. time 2.049 sec

width 8012.8 Hz

8 repetitions

OBSERVE M1, 499.8854071 Muz
DATA PROCESSING

Regol. enhancement -0.0 Hz
FT size 65536

Total time 0 min 30 sec

L LA S B S B R B S S S S (LA S B S S S S

Sample Mame:
*8-1-255.3-C
Archive directory:

Sample directory:
FidFile: Carbon

Pulse Sequence: Carbon (s2pul)
Solvent: c6dé
Data collected om: Jan 6 2010

Temp. 25.0 C / 298.1 K
Operator: kit
INOVA-500 “nmriG"

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acqg. time 1.300 sec

wWidth 30487.8 Hz

512 repetitions

OBSERVE C13, 125.6962550 MHz
DECOUPLE H1, 499.8879065 Miz
Power 40 ds

continucusly on

WALTZ-16 modulated

DATA PROCRSSING

Line broadening 0.5 Hz

FT size 131072

Total time 19 min

| lh "

TP T T T TTTT L L L L e B L B B B e B B B R RN R R E RS E R R R RS

220 200 180 160 140 120 100 80 60 40 20 0 ppm
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Table 1.2, Entry 2:

HO
CO,H

F.C
3 Me

CFs

2-(3,5-Bis(trifluoromethyl)phenyl)-3-hydroxy-2-methylpropanoic acid.
2-(3,5-Bis(trifluoromethyl)phenyl)prop-2-en-1-ol (160 mg, 0.60 mmol) was
hydroformylated with 0.05 mol% p-toluenesulfonic acid (500 uL of 6.0 x 10* M in
benzene, 3.0 x 10 mmol) at 45 °C for 12 h. Analysis of crude mixture after
oxidation by 'H NMR showed a b:l selectivity of >98:2. Branched product was
isolated as a white solid (152 mg, 80%). "H NMR (CDCl;, 500 MHz) § 7.86 (s, 3H),
4.06 (d, 1H, J=11.5), 3.89 (d, 1H, J= 11.5), 1.75 (s, 3H); *C NMR (Acetone d-6,
125 MHz) § 174.6, 145.3, 130.9 (q, J=32.9), 127.9, 123.7 (q, J= 270.1), 120.6, 67.6,
52.5, 20.1; IR: 2924, 1711, 1373, 1287, 1187, 1132 cm'; HRMS (DART-TOF)

calcd. For C,H 14F¢NO; [M+NH4]+: 334.08779, found: 334.08865.



63

————

Sample: ¥s-1-231.3-crude

Sesple I0: & _20100210_01
File: homesATI/K1T/XS701d NMR 5€€ 2018.83.19/xs5-1-291.3-crude.fid

Pulse Sequence: szpul
Bolvent: cdeld

Ashfent temperaturs

Operater: k1t

Filg: x8=1-291.3-crude

VRS-500  “nnrie- Crude 'H NMR

Relax. delay 10.000 sec
fulse 45.0 degrees

Atq. time 3.000 sec

Width 7996.4 Hz

8 repatitions

DBSERVE  Hl, 499,7720128 Mz
UATA PROCESSING

RE301. enhancement -0.0 Hz
FT sire B5550

Total time 2 min, 10 sec

<

™

! il il telk |_,_LJ J _,__ __J_

B T

e e e

o — i e sy
; 3 2 1 ppm

Sample Mame:
x8-1-291-pure
Archive directory:

Sample directory:
Fidrile: Proton

Pulse Sequence: Proton (s2pul)

Solvent: cdel3
Data collected on: Feb 16 2010

Temp. 25.0 C / 298.1 K
Operator: klt
INOVA-500 “mmrl6"

Relax. delay 1.000 sec
Pulge 45.0 degrees

Acq. time 2.049 sec

width 8012.8 Hz

8 repetitions

OBSERVE  H1, 499.8853621 Mz

DATA PROCESSING

Resol. enhancement -0.0 Hz

FT size 65536

Total time 0 min 30 sec




Sample Name:
x8-1-291-pure-C
Archive directory:

Sample directory:
Fidrile: Carbon

Pulpe Sequence: Carben (s2pul)
Solwvent: acetone
Data collected on: Mar 3 2010

Temp. 25.0 C / 298.1 K
Operator: klt
INOVA-500 “nmrié"

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acq. time 1.300 sec

width 30487.8 Hz

244 repetitions

OBSERVE C13, 125.6968002 Mz
DECOUPLE K, 499.8904559 Milz
Fower 40 aB

continuously on

WALTZ-16 modulated

DATA PROCESSING

Line broadening 0.5 Hz

FT size 131072
Total time 19 =min

64

220 200 180 160 140 120 100 80 60 40

Table 1.2, Entry 3:

HO
CO,H
Me

MeO

3-Hydroxy-2-(4-methoxyphenyl)-2-methylpropanoic

20

acid.

2-(4-

Methoxyphenyl)prop-2-en-1-o0l (98 mg, 0.60 mmol) was hydroformylated with 0.20

mol% p-toluenesulfonic acid (2.0 mL of 6.0 x 10™* M in benzene, 1.2 x 10~ mmol) at

35 °C for 16 h. Analysis of crude mixture after oxidation by "H NMR showed a b:l

selectivity of >98:2. Branched product was isolated as a white solid (83 mg, 66%).

'H NMR (CDCls, 500 MHz) § 7.21 (d, 2H, J = 8.5), 6.99 (br s, 1H), 6.81 (d, 2H, J =

8.5), 4.00 (d, 1H, J = 11.5), 3.72 (s, 3H), 3.56 (d, 1H, J = 11.5), 1.58 (s, 3H); *C

NMR (CDCls, 125 MHz) & 181.3, 158.9, 131.5, 127.4, 114.1, 69.1, 55.2, 51.6, 20.1;
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IR: 2937, 1703, 1514, 1253, 1187, 1029, 829 cm'; HRMS (DART-TOF) calcd. for

C11H1gsNO4 [M+NH,4]": 228.12358, found: 228.12384.

Pulse Seguence: spul

Solvent: cdcld

Temp. 25.0 € 298,01 K
Operator: kit

Fila: xs=-2-15-crude
VNHRS-500  "nerLe”

Relax. delay 10.000 sec
Pulse 45.0 degrees

Acq. time 2,049 sec

width BO1Z.8 Hz

& repetitions
OBSERVE M1, &98.8853621 Hiz
DATA PROCES3TNG

esol. enhancement =E.0 Hz
FT slze 65536
Total time 2 min, ® s6c

Crude 'H NMR

Sample Name:
xs-1-255.4
Archive directory:

Sample directory:
ridrile: Proton

Pulse Sequence: Proton (s2pul)
Solvent: c646
Data collected on: Jan 6 2010

Temp. 25.0 C / 298.1 K
Operator: k1t
INCVA-500 “nmrl6®

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acq. time 2.049 sec

Width 8012.8 Mz

8 repetitions
OBSERVE H1, 499.8854071 MHz
DATA PROCESSING

Rescl. enhancement -0.0 Hz
FT size 65536

Total time 0 min 30 sec

b
10,04




Sample Mame:
*8-1-255.34-C
Archive directory:

Sample directory:
ridrile: Carbon

Pulse Sequence: Carbom (s2pul)
Solvent: c6d6
Data collected on: Jan 6 2010

Temp. 25.0 C / 298.1 K
Operator: kit
INOVA-500 "nmrl6"

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acq. time 1.300 sec

Width 30487.8 Hz

512 repetitions

OBSERVE C13, 125.6962568 Mz
DECOUPLE HE1, 499.8879065 Muz
Power 40 &8

continuously on

WALTZ-16 modulated

DATA PROCESSING

Line broadening 0.5 Hz

FT size 131072

Total time 19 min

220 200 180 160 140

Table 1.2, Entry 4:

2-(4-Chlorophenyl)-3-hydroxy-2-methylpropanoic

120

100

HO

X
=

CO.H
Me

60

40

acid.

66

2-(4-

Chlorophenyl)prop-2-en-1-ol (100 mg, 0.60 mmol) was hydroformylated with 0.05

mol% p-toluenesulfonic acid (500 uL of 6.0 x 10 M in benzene, 3.0 x 10™* mmol) at

35 °C for 12 h. Analysis of crude mixture after oxidation by "H NMR showed a b:l

selectivity of 97:3. Branched product was isolated as a white solid (78 mg, 60%). 'H

NMR (CDCls, 400 MHz) § 7.33-7.24 (m, 4H), 6.54 (br s, 1H), 4.04 (d, 1H, J=11.2),

3.66 (d, 1H, J = 11.6), 1.64 (s, 3H); ®C NMR (CDCl;, 100 MHz) § 180.6, 138.1,

133.6, 128.8, 127.8, 68.9, 52.0, 20.1; IR: 2941, 1702, 1494, 1260, 1098, 1034, 1013,
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824 cm'; HRMS (DART-TOF) caled. for CioH;sCI;NO; [M+NH,]": 232.07405,

found: 232.07432.

sanpies KE-Z-la-crude
File: home/Al1/kTt/%8/MMR S10 2010.02.10/ke-2-1d-crude.fid

Pulse Sequence: sepul
solvent: cdcld
Temp. 25.0 G / 296.1 K
operazar: kit

File: wu—z-li-crude
VEMAS=500  “nhri§*

Belax. delay 10.090 sec
Fulce 45.0 degrees

Acq. time 2.949 sec

Width 8012.3 Hz

& repetitions

OBSERVE _ H1, 499, BBS3GZL WHz
DATA PROCE:

531G
Resol. @ I|§gcalant =6.8 Hz

i
FT slze 655
Total time 2 min, 0 sec

Crude 'H NMR

Sample: xs-1-289.1-pure-C
Sample 1D: /home/walkup/xixi_$_xs-1-289.1-pure-C__ 01
File: home/A11/k1t/XS/walkup 2910.03.19/x5-1-289. I-pure.fid

Pulse Sequence: s2pul
Solvent: cdcl3

Tenp. 25.0 C 7 298.1 K
sample #5, Operator: xixi
File: xs-1-289.1-pure
VNMRS-580  “nmrig"

Relax. delay 1.000 sec

8 repetitions
OBSERVE  HI, 399.7662768 Mz
DATA PROCESSING
Resol. enhancement =0.0 Wz
£T size 65536
Total tine 0 min, 30 sec

2921.52
2819.56
2915.46
-——2013.50

2930.52
2923.87

-~ BSA.B1_

1607.31
1463.73
14%8.40

1618.65

/
|

| M Al
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- 76.680

77.313

§8.860

138.061
—133.648
$1.968

180.501

Tt —rr T T o - — r i .
220 200 180 160 140 120 100 80 60 40 20 0

Table 1.2, Entry 5:

HO
CO,H
| N Me
Br =
2-(4-Bromophenyl)-3-hydroxy-2-methylpropanoic acid. 2-(4-

Bromophenyl)prop-2-en-1-ol (130 mg, 0.60 mmol) was hydroformylated with 0.05
mol% p-toluenesulfonic acid (500 uL of 6.0 x 10 M in benzene, 3.0 x 10™* mmol) at
35 °C for 12 h. Analysis of crude mixture after oxidation by "H NMR showed a b:l
selectivity of 94:6. Branched product was isolated as a white solid (110 mg, 71%). 'H
NMR (CDCls, 400 MHz) 6 7.48 (d, 1H, J = 8.8), 7.22 (d, 1H, J = 8.8), 7.05 (br s,
1H), 4.03 (d, 1H, J = 11.6), 3.66 (d, 1H, J = 11.6), 1.64 (s, 3H); *C NMR (CDCl;,

100 MHz) 8 180.7, 138.5, 131.8, 128.1, 121.8, 68.8, 52.0, 20.0; IR: 2938, 1703, 1491,
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1398, 1241, 1034, 1009, 820 cm'; HRMS (DART-TOF) calcd. for C oH;sBrNO;

[M+NH,4]": 276.02353, found: 276.02357.

Pulse Sequence: sipul
Solvent: cdcla

Temp. E5.0 O/ 280.1 &
Operator: k1t

File: KF-z-g4a.1
VHMRS-§88  “nmrle"

10.000 gec
Egrees
2.088 sec

E

Relax. dela;
Pulse 45.0

jans
M1, $59 8853621 NHz
SSING

. @nhancement -8.% Hz
FT cize 583
Total time 2 min, § sec

x5-1-275.1-pure
File: exp

Sample:

Pulse Seguence: s2pul
Solvent: cdcl3

Temp. 25.0 C / 298.1 K
Operator: k1t
VAMAS=200 “nmrist
Relax. delay 1.000 sec
Pulse 45.0 degrees
Acg. tine 2.043 sec
Vidth 6410.3 Hz

8 repetitions
OBSERVE  H1, 339.7662768 NHz
DATA PROCESSING

Resol. enhancement -0.0 Hz
FT size 65536

Total time 0 min, 30 sec

7.486

~

Crude ™H NMR

Ho

/Er

T T,

o
100,08

.4.019

—4.088

Wzt

N

s

i
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Sample: xs-1-275.1-pure-C
File: home/A11/KIt/XS/NNR 400 2010.02.11/xs-1-275.1-pure~C.fid

Pulse Sequence: s2pul

131.803
—77.320

77 .. 000
75.687

ns
BSERVE €13, 100.5213110 MHz
LE Hi, 399.7682756 MHz
40 d8

20,024

68.785

138,537

180.698

—52.035

—121.802

Tty L L1 4 kot L o L ¢ L L T . e AN e ik i - -
220 z200 180 160 140 120 100 80 60 40 20 0

Table 1.2, Entry 6:

HO
CO,H
Me
Cl
2-(3-Chlorophenyl)-3-hydroxy-2-methylpropanoic acid. 2-(3-

Chlorophenyl)prop-2-en-1-ol (100 mg, 0.60 mmol) was hydroformylated with 0.20
mol% p-toluenesulfonic acid (2.0 mL of 6.0 x 10™* M in benzene, 1.2 x 10~ mmol) at
35 °C for 12 h. Analysis of crude mixture after oxidation by "H NMR showed a b:l
selectivity of >98:2. Branched product was isolated as a white solid (99 mg, 77%).
'"H NMR (CDCls, 400 MHz) & 7.33 (s, 1H), 7.27-7.20 (m, 3H), 7.25 (br s, 1H), 4.04

(d, 1H, J=11.2), 3.66 (d, 1H, J=11.6), 1.63 (s, 3H); *C NMR (CDCl;, 100 MHz) §



180.3, 141.6, 134.6, 129.9, 127.8, 126.7, 124.6,

1244, 1035, 698 cm'; HRMS (DART-TOF)

215.04750, found: 215.04853.

Pulse Sequence: s2pul
galvant: cicl

Tamp. 25.0 C ¢ 208.1 &
Sanple #25, DRErator: kwame
Fila: KF=iga-z_2 048_01
VNHRS-500  “narlfe

Relax. delay 10.008 sec

& repetitions

DREERVE  Hi, 333 7852762 WHz
DATA PROCESSING

Resol. enhancement —9.0 Hz
FT sfze 3838

Total time 2 min, 0 sec

Sample Name:
KF-2-060
Archive directory:

Sample directory:
Fidrile: KF-2-060

Pulse Sequence: Protom (s2pul)
Solvent: odcl3
Data collected on: Mar 27 2010

Temp. 25.0 C / 298.1 K
Operator: klt
INOVA-500 “nmr16"

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acq. time 2.049 sec

Width 8012.8 Mz

8 repetitions

OBSERVE  HL, 499.8853621 Mz
DATA PROCESSING

Resol. eahancement -0.0 Hz
PT size 65536

Total time 0 min 30 sec

Crude 'H NMR
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68.7, 52.2, 20.0; IR: 2982, 1703,

caled. for C;oH»C1,0; [M+H]":

¢02H

TONY.Y ¥

3 2 1




Sample Name:
KF-2-048-C
Archive directory:

sample directory:

FidFile: KF-2-048-C_2 048 01

Pulse Sequence: Carbon (s2pul)
Solvent: cdel3
Data collected on: Mar 9 2010

Temp. 25.0 C / 298.1 K
sample #28, Operator: kwame
INOVA-500 "nmrl6”

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acqg. time 1.301 sec

Width 26595.7 Hz

512 repetitions

OBSERVE C13, 100.5212954 MHz
DECOUPLE M1, 3§9.7682756 MHz
Power 40 4B

continuously on

WALTZ-16 modulated

DATA PROCESSING

Line broadening 0.5 Hz

PT size 131072

Total time 19 min

72
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Table 1.2, Entry 7:
HO
CO.H
Me
M602C

3-Hydroxy-2-(4-(methoxycarbonyl)phenyl)-2-methylpropanoic acid.

Methyl  4-(3-hydroxyprop-1-en-2-yl)benzoate

(120 mg,

0.60 mmol) was

hydroformylated with 0.05 mol% p-toluenesulfonic acid (500 uL of 6.0 x 10* M in

benzene, 3.0 x 10 mmol) at 45 °C for 12 h. Analysis of crude mixture after

oxidation by 'H NMR showed a b:l selectivity of >98:2. Branched product was

isolated as a white solid (106 mg, 74%). "H NMR (Acetone d-6, 400 MHz) § 7.96 (d,

2H, J=8.6), 7.53 (d, 2H, J = 8.6), 4.10 (d, 1H, J = 10.8), 3.86 (s, 3H), 3.84 (d, 1H, J

= 10.8), 1.62 (s, 3H); *C NMR (Acetone d-6, 100 MHz) & 175.2, 166.1, 147.3,
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129.2, 128.7, 126.7, 67.9, 52.5, 51.4, 20.2; IR: 2952, 1719, 1437, 1282, 1194, 1115,

1018, 707 cm'; HRMS (DART-TOF) caled. for C,H;s0s [M+H]™: 239.09195,

found: 239.09209.

FAIB. R LR s Ae e Ty e

Pulse Sequence: s2pul

solvent: cdcld
Temp, 25.0 € / 298.1 K
kit

VNHRS-580  “per17"

Relax. delay 1.000 sec
Pulse 45.0 degrees
Acq. tine 2.049 sec
width 8012.8 Mz

repetitions
OSSERVE  H1, 439.8853621 MMz
DATA PROCESSING
Resol. sahancenent =9.0 Hz
FT size §553
Total timc € min, 30 sec

HO—~, N}H
i k
MO C
w;MJ
I 11|
B WY '
- - _— T T |
3 1 ppm
8 7 5 S ':,

Sample Name:
%8-2-40-pure
Archive directory:

Sample directory:
Fidrile: Proton

Pulse Sequence: Protom (s2pul)
Solvent: acetcne
Data collected on: Apr 14 2010

Temp. 25.0 C / 298.1 K
Sample #5, Operator: xixi
INOVA-500 ‘"nmrlé™

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acq. time 2.049 sec

width 6410.3 Hz

8 repetitions

OBSERVE Hl, 399.7683516 Mu:z
DATA PROCESSING

Resol. enhancement -0.0 Hz
FT size 65536

Total time 0 min 30 sec




Sample Name:
*8-2-40-pure-C
Archive directory:

sample directory:
Fidrile: Carbon

Pulse Sequence: Carbon (s2pul)
Solvent: acetone
Data collected on: Apr 14 2010

Temp. 25.0 € / 298.1 K
Sample #5, Operator: xixi
INOVA-500 "nmri6"

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acq. time 1.300 sec

width 24509.8 Hz

256 repetitions

OBSERVE C13, 100.5217340 Mz
DECOUPLE M1, 399.7703504 Muz
Power 40 aB

continuously on

WALTZ-16 modulated

DATA PROCESSING

Line broadening 0.5 Hz

PT size 65536

Total time min 49 sec

74
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Table 1.2, Entry 8:
HO
CO,H
Me
NC

2-(4-Cyanophenyl)-3-hydroxy-2-methylpropanoic acid.

4-(3-

Hydroxyprop-1-en-2-yl)benzonitrile (96 mg, 0.60 mmol) was hydroformylated with

0.20 mol% p-toluenesulfonic acid (2.0 mL of 6.0 x 10* M in benzene, 1.2 x 107

mmol) at 45 °C for 12 h. Analysis of crude mixture after oxidation by 'H NMR

showed a b:l selectivity of >98:2. Branched product was isolated as a white solid (82

mg, 67%). '"H NMR (CDCls, 400 MHz) 8 7.40 (br s, 1H), 7.64 (d, 2H, J = 8.4), 7.48

(d, 2H, J=8.4),4.02 (d, 1H, J=11.2), 3.76 (d, 1H, J=11.2), 1.66 (s, 3H); *C NMR

(CDCls, 100 MHz) & 179.5, 145.0, 132.4, 127.4, 118.3, 111.6, 68.5, 52.6, 20.2; IR:
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3362, 2240, 1721, 1220, 1034, 836, 677, 558 cm™'; HRMS (DART-TOF) calcd. for

C11H;2NO; [M+H]": 206.08172, found: 206.08261.

Pulze Seguence: s¥pul
Bolvent: cidf

Temp. 25.0 €/ 298,1 & Crude 'H NMR
Sample #a2, Dperator: kwame

File: KF-2=0d9-3_2 _0&3_01

VHMRE-500 "nerilg"

Relax. delay 10000 sec
Fulse 45.0 degrees

Acq. time 7

Widih £41c.3 Hz
5 repetitions
OHSERVE  Hi, 389.7663128 MMz
0aTA PROCESEING

Resol. enhancement —0.0 Hz
FT size 65536
Total tine 2 min, 0 sec

HO s H

B e e S S S TN LE
a
K 6 5 ® a4 - 3 2 1 ppm
Sample Name:
XF-2-059

Archive directory:
Sample directory:
Fidrile: KF-2-059

Pulse Sequence: Proton (s2pul)
Solvent: cdcl3
Data collected on: Mar 30 2010

Temp. 25.0 C / 298.1 K
Operator: kit
INOVA-500 “nmr16"

Relax. delay 10.000 sec

Pulse 45.0 degrees

Acq. time 2.049 sec

width 8012.8 Hz

& repetitions

OBSERVE H1, 499.8853621 Muz

DATA PROCESSING

Resol. enhancement -0.0 Hz ;
FT size 65536 |
Total time 2 min 0 sec
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Sample directory:
Fidrile: KF-2-049-C_2 049 01

Pulse Sequence: Carbon (s2pul)
Solvent: cdel3l
Data collected om: Mar 13 2010

Temp. 25.0 C / 298.1 K
sample #40, Operator: kwame
INOVA-500 ‘“nmrl6"

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acq. time 1.301 sec

width 26595.7 Mz

2000 repetitions

OBSERVE C13, 100.5212971 MmEz
DECOUPLE H1, 399.7682756 Miz
Power 40 aB

centinuously on

WALTZ-16 modulated
DATA PROCESSING

Line broadening 0.5 Hz
FT size 131072
Total time 1 hr, 16 min

220 200 180 160 140 120 100 80 60 40 20 0

Table 1.2, Entry 9:

3-Hydroxy-2-methyl-2-(naphthalen-2-yl)propanoic acid. 2-(Naphthalen-2-
yl)prop-2-en-1-0l (110 mg, 0.60 mmol) was hydroformylated with 0.05 mol% p-
toluenesulfonic acid (500 uL of 6.0 x 10 M in benzene, 3.0 x 10™* mmol) at 35 °C
for 12 h. Analysis of crude mixture after oxidation by 'H NMR showed a b:l
selectivity of 95:5. Branched product was isolated as a white solid (117 mg, 85%). 'H
NMR (Acetone d-6, 500 MHz) 6 7.94-7.87 (m, 4H), 7.61-7.59 (m, 1H), 7.51-7.49 (m,
2H), 5.15-3.23 (br s, 1H), 4.28 (d, 1H, J = 10.5), 4.19 (br s, 1H), 3.95 (d, 1H, J =
11.0), 2.81 (s, 1H), 1.77 (s, 3H); *C NMR (Acetone d-6, 125 MHz) & 175.9, 139.4,

133.5, 132.5, 128.0, 127.8, 127.4, 126.0, 125.9, 125.0, 125.0, 68.2, 52.4, 20.4; IR:
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2921, 1697, 1027, 816, 751, 477 cm'; HRMS (DART-TOF) calcd. for C1;H;sNO;

[M+NH,]": 248.12867, found: 248.12972.

Solvent: acetons
o

DTH‘F‘-: 85.&]5 /2.1 K G 4
peratar

File: ws-2-z0-crude rude '"H NMR
VNMRS-500 “nArlE"

Relax. delay 1.000 gec
Pulsa 45.0 degrees

Ach. vime 2,048 sec

Vidth BO0L12.8 Hz

8 repetitions

OBSERVE Hl, 489.8879565 NHz
DaTA PROCESSDNG

Resol. enhancement =8.9 Hz
FT size 65536

Total time 0 min, 3¢ sec

Ho/“‘\< Wz H

= .
Q o
\ o
/o
S N VU l__: Al —

Sample Mame:
x8-2-6-pure
Archive directory:

Sample directory:
Fidrile: Proton

Pulse Sequence: Proton (s2pul)
Solvent: acetone
Data collected on: Mar 29 2010

Temp. 25.0 C / 298.1 K
Operator: kit
INOVA-500 “nmrl6*

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acq. time 2.049 sec

width 8012.8 Hz

8 repetitions

OBSERVE H1, 499.8879565 Muz
DATA PROCESSING

Resol. enhancement -0.0 Hz
FT size 65536

Total time 0 min 30 sec




Archive directory:

Sample directory:

FidrFile: Carbon

Pulse Sequence: Carbon (s2pul)
Solvent: acetone
Data collected om: Mar 8 2010

Temp. 25.0 C / 298.1 K
Operator: klt
IMOVA-500 “nmrl6"

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acq. time 1.300 sec

Width 30487.8 Hz

38 repetitions

OBSERVE C13, 125.6968137 MEHz
DECOUPLE H1, 499.8904559 MHz
Power 40 dp
continuously on
WALTZ-16 mpdulated
DATA PROCESSING

Line broadpning 0.5 Hz
FT size 131p72

Total time I9 min

78
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Table 1.2, Entry 10:

HO

7]
S

3-Hydroxy-2-methyl-2-(thiophen-3-yl)propanoic

100 80

CO.H
Me

T T T T T T T T

60

acid.

40 20 0

2-(Thiophen-3-

yl)prop-2-en-1-ol (84 mg, 0.60 mmol) was hydroformylated with 0.20 mol% p-

toluenesulfonic acid (2.0 mL of 6.0 x 10 M in benzene, 1.2 x 10~ mmol) at 45 °C

for 12 h. Analysis of crude mixture after oxidation by 'H NMR showed a b:l

selectivity of 95:5. Branched product was isolated as a white solid (78 mg, 70%). 'H

NMR (CDCls, 500 MHz) & 7.32-7.31 (m, 1H), 7.24 (d, 1H, J = 1.5), 7.13-7.12 (m,

1H), 6.87 (br s, 1H), 4.11 (d, 1H, J=11.2), 3.72 (d, 1H, J=11.2), 1.67 (s, 3H); *C

NMR (CDCls, 125 MHz) 8§ 180.3, 140.5, 126.3, 125.9, 121.7, 68.7, 50.1, 20.6; IR:
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2925, 1698, 1222, 1029, 871, 782, 684 cm'; HRMS (DART-TOF) calcd. for

CsH 0038 [M+NH,4]": 204.06944, found: 204.07035.

Sanple: wg-2-FU-trude
File: exp

Pulse Seguence: sZpul Crude 'H NMR

Solvent: cdeld

Tenp. £5.0 O f 298.1 K
Operator: kit
WNMRS=510  “nmri5"

Ralax. dalay 10.000 sec
Fuise 45,7 deprees

Resol. enhancensnt —8.0 Hz
FT size 85535
Total time 2 nin, 1 sec

100,04
%

Sample Mame:
xa-2-34-pure
Archive directory:

Sample directory:
Fidrile: Protom

Pulse Sequence: Proton (s2pul)
Solvent: odclld
Data collected on: Apr 6 2010

Temp. 25.0 C / 298.1 K
Operator: klt
IHOVA-500 “nmrl6”

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acq. time 2.049 sec

width 8012.8 Hz

8 repatitions

OBSERVE  H1, 499.8853621 Mz
DATA PROCESSING

Resol. enhancement -0.0 Hz
¥T size 65536

Total time 0 min 30 sec
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Sample Name:
xg-2-34-pure-C
Archive directory:

Sample directory:
Fidrile: Carbon

Pulse Sequence: Carbon (22pul)
Solvent: cdcl3
Data collected on: Apr 3 2010

Temp. 25.0 C / 298.1 K
Operator: kit
INOVA-500 “nmrl6*

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acq. time 1.300 sec

width 30487.8 Mz

158 repetitiona
OBSERVE €13, 125.6962590 MHz
DECOUPLE H1, 499.8878615 Mz
Power 40 a8

continuously on

WALTZ-16 modulated

DATA PROCESSING

Line broadening 0.5 Hz

FT size 131072
Total time 19 min

220 200 180 160 140 120 100 80 60 40 20 0 ppm

Table 1.2, Entry 11:

Me
HO OH

2-methyl-2-(pyridin-3-yl)propane-1,3-diol.  2-(pyridin-3-yl)prop-2-en-1-ol
(20 mg, 0.15 mmol) was hydroformylated with 0.20 mol% p-toluenesulfonic acid
(0.50 mL of 6.0 x 10 M in benzene, 0.30 x 10~ mmol) at 45 °C for 12 h. Reduction
with NaBH4 (17 mg, 0.45 mmol) and MeOH (3.0 mL) at r.t. for 2 h was performed
instead of oxidation. Analysis of crude mixture after reduction by '"H NMR showed a
b:1 selectivity of 98:2. Branched product was isolated as a white solid (17 mg, 68%).
'"H NMR (Methanol d-4, 500 MHz) § 8.65 (d, 1H, J= 1.7), 8.39 (dd, 1H, J = 1.5,

4.9), 7.96-7.94 (m, 1H), 7.43-7.40 (m, 1H), 3.84 (d, 2H, J = 11.0), 3.75 (d, 2H, J =
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11.0), 1.37 (s, 3H); ®C NMR (Methanol d-4, 125 MHz) & 147.7, 146.0, 140.7, 135.9,
123.4, 77.0, 43.8, 18.8; IR: 3346, 2812, 1416, 1020, 820, 713, 632 cm '; HRMS

(DART-TOF) calcd. for CoHsNO, [M+H]": 168.10245, found: 168.10277.

e - 2-orude Crude 'H NMR

Arehive diractory:
sasple dizectory:
Fidrile: Froton

Puloe Bequence: Protonm (82pull
Solvent: cdied
Data collected em: Jul 12 2010

Operator: klt
THOVA-500 “norlE

Rolow. delsy 10.000 sec
Pulse 45.0 degrees

Acg. time 2.048 sec

wigeh 8012.8 Hz

8 repetitions

OBEERVE  H1, 499.8873316 MH:
DRTA PROCESSTHG e

Rasol. enhancement -0.0 Hz o
T size 65536 Ho GH M
Total time 2 =in 0 sec Lf/lv

<
X

- QU"JWL“—‘L““J‘ .!Z’ . ”““_“umj —

8 7

<

a00.00

sample Name:
x8-2-115.2-pure
Archive directory:

Sample directory:
FidFile: Proton

Pulse Sequence: Proton (sZpul)
Solvent: cd3od
Data collected on: Jul 14 2010

Temp. 25.0 C / 298.1 K
Operator: klt
INOVA-500 "nmrlé™

Relax. delay 1.000 sec
Pulae 45.0 dogrees

Acq. time 3.000 sec

wWidth 7996.0 Hz

8 repetitions

OBSERVE M1, 499.7739815 MEz
DATA PROCESSING

Resol. enhancement -0.0 Hz
FT size 65536

Total time 0 min 40 sec
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Sample Name:
x8-2-115.2-pure-C
Archive directory:

Sample directory:
ridrile: Carbon

Pulse Sequence: Carbon (s2pul)
Solvent: cd3od
Data collected on: Jul 14 2010

Operator: klt
IROVA-500 ‘“nmrlé"

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acqg. time 1.300 sec

Width 30487.8 Hz

76 repetitions

OBSERVE C13, 125.6965730 Mz
DECOUPLE H1, 499.8898311 MHz
Power 40 4B

continuously on

WALTZ-16 modulated

DATA PROCESSING

Line broadening 0.5 Mz

FT size 131072

Total time 19 min

— - L
T T T T TN T T YT T T T TR T T T TTTTTT TTTTTT T T T T L B L L R L
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Table 1.2, Entry 12:
Me
HO OH
N
\
0]

2-(furan-3-yl)-2-methylpropane-1,3-diol. 2-(furan-3-yl)prop-2-en-1-ol (37
mg, 0.30 mmol) was hydroformylated with 0.05 mol% p-toluenesulfonic acid (0.25
mL of 6.0 x 10* M in benzene, 0.15 x 10 mmol) at 55 °C for 16 h. Reduction with
NaBH4 (34 mg, 0.90 mmol) and MeOH (6.0 mL) at rt for 2h was performed instead
of oxidation. Analysis of crude mixture after reduction by '"H NMR showed a b:l
selectivity of >98:2. Branched product was isolated as a white solid (30 mg, 64%).

'H NMR (Methanol d-4, 500 MHz) & 7.42 (t, 1H, J=1.8), 7.38 (dd, 1H, J= 1.0, 1.5),
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6.46 (dd, 1H, J= 1.0, 2.0), 3.65 (d, 2H, J=10.8), 3.61 (d, 2H, J=10.8), 1.22 (s, 3H);
BC NMR (Methanol d-4, 125 MHz) § 142.2, 139.0, 128.8, 109.0, 67.1, 40.0, 18.8;

IR: 3363, 2934, 2879, 1027, 875, 789, 601 cm™'; HRMS (DART-TOF) calcd. for

CsH 303 [M+H]": 157.08647, found: 157.08589.

Eample Name:
x8-2-124.1-crude-red
Archive directory: Crude 'H NMR

Semple dizectory:
Fidrile: xms-2-124.l-crude-red

Puloe Sequance: Pretes (sdpul)
Selvent: cdlod
Data collected onm: Jul 15 2010

Oparator: klt
INOVA-500 "mEmrisn

Relax. delay 1.000 sac
Fulse 45.0 degresas

Aog. time 2.049 oec

width 8012.8 =

B repstitlens

OBSERVE EL, 499.8873316 Mis
DATA PROCESSING

Resol. enhancement -0.0 Hz
¥T mize 65536
Total time 0 min 30 sec

200.00
2



Sanple Name:
x8-2-124.2-pure
Archive directory:

Sample directory:

ridrile: Proton

Pulse Sequence: Proton (s2pul)
Solvent: cdlod
Data collected on: Jul 19 2010

Tomp. 25.0 C / 298.1 K
Operator: kit
INOVA-500 “"rmrl6"

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acqg. time 3.000 sec

Width 7996.0 Hz

8 repetitions
OBSERVE H1, 499.7735815 MEz
DATA PROCESSING

Resol. enhancement -0.0 Hz
FT size 65536
Total time 0 min 40 sec

Sample Name:
x8-2-124.2-pure-C

Archive directory:

Sample directory:

ridrile: Carbon

Pulse Sequence: Carbon (s2pul)

Solvent: cdel3

Data collected om: Jul 15 2010

Temp. 25.0 C / 298.1 K
Operator: kit
IROVA-500 “nmrlé™

Relax. delay 1.000 sec

Pulse 45.0 degree:

Acqg. time 1.300 sec

widath 30165.9 Hz

40 repetitions

OBSERVE C13, 125.6676877 MHz
DECOUPLE HI1, 499.7745112 MHz
Fower 42 48

continuously on

WALTZ-16 modulated

DATA PROCESSING

Line broadening 0.5 Hz

FT size 131072

Total time 19 min

84
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Table 1.2, Entry 13:

HO

j<COZH

Me Me

3-hydroxy-2,2-dimethylpropanoic acid. 2-methylprop-2-en-1-ol (43 mg, 0.60
mmol) was hydroformylated with 0.20 mol% p-toluenesulfonic acid (2.0 mL of 6.0 x
10* M in benzene, 1.2 x 10° mmol) at 45 °C for 12 h. Analysis of crude mixture
after oxidation by 'H NMR showed a b:1 selectivity of 76:24. Branched product was
isolated as a white solid (35 mg, 49%). "H NMR (Acetone d-6, 500 MHz) & 3.57 (s,
2H), 1.16 (s, 6H); *C NMR (Acetone d-6, 125 MHz) & 117.8, 68.8, 43.8, 21.4; IR:
2933, 1692, 1236, 1044 cm™'; HRMS (DART-TOF) calcd. for CsH;;NO; [M+NH,]":

136.09737, found: 136.09743.

Pulse Sequence: sFpul Crude 'H NMR

Solvent: acetone

Tenp. 25.0 C f 288.1 K
Operator: kit
WHHRS-508  "nmris"

law. delay 10.000 $ec

50
FT size GH53E
Total time 2 min, ¢ sec

i b




Sample Name:
x8-2-45.3-£6-15-pure

Archive directory:

Sample directory:

Fidril

Proton

Pulse Sequence: Proton (s2pul)
Solvent: acetone
Data collected on: Apr 23 2010

Temp. 25.0 C / 298.1 K
Operator: klt
INOVA-500 “nmrl6"

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acg. time 2.049 sec

width 8012.8 Hz

8 repetitions

OBSERVE  H1, 499.8879565 MHz
DATA PROCESSING

Resol. enhancement -0.0 Hz
FT size 65536

Total time 0 min 30 sec

86
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Sample Name:
%*8-2-45.3-£6-15-C
Archive directory:

Sample directory:
Fidrile: Carbon

Pulse Sequence: Carbon (s2pul)
Solvent: acetone
Data collected on: Apr 20 2010

Temp. 25.0 C / 298.1 K
Sample #6, Operator: xixi
INOVA-500 "nmxrlé"

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acq. time 1.300 sec

width 24509.8 Hz

1000 repetitions

» 100.5217340 MHz
+ 399.7703504 MHz

continuously on
WALTZ-16 mgdulated
FING

Line broadening 0.5 Mz
FT size 65536

Total time 38 min

|
b

-

L L B L L B B B R R R RS R
220 200 180 160 140 120 100
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60

T T T e
40 20 0 ppm



87

Linear Product Syntheses and Characterizations

General Procedure. The oven dried glass reaction vial was placed in the Endeavor,
and corresponding alcohol substrates (0.60 mmol) was added. The Endeavor was
sealed and purged with nitrogen (4 x 100 psi). A solution of
dicarbonylacetylacetonato rhodium(I) (6.2 mg, 2.4 x 107 mmol, 4.0 mol%),
triphenylphosphine (13 mg, 4.8 x 102 mmol, 8.0 mol%) and benzene (to total volume
of 4 mL) was injected, followed by injection of additional benzene (2 mL) to wash
the injection port. The Endeavor was purged with nitrogen (1 x 100 psi), stirring was
started at 250 rpm, and the Endeavor was heated to and held at 75 °C for 10 minutes.
Stirring was stopped, the Endeavor was charged with 400 psi CO/H,, stirring was re-
initiated at 700 rpm, and the Endeavor was maintained at a constant temperature and
pressure of 75 °C and 400 psi CO/H; for 16 h. The Endeavor was vented to ambient
pressure and cooled to ambient temperature. The sample was removed and
concentrated. The crude residue was dissolved in CH,Cl; (9 mL) and pyridinium
chlorochromate (390 mg, 1.8 mmol, 3.0 eq.), sodium acetate (25 mg, 0.30 mmol, 0.50
eq.), and 3A molecular sieves (1.2 g, 4-8 mesh) were added and the solution was
agitated on an orbital shaker for 12 hours. Flash column chromatography

(Hex/EtOAc = 8/1) afforded pure products.
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4-Phenyldihydrofuran-2(3H)-one, (1.47) (83 mg, 85%). '"H NMR (CDCls,
500 MHz) 6 7.39 (t, 2H, J=17.6), 7.31 (t, I1H, J=7.3), 7.25 (d, 2H, J = 7.6), 4.69 (dd,
1H,J=17.8,9.1),4.28 (dd, 1H, J=8.1, 9.1), 3.80 (m, 1H), 2.94 (dd, 1H, J= 8.8, 17.6),
2.69 (dd, 1H, J = 9.0, 17.4); *C NMR (CDCls, 125 MHz) § 176.3, 139.4, 129.2,

127.7, 126.7, 74.0, 41.1, 35.7; IR 1759, 1156, 1007, 760, 702 cm™'; HRMS (DART-

TOF) calcd. for C1oH;,0, [M+H]": 163.07590, found 163.07652.

Sample Name:
KF-2-015-ReH
Archive directory:

Sample directory:
FidFile: KF-2-015-R=H

Pulse Sequence: Proton (s2pul)
Solvent: cdell
Data collected on: Jan 11 2010

Temp. 25.0 C / 298.1 K
Operatoxr: kit
INOVA-500 “nmrl6”

Relax. delay 1.000 sec

Pulse 45.0 degrees

Acq. time 2.049 sec

width 8012.8 Hz

8 repetitions

OBSERVE H1, 499.8853621 MHz

DATA PROCESSING

Resol. enhancement -0.0 Hz

FT size 65536

Total time 0 min 30 sec |
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Sample Name:
KF-2-015-R=K
Archive directory:

Sample directory:
FidFile: KF-2-015-C-R=H

Pulse Sequence: Carbon (s2pul)
Solvent: cdcl3
Data collected on: Jan 11 2010

Temp. 25.0 € / 298.1 K
Operator: kit
INOVA-500 “nmr16*

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acq. time 1.300 sec

width 32894.7 Hz

416 repetitions

OBSERVE €13, 125.6962577 M=
DECOUPLE K1, 499.8878615 MHz
Power 40 aB

continuously on

WALTZ-16 modulated

DATA PROCESSING

Line broadening 0.5 Ez

FT size 131072

Total time 38 min

B R e e N N N RN RN R R RN R RA RS T T T T T T T T T
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CF3

4-(4-(Trifluoromethyl)phenyl)dihydrofuran-2(3H)-one (118 mg, 85%). 'H
NMR (CDCls, 400 MHz) & 7.61 (d, 2H, J= 8.4), 7.35 (d, 2H, J = 8.2), 4.70-4.65 (dd,
IH, J=17.8,9.2), 4.29-4.24 (dd, 1H, J= 7.6, 9.2), 3.88-3.80 (m, 1H), 2.95 (dd, 1H, J
= 8.8, 17.4), 2.65 (dd, 1H, J = 8.4, 17.6); *C NMR (CDCl;, 125 MHz) & 175.7,
143.7, 130.1 (q, J = 32.5), 127.2, 126.1, 123.9 (q, J = 270.5), 73.4, 40.8, 35.5; IR
1771, 1324, 1164, 1117, 1066, 1018, 833 cm”; HRMS (DART-TOF) calcd. for

C11HoF;0, [M+H]": 231.06329, found 231.06376.



Samplo Namo:
KF-2-015-R=CF3_H
Archive directory:

Sample directory:
FidFile: KF-2-015-R=CF3_H_2 015 _01

Pulse Sequence: Proton (s2pul)
Solvent: cdcl3
Data collected on: Mar 9 2010

Temp. 25.0 € / 298.1 K
Sample #23, Operator: kwame
INOVA-500 “nmrl6"”

Relax. delay 10.000 sec
Pulse 45.0 degrees

Acqg. time 2.049 sec

Width 6410.3 Hz

8 repetitions
CBSERVE  H1, 399.7662768 MHz
DATA PROCESSING

Regol. enhancement -0.0 Hz
FT size 65536
Total time 2 min 0 sec

O L S S S H S S B S B
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sample Hamo:
KP-2-015-R=CF3
Archive directory:

Sample directory:
FidFile: KF-2-015-C-R=CF3

Pulse Sequence: Carbon (s2pul)
Solvent: cdcl3
Data collected on: Jan 14 2010

Temp. 25.0 C / 298.1 K
Operator: kit
INOVA-500 “nmrl6®

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acqg. time 1.300 sec

Width 32894.7 Hz

15360 repetitions
OBSERVE C13, 125.6962597 Mz
DECOUPLE H1, 499.8878615 MHxz
Power 40 dB

continuously on

WALTZ-16 modulated
DATA PRCCESSING

Line broadening 0.5 Hz

FT aize 131072

Total time 11 hr, 30 min
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CF3

FsC

4-(3,5-Bis(trifluoromethyl)phenyl)dihydrofuran-2(3H)-one (130 mg,
72%). '"H NMR (CDCl;, 500 MHz) & 7.86 (s, 1H), 7.28 (s, 2H), 4.77 (dd, 1H, J =
8.1, 9.0), 4.34 (dd, 1H, J= 8.1, 9.3), 3.98 (m, 1H), 3.06 (dd, 1H, J= 8.8, 17.6), 2.73
(dd, 1H, J = 8.8, 17.6); *C NMR (CDCls, 125 MHz) 8 174.9, 142.1, 132.7 (q, J =

34.4),127.1,123.0 (q, J =271.1), 121.9, 72.9, 40.8, 35.3; IR 1786, 1374, 1276, 1170,
1110, 1030, 899, 842, 707, 682 cm™; HRMS (DART-TOF) calcd. for Ci,HoF40,

[M+H]": 299.05067, found 299.05024.

Sample Name:
KF-2-056
Archive directory:

Sample directory:
FidFile: KF-2-056

Pulse Sequence: Protom (s2pul)
Solvent: cdcl3
Data collected on: Mar 19 2010

Operator: kit
INOVA-500 "nmrlé®

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acq. time 3.000 sec

wWidth 7996.0 Hz

8 repetitions

OBSERVE  H1, 499.7720124 MEz
DATA PROCESSING

Resol. enhancement -0.0 Mz
FT size 65536
Total time 0 min 40 sec
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Sample Name:
KF-2-056
Archive directory:

Sample directory:
Fidrile: XF-2-056-C

Pulse Sequence: Carbon (s2pul)
Solvent: cdcl3
Data collected on: Mar 1§ 2010

Temp. 25.0 C / 298.1 K
Operator: klt
INOVA-500 “"nmrl6”

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acq. time 1.300 sec

widch 32894.7 Hz

480 repetitions

OBSERVE C13, 125.6962557 MHz
DECOUPLE H1, 499.8878615 MHz
Power 40 dB

continucusly on

WALTZ-16 modulated

DATA PROCESSING

Line broadening 0.5 Hz

¥T size 131072
Total time 19 min

[ |
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OMe

4-(4-Methoxyphenyl)dihydrofuran-2(3H)-one (74 mg, 64%). 'H NMR
(CDCls, 400 MHz) & 7.13 (d, 2H, J= 8.8), 6.90 (d, 2H, J= 8.8), 4.62 (dd, 1H, J= 8.1,
9.1), 4.20 (dd, 1H, J = 8.1, 9.1), 3.79 (s, 3H), 3.72 (m, 1H), 2.88 (dd, 1H, J = 8.6,
17.4), 2.61 (dd, 1H, J = 9.3, 17.4); *C NMR (CDCl;, 100 MHz) & 176.4, 159.0,
131.3, 127.7, 114.5, 74.2, 55.3, 40.4, 35.9; IR 1765, 1511, 1454, 1254, 1164, 1014,
838, 602, 554 cm'l; HRMS (DART-TOF) calcd. for C;;H 303 [M+H]+: 193.08647,

found 193.08682.



Sample Name:
KF-2-015-R=0Ma
Archive directory:

Sample directory:
Fidrile: KP-2-015-R=OMe

Pulse Sequence: Protom (s2pul)
Solvent: cdcl3
Data collected on: Jan 11 2010

Temp. 25.0 C / 298.1 K
Operator: klt
INOVA-500 “mmri"

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acqg. time 2.048 sec

wWidth 8012.8 Hz

8 repetitions
OBSERVE H1, 499.8853621 MHz
DATA PROCESSING

Resol. enhancement -0.0 Hz
FT size 65536
Total time 0 min 30 sec
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Sample Name:
KF-2-015-R=0Me_C

Archive directory:

Sample directory:

Fidrile: KF-2-015-RwOMe_C_2_ 015_01

Pulse Sequence: Carbom (s2pul)

Solvent: cdcll

Data collected om: Mar 9 2010

Temp. 25.0 C / 298.1 X

sample #24, Operator: kwame

INOVA-500 “nmrl6”

Relax. delay 1.000 sec

Pulse 45.0 degrees

Acg. time 1.301 sec

Width 26595.7 Hz

2000 repetitions
OBSERVE C13, 100.5212930 ME=z
DECOUPLE H1, 399.7682756 MHz

Power 40 dB

continucusly on

WALTZ-16 modulated
DATA PROCESSING

Line broadening 0.5 Hz |
FT size 131072 |
Total time 1 hr, 16 min
|
| | ! L | . f
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4-(4-Chlorophenyl)dihydrofuran-2(3H)-one (73 mg, 62%).

94

'"H NMR

(CDCls, 400 MHz) 8 7.31 (d, 2H, J= 8.6), 7.29 (d, 2H, J = 8.4), 4.63 (dd, 1H, J= 7.8,

9.2), 4.20 (dd, 1H, J = 7.6, 9.0), 3.79-3.70 (m, 1H), 2.90 (dd, 1H, J= 8.8, 17.6), 2.60

(dd, 1H, J = 8.8, 17.4); ®C NMR (CDCl;, 100 MHz) § 176.0, 138.0, 133.5, 129.3,

128.1, 73.7, 40.5, 35.6; IR 1774, 1485, 1425, 1161, 1093, 1011, 832, 680, 511, 496

cm'l; HRMS (DART-TOF) calcd. for C;oH;oClO, [M+H]+: 197.03693, found

197.03745.

Sample Name:
KF-2-015-ReC1
Archive directory:

Sample directory:
FidFile: KF-2-015-R=C1_2_015_01

Pulse Sequence: Proton (s2pul)
Solvent: cdcl3
Data collected on: Mar 9 2010

Temp. 25.0 C / 298.1 K
Sample #22, Operator: kwame
INOVA-500 “nmrlé"

Relax. delay 10.000 sec
Pulse 45.0 degrees

Acq. time 2.049 sec

width 6410.3 Hz

8 repetitions
OBSERVE M1, 399.7662768 Mz
DATA PROCESSING

Resol. enhancement -0.0 Hz
FT size 65536
Total time 2 min 0 sec

10 9 8
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Sample Name:
XF-2-015-R=C1 C
Archive directory:

Sample directory:
FidFile: KF-2-015-R=C1l C 2 015 01

Pulse Sequence: Carbon (s2pul)
Solvent: cdcl3
pata collected on: Mar 9 2010

Temp. 25.0 € / 298.1 K
Sample #22, Operator: kwame
INOVA-500 “nmrlé"™

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acq. time 1.301 sec

wWidth 26595.7 Hz

2000 repetitions

OBSERVE C13, 100.5212995 Mz
DECOUPLE H1, 399.7682756 MHz
Power 40 dB

continuously on

WALTZ-16 modulated

DATA PROCESSING

Line broadening 0.5 Hz

FT size 131072

Total time 1 hr, 16 min
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Br

4-(4-Bromophenyl)dihydrofuran-2(3H)-one (110 mg, 76%). 'H NMR
(CDCls, 500 MHz) 6 7.49 (d, 2H, J=8.6), 7.12 (d, 2H, J= 8.3), 4.66 (dd, 1H, J= 7.8,
9.0), 4.23 (dd, 1H, J= 7.6, 9.1), 3.76 (m, 1H), 2.92 (dd, 1H, J= 8.6, 17.4), 2.62 (dd,
1H, J= 8.8, 17.6); ®C NMR (CDCls, 125 MHz) § 175.9, 138.6, 132.3, 128.4, 121.6,
73.7, 40.6, 35.6; IR 1764, 1486, 1422, 1154, 1010, 825, 539, 491 cm'; HRMS

DART-TOF) calcd. for C;oH;oBrO, [M+H]+: 240.98642, found 240.98681.
(
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Sample Name:
x8-1-276
Archive directory:

sample directory:
Fidrile: Proton

Pulse Sequence: Proton (s2pul)
Solvent: cdcl3
pata collected on: Jan 30 2010

Temp. 25.0 C / 298.1 K
Operator: klt
INOVA-500 "nmrlé"

Relax. delay 3.000 sec
Pulse 45.0 degrees

Acq. time 2.049 sec

width 8012.8 Hz

8 repetitions

OBSERVE  H1, 499.8853621 Mz
DATA PROCESSING

Resol. enhancement -0.0 Hz
FT size 65536

Total time 0 min 50 sec

Sample Name:
x8-1-276
Archive directory:

Sample directory:
Fidrile: Carbon

Fulse Sequence: Carbon (s2pul)
Solvent: cdclld
Data collected on: Jan 30 2010

Temp. 25.0 C / 298.1 K
Operator: klt
INOVA-500 “nmrl6”

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acqg. time 1.300 sec

Width 32894.7 Hz

96 repetitions

OBSERVE C13, 125.6962652 MHz
DECOUPLE H1, 499.8878615 MHz
Power 40 a8

continuously on

WALTZ-16 modulated

DATA PROCESSING

Line broadening 0.5 Hz

FT size 131072

Total time 6 hr, 23 min
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Cl

4-(3-Chlorophenyl)dihydrofuran-2(3H)-one (95 mg, 81%). 'H NMR
(CDCls, 500 MHz) 6 7.31 (m, 1H), 7.24 (s, 1H), 7.14 (d, 2H, J=8.3), 4.68 (dd, 1H, J
=17.8,9.0),4.27 (dd, 1H, J= 7.6, 9.0), 3.79 (m, 1H), 2.95 (dd, 1H, J= 8.5, 17.3), 2.66
(dd, 1H, J = 8.8, 17.6); ®C NMR (CDCl;, 125 MHz) § 175.9, 141.6, 135.0, 127.9,
127.1,124.9, 73.6, 40.7, 35.5; IR 1773, 1598, 1480, 1164, 1083, 1019, 907, 785, 729,
693, 441 cm'l; HRMS (DART-TOF) calcd. for C;oH;(ClO, [M+H]+: 197.03693,

found 197.03729.

Sample Name:
KF-2-055
Archive directory:

sample directory:
Fidrile: KF-2-055

Pulse Sequence: Proton (s2pul)
Solvent: cdel3
Data collected on: Mar 19 2010

Operator: klt
INOVA-500 “nmrl6"

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acq. time 3.000 sec

Width 7996.0 Hz

8 repetitions

OBSERVE H1, 499.7720124 MEHz
DATA PROCESSING

Resol. enhancement -0.0 Hz
BT size 65536

Total time 0 min 40 sec
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Fidrile: KF-2-055-C

Pulse Sequence: Carbon (s2pul)
Solvent: cdel3
Data collected on: Mar 19 2010

Temp. 25.0 C / 298.1 K
Operator: klt
INOVA-500 ‘“nmrl6"

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acq. time 1.300 sec

width 32894.7 Hz

400 repetitions

OBSERVE C13, 125.6962642 MHz
DECOUPLE H1, 499.8878615 1z
Power 40 4B

continuously on

WALTZ-16 modulated

DATA PROCESSING

Line broadening 0.5 Hz

FT size 131072
Total time 19 min

T L L L B L L L B L B B B R R N R N R R R R R ]
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COzMe

Methyl 4-(5-oxotetrahydrofuran-3-yl)benzoate (63 mg, 48%). 'H NMR
(CDCls, 500 MHz) 6 8.01 (d, 2H, J=8.5),7.30 (d, 2H, J=8.5), 4.67 (dd, 1H, J= 7.8,
9.0),4.26 (dd, 1H, J=17.8, 9.3), 3.89 (s, 3H), 3.86-3.83 (m, 1H), 2.94 (dd, 1H, J= 8.8,
17.6), 2.66 (dd, 1H, J = 8.8, 17.4); *C NMR (CDCl;, 125 MHz) & 175.9, 166.5,
144.7, 130.4, 129.6, 126.8, 73.5, 52.2, 41.0, 35.4; IR 1778, 1717, 1280, 1168, 1109,

1019 cm'l; HRMS (DART-TOF) caled. for Ci,H ;304 [M+H]+: 221.08138, found

221.08169.



Sample Name:
x8-2-36-£58-75
Archive directory:

Sample directory:
FidFile: Proton

Pulse Sequence: Proton (s2pul)
Solvent: cdel3
Data collected on: Apr 10 2010

Texp. 25.0 C / 298.1 K
Operator: klt
INOVA-500 “nmrl6"

Rolax. delay 1.000 sec
Pulse 45.0 degrees

Acq. time 2.049 sec

Width 8012.8 Hz

8 repetitions

OBSERVE  H1, 499.8853621 MHz
DATA PROCESSING

Rosol. emhancement -0.0 Hz
¥T size 65536

Total time 0 min 30 sec
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Sample Name:
x8-2-36-£58-75-C
Archive directory:

Sample directory:
FidFile: Carbon

Pulse Sequence: Carbon (s2pul)
Solvent: cdcl3
Data collacted on: Apr 10 2010

Temp. 25.0 C / 298.1 K
Operator: klt
INOVA-500 “mmri6"

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acq. time 1.300 sec

Width 30487.8 Hz

24 repetitions
OBSERVE C13, 125.6962680 MHz
DECOUPLE H1, 459.8878615 Mz
Powexr 40 ds

continucusly on

WALTZ-16 modulated

DATA PROCESSING

Line broadening 0.5 Hz

FT size 131072

Total time 9 min 49 sec
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CN

4-(5-Oxotetrahydrofuran-3-yl)-benzonitrile (82 mg, 72%). 'H NMR
(CDCls, 400 MHz) 6 7.65 (d, 2H, J=8.2), 7.34 (d, 2H, J=8.4), 4.67 (dd, 1H, J= 7.8,
9.2),4.25 (dd, 1H, J=7.4,9.2), 3.84 (m 1H), 2.96 (dd, 1H, J= 8.8, 17.4), 2.63 (dd,
1H, J= 8.4, 17.6); ®C NMR (CDCls, 100 MHz) § 175.4, 145.0, 133.0, 127.6, 118.3,
111.8, 73.2, 41.0, 35.4; IR 2225, 1763, 1609, 1507, 1166, 1013, 832, 729, 561 cm;

HRMS (DART-TOF) calcd. for C;1H9NO, [M+H]+: 188.07115, found 188.07101.

Sample Name:
KP-2-047
Archive directory:

Sample directory:
FidrFile: KF-2-047_2 47 01

Pulge Sequence: Protom (s2pul)
Solvent: cdel3
Data collected on: Mar 8 2010

Temp. 25.0 C / 298.1 X
Sample #28, Operator: kwame
INOVA-500 ‘“nmrlé"

Relax. delay 10.000 sec
Pulse 45.0 degrees

Acq. time 2.049 sec

width 6410.3 Hz

8 repetitions

OBSERVE  H1, 399.7662768 MHz
DATA PROCESSING

Resol. enhancement -0.0 Hz
FT size 65536

Total time 2 min 0 sec




Sample Name:
KF-2-047-C
Archive directory:

sample directory:

FidFile: KF-2-047-C 2 47 01

Pulse Sequence: Carbon (s2pul)
Solvent: cdel3
Data collected on: Mar 8 2010

Texp. 25.0 C / 298.1 K
Sample #28, Operator: kwame
INOVA-500 “nmri6"

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acqg. time 1.301 sec

Width 26595.7 H=z

512 repetitions

OBSERVE C13, 100.5212995 mMHz
DECOUPLE H1, 399.7682756 MHz
Power 40 aB

continuously on

WALTZ-16 modulated
DATA PROCESSING

Line broadening 0.5 Hz
FT size 131072
Total time 19 min
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220 200 180 160

4-(Naphthalen-2-yl)dihydrofuran-2(3H)-one (97 mg,

80

60

40

76%).

20

'"H NMR

(CDClLs, 500 MHz) § 7.87 (m, 3H), 7.69 (s, 1H), 7.54 (m, 2H), 7.35 (d, 1H, J = 8.3),

4.74 (dd, 1H, J= 7.8, 9.0), 4.38 (dd, 1H, J= 7.8, 9.0), 3.95 (m, 1H), 3.01 (dd, 1H, J =

8.8, 17.6), 2.80 (dd, 1H, J=9.0, 17.6); ®C NMR (CDCls, 125 MHz) § 176.4, 136.8,

133.4, 132.7, 129.1, 127.7, 126.7, 126.3, 125.5, 124.5, 73.9, 41.2, 35.7; IR 1759,

1158, 1006, 831, 749, 477 cm'l; HRMS (DART-TOF) calcd. for C14H;50; [M+H]+:

213.09155, found 213.09151.
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Sample Name:
K£-2-057
Archive directory:

Sample directory:
FidFile: KF-2-057

Pulse Sequence: Proton (s2pul)
Solvent: cdcl3
Data collected on: Mar 19 2010

Operator: klt
INOVA-500 “nmxl6™

Relax. delay 1.000 sec
Pulge 45.0 degr
Acqg. time 2.000 sec

Width 7996.0 Hz

8 repetitions

OBSERVE Hl, 499.7720124 MHz
DATA PROCESSING

Resol. enhancement -0.0 Hz
FT pize 65536

Total time 0 min 40 sec
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FidFile: KF-2-057-C

Pulse Sequence: Carbon (s2pul)
Solvent: cdcl3
Data collected on: Mar 19 2010

Temp. 25.0 C / 298.1 K
Operator: kit
INOVA-500 “nmrlé"

Relax. delay 1.000 sec
Pulse 45.0 dogrees

Acq. time 1.300 sec

width 32894.7 Hz

192 repetitions

OBSERVE C13, 125.6962718 Muz
DECOUPLE H1, 459.8878615 MHz
Power 40 ds

continuously on

WALTZ-16 modulated

DATA PROCESSING

Line broadening 0.5 Mz

FT size 131072 ‘
Total time 19 min
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/\

4-(Thiophen-3-yl)dihydrofuran-2(3H)-one (50 mg, 50%). '"H NMR (CDCl;,

500 MHz) & 7.38-7.36 (m, 1H), 7.11-7.10 (m, 1H), 7.00-6.99 (m, 1H), 4.64 (dd, 1H,

J=1.38,9.0),4.26 (dd, 1H, J= 7.8, 9.0), 3.90-3.86 (m, 1H), 2.91 (dd, 1H, J = 8.6,

17.4), 2.64 (dd, 1H, J = 8.6, 17.4); *C NMR (CDCl;, 125 MHz) § 176.2, 140.1,

127.2, 125.8, 121.0, 73.5, 36.8, 35.6; IR 1770, 1167, 1017, 783 cm™; HRMS

(DART-TOF) calcd. for CsHo0,S [M+H]": 169.03232, found 169.03152.

Sample Name:
*8-2-37-pure
Archive directory:

Sample directory:
FidFile: Proton

Pulse Sequence: Protom (s2pul)
Solvent: cdecl3
Data collacted on: Apr 10 2010

Temp. 25.0 C / 298.1 K
Operator: kit
INOVA-500 “nmri6"

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acq. time 2.049 sec

Width 8012.8 Hz

8 repetitions

OBSERVE M1, 499.8853621 MHz
DATA PROCESSING

Resol. enhancement -0.0 Hz
FT size 65536

Total time 0 min 30 sec
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Sample Name:
xg-2-37-pure-C
Archive directory:

sample directory:
PidPile: Carbon

Pulse Sequence: Carbon (s2pul)
Solvent: cdcl3
Data collected on: Apr 9 2010

Temp. 25.0 C / 298.1 K
Operator: kit
INOVA-500 “nmri6"

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acq. time 1.300 sec

width 30487.8 Hz

20 repetitions

OBSERVE C13, 125.6962614 MHz
DECOUPLE H1, 499.8878615 MHz
Power 40 4B

continuously on

WALTZ-16 modulated

DATA PROCESSING

Line broadening 0.5 Hz

FT size 131072

Total time 9 min 49 sec

220 200 180 160 140 120 100 80 60 40 20 0

HO OH

X
=N

2-(pyridin-3-yl)butane-1,4-diol (19 mg, 75%). 2-(pyridin-3-yl)prop-2-en-1-ol
(20 mg, 0.15 mmol) was hydroformylated. Reduction with NaBH4 (17 mg, 0.45
mmol) and MeOH (3.0 mL) at rt for 2 h was performed instead of oxidation. 'H
NMR (Methanol d-4, 500 MHz) & 8.46 (s, 1H), 8.41(d, 1H, J = 3.7), 7.80-7.78 (m,
1H), 7.43-7.40 (m, 1H), 3.78-3.72 (m, 2H), 3.55-3.51 (m, 1H), 3.45-3.40 (m, 1H),
3.03-2.99 (m, 1H), 2.10-2.03 (m, 1H), 1.87-1.80 (m, 1H); *C NMR (Methanol d-4,
125 MHz) 8§ 149.0, 146.7, 139.3, 136.3, 123.8, 65.7, 59.1, 42.3, 34.3; IR 3260, 2925,
2855, 1427, 1050, 1028, 713 cm’'; HRMS (DART-TOF) caled. for CoH;3NO,

[M+H]": 168.10245, found 168.10230.



Sample Name:
x8-2-119.2-pure
Archive directory:

Saxple directory:
FidFile: Proton

Pulse Sequence: Protom (s2pul)
Solvent: cdlod
Data collected on: Jul 14 2010

Temp. 25.0 C / 298.1 K
Operator: kit
INOVA-500 “nmri6®

Relax. delay 1.000 sec
Pulpe 45.0 degrees

Acq. time 3.000 sec

width 7996.0 Hz

8 repetitions

OBSERVE  H1, 499.7739815 MHz
DATA PROCESSING

Resol. emhancement -0.0 Hz
FT size 65536

Total time 0 min 40 sec

Sample Name:
x8-2-119.2-pure-C
Archive directory:

sample directory:
Fidrile: Carbon

Pulse Sequence: Carbon (s2pul)
Solvent: cd3od
Data collected on: Jul 14 2010

Operator: kit
INOVA-500 “nmri6"

Relax. delay 1.000 sec
Pulse 45.0 degrees
Acqg. time 1.300 s
wWidth 30487.8 Hz
116 repetitions
OBSERVE C13, 125.6965725 MHz
DECOUPLE M1, 499.8898311 MMz
Power 40 4B

continuously on

WALTZ-16 modulated

DATA PROCESSING

Line broadening 0.5 Hz

FT size 131072

Total time 19 min
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OH

N
O

2-(furan-3-yl)butane-1,4-diol (33 mg, 70%). 2-(furan-3-yl)prop-2-en-1-ol (37

mg, 0.30 mmol) was hydroformylated. Reduction with NaBH4 (34 mg, 0.90 mmol)

and MeOH (6.0 mL) at rt for 2 h was performed instead of oxidation. '"H NMR

(Methanol d-4, 500 MHz) § 7.44 (t, 1H, J = 1.7), 7.36 (dd, 1H, J = 0.7, 1.5), 6.38-

6.37 (m, 1H), 3.67-3.56 (m, 3H), 3.53-3.48 (m, 1H), 2.88-2.83 (m, 1H), 2.01-1.94 (m,

1H), 1.73-1.66 (m, 1H); *C NMR (Methanol d-4, 125 MHz) § 142.7, 139.5, 125.8,

109.2, 65.8, 59.5, 35.3, 34.4; IR 3334, 2929, 1157, 1025, 874, 786, 724, 601, 542 cm’

1; HRMS (DART-TOF) calcd. for CgH ;303 [M+H]+: 157.08647, found 157.08586.

Sample Name:
x8-2-126-pure
Archive directory:

Sample directory:

Fidrile: Proton

Pulge Sequence: Proton (s2pul)
Solvent: cd3od
Data collected on: Jul 19 2010

Temp. 25.0 C / 298.1 K
Operator: klt
INOVA-500 “nmxi6"

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acq. time 3.000 sec

Width 7996.0 Hz

8 repetitions

OBSERVE H1l, 499.7739815 MmHz
DATA PROCESSING

Resol. enhancement -0.0 Hz
FT size 65536
Total time 0 min 40 sec

L_, .ﬁ - M_J_-; .




107

Sample Name:
x8-2-126-pure-C
Archive directory:

Sample directory:
FidFile: Carbon

Pulse Sequence: Carbon (s2pul)
Solvent: cdel3
Data collected on: Jul 17 2010

Temp. 25.0 € / 298.1 K
Operator: klt
INOVA~500 ~"nmrl6™

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acqg. time 1.300 sec

width 30165.9 Hz

38 repetitions

OBSERVE C13, 125.6677581 MHz
DECOUPLE M1, 499.7745112 Muz
Power 42 aB

continuously on

WALTZ-16 modulated

DATA PROCESSING

Line broadening 0.5 Hz

FT size 131072

Total time $ min 49 sec ‘

M

L L L B O B B B B L B B L L R R R R R AR NSRS
120 200 180 160 140 120 100 80 60 40 20 C

Me

4-Methyldihydrofuran-2(3H)-one (37 mg, 62%). Characterization data of this

compound was previously reported.®



Sample Name:
KF-2-058
Archive directory:

Sample directory:
ridrile: Kr-2-058

Pulse Sequence: Protom (s2pul)
Solvent: cdel3
Data collected on: Mar 19 2010

Dperator: klt
INOVA-500 "nmrl6"

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acqg. time 3.000 sec

Width 7996.0 Hz

8 repetitions

JBSERVE H1, 499.7720124 MHz
DATA PROCESSING

Resol. enhancement -0.0 Hz
FT size 65536

rotal time 0 min 40 sec
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FidFile: KF-2-058-C

Pulse Sequence: Carbon (s2pul)
Solvent: cdcl3
Data collected on: Mar 19 2010

Temp. 25.0 C / 298.1 K
Operator: klt
INOVA-500 “nmrlé"

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acqg. time 1.300 sec

Width 32894.7 Hz

144 repetitions

OBSERVE C13, 125.6962642 MHz
DECOUPLE H1, 499.8878615 MHz
Power 40 dB

continuously on

WALTZ-16 modulated

DATA PROCESSING

Line broadening 0.5 Hz

FT size 131072

Total time 19 min

T T T T T

(RAREERRRRN RN T

220 200

L L L R B R R R R RN RE RN RN R T
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Synthesis of Methyl Ether 1.48

OH OMe

(3-Methoxyprop-1-en-2-yl)benzene (1.48)was synthesized from 2-phenylprop-2-en-
1-ol according to literature procedure’: To a flame-dried round bottom flask, sodium
hydride (36 mg, 1.5 mmol) was added under nitrogen. lodomethane (110 mL, 1.8

mmol) and anhydrous THF (2 mL) were added and solution was stirred at 45 C. A

solution of 2-phenylprop-2-en-1-ol (150 mL, 1.2 mmol) in anhydrous THF (1 mL)
was added dropwise and reaction was stirred at 45 °C for 30 min. The resulting
mixture was allowed to cool to rt and H,O (1 mL) was added, followed by extraction
with Et;O (3 x 5 mL). Combined organic layers were washed with brine, dried over
MgSO,, and concentrated. Flash column chromatography (Hex/EtOAc = 30:1)
afforded pure product as colorless liquid (156 mg, 88%). '"H NMR (CDCls, 500
MHz) 8§ 7.50-7.48 (m, 2H), 7.38-7.27 (m, 3H), 5.55 (t, 1H, J= 0.4), 5.35 (m, 1H),
4.34 (d, 2H, J = 0.4), 3.40 (s, 3H); ®C NMR (CDCls, 125 MHz) § 144.2, 138.8,
128.4, 127.8, 126.0, 114.4, 74.6, 57.9; IR: 2924, 1121, 1092, 905, 779, 708 cm';

HRMS (DART-TOF) calcd. for C;(H 30 [M+H]+: 149.09664, found: 149.09655.
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Sample Name:
*8-2-23-pure
Archive directory:

Sample directoxry:
PidPile: Proton

Pulge Sequence: Proton (s2pul)
Solvent: cdcl3
data collected on: Mar 23 2010

Temp. 25.0 C / 298.1 X
Jperator: kit
NOVA-500 "nmrl6"

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acqg. time 2.049 sec

Width 8012.8 Hz

8 repetitions

JBSERVE H1, 499.8853621 MHz
JATA PROCESSING

Resol. enhancement -0.0 Hz
T size 65536

fotal time 0 min 30 sec

Sample Hame:
x8-2-23-pure-C
Axrchive directory:

Sample directory:
FidFile: Carbon

Pulse Sequence: Carbom (s2pul)
Solvent: cdell
Data collected on: Mar 23 2010

Temp. 25.0 C / 298.1 X
Operator: k1t
INOVA-500 ‘“nmrl§"

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acg. time 1.300 sec

Width 30487.8 Hz

105 repetitions

OBSERVE C13, 125.6962562 MHz
DECOUPLE H1, 499.8878615 MHz
Power 40 4B

continucusly on

WALTZ-16 modulated

DATA PROCESSING

Line broadening 0.5 Hz

Fr size 131072

Total time 19 min
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Control Reaction of Methyl Ether

OMe
4 mol% Rh(acac)(CO),  MeO MeO CHO
20 mol% 1.27 CHO
400 psi CO/H, Me  + + 148
35 °C, benzene, 12 h
1.48 1.49 (0%) 1.50 (0%) 100%

The oven dried glass reaction vial was placed in the Endeavor, and (3-methoxyprop-
I-en-2-yl)benzene (89 mg, 0.60 mmol) was added. The Endeavor was sealed and
purged with nitrogen (4 x 100 psi). A solution of dicarbonylacetylacetonato
rhodium(I) (6.2 mg, 2.4 x 10 mmol, 4.0 mol%), ligand 1.27 (34 mg, 0.12 mmol, 20
mol%), p-toluenesulfonic acid (2.0 mL of 6.0 x 10* M in benzene, 1.2 x 10~ mmol,
0.20 mol%) and benzene (to total volume of 4 mL) was injected, followed by
injection of additional benzene (2 mL) to wash the injection port. The Endeavor was
purged with nitrogen (1 x 100 psi), stirring was started at 250 rpm, and the Endeavor
was heated to and held at 45 °C for 10 minutes. Stirring was stopped, the Endeavor
was charged with 400 psi CO/H,, stirring was re-initiated at 700 rpm, and the
Endeavor was maintained at a constant temperature and pressure of 45 °C and 400 psi
CO/H; respectively for 12 h. The Endeavor was vented to ambient pressure and
cooled to ambient temperature. The reaction was removed from the Endeavor and
concentrated. 1,3,5-Trimethoxybenzene (400 mL of 0.15 M in CDCl;, 0.06 mmol)

was added as standard and "H NMR showed > 99% substrate and 0% conversion.
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Binding Study of Ligand 1.27

Me HO 0.25 mol% p-TsOH Me
@EN CgDg, 45 °C @N .
>—Oi-Pr + < >0 +  [PrOH
P P
Ph Ph
1.27 1.43 1.51

Ligand 1.27 (5.7 mg, 2.0 x 10? mmol) was dissolved in benzene d-6 (1 mL) in an
NMR tube under N,. p-Toluenesulfonic acid (0.10 mL of 5.0 x 10 M in benzene d-6,
5.0 x 10 mmol) was added to solution, followed by addition of 2-phenylprop-2-en-
1-0l, 1.43 (13 mg, 0.10 mmol) and i-PrOH (46 uL, 0.60 mmol). Solution was heated
at 45 °C overnight. Analysis of the reaction by '"H NMR showed 1.51:1.27 = 38:62,

leading to Keq,= 4.0.

Sample Name:
*x8-2-93-onBd5C
Archive directory:
Sample directory:

FidFile: Brotan

1.030
1.017

Fulse Sequence: Proton (sdpul)
Solvent: c6d
Tata collected om: Jun 15 2018

Operator: kit
THOVA=500 “"nmelé®

Relax, delay 10.000 sec
Pulse 45.0 degraes
Acg. time 3.000 sec
width 7996.0 Hx
B repstitions
ODSERVE M1, 499.7720873 Mz
DATA PROCESSING
Remol. enhancement -0.0 Hz
FT siza 5536 Me "‘\‘/le
Total time 2 min 10 sec N | X >_ P
-Pr

>=0  Ph Ap ﬂ

p -

- Ph

Ph /

| \ ‘
Il ‘
Lﬁ-‘__; __.I _uJ.Iﬂh_.._ A _,,,J_J) . I _il| L.J_ —
T T N L B R U T T T T T
] 8 7 6 4 3 2 1 ppm

60.57 <y |

100.00 <
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HO CHO

Me ) Me

0.25 mol% p-TsOH Me
N CHO CeDg, 45 °C N .
>—OiPr + M - 0 +  [PrOH
P © P
Ph Ph

1.27 1.44 1.52

Ligand 1.27 (5.7 mg, 2.0 x 102 mmol) was dissolved in benzene-d6 (1 mL) in an
NMR tube under N,. p-Toluenesulfonic acid (0.10 mL of 5.0 x 10 M in benzene d-6,
5.0 x 10 mmol) was added to solution, followed by addition of 3-hydroxy-2-methyl-
2-phenylpropanal, 1.44 (16 mg, 0.10 mmol, isolated from hydroformylation) and i-
PrOH (23 uL, 0.30 mmol). Solution was heated at 45 °C overnight. Analysis of the

reaction by '"H NMR showed 1.52:1.27 =41:59.
Note: Ignoring minor aldehyde dimerization, Keq, was calculated to be 2.3.

Eample Name:
x@-2-94-on@d 50
Archive directory:

Sanple directory:
FidFile: Proton
Pulse Sequence: Proten (slpul)

Solvent: ofd6
Data collected on: Jun 15 2010

~—1.005
0.892

Oparator: kit
INOVA-500 “nmrl6*

Ralax. delay 10.000 sec
Pulae 45.0 degrees

Acg. time 3.000 sec
Width T7995.0 Mz
B repstitfions
OBSERVE H1l, 499.7720573 MEz
DATA PROCEESING
Rasgal. =0.0 Mz
FT size 65536
Total time 2 min 10 sec
>—Qi-Pr
P
i L!_ SN R ﬂ_.u.u,vl ';Am.ﬂ’l JNL J S—
a [ T T T —— —— T T —
10 9 8 7 [ 4 3 2 1 ppm

60.57 =

12:49 500 —

100.00
26.61 -
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p\l/le HO
@[ >—OiPr +
P
Ph
1.27

1.43

HO

1) 0.25 mol% p-TsOH CHO HO

CeDe Me
2) solvent removed

1.44 1.43 “ Me Me
Me \/ | =0
o ;
Ph

CeDg, 45 °C

Ligand 1.27 (11 mg, 4.0 x 10 mmol), 2-phenylprop-2-en-1-ol, 1.43 (13 mg, 0.10
mmol) and p-toluenesulfonic acid (0.20 mL of 5.0 x 10 M in benzene d-6, 1.0 x 10™
mmol) were dissolved in benzene d-6 (1 mL) under N,. Solution was allowed to stand
at rt for 10 min, and then solvent was removed under vacuum. The residue was
redissolved in benzene d-6 (1 mL), and '"H NMR analysis of solution showed 1.27a
was formed (>99%). 3-hydroxy-2-methyl-2-phenylpropanal, 1.44 (16 mg, 0.10
mmol, isolated from hydroformylation) was added, and mixture was heated at 45 °C

overnight. Analysis of the reaction by 'H NMR showed 1.52:1.51 = 39:61.

Note: Ignoring minor aldehyde dimerization, Keq; was calculated to be 0.57. This
result matches the calculated Keq from binding study experiments 1 and 2 (Keq,/

Keq; = Keqs; 2.3 /4.0 =0.58).
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Eample Hame: |
u8=2-F9-2-on@d5 ‘
Archive direstery:

sample Airectory: ‘
FidPile: xs-2-8%-2-cn@ds

Pulse Saguence: Proton {aipul)
Solvent: e6de
Data collested ea: dun 9 3010

Temp. 25.0 € ¢ 298.1 K
operator: kit
INOVA-500 “nmrl”

Relast. delay 10.000 sec

Acg. time 2.049 sec

Width 6410.3 Hz

8 repetitions

OBSERVE W1, 399.7663128 Mz
DATA PROCESSING

Resol. enhancemant —0.0 Hz
FT mize $5536

Total time 2 min 0 see

Hydroformylation using Ligand 1.27 and Acetal Protection

Hydroformylation and Acetal Protection Procedure. The oven dried glass
reaction vial was placed in the Endeavor, and 2-phenylprop-2-en-1-ol, 1.43 (80 mg,
0.60 mmol) was added. The Endeavor was sealed and purged with nitrogen (4 x 100
psi). A solution of dicarbonylacetylacetonato rhodium(I) (6.2 mg, 2.4 x 10 mmol,
4.0 mol%), ligand 1.27 (34 mg, 0.12 mmol, 20 mol%), p-toluenesulfonic acid (2.0
mL of 6.0 x 10*M, 1.2 x 10~ mmol, 0.20 mol%) and benzene (to total volume of 4
mL) was injected, followed by injection of additional benzene (2 mL) to wash the
injection port. The Endeavor was purged with nitrogen (1 x 100 psi), stirring was
started at 250 rpm, and the Endeavor was heated to and held at 45 °C for 10 minutes.
Stirring was stopped, the Endeavor was charged with 400 psi CO/H,, stirring was re-
initiated at 700 rpm, and the Endeavor was maintained at a constant temperature and

pressure of 45 °C and 400 psi CO/H; respectively for 12 h. The Endeavor was vented
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to ambient pressure and cooled to ambient temperature. The reaction was removed
from the Endeavor and concentrated. The residue was redissolved in benzene (0.6
mL). Ethylene glycol (74 uL, 1.3 mmol) and a few crystals of p-toluenesulfonic acid
were added. The reaction was refluxed for 3 h. The resulting mixture was cooled to
room temperature and solvent was removed. Flash column chromatography

(Hex/EtOAc = 6/1) afforded the pure product 1.53 as colorless liquid.

HO O/>

(e}
Me

2-(1,3-Dioxolan-2-yl)-2-phenylpropan-1-ol (90.2 mg, 72%). 'H NMR
(CDCl3, 500 MHz) & 7.49-7.47 (m, 2H), 7.38-7.35 (m, 2H), 7.28-7.25 (m, 1H), 5.16
(s, 1H), 4.03-3.85 (m, 6H), 2.31 (t, 1H, J= 6.2), 1.42 (s, 3H); ®C NMR (CDCl;, 125
MHz) & 141.8, 128.4, 127.0, 126.8, 108.5, 68.2, 65.3, 65.0, 46.5, 17.1; IR: 3458,

2884, 1107, 1028, 767, 699 cm’l; HRMS (DART-TOF) caled. for C;;H;703

[M+H]": 209.11777, found: 209.11798.
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Sample Name:
x8-2-3-pure
Archive directory:

sample directory:
FidFile: Proton

Pulse Sequence: Proton (s2pul)
solvent: cdcl3
Data collected on: Mar 17 2010

Temp. 25.0 C / 298.1 K
Operator: kit
INOVA-500 "nmri6"

Relax. delay 1.000 sec
Pulse 45.0 degrees
Acq. time 2.049
width 8012.8 Hz
8 repetitions

OBSERVE K1, 499.8853621 MHz

DATA PROCESSING
Resol. enhancement -0.0 Hz

¥T sizo 65536

Total time 0 min 30 sec

10 9 8 7 6 5 4 3 2 1

Sample Name:
x8-2-3-pure-C
Archive directory:

Sample directory:
Fidrile: Carbon

Pulse Sequence: Carbon (s2pul)
Solvent: cdcl3
Data collected om: Mar 17 2010

Temp. 25.0 € / 298.1 K
Operator: klt
INOVA-500 “mmrl6"

Relax. delay 1.000 sec
Pulse 45.0 degroes

Acq. time 1.300 sec

width 30487.8 Hz

180 repetitions

OBSERVE C13, 125.6962481 Muz
DECOUPLE H1, 499.8878615 MHz
Power 40 a8

continuously on

WALTZ-16 modulated
DATA PROCESSING

Line broadening 0.5 Hz
PT size 131072
Total time 19 min

220 200 180 160 140 120 100 80 60 40 20 0
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Chapter 2: Asymmetric Synthesis of Quaternary Stereogenic Centers
I. Asymmetric Aldol Reactions to form Quaternary Stereogenic Centers

The aldol reaction, one of the most powerful methods for forming C—C bonds,
has become a strategically important, reliable transformation that is widely employed
in the asymmetric synthesis of complex molecules.”” However, the development of
enantioselective aldol reactions to construct quaternary stereogenic centers represents
a continuing challenge in organic chemistry. Catalytic enantioselective aldol reactions
with simple ketones are among the most synthetically useful reactions for the
formation of chiral alcohols, but the inherent features of this type of reaction make its
development rather difficult, in comparison with the catalytic enantioselective aldol
reactions of aldehydes. The low reactivities of ketones, relative to aldehydes, and
retro-aldol reactions usually lead to low levels of conversion.”' The development of
asymmetric aldol reactions has been led by Lewis-acid catalyzed reactions of silyl
enol ethers and their derivatives. The Masamune group demonstrated an application
of this strategy in the synthesis of quaternary stereogenic centers from silyl ketene
acetal 2.1 using chiral Lewis acid mediator 2.3 to give an 84% ee of quaternary

aldol product 2.4 (Figure 2.1).*

Figure 2.1. Lewis-acid catalyzed enantioselective aldol reaction

1) 20 mol% 2.3

OH O
Me o OEt . )(])\ 45 °C — -78 °C — 0 °C M
Me> <OSiMe3 Ph H CH3CH,CN PhMe .,/MeOEt
2) HCI/THF
2.1 2.2 2.4 (80%)
o 84% ee
O / i
%-N__0
N B
Me/®/ O H
2.3

20Nelson, S. G. Tetrahedron: Asymmetry 1998, 9, 357.
2 Ichibakase, et al. Tetrahedron Letters 2008, 49, 4427.
> Masamune, et al. J. Am. Chem. Soc. 1991, 113, 9365.
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In 2000, the Evans group reported that utilization of pybox complex 2.7 in the metal-
catalyzed aldol reaction of trisubstituted silyl enol ether 2.5 and pyruvate ester 2.6
afforded essentially enantiopure quaternary aldol adduct 2.8 in 94% yield (Figure
2.2).7

Figure 2.2. Metal-catalyzed aldol enantioselective aldol reactions

OTMS O O
H\ MeO\H)J\ 10 mol% 2.7 MeO M‘e)ﬁH)k
+ -
/ St—BU Me _78 OC, CH2CI2 \l St‘BU
Me O O Me
2.5 2.6 2.8 (94%)
= | syn:anti = 99:1
O N (@) 99% ee

S/N,—gn—\N\_)

pd  TIO OTf P
2.7
Recently, Lewis-base catalyzed enantioselective aldol reactions have attracted
considerable attention. The Denmark group developed an asymmetric aldol addition
reaction through the application of Lewis base catalysis. In their report, the group
showed that addition of methyl trichlorosilyl ketene acetal 2.9 to unactivated ketone
2.10 employing pyridine N-oxide 2.11 as the Lewis base led to the formation of
tertiary alcohol 2.12 (Figure 2.3).** The enantioselectivity was found to be highly
dependent on the structure of the ketone acceptor, with aromatic ketones being the

most selective.

2 Evans, D. A.; Johnson, J. S. Acc. Chem. Res. 2000, 33, 325.
2 Denmark, S. E.; Fan, Y.; Eastgate, M. D. J. Org. Chem. 2005, 70, 5235.
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Figure 2.3. Lewis-base catalyzed aldol reactions

0SiCl )OL 1) 10 mol% 2.11 HQ Me

3 mol~7 2. Q
+ R Me 20°C. CH.CL RMOMe
OMe - ) oUlp

2.9 2.10 2) sat. aq. NaHCO4 2.12

R = Ph (96%, 82% ee)
Me (84%, 32% ee)

tBu

‘on-Bu n-BuO

2.11

Although the larger number of catalytic enantioselective aldol processes involve the
use of enoxysilanes, the direct addition of enolizable ketones and esters to aldehydes
and ketones in aldol additions have been documented as well. The classic example in
this respect is the proline-catalyzed Robinson annulation reaction for the preparation
of the Wieland-Miescher ketone (Figure 2.4).% Direct aldolization processes are atom
economic, and thus serve as attractive methods for the synthesis of useful
polyoxygenated compounds. Recently, emphasis has been placed on the development
of chiral organocatalysts for the asymmetric version of this process. Most studies
have focused on reactions that produce either B-hydroxy carbonyls or a-alkyl-p3-

hydroxy carbonyls.*®

2 (a) Hajos, Z. G.; Parrish, D. R. J. Org. Chem. 1973, 38, 3239.; (b) Hajos, Z. G.; Parrish, D. R. J.
Org. Chem. 1974, 39, 1615.; (c) Eder, U.; Sauer, G.; Wiechert, R. Angew. Chem., Int. Ed. Engl.
1971, 10, 496.

26 (a) List, et al. J. Am. Chem. Soc. 2000, 122, 2395.; (b) Scott, M. J.; Jarvo, E. R. Tetrahedron,
2002, 58, 2481.



122

Figure 2.4. Proline-catalyzed Robinson annulation reaction

0 Me O
L/ \ Zf 3 mol% (S)- proline
+ -
0) MeCN
o ° OH
2.13 2.14 2.15 (97%)
93% ee

However, organocatalysts-promoted asymmetric synthesis of a,a-dialkyl-p-hydroxyl
carbonyl compounds remains a challenge since low reaction yields and poor
enantioselectivities are typically observed. The major reason for this is the general
inaccessibility of either the starting o,o-disubstituted aldehydes or their
stereochemically defined enolates. A breakthrough was reported by Barbas and co-
workers in 2004 and it relies on the use of a chiral diamine organocatalyst (Figure
2.5).”” The group demonstrated that diamine catalyst 2.18 and an acid additive
efficiently catalyzed the aldol reaction of 2.16 and 2.17. The addition of an acid, in
an amount equimolar to the amine, was necessary for improved reactivity and
enantioselectivity.

Figure 2.5. Diamine-catalyzed aldol reaction to form quaternary

centers
B CF,COy |7

®
2.18/CF3;CO,H O OH
(0.1 ec?uw)z WNQ
)K(Me + N ,,H ——> H
DMSO n,2h Me_ i Me  Me
NO,
Ar H

2.19 (95%)
r \> 94% ee
N
no acid: 93%, 35% ee

2.18

2

The aldol product was determined to have the S configuration by derivatization as the
Mosher ester. Thus, 2.18/CF;CO,H catalyzes a Re-face attack on the aryl aldehyde

via an enamine intermediate, consistent with previously reported L-proline-based

" Barbas, et al. Angew. Chem. Int. Ed. 2004, 43, 2420.
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aldol transition states.”® Inspired by this report, the Wang group reported a direct
pyrrolidine sulfonamide promoted asymmetric aldol reaction that occurs with
sterically hindered a,a-dialkyl aldehydes to provide quaternary carbon-containing f3-
hydroxycarbonyl compounds with high levels of enantioselectivity (Figure 2.6).%’

Figure 2.6. Pyrrolidine sulfonamide catalyzed asymmetric aldol
reaction

0 O O OH
20 mol% 2.22
H)H/ Me + H AN > H g
| DMSO, rt., 72 h Me” “Me
Me Z CHO
2.20 2.21 2.23 (97%)
O}\ 97% ee
N NH_o
H N
0" “CF,4
2.22

Another example of organocatalyst-promoted enantioselective synthesis of
quaternary stereogenic centers involves the hydroxymethylation of aldehydes,
reported by the Boeckman group. In this report, the group employed o,a-
diphenylprolinol trimethylsilyl ether 2.25 as the organocatalyst in the
hydroxymethylation of 2.24 to give 2.26 in a 50% yield and >99% ee (Figure
2.7)°°

Figure 2.7. Hydroxymethylation of aldehydes

Me 30 mol% 2.25 o NaClO, HO
" H CH,0 (37% aq) Mol ) NaH,PO,*H,0 Me,
© Me X0 Me_ S__OH
toluene, pH 7 buffer 2-methyl-2-butene
(0] 48 h, rt OH +-BuOH:H,0 (2:1) le}
2.24 o 5h,rt 2.26 (50%)
[B—eph >99% ee
N OTMS
H
2.25

The aldol reaction has become one of the most important C—C bond forming

2 List, et al. J. Am. Chem. Soc. 2003, 125, 2475.
¥ Wang, et al. Tet. Lett. 2005, 46, 5077.
3% Boeckman, R. K.; Miller, J. R. Organic Letters 2009, 11, 4544.
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reactions. Significant progress has been made in the area of asymmetric aldol
reactions. However, the development of enantioselective aldol reactions to construct
quaternary stereogenic centers is still a challenge and although progress has been
made in this respect, more work needs to be done.

II. Asymmetric Hydroformylation to form Quaternary Carbon Centers

Asymmetric hydroformylation is a powerful methodology for the synthesis of
optically active aldehydes in a single step from olefins. Because of the versatility of
the aldehyde functional group, a variety of useful chiral compounds such as amines,
imines, alcohols, and acids can be easily prepared from chiral aldehydes. *' Although
asymmetric hydroformylation offers great promise to the pharmaceutical and fine-
chemical industries, this reaction has not been utilized on a commercial scale because
of various technical challenges including low reaction rates at low temperatures,
difficulty in controlling regio- and enantioselectivities simultaneously, and limited
substrate scope for any single ligand. In 1991, Consiglio and co-workers reported that
using a chiral bisphosphine complex of PtCl, as a catalyst in combination with SnCl,
moderate enantioselectivities could be obtained for the hydroformylation of styrene
(Figure 2.8).>*In spite of the moderate enantioselectivities established with these
systems, Pt(I)-catalyzed hydroformylation of arylethenes and some functionalized
olefins still suffers from several disadvantages such as low reaction rates,
hydrogenation of the substrate, poor regioselectivities and undesirable racemization

of the products. Phosphine and phosphite-modified rhodium catalysts have been

3 (a) Landis, ef al. Acc. Chem. Res. 2007, 40, 1251.; (b) Nozaki, et al. J. Am. Chem. Soc. 1997,
119,4413; (c) Axtell, ef al. Angew. Chem. Int. Ed. 2005, 44, 5834.
32 Consiglio, et al. Organometallics 1991, 10, 2046.
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shown to give improved reactivity and selectivities, with enantioselectivities of up to

98% ee for styrenes.”

Figure 2.8. Enantioselective hydroformylation of styrene using Pt(II)
Catalyst

PtCIz/SnCIZ
) CHO
N [(R,R)-Diop-dbp] CHO N
©/\ 1029 psi COMH, (1/2.3) + @N v L
80 °C, 5.5 h, benzene
2.27 80% conversion 2.28 (35%) 2.29 (15%) 2.30 (30%)
55.8% ee

[(R,R)-Diop-dbp]

However, the asymmetric hydroformylation of 1,1-disubstituted olefins differs
from the classical asymmetric hydroformylation of monosubstituted terminal olefins
because the desired product is usually the linear aldehyde. Indeed, the Rh-catalyzed
asymmetric hydroformylation of 1,1-methylstyrene using a diphosphite ligand yields
the linear aldehyde in moderate enantioselectivities. 3% However, when 1,1-
disubstituted olefins containing activating groups such as esters and coordinating
groups such as amides are hydroformylated the branched, quaternary aldehyde may
be obtained, albeit in low to moderate enantioselectivities. For example, in the Rh-
catalyzed hydroformylation of dimethyl itaconate 2.31 using (R,R)-DIOP as ligand,
formation of the quaternary aldehyde 2.32 was observed in very Ilow

enantioselectivity of 9%. All other unsaturated dicarboxylic esters underwent

33 Dieguez, et al. Tetrahedron: Asymmetry, 2004, 15,2113.
34 Ojima, .; Takai, M.; Takahashi, T. Patent WO 078766, 2004.
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hydrogenation as the major reaction.®” Hydroformylation of amino acid, 2.34,
exclusively forms the quaternary aldehyde 2.35 with increased, though moderate,
enantioselectivity of 59% (Figure 2.9).’® The examples illustrated in Figure 2.9
represent the only examples of enantioselective hydroformylation of 1,1-disubstituted

olefins to construct quaternary aldehydes.

Figure 2.9. Enantioselective hydroformylation of activated olefins to
form quaternary aldehydes

0.05 mol% [RhH(CO)(PPhs),]

CO,Me 0.1 mol% (R,R)-DIOP Me, ,CHO H_ +—~CHO
MeO,C._ > + MeO,C._
MeOQCVK 1160 psi CO/H, (1/1.3) o2 V<cone 2 \)\Cone
2.31 100 °C, benzene, 6 h 2.32 (87%) 2.33 (5%)
o PPh 9% ee ee not reported
2
\<Ojt PPh,
(R,R)-DIOP
CO,Me 1 mol% [RhH(CO)(PPh3)3] Me, CHO
4 mol% (R,R)-DIOP ;
MeOCHN~ >CO,Me
MeOCHN 1305 psi CO/H, (1/10) 2
2.34 80 °C, benzene, 70 h 2.35 (>90%)
59% ee

II1. Use of First-Generation Chiral Scaffolding Ligand

In an effort to develop a system for practical asymmetric hydroformylation of
1,1-disubstituted olefins and thus, expand the alkene class and substrate scope of
asymmetric hydroformylation, we investigated the viability of 2.36 as a chiral
scaffolding ligand for such a transformation (Figure 2.10). Because of the efficiency
of racemic ligand 1.27 in the hydroformylation of 1,1-disubstituted olefins (see
Chapter 1), we posited that a ligand that maintains the scaffolding nature of 1.27

would be ideal. The design of 2.36 arose from preliminary studies conducted in our

33 Kollar, L.; Consiglio, G.; Pino, P. Chimia 1986, 40, 428.
36 Gladiali, et al. Tetrahedron: Asymmetry 1990, 1, 693.
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group involving the exchange reaction of racemic ligand 1.27 and the enantiopure

alcohol 2.37.

Figure 2.10. First-generation chiral scaffolding ligand

R
N

| >—Oi—Pr
7 p

2.36

During the course of the exchange reaction, 2.38 and 2.39 were formed in a 69:31
diastereomeric ratio, suggesting that the two stereogenic centers in 1.27 were
epimerizing under the reaction conditions (Figure 2.11). Because a 50:50
diastereomeric mixture of 2.35 and 2.39 was not obtained, it suggested that one
diastereomer was thermodynamically more stable than the other and the less stable

diastereomer was epimerizing to the more stable one.

Figure 2.11. Exchange reaction of racemic ligand with enantiopure
alcohol

Me
N Me N Ph Ph
©: —OiPrs | Q1mol%pTSOH ©: >_ @[ >_ + i-PrOH
P HO™ “Ph CGDG 35°C
Ph

1.27 2.37 2.38 2.39
cycle conversion (%)?2 ratio (2.38 : 2.39)2
1 71 56 : 44
2 82 62 :38
3 85 66 : 34
4 95 69 : 31

a Calculated by 3'P NMR.
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A possible pathway for this epimerization is illustrated in Figure 2.12. The
configurational instability of the phosphorous is unusual given the mild exchange
conditions. This instability may arise from the fact that iminium ion 1.27' is a likely
intermediate under the acidic exchange conditions. Rehybridization of the
phosphorous to sp® would generate aromatic transition state 1.27''" significantly
lowering the barrier to inversion. Alternatively, the heterocycle may be ring opening
to the secondary phosphine, which epimerizes and then ring closes to reform the

heterocycle.

Figure 2.12. Possible pathway of epimerization

©x
Me Hx HOFPr Me Me ¥ Horpr HX Me
N N N N
@[>—om AN @+\> . @[ ) AN @[>"'0""’f
3 3 P oy 3
A - Y A
Ph Ph Ph Ph
1.27 127 127 1.27

We took advantage of this in the design of a new chiral scaffolding ligand 2.36.
Ligand 2.36 contains an additional stereocenter that is incorporated on the
tetrahydroquinoline  ring. By incorporating this stereocenter on the
tetrahydroquinoline ring, we postulated that thermodynamic gearing would control
the conformation of the other two stereocenters even under the exchange conditions.
Computational studies suggested that an isopropyl group as the non-epimerizable
stereocenter would give a 3000:1 ratio of the most stable diastereomer. In addition,
the isopropyl group and C-O bond would have an anti relationship in order to

minimize any syn-pentane-like interactions (Figure 2.13).
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Figure 2.13. Rationale for design of first-generation chiral scaffolding
ligand

Me R syn-pentane
N N7/ avoided
Oi-Pr
(;[2— —> ) OMe
Ph i’h
epimerizable
i-Pr
L N
! ><0Me
P
Ph
Me (R.S,R)
N
— ><0Me
‘ E AE gy = 4.8 kcal/mol
B = 4.8 kcal/mo
Ph calc
(R,S,R)
AE . = 1.2 keal/mol
Me i-Pr
N N
' 1OMe Y »-10Me
R R
Ph Ph
(S,R,R) (S,R,R)
Predicted: 87:13 Predicted: >3000:1

DFT calculations (B3LYP at 6-31G*)

The synthesis of the first-generation chiral ligand is illustrated in Figure 2.14.
Starting from commercially available quinaldine, 2.40, two consecutive alkylations
yield 2-isopropylquinoline 2.41. Asymmetric hydrogenation results in the formation
of 2-isopropyl tetrahydroquinoline 2.42. Kinetic closure of the secondary phosphine
2.44, obtained after lithium metal reduction of 2.43, with PhLi and o,o-
dichloromethyl methyl ether yields ligand 2.45 as a mixture of four diastereomers,

which is equilibrated to a single diastereomer with isopropanol in benzene.
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Figure 2.14. Synthesis of first-generation chiral scaffolding ligand

1) LDA, THF; Mel [I(COD)Cll, I, )
78 °C — 1t . THF, H, (400 psi) 1) n-BuLi, CO,, THF
m (quant.) ©\/j\ 4°C,20h m 78 °C — 0 °C
— —_——
& 2) LDA, THF; Mel N~ ipr Cl i 2) tBulLi, Ph,PCl
N©Me A O N° TP THE 78C 2n
2.40 (78%) 2.41 MeO PPh, 2.42 (84%)
MeO O PPh, 94% ee
cl
N™Nipr
PPh, !
2.43 (30%)
=
S | i-PrOH, benzene PhLi, THF Lio
N Pr «———————— N i-Pr <——— N i-Pr
b/ 4 AMS Cl,CHOMe by H THF, rt
P . PH’ -78°C —> 1t Ph”
Oi-Pr 34% OMe

2.45

Single diastereomer

27%

Mixture of 4 diastereomers

2.44 (68%)

An x-ray crystal structure of 2.45 bound to rhodium shows the anti relationship of

the three stereocenters relative to each other (Figure 2.15).*’

Figure 2.15. X-ray crystal structure of 2.45 bound to rhodium

» 9
e ) g a
) ]
“iPr “ + ¢
@ ,,\/i o i A
& & % N
N N \8 \ (}‘ El e 0
><Oi-Pr L “"3—“*'“—*—-{\\ ﬁ/ ';/
: £ 1]
: Sa / 1
0 .
" .
2.45 X-ray crystal structure of Rh(2.45),(CO)CI; (vgp) = 1979 cm™?

Asymmetric hydroformylation of 1.43 using chiral scaffolding ligand 2.45 gave,

after Pinnick oxidation, -21% ee of the acid 1.46 with an S configuration.
Interestingly, enantioselective hydroformylation of allylic aniline 2.46 employing
ligand 2.45 afforded S-2.47 in 91% ee (Figure 2.16)." If it is assumed that styrenyl

olefin 1.43 and allylic aniline 2.46 have the same facial selectivity, then this

37 Worthy, A. D.; Joe, C. L.; Lightburn, T. E.; Tan, K. L. J. Am. Chem. Soc. 2010, 132, 14757.



131

stereochemical outcome would suggest that the formyl group is added to the opposite

face of the olefinin 1.43.

Figure 2.16. Asymmetric hydroformylation wusing first-generation
chiral scaffolding ligand 2.45

1) 4 mol% Rh(acac)(CO),
20 mol% 2.45, 45 °C

OH 0.05 mol% p-TsOH OH
V 400 psi CO/H,, benzene K<Me
bn 2 NaClO,, HyO/tBuOH PR COH \("Pr
NaH,PO,, 2-methyl-2-butene N
1.43 (5)-1.46 ,
21% ee >"'O"Pr

1) 15 mol% 2.45 @

0.05 mol% p-TsOH
Me 45 °C, benzene PMPHN" X Me 245
NG
Z 2) 2 mol% Rh(acac)(CO), \
PMPHN 35 °C, 50 psi CO/H, OH
2.46 3) NaBH,, MeOH (9)-2.47

71%, 91% ee

We rationalized that this change in the sense of induction may arise from a preference
to place the olefin tether away from the heterocycle for allylic alcohols, making 2.48
the favored conformation, whereas in the case of allylic anilines the olefin tether
would prefer to reside over the heterocycle with the aryl group pointing out into the
free space, making 2.51 the favored conformation (Figure 2.17). This projects the

opposite face of the olefin to the phosphorus atom and ultimately the Rh catalyst.
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Figure 2.17. Rationale for the stereochemical outcome in the
asymmetric hydroformylation of 1.43 and 2.46
\/LPh

Ph
=
e

2.48 2.49

MeO

%&Nﬁ ii—Pr ©

i-Pr
2.50 2.51
Therefore, we hypothesized that installing a substituent at the ortho position of the
phenyl ring on phosphorus atom should force the olefin tether to reside over the
heterocycle as shown in 2.49 thus, leading to the development of our second

generation chiral scaffolding ligands 2.52 (Figure 2.18).

Figure 2.18. Design of second-generation chiral scaffolding ligands
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The synthesis of 2.52 is illustrated in Figure 2.19. This synthesis was modified from
the synthesis of the first generation chiral ligand for efficiency and to accommodate

derivatization.

Figure 2.19. Synthesis of second-generation chiral scaffolding ligands

i-PrMgCl T[,_'{,(:C,_?D(gk 'SZI 1) n-BuLi, CO,, THF B9
2 (300 P = 78°C > 0°C P
_ MnCl, 4 C 20h | NTNLPr + |, OEt
TTHROC ZSNTNPr 2) tBuLl, b, THF | H
68% O H -78°C > 1t
MeO PPh, 242 (84%) 44% 254 255
MeO. O PPh,  94%ee

Cl
110°C,4h

,lr/\ o
LA
@(Nj\i_ i-Pr o H i-Pr
P% P THE PH N LiAlH4, Et,O “Pyg
@ OMe  CLCHOMe kj 0°C—n @[
/R 78°C—nt 7 R

Cul, Cs,CO. H
o] o

2,52 2.57 256

R R R
OMe (2.52A) = 18% Me = 75% Me = 89%
Me (2.52B) = 5% OMe = 61% OMe = 71%
i-Pr (2.52C) = 28% Pr=67% i-Pr = 28%
Oi-Pr (2.52D) = 15% Oi-Pr = 57% Oi-Pr =79%

Hence, a manganese-catalyzed cross coupling of 2-chloroquinoline with
isopropylmagnesium chloride is performed for the synthesis of 2-isopropylquinoline
2.41. Copper iodide-catalyzed cross coupling of 2.54 with phosphinate 2.55 under
Buchwald conditions affords phosphinate ester 2.56, which is reduced with lithium
aluminum hydride to afford the secondary phosphine 2.57. Kinetic closure then

affords the second-generation chiral scaffolding ligand 2.52.

IV. Use of Second-Generation Chiral Scaffolding Ligands

Asymmetric hydroformylation of styrenyl olefin 1.43 was performed with our
second-generation chiral scaffolding ligands. It had previously been shown that small
amounts of acid is necessary for exchange of racemic ligand 1.27 onto styrenyl

olefin 1.43.%® Hence, to investigate the efficiency of chiral ligand 2.52A in the

¥ Sun, X.; Frimpong, K.; Tan, K. L. J. Am. Chem. Soc. 2010, 132, 11841.
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enantioselective hydroformylation of olefin 1.43, an acid screen was performed. The
same reaction conditions employed with racemic ligand 1.27 (4 mol% rhodium
catalyst, 20 mol% ligand and 400 psi CO/H,) were used as a starting point. The
amount of acid was varied from 0.05 mol% to 0.20 mol%, and with the exception of
the result obtained for 0.10% acid, the isolated yield of the branched product
increases slightly with increasing acid loading while the enantioselectivity remains
unchanged (Table 2.1). Next, a pressure screen was performed to determine the
dependence of the enantioselectivity on pressure. This was done using 0.1 mol% acid
since the highest enantioselectivity was obtained with this amount of acid in the acid

screen.

Table 2.1. Acid screen with ligand 2.52A

1) 4 mol% Rh(acac)(CO), N>7
20 mol% 2.52A, 45 °C OMe
H ’
? 400 psi CO/My, benzene, 12 h oH O P

X 'mol% p-TsOH %OH OMe
Ph 2) NaClO,, H,0/+BuOH Ph’ "Me

NaH,PO,, 2-methyl-2-butene

1.43 1.46 2.52A
p-TsOH (mol%) conversion (%)@ isolated yield 1.46 (%) % eeP
0.05 - 76 67
0.10 - 37 74
0.15 - 78 69
0.20 - 84 71

-1.43 and 2.52A not pre-equilibrated
@ Conversion not determined
b Acid esterified with TMSCHN, in C4H,/MeOH
There is an increase in the isolated yield of the quaternary aldehyde from 67% to 74%

when pressure is increased from 50 psi to 100 psi CO/H, (Table 2.2). However, the

yield of the branched product plateaus at 100 psi of syngas since increasing the
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pressure from 100 psi to 300 psi does not improve the isolated yield of the branched
product. Furthermore, there is no clear trend in the enantioselectivity of the reaction
although the enantioselectivity is highest at lower pressure. This result is in contrast
to a report from Landis and co-workers observed in the asymmetric rhodium-
catalyzed hydroformylation of styrene. The group disclosed that both regio- and
enantioselectivities erode as the syngas pressure is lowered. ** Based on
deuterioformylation studies, which showed that the formation of the Rh-alkyl
intermediate that ultimately leads to the major enantiomeric aldehyde is reversible,
they explained that it is the CO partial pressure that influences the regio- and
enantioselectivities. Thus, the pressure effect on regio- and enantioselectivity arises
from a kinetic competition between CO-dependent conversion of one branched
rhodium alkyl diastereomer to an acyl and its reversion to a rhodium hydride and

styrene.

Table 2.2. Pressure screen with ligand 2.52A

1) 4 mol% Rh(acac)(CO), N
20 mol% 2.52A, 45 °C OMe
oH X psi CO/H,, benzene, 12 h OH O >;

P
0.10 mol% p-TsOH K.(U\OH OMe
Ph 2) NaClO,, H,O/t-BuOH PR Me

NaH,PO,, 2-methyl-2-butene

1.43 1.46 2.52A
CO/M, (psi) conversion (%)@ isolated yield 1.46 (%) % eeb
50 79 67 75
100 80 74 75
200 86 71 66
300 85 71 68

-1.43 and 2.52A not pre-equilibrated
2 Calculated against trimethoxybenzene as internal standard
b Acid esterified with TMSCHN, in CgHs/MeOH

3 Watkins, A. L.; Landis, C. R. J. Am. Chem. Soc. 2010, 132, 10306.
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The optical rotation of a sample of acid 1.46 obtained from the reactions reported in
Table 2.2 was measured to be +16.7 indicating that the stereochemistry at the
quaternary carbon is R. This is in accordance with literature reports and consistent

with our hypothesis.*

Next, we investigated the activity of ligand 2.52B in the enantioselective
hydroformylation of 1.43. This was done to determine the significance, if any, of
steric hindrance in the reaction. The results of the acid screening reactions are

summarized in Table 2.3.

Table 2.3. Acid screen with ligand 2.52B

wi-Pr
1) 4 mol% Rh(acac)(CO), N
20 mol% 2.52B, 45 °C OMe
H
o 100 psi CO/H,, benzene, 12 h OH O KEP}

X 'mol% p-TsOH K.(MOH Me
Ph 2) NaClO,, H,O/tBuOH PR Me

NaH,PO,, 2-methyl-2-butene

1.43 1.46 2.52B
p-TsOH (mol%) conversion (%)?2 isolated yield 1.46 (%) % eeb
0.05 78 56 76
0.125 70 46 71
0.20 70 44 78

-1.43 and 2.52B not pre-equilibrated
2 Calculated against trimethoxybenzene as internal standard
b Acid esterified with TMSCHN, in C4Hg/MeOH

As observed in the reactions with ligand 2.52A, there is no clear trend for the
enantioselectivity in this reaction. However, it is evident that lower acid levels give
higher yields of the quaternary aldehyde. This may be because higher acid levels lead

to decomposition of the ligand. Although the isolated yields of the branched product

40 (a) Ohkata, et al. J. Mol. Cat. B: Enzymatic 2006, 38, 1.; (b) Bach, R. D.; Domagala, J. M. J.
Org. Chem. 1979, 44,2429.; (c) Ohta, et al. J. Am. Chem. Soc. 1992, 114, 6256.
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are lower for ligand 2.52B compared to ligand 2.52 A, the enantioselectivities are
similar. This may suggest that ligand 2.52A is more selective for the branched
pathway compared to ligand 2.52B. However, enantioselectivity may be dependent
on steric encumbrance rather than the methoxy group in ligand 2.52 A providing a
second coordination site for the catalyst. We were therefore interested in seeing what
effect increasing the size of the substituent on the phenyl ring would have on
enantioselectivity. Hence, ligands 2.52C and 2.52D were synthesized and analyzed.

The results obtained for 2.52 C are summarized in Table 2.4.

Table 2.4. Acid screen with ligand 2.52C

wI-Pr
N
1) 20 mol% 2.52C, 65 °C
OH X mol% p-TsOH OH O }OMS
P

2) 4 mol% Rh(acac)(CO), OH -Pr
Ph 400 psi CO/H,, benzene, 45 °C Ph Me @
3) NaClO,, H,0/t-BuOH
1.43 NaH,PO,, 2-methyl-2-butene 1.46 2.52C
entry p-TsOH (mol%) conversion (%)2 isolated yield 1.46 (%) % eeb
1 0.05 39 -f -f
2d 0.05 58 13 11
3¢ 1.0 61 12 42

2 Calculated against trimethoxybenzene as internal standard

b Acid esterified with TMSCHN,, in CgHg/MeOH

¢1.43 and 2.52C not pre-equilibrated

91.43 and 2.52C pre-equilibrated (3 of the 4 ligand diastereomers did not equilibrate)
¢1.43 and 2.52C pre-equilibrated (1 of the 4 ligand diastereomers did not equilibrate)
fIsolated yield and ee not determined

The data in Table 2.4 unfortunately did not support our hypothesis, as the
enantioselectivities obtained were very low. Very low conversions (39% by '"H NMR)
were observed when the reactions were run without pre-exchanging the ligand onto
the substrate (Table 2.4, entry 1). Also, no branched aldehyde product or linear
lactone product were observed. Although the isolated yields are very low for entries 2

and 3 in Table 2.4, it is evident that more acid increases the enantioselectivity. This is
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because at higher acid level of 1.0 mol%, 85% of the ligand was exchanged onto the
substrate (Table 2.4, entry 3) compared to only 55% for 0.15 mol% acid (Table 2.4,
entry 1). Furthermore, only one of the four ligand diastereomers equilibrated in the
case of low acid loading (Table 2.4, entry 2) compared to three in the case of high
acid loading (Table 2.4, entry 3). One explanation for these results is that one or more
of the ligand diastereomers are active but selective for the opposite enantiomer and
thus, erode the enantioselectivity of the reaction. The low yields and
enantioselectivities may also be a result of the impure nature of the ligand. Use of
ligand 2.52D did not improve the selectivity of the reaction (Table 2.5). As observed
in the case of ligand 2.52C, low selectivities are obtained and no clear trend is seen

for the enantioselectivities. Note this ligand is also impure.

Table 2.5. Acid screen with ligand 2.52D

1) 20 mol% 2.52D, 65 °C
OH X mol% p-TsOH OH ©O }OMe
2) 4 mol% Rh(acac)(CO), OH it Oi-Pr
Ph 400 psi CO/H,, benzene, 45 °C Ph Me ©/
3) NaClO,, H,O/t-BuOH
1.43 NaH,PO,, 2-methyl-2-butene 1.46 2.52D

p-TsOH (mol%) conversion (%)2  isolated yield 1.46 (%) % eeb

0.05 53 22 19
0.10 58 9 52
0.15 52 15 26
0.20 49 15 34

-1.43 and 2.52D only 20% pre-exchanged. Diastereomers of ligand did not equilibrate
2 Calculated against trimethoxybenzene as internal standard
b Acid esterified with TMSCHN, in CqHs/MeOH

Concerned about these alarming results, we repeated the reaction with ligand

2.52A. Unfortunately, we observed lower enantioselectivities depending on the



139

batch of ligand used. For instance, under the same hydroformylation conditions as
Table 2.1, and using 0.10 mol% p-TsOH, we obtained different enantioselectivities
for different batches of chiral ligand 2.52A (Table 2.6). The optical rotation of the
acid product 1.46 was measured for ligand batch 3 (run 1) to be +3.42, supporting an
erosion of the ee. It became apparent to us that impurities in these ligands might be
causing the mediocre selectivities and batch dependency of enantioselectivity in these

reactions. Presumably, erosion of ligand ee could also account for these observations.

Table 2.6. Dependency of enantioselectivity on batch of ligand

FPr
1) 4 mol% Rh(acac)(CO), N
oH 20 mol% 2.52A, 45 °C >—0Me
K]/ 100 psi CO/M,, benzene, 12 h OH O P

0.10 mol% p-TsOH %OH OMe
Ph 2) NaClO,, H,O/t-BuOH PR "Me

NaH,PO,, 2-methyl-2-butene

1.43 1.46 2.52A
notebook # ligand batch run 1 (% eeb, % yield) run 2 (% eeb, % yield)
KF-2-280 1 75,74 -
KF-3-064/KF-3-067 2 10, 67 12, 60
KF-3-076/KF-3-079 3 40, 63 36, 61
KF-3-104 4 45, 54 -

21.43 and 2.52A not pre-equilibrated
b Acid esterified with TMSCHN, in CgHg/MeOH

The batch dependency of selectivity on ligands 2.52 A-D may be due to a variety
of reasons. It is noteworthy that none of these ligands is pure, even after distillation.
All ligands are obtained as a mixture of diastereomers in different amounts and given
that one or more of the ligand diasterecomers may be active but selective for the
opposite enantiomer, enantioselectivity may erode. For instance, when one batch of
ligand 2.52 A (KF-2-266, batch 1) is pre-exchanged with 1.43, there is equilibration

to a new peak at -33.8 ppm (86%) with one ligand diastereomer (-32.3 ppm)
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remaining. This batch of ligand gave a 74% yield and 75% ee of the branched product
(Table 2.2, entry 2). Another batch of the same ligand (KF-3-078, batch 3), after pre-
exchange with 1.43, formed the new peak at -33.8 ppm. However two ligand
diastereomers remained (-32.3 ppm and —34.0 ppm). This batch of ligand afforded a
61% yield and 36% ee of the branched product. The first batch of 2.52A (KF-2-266)
also exchanged onto 1.43 at a faster rate than the second batch. These results suggest
that the diastereomer at -34.0 ppm may be causing the lower yield and

enantioselectivity in the second batch.

Similar exchange profiles are observed for the other ligands. For instance, one
batch of ligand 2.52C (KF-3-035, batch 2) undergoes exchange with 1.43 to form
55% of a new peak (-35.0 ppm) with three ligand diastereomers (-18.2 ppm, -34.8
ppm, and -36.3 ppm) remaining. This batch of ligand gave the branched product in
13% yield and 11% ee (Table 2.4, entry 2). A second batch of the same ligand (KF-3-
036) underwent exchange with 1.43 to give the new peak at -35.1 ppm (85%) with
only one ligand diastereomer (-18.2 ppm) remaining. This batch of ligand afforded
the branched product in 12% yield and 42% ee. Notably, the exchange reactions for
both batches of 2.52C are slow, which may be one reason for the very low isolated
yields. The presence of the other diastereomers in the first batch may be causing the

decreased enantioselectivity.

The presence of basic impurities, in addition to other impurities, and varying
diastereomer ratio in these ligands may all be contributing in some way to the

irreproducibility in the selectivity of the hydroformylation reactions.



141

V. Ligand Purification with Wang Resin

We investigated the possibility of using a solid support such as Wang resin to
equilibrate and purify the ligands. Due to the presence of an alcohol functionality on
the resin, exchange of the ligands onto the resin should be feasible. After exchange is
complete, any impurity could then be washed off and subsequent cleavage of the

resin would yield pure ligand (Figure 2.20).

Figure 2.20. Equilibration of ligand with Wang resin

0.1 mol% p—TsOH THF

wI-Pr
N
}OMe /@A ) 0.1 mol% p-TsOH, THF >_0Me
P 2) i-PrOH (20 equiv)
o3
2.52 Wang resin 2 52

However, no equilibration of the ligand was observed and after cleavage of the resin,

the starting impure ligand was recovered in 66%.
VI. Thermodynamic Closure

Because we are able to perform a thermodynamic closure in the final step in the
synthesis of racemic ligand 1.27, we investigated the possibility of such a closure in
the synthesis of the chiral ligands. A thermodynamic closure will eliminate basic
impurities as well as afford the ligand as a single diastereomer. However, similar
thermodynamic conditions as in the synthesis of racemic ligand 1.27 were
unsuccessful for the chiral ligands (Figure 2.21). Based on *'P and 'H NMR spectra
as well as mass spectroscopy, there is formation of a compound that we believe is the

intermediate shown in Figure 2.21. An attempt to force closure by addition of more
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acid (1 equiv. p-TsOH) was fruitless. Performing the reaction under microwave
conditions (250 °C) was also unproductive and resulted in the formation of various

unidentified decomposition products.

Figure 2.21. Thermodynamic closure with triisopropyl orthoformate

H i-Pr HC(Oi-Pr); N i-Pr
PH — > P\/
PPTS (cat.) o
160 oC OI-PI‘
R R
R=0OMe 2.57 2.52
R H i-Pr
PYOI-Pr
-PrO

Use of N,N-dimethylformamide dimethyl acetal in either benzene and catalytic
amounts of p-TsOH (Figure 2.22, eq. 1) or methanol (Figure 2.22, eq. 2) led to no

reaction or decomposition of 2.57 respectively.
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Figure 2.22. Thermodynamic closure with DMF-dimethyl acetal

MeO Me
)N
H i-Pr MeO Me N i-Pr )
~ PH 0.1% — 1.0% p-TsOH P\<
| CgDg, 45 °C — 150 °C NMe,
=
OMe OMe
2.57 2.58 No reaction
X MeO  Me
| = . >7N\ .
H i-Pr MeO Me N i-Pr
> 2
- H MeOH, CgDg, 85 °C P\< @
| OMe
Z>oMe OMe
2.57 2.52A Decomposition

VII. Conclusions

The results obtained thus far are encouraging. The increase in enantioselectivities
observed with the second-generation chiral ligands seems to support our hypothesis.
However, it is apparent that purity of the ligands is crucial for selectivity in the
asymmetric hydroformylation reaction. Thus, the need for new purification methods
and/or modified ligand synthesis is required. The employment of other chiral ligands

for this transformation is also a viable alternative.

VIII. Experimental

General Considerations

Unless otherwise noted, all reagents were obtained from commercial suppliers and
used without further purification. Flash column chromatography was performed using
EMD Silica Gel 60 (230-400 mesh) and ACS grade solvents as received from Fisher

Scientific. All experiments were performed in oven or flame dried glassware under an
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atmosphere of nitrogen or argon using standard syringes, except where otherwise
noted. All reactions were run with dry, degassed solvents dispensed from a Glass
Contour Solvent Purification System (SG Water, USA LLC). 'H and "C were
performed on either a Varian Unity INOVA 400 MHz or a Varian 500 MHz
instrument. Deuterated solvents were purchased from Cambridge Isotope Labs and
stored over 3A molecular sieves. All NMR chemical shifts are reported in ppm
relative to residual solvent for 'H and "*C. Coupling constants are reported in Hz.
Abbreviations are as follows: s (singlet), d (doublet), t (triplet), q (quartet), dd
(doublet of doublet), m (multiplet), br s (broad singlet). All IR spectra were gathered
on a Bruker Alpha FT-IR equipped with a single crystal diamond ATR module and
values are reported in cm™. HRMS data were generated in Boston College facilities.
Analytical chiral supercritical fluid chromatography (SFC) was performed on a
Berger Instruments Supercritical Chromatograph equipped with an Alcott auto
sampler and a Knauer UV detector with methanol as the modifier. HRMS and X-ray
crystal structure data were generated in Boston College facilities. Analytical chiral
high-performance liquid chromatography (HPLC) was performed on a Shimadzu-LC-
2010A HT Hydroformylation was performed in an Argonaut Technologies Endeavor

Catalyst Screening System using 1:1 CO/H, supplied by Airgas, Inc.

Synthesis and Characterization of First-Generation Chiral Scaffolding Ligand 2.45

Yi—Pr

N
\

| >--'Oi-Pr
= =

s

2.45
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For synthesis and characterization of ligand 2.45 see reference 1.

Asymmetric Hydroformylation Using Ligand 2.45

i-Pr
1) 4 mol% Rh(acac)(CO), N
oH 20 mol% 2.45, 45 °C OH -0k
K]/ 0.05 mol% p-TsOH \Me P

400 psi CO/H,, benzene
Ph 2) NaClO,, H,0/+-BuOH PhCOzH ©
1.43 NaH,PO,, 2-methyl-2-butene (S)-1.46
-21% ee 2.45

An oven dried glass reaction vial was placed in the Endeavor, and 2-phenylprop-
2-en-1-ol, 1.43 (20 mg, 0.15 mmol) was added. The Endeavor was sealed and
purged with nitrogen (4 x 100 psi). A solution of dicarbonylacetylacetonato
rhodium(I) (1.6 mg, 6.0 x 10~ mmol, 4.0 mol%), ligand 2.45 (10.7 mg, 3.0 x 107
mmol, 20 mol%), p-toluenesulfonic acid (125 uL of 6.0 x 10 M in benzene, 7.5 x
10° mmol, 0.05 mol%) and benzene (to total volume of 1 mL) was injected, followed
by injection of additional benzene (0.5 mL) to wash the injection port. The Endeavor
was purged with nitrogen (1 x 100 psi), stirring was started at 250 rpm, and the
Endeavor was heated to and held at 45 °C for 10 minutes. Stirring was stopped, the
Endeavor was charged with 400 psi of CO/H,, and stirring was re-initiated at 700 rpm.
The Endeavor was maintained at a constant temperature of 45 °C and pressure of 400
psi of CO/H; for 12 h. The Endeavor was vented to ambient pressure and cooled to
ambient temperature. The reaction mixture was removed from the Endeavor and
concentrated. The residue was dissolved in z-butanol (0.75 mL) and 2-methyl-2-
butene (0.16 mL, 1.5 mmol, 10.0 eq.) followed by addition of a solution of NaClO,
(80%, 68 mg, 0.60 mmol, 4.0 equiv.) and NaH,PO4 (72 mg, 0.60 mmol, 4.0 eq.) in

H,0 (0.4 mL). The solution was stirred at room temperature overnight. The resulting
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mixture was concentrated and redissolved in EtOAc (0.75 mL), followed by addition
of 10% HCI (0.18 ml) and brine (0.18 mL). The solution was extracted with EtOAc
(3 x 5 mL). Combined organic layers were dried over MgSQO,, filtered and solvent
was removed. Flash column chromatography was performed to isolate the acid,
which was subjected to esterification conditions. To a dried scintillation vial
containing the acid and a stir bar under nitrogen was added 1.5 mL each of benzene
and methanol. (Trimethylsilyl)diazomethane (358 uL, 2.25 mmol, 15 equiv.) was
added dropwise and the resulting solution was stirred for 1 h at room temperature.
The reaction was concentrated and purified by preparative TLC. The resulting ester
was -21% ee by SFC analysis (AD-H, 1 mL/min, 2.0% MeOH as modifier, 220 nm,

150 psi, 50 °C, ts = 17.1 min, tg = 19.4 min).

CCPDC3.tmp.DAT - Berger TCM-2000 Signal 1

21,000
zo,ooo‘
19,000, N
18,000
17,000,
16,000
15,00
14,000
13,000
12,000|
11,000|
10,000
9,000
8,000

uv

6 8 10 12 14 16 18 20 22 24
Min

Index [ Name = = | ‘Start |:Time |. :End | RT Offset [ Quantity | Height Area | i Area

[Min] | [Min] | [Min] Min} | [% Area) | [uV] [ [uV.Min) [%)

1 UNKNOWN| 16.61 | 17.09 | 18.11 0.00 60.27 | 1075.0 623.8| 60.273

2 UNKNOWN| 18.90 | 19.37 | 20.68 0.00 39.73| 563.3 411.21 39.727

Total 100.00 | 1638.3 | 1035.0 | 100.000
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CCPDFG.tmp. DAT - Berger TCM-2000 Signal 1

Racemic trace

[ |
[ — : 5 5 o 5 55 T %
Min "

Index | Name Start | Time | End | RT Offset | Quantity | Height Area Area

_ [in] | [Min] | [Min] (i) | (% Area) | [pV] | [uV.Min] [%]

1 UNKMNOWN| 15.37 | 15.85 | 16.99 0.00 49.77 | 1592.8 9284 | 48.766

2 UMKNOWN| 16.99 | 17.63 | 1887 0.00 50.23 | 13248 9372 | 50,234
Total 100.00 | 2917.5 | 18656 [ 100.000

Syntheses of Second-Generation Chiral Scaffolding Ligands

L
N~ iPr

2-Tsopropyl quinoline. To a flamed dried 1-L round bottom flask with stir bar

and septum was added 2-chloroquinoline (30 g, 183.4 mmol, 1 equiv.) and
manganese(Il) chloride (1.15 g, 9.17 mmol, 0.05 equiv.). The flask was evacuated
three times and purged with nitrogen. THF (460 mL) was added while stirring and the
resulting solution was cooled to 0 °C. Isopropylmagnesium chloride (154 mL of 1.79
M in THF, 275.1 mmol, 1.5 equiv.) was added dropwise using a syringe pump. The
resulting solution was stirred overnight, allowing to warm to rt gradually. The
reaction was quenched with 200 mL of saturated aqueous NH4Cl, followed by

addition of 200 mL of H,0. The solution was extracted with EtOAc (3 X 200 mL)
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and the combined organics was dried over MgSO4 and concentrated under vacuum.
The crude residue was distilled at 75 °C @ 0.025 mmHg to afford the title compound
as a light yellow oil (21.4 g, 68%). '"H NMR (CDCls, 500 MHz) § 8.09-8.05 (dd, 2H,
J=28.6,4.7),7.78-7.76 (d, 1H, J = 8.1), 7.69-7.66 (dtd, 1H, J = 8.3, 6.9, 1.5), 7.49-
7.46 (dtd, 1H, J= 8.1, 6.8, 1.2), 7.35-7.33 (d, 1H, J = 8.6), 3.31-3.23 (m, 1H), 1.41-
1.39 (d, 1H, J = 6.9); ®C NMR (CDCl;, 125 MHz) 8§ 167.7, 147.7, 136.4, 129.2,
129.0, 127.4, 126.9, 125.6, 119.1, 37.3, 22.5; IR: 2962.0, 1600.3, 1502.7, 1426.2,

1086.6, 1038.3, 826.7, 752.5, 618.5, 477.7, HRMS (DART-TOF) calcd. for

C1oHsN[M+H]": 172.1126, found: 172.1129.

KF-3-106-distilled

Sample Name:
Kr-3-106-distilled
Archive directory:

Sample directory:
Fidrile: KP-3-106-distilled

Pulse Sequence: Proton (s2pul)
solvent: cdcll
pata collected om: Jul 19 2011

Operator: klt
INOVA-500 *nmri6"

Relax. delay 1.000 sac |
Pulse 45.0 degrees

Acg. time 2.049 sec

width 8012.8 Hz

8 repetitions

OBSERVE K1, 499.8808020 Mz

DATA PROCESSING

Resol. enhancement -0.0 Hz

FT size 65536

Total time 0 min 30 sec
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180 160 140 120 100 a0 60 a0 20 ppm

= i
ne

(S)-2-Isopropyl-1,2,3,4-tetrahydroquinoline. In a glovebox, [Ir(COD)CI],
(82.5 mg, 0.123 mmol, 0.001 equiv.) and (R)-(+)-5,5'-Dichloro-6,6'-dimethoxy-2,2'-
bis(diphenylphosphino)-1,1'-biphenyl (160 mg, 0.245 mmol, 0.002 equiv.) were
dissolved in 10 mL THF. The solution was brought out of the glovebox and was
added to a solution of 2-isopropyl quinoline (21 g, 122.7 mmol) and iodine (312 mg,
1.23 mmol, 0.01 equiv.) in THF (150 mL). The solution was added to a parr bomb
and cooled to 4 °C (cold room). The system was charged to 400 psi and depressurized
3 times with hydrogen gas. The vessel was pressurized to 400 psi with hydrogen and
the reaction was stirred for 20 h. The parr bomb was depressurized. Na,COs (23.4 g,

92.7 mmol, 1.8 equiv.), and H,O (282 mL) were added and stirred for 30 minutes.
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The mixture was diluted with 200 mL of EtOAc and extracted with H,O (3 x 100
mL). The combined organics was washed with brine, and dried over MgSQO,, filtered
and concentrated under vacuum. The crude product was purified by distilling at 100
°C @ 0.05 mmHg to yield the title compound as a yellow oil (19.1 g, 89%). 'H
NMR (CDCls, 500 MHz) 6 7.06-7.02 (m, 2H), 6.68 (ddd, 1H, J= 8.0, 7.0, 1.0), 6.54
(dd, 1H, J= 7.5, 1.0), 3.82 (br s, 1H), 3.14-3.10 (m, 1H), 2.89-2.80 (m, 2H), 2.02-
1.97 (m, 1H), 1.81-1.70 (m, 2H), 1.09 (d, 3H, J = 7.0), 1.06 (d, 3H, J = 7.0); *C
NMR (CDCls, 125 MHz) 6 145.1, 129.2, 126.8, 121.5, 116.8, 114.0, 57.3, 32.6, 26.7,
24.6, 18.7, 18.3; IR: 3415.0, 2956.6, 2870.8, 2842.1, 1606.1, 1483.4, 1308.4, 1273.5,
1253.5, 741.5, 713.9 cm'l; HRMS (DART-TOF) calcd. for C12H17N[M+H]+:
176.1439, found: 176.1448. The compound was 94% ee by SFC analysis (OD-H, 1%

methanol as modifier, 1.5 mL/min, 150 psi. tg = 12.8 min tg = 13.6 min).

sample directory:
FidFile: KF-3-087-distilled

Pulse Sequence: Proton (s2pul)
Solvent: cdcl3
Data collected on: May 28 2011

Temp. 25.0 C / 298.1 K
Operator: klt
INOVA-500 "nmri"

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acq. time 2.049 sec

Width 8012.8 Hz

8 repetitions

OBSERVE  H1, 499.8808020 MHz
DATA PROCESSING

Resol. enhancement -0.0 Hz
FT size 65536

Total time 0 min 30 sec




Pulse Sequence: Carbon (s2pul)

Solvent: cdclld

Data collected on: Jul 21 2011

Operator: kit
INOVA-500 “"nmxl6"

Relax. delay 1.000 sec

Pulse 45.0 degrees
Acg. time 1.300 sec
width 32679.7 Hz

48 repetitions

OBSERVE (13, 125.6677616 MHz

DECOUPLE H1, 499.7745112 MHz

Power 45 4aB
continuocusly on
WALTZ-16 modulated

DATA PROCESSING

Line broadening 0.5 Hz

FT size 131072

Total time 9 min 49 sec

—m_'lwr['

R R R R R R R L N RS R R RER RS R
220 200 180 160 140 120 100 80
CUPF8B.IMP.UA| - Berger 1 UM-2U0U Signal 1
19,000
18,000 )
17,000 i
16,000 i
15,000
14,000 |
13,000
12,000!
11,000/
10,0001
2 9000
a,ooo!
7,000]
b
0 2 4 6 8 0 12 14
Min
Index | Name Start | Time | End | RT Offset | Quantity | Height Area Area
[Min] | [Min] | [Min] [Min] | [% Area] (V] | [pV.-Min] (%]
1 UNKNOWN/| 13.67 | 14.00 | 14.34 0.00 2.41 774 24.6 2.415
2 UNKNOWN| 14.41 | 14.75 | 15.49 0.00 97.59 | 2334.4 994.3 | 97.585
Total 100.00 | 2411.5| 1019.0 | 100.000
N i-Pr
H

60

16

TTT T

40

20

53

0
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TTTTT

ppm

(S)-8-Iodo-2-isopropyl-1,2,3,4-tetrahydroquinoline. To a flame dried 500

mL three-neck round bottom flask was added THF (250 mL) and (S)-2-isopropyl-
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1,2,3,4-tetrahydroquinoline (9.9 g, 56.7 mmol). The solution was cooled to an
internal temperature of -78 °C and n-BuLi (6.3 mL of 10.0 M, 62.5 mmol, 1.1 equiv.)
was added dropwise at a rate that maintained a constant internal temperature of -
70 °C. The resulting solution was allowed to warm to 0 °C and CO, was bubbled
through the solution, resulting in a clearing of the solution and a rise in temperature
to 10 °C. The solution was stirred for 45 minutes and concentrated under high
vacuum. The resulting foamy residue was dissolved in THF (250 mL) and cooled to -
78 °C. To this, -BuLi (53.9 mL of 1.16 M, 62.5 mmol, 1.1 equiv.) was added
dropwise at a rate that maintained a constant internal temperature of -70 °C. The
solution was allowed to warm to -20 °C by removing from cold bath for 30 minutes
then re-cooled to -78 °C. Iodine (15.9 g, 62.5 mmol, 1.1 equiv.) was added as a
solution in THF (50 mL). The resulting dark orange solution was allowed to warm
slowly overnight to room temperature. The solution was added to 1 M HCI (150 mL)
and stirred for 45 minutes. The solution was adjusted to pH 14 with 6 M NaOH, the
organic layer was collected, and the aqueous layer was extracted with ethyl acetate (3
x 150 mL). The combined organics was dried over anhydrous MgSQO, filtered, and
concentrated. The crude residue was purified by flash column chromatography with
hexanes (7.5 g, 44%). '"H NMR (CDCls, 400 MHz) § 7.45-7.43 (d, 1H, J = 9), 6.90-
6.88 (d, 1H, J = 7.2), 6.32-6.28 (t, 1H, J = 7.6), 4.31 (bs, 1H), 3.11-3.07 (m, 1H),
2.81-2.65 (m, 2H), 1.93-1.87 (m, 1H), 1.79-1.70 (m, 1H), 1.65-1.55 (m, 1H), 1.04-
1.02 (d, 3H, J = 6.8), 1.00-0.98 (d, 3H, J = 6.9); *C NMR (CDCl;, 100 MHz) §
144.1, 136.4, 129.0, 122.4, 117.7, 84.3, 58.0, 32.5, 27.2, 24.5, 18.6, 18.4; IR: 2955.9,
1593.9, 1489.6, 1460.4, 1355.0, 1284.7, 1125.7, 1004.7, 925.2, 748.6, 718.7; HRMS

(DART-TOF) calcd. for CleléIN[M"“H]Jr: 302.0406, found: 302.0402.
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sample: KF-3-108-2-H
Sample I0: s_20110818_frimponk_d44_91
File: /home/walkup/frimponk/KF=3=108-2-H_3_108_01.id
Pulse Sequence: s2pul
Solvent: cdcl3
Temp. 25.0 C / 298.1 K
sanple #44, Operator: frimponk
: KF-32108-2-H_3_108_01
VNHRS-400 "nmrl1d"

Relax. delay 1.000 sec

Pulse 45.0 degrees

Aca. time 2.049 sec

width §410.3 Mz

2 repetitions
OBSERVE  H1, 399.7662768 MHz
DATA PROCESSING

Reso). enhancement 0.0 Hz
FT size 65536
Total time 0 min, 30 sec

—_ - — r T r—r—r o ——— ' — v —
10 9 8 7 6 4 3 4 1 ppm
Sanple: KF-3-108-2-C

sample 10: 5_20110618_frinponk_d4

= _e2
File: /home/walkup/fr imponk/KF-3-108-2~C_3_108_01.f1d
Pulse Sequence: sZpul

Solvent: cdcl3

Temp. 25.0 C / 298.1 K

Sanple #44, Operator: frimponk

File: KF-37108-2-C_3_108_81

VNMRS-400 “nmr1d

Relax. delay 1.000 sec
Pulse 45.0 degrees
Acq. time 1.301 sec
width

128 repetitions
O0BSERVE €13, 100.5213103 NHz
DECOUPLE HL, 399.7682756 NHz
Power 40 d

continuously on
WALTZ-16_modulated

Total time 4 min, 54 sec

. S . A B S S : . .
160 140 120 100 80 60 40 20 pp
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Copper(I)-Catalyzed Cross Coupling Reactions

N ipr
PJ >
N ©/|'-| OFt P,
" ©: 7
I

R

General Procedure. To a flame dried schlenk flask with stir bar was added Cul
(0.5 equiv.). The flask was evacuated and refilled with N, three times. Toluene (0.25
M) was added, followed by addition of N,N’-dimethylethylenediamine (1.5 equiv.)
and the corresponding phosphinate (1.5 equiv.). The mixture was stirred for 5
minutes. Cesium carbonate (2 equiv.) was added to the mixture, followed by addition
of (§5)-8-iodo-2-isopropyl-1,2,3,4-tetrahydroquinoline (1.0 equiv.) as a solution in
toluene (0.25 M). The resulting reaction mixture was heated at 110 °C for 4 hours.
The reaction was allowed to cool to room temperature, diluted with H,O (100 mL)
and extracted with EtOAc (3 x 150 mL). The combined organics was dried over
MgSO4 and concentrated under vacuum. Flash column chromatography
(hexanes/EtOAc = 90% — 80% — 70%) was performed to give the pure product as a

mixture of two diastereomers.

L
OMe
Ethyl((S)-2-isopropyl-1,2,3,4-tetrahydroquinolin-8-yl)(2-

methoxyphenyl)phosphinate (mixture of two diastereomers). The

phosphinate was synthesized from ethyl (2-methoxyphenyl)phosphinate (2.32 g, 11.6
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mmol; see below for synthesis) and was obtained as clear oil that solidifies on
standing in freezer (2.05 g, 71%). "H NMR (CDCl;, 400 MHz) 8 7.88-7.78 (m, 1H),
7.44-7.39 (t, 1H, J = 8.4), 7.16-7.08 (m, 1H), 7.00-6.93 (m, 2H), 6.82-6.81 (m, 1H),
6.42-6.35 (m, 1H), 4.16-4.00 (m, 2H), 3.72 (s, 3H), 3.12-3.02 (m, 1H), 2.78-2.62 (m,
2H), 1.85-1.45 (m, 3H), 1.36-1.32 (m, 3H), 1.02-1.00 (d, 3H, J= 6.9), 0.96-0.94 (d,
3H, J=6.9); ®C NMR (CDCl;, 100 MHz) § 161.6, 161.2, 149.9, 149.7, 134.4, 134.3,
134.0, 133.9, 132.7, 131.6, 131.5, 131.4, 121.7, 121.6, 120.6, 120.5, 113.9, 113.8,
111.7, 111.6, 111.57, 111.49, 110.0, 109.9, 108.6, 108.5, 60.8, 60.7, 57.5, 57.2, 55.9,
55.7,33.0,32.8,27.5,27.4,23.9, 18.9, 18.6, 18.5, 16.7, 16.6; 'P NMR (CDCl;, 160
MHz) & 35.1, 34.6; IR: 3317.4, 3066.5, 2958.1, 2872.7, 2837.9, 1737.2, 1591.4,
1512.7, 1476.7, 1460.4, 1332.0, 1274.9, 1245.6, 1022.4, 948.1, 825.1, 802.7, 756.7,
738.7, 693.4, 523.4; HRMS (DART-TOF) calcd. for Cy;H)sNO;P[M+H]™: 374.1888,

found: 374.1891.

ﬂ_ m’l"—‘lb“’i('},’hu _'__f | ﬁh‘w ‘u\\“-u,: |;|A
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Solvent: cdcls
Tenp. 25.0 C / 288.1 K

Sample #al, Operator: frimponk
File: KF-3-110-C-overnight_3_110_o1
VNMRS-400 “nmri4"

Relax. delay 1.000 sec
Pulse 45.0 ceprees
Acq. time 1.301 sec
width 26595.7 Hz

ons
OBSERVE €13, 100.5213103 NHz
DECOUPLE W1, 389.7682756 MHz

Pawer 40
continuously on
ALTZ-16 nodulated

Total time 4 hr, 47 min, 35 sec

T T T
140 120 100

Pulse Sequence: szpul
solvent: cdc13
Yemp. 25.0 C /

Relax. delay 1.008 sec
Pulse 45.0 degrees
Acq. time 1.600 sec
Width 83333 3 Nz

32 ons
OBSERVE P31, 161,8283551 MHz
DECOUPLE  H1, 399.7682756 MHz
Power 40

continuously on

WALTZ=16 modulated

DATA PROCESSING

FT size 524268
Total time 1 min, 23 sec

B R R R AR

42 a0 38 36 34
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Ethyl ((8)-2-isopropyl-1,2,3,4-tetrahydroquinolin-8-yl)(o-
tolyl)phosphinate (mixture of two diastereomers). The phosphinate was
synthesized from ethyl o-tolylphosphinate (1.84 g, 9.96 mmol; see below for
synthesis) and was obtained as clear oil (2.11 g, 89%). '"H NMR (CDCls, 400 MHz)
0 7.75-7.68 (m, 1H), 7.36-7.31 (m, 1H), 7.19-7.14 (m, 2H), 7.02-6.88 (m, 2H), 6.41-
6.35 (m, 1H), 4.24-4.14 (m, 1H), 4.06-3.98 (m, 1H), 3.13-3.05 (m, 1H), 2.75-2.66 (m,
2H), 2.50 (s, 3H), 1.88-1.80 (m, 1H), 1.75-1.50 (m, 2H), 1.34-1.33 (d, 3H, J = 7.0),
0.99-0.90 (m, 6H); *C NMR (CDCls, 100 MHz) 8 150.4, 150.3, 150.2, 150.1, 142.3,
142.2, 142.1, 142.0, 133.0, 132.4, 132.0, 131.6, 131.5, 125.4, 125.3, 122.14, 122.05,
122.0, 121.9, 114.2, 114.1, 108.8, 108.7, 107.5, 107.4, 60.8, 60.5, 57.3, 32.9, 32.8,
27.4,27.3, 23.8, 23.7, 21.4, 21.3, 18.7, 18.6, 18.56, 18.54, 16.6, 16.5 ; *'P NMR
(CDCls, 160 MHz) 9 38.9, 38.3; IR: 3308.5, 2958.4, 2930.7, 2872.2, 1738.2, 1594.0,
1511.3, 1460.0, 1428.0, 1284.3, 1191.5, 1026.3, 945.9, 824.5, 806.7, 752.2, 739.5,

717.1, 691.2, 606.3, 571.3, 536.5, 481.9; HRMS (DART-TOF) calcd. for

C»HosNO,P [M+H]": 358.1936, found: 358.1931.



Sanple: Kf-3-169-
Sample 10: 5_20110819_frimponk_40_s2
File: /nome/Walkup/Trimponk/KF-3-T08-H_3_109_01.fid

Pulse Seguence: szpul

Solvent: cdcl3

Temp, 25.0 C / 298.1 K
Sample #20, Operator: frimponk
File: kF-32105-H_3_109_01
VNNRS-400 nri4”

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acq. time 2.049 sec

width &aio0. 3 Hz

8 repetitio

0BSERVE Hl 3!!.1“27‘8 MHZ
DATA PROCESSING

Resol. cnnununcnl =0.0 Hz
FT size 65536

Total nne 0 min, 30 sec

S&ﬂn|34 KF=: 3 108-C-overnight
Sanple _20110820_fr imponk,
File: /no-e/uwup/rr Tnponk /KF

0_01
-T09-C-overnight_3_109_01.710

Pulse Sequence: szpul

solvent* Cdcla
g 2 C / 208.1 K

sa-n e #40, Opera lor‘ frim

Filg: KF-3-109- :—ovnrnlgm J us _01

VNMRS-400  "nmris"

Relax. delay 1
Pulse 45.0 ulnru:
Acq. time 1.301 sec
Width 26595.7 Mz
7500 repetitions
OBSERVE C13, 100.5213103 MHz
DECOUPLE H1, 399.7682756 WHz
Power 40 di
mnﬂnuou:l on
ALTZ-16 uouulazcu
OATA PROCESSIN
Line hre-d:nlng 0.5 Mz
FT size 131072
Total time 4 hr, 47 min, 35 sec

sec

158




159

FT s 5242
Total time 1 min, 23 sec

90 80 70 60 50 40 30 20 10 0 -10 =20 -30 -40 pp

Ethyl ((S)-2-isopropyl-1,2,3,4-tetrahydroquinolin-8-yl)(2-
isopropylphenyl)phosphinate (mixture of two diastereomers). The
phosphinate was synthesized from ethyl (2-isopropylphenyl)phosphinate (0.657 g, 3.5
mmol; see below for synthesis) and was obtained as a clear oil (0.744 g, 28%). 'H
NMR (CDCls, 500 MHz) 6 7.79-7.68 (m, 1H), 7.46-7.33 (m, 2H), 7.20-7.13 (m, 2H),
6.98-6.89 (m, 2H), 6.40-6.34 (m, 1H), 4.25-4.17 (m, 1H), 4.07-4.00 (m, 1H), 3.74-
3.62 (m, 1H), 3.16-3.04 (m, 1H), 2.82-2.64 (m, 2H), 1.92-1.82 (m, 1H), 1.76-1.48 (m,
2H), 1.39-1.34 (m, 3H), 1.24-1.16 (m, 3H), 0.99-0.86 (m, 9H); *'"P NMR (CDCl;,

160 MHz) 6 36.2, 35.2.



Sample Name:
KF-3-025-column-£4-H
Archive directory:

Sample directory:
FidFile: KF-3-025-column-f4-H_3_25 01

Pulse Sequence: Proton (s2pul)
Solvent: cdcl3
Data collected on: Mar 19 2011

Temp. 25.0 C / 298.1 K
Sample #40, Operator: frimponk
INOVA-500 “nmrl&®

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acq. time 2.049 sec

width 6410.3 Hz

8 repetitions

OBSERVE H1, 399.7662768 MHz
DATA PROCESSING

Resol. enhancement -0.0 Nz
PT size 65536

Total time 0 min 30 sec

160

Sample Nama:
KF-3-025-column-f£4-P
Archive directory:

Sample directory:
FidFile: KF-3-025-column-£4-P_3 25 01

Pulse Sequence: Phosphorus (s2pul)
Solvent: cdcll
Data collected on: Mar 19 2011

Temp. 25.0 C / 298.1 K
Sample #40, Operator: frimponk
INOVA-500 “mmrié"

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acg. time 1.600 sec

wWidth 83333.3 Hz

64 repetitions

OBSERVE P31, 161.8288412 MMz
DECOUPLE M1, 399.7682756 MMz
Power 40 4B

DATA PROCESSING

Line broadening 1.0 Hz
FT size 524288

Total time 2 min 46 sec
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Ethyl (2-isopropoxyphenyl)((S)-2-isopropyl-1,2,3.4-
tetrahydroquinolin-8-yl)phosphinate (mixture of two diastereomers).
The phosphinate was synthesized from ethyl (2-isopropoxyphenyl)phosphinate (2.44
g, 10.7 mmol; see below for synthesis) and was obtained as a clear oil that solidifies
on standing in freezer (2.26 g, 79%). '"H NMR (CDCls, 500 MHz) § 8.01-7.96 (dd,
0.5H, J=13.5, 7.6), 7.93-7.89 (dd, 0.5H, J = 13.5, 7.6), 7.41-7.39 (t, 1H, J = 7.8),
7.37-7.32 (dd, 0.5H, J= 14.4 ,6.6), 7.20-7.01 (d, 1H, J=95.9), 7.17-7.13 (dd, 0.5H, J
=15.2,7.8), 6.97-6.93 (m, 2H), 6.84-6.80 (m, 1H), 6.44-6.40 (m, 0.5H), 6.38-6.35 (m,
0.5H), 4.59-4.52 (m, 1H), 4.16-3.99 (m, 2H), 3.11-3.04 (m, 1H), 2.79-2.62 (m, 2H),
1.86-1.45 (m, 3H), 1.38-1.34 (m, 3H), 1.20-1.19 (d, 3H, J= 6.1), 1.05-0.91 (m, 9H);

3P NMR (CDCls, 200 MHz) § 31.5, 31.0.



Sample Name:
KP-3-030-column
Archive directory:

Sample directory:
FidFile: KF-3-030-column-N

Pulse Sequence: Proton (s2pul)
Solvent: edell
Data collacted on: Mar 28 2011

Temp. 25.0 ¢ / 298.1 K
Operator: klt
INOVA-500 “mmri6"

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acq. time 2.049 sec

width 8012.8 Hz

8 repetitions

OBSERVE H1, 499.8808020 MHz
DATA PROCESSING

Resol. emhancement -0.0 Hz
FT size 65516
Total time © min 30 sec

|
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Sample Mame:
KF-3-030-colunn-P
Archive directory:

Sample directory:
FidFile: KF-3-030-column-P

Pulse Sequence: Phosphorus (s2pul)
Solvent: cdell
Data collected on: Mar 28 2011

Temp. 25.0 C / 298.1 K
Operator: kit
INOVA-500 *pmri6*

Relax. delay 1.000 sec
Pulse 45.0 degrees
Acq. time 1.600 sec

16 ropetitions
OBSERVE P31, 202.3560656 MHz

continucusly on
WALTZ-16 modulated
DATA PROCESSING

Line broadening 1.0 Hz
PT size 524288
Total time 2 min 46 sec

200 150 100
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LiAIH4 Reduction

| AN
N~ NiPr 7 NP
EtO., H LiAlH,, Et,0 py H
> — >
@[ 0 0°C =t @[
R R

General Procedure. To a flame dried round bottom flask with stir bar was added

LiAIHy4 (4 equiv.) in a glovebox. To this, Et,0 (0.2 M) was added and cooled to -78
°C. The corresponding phosphinate (1 equiv.) was added dropwise as a solution in
Et;0 (0.2 M). The resulting mixture was stirred for 5 minutes at -78 °C and 45
minutes at room temperature. The reaction was quenched with 6 M NaOH (0.18 M),
filtered over celite to trap the lithium salts. The filtrate was extracted with CH,Cl, (3
x 100 mL), dried over MgSO4 and concentrated under vacuum. Flash column
chromatography (hexanes/EtOAc = 95%) was performed to obtain the pure
secondary phosphine (Note: purify over basic alumina because silica gel cleaves the

C—P bond; store under inert atmosphere or under vacuum).

: :PH
OMe

(8)-2-Isopropyl-8-((2-methoxyphenyl)phosphino)-1,2,3,4-

tetrahydroquinoline (mixture of two diastereomers). The title compound
was synthesized from ethyl((S)-2-isopropyl-1,2,3,4-tetrahydroquinolin-8-yl)(2-
methoxyphenyl)phosphinate (2.00 g, 5.36 mmol) and obtained as a clear oil (1.03 g,

61%). '"H NMR (CDCls, 500 MHz) & 7.38-7.32 (m, 1H), 7.26-7.23 (m, 1H), 7.11-
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7.01 (m, 2H), 6.85-6.83 (m, 2H), 6.61-6.54 (m, 1H), 5.36-4.87 (dd, 1H, J = 230.6,
14.6), 4.43 (bs, 1H), 3.89 (d, 3H, J = 5.6), 3.09-3.06 (m, 0.5H), 2.90-2.88 (m, 0.5H),
2.85-2.72 (m, 2H), 1.90-1.81 (m, 1H), 1.66-1.50 (m, 2H), 0.83-0.72 (m, 6H); *C
NMR (CDCLs, 125 MHz) 8 160.4, 160.3, 148.1, 148.0, 147.5, 147.4, 136.9, 136.8,
136.7, 136.5, 133.3, 133.2, 132.8, 132.7, 131.4, 131.2, 129.5, 121.3, 121.0, 116.2,
116.1, 116.1, 116.03, 115.7, 115.6, 110.2, 110.1, 57.7, 55.8, 32.7, 32.6, 27.4, 27.2,
24.8,24.0, 18.4, 18.3, 18.2; P NMR (CDCls, 200 MHz) & -84.3, -84.8; IR: 3412.9,

3059.6, 3002.9, 2956.3, 2930.1 2870.5, 2834.0, 1586.5, 1574.0, 1490.0, 1456.5,
1430.0, 1236.5, 1208.3, 1074.5, 1041.3, 736.6, 712.3, 548.8; HRMS (DART-TOF)

calcd. for C19H24NOP[M+H]+: 314.1674, found: 314.1678.

Sample Kamo:
KF-3-112-H
Archive directory:

Sample directory:
Fidrile: KF-3-112-H

Pulse Sequence: Protom (s2pul)
Solvent: cdecll
Data collected om: Aug 26 2011

Temp. 25.0 C / 298.1 X
Operator: kit
INOVA-500 “nmri6"

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acq. time 2.049 soc

width 8012.8 Hz

8 repetitions

OBSERVE M1, 499.8808020 Miz
DATA PROCESSING

Resol. enhancement -0.0 Hz
FT pizo 65536

Total time 0 min 30 sec




Sanple Name:
KF-3-112-C
Archive directory:

Sample directory:
FidFile: Kr-3-112-C

Pulse Sequence: Carbon (sZpul)
Solvent: odcl3
Data collected on: Aug 26 2011

Temp. 25.0 C / 298.1 K
Operator: klt
INOVA-500 “nmrlé"

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acqg. time 1.300 sec

wWidth 32894.7 Hz

352 repetitions

OBSERVE C13, 125.6951090 Mz
DECOUPLE N1, 499.8833015 Muz
Power 40 a8

continuously on

WALTZ-16 modulated
DATA PROCESSING

Line broadening 0.5 Hz
FT size 131072
Total time 19 min

T
220 200 180

T T T T T T T T

Sample Name:
KF-3-112-9
Archive directory:

Sasple directory:

FidFile: RF-3-112-P

‘tulse Sequence: Phosphorus (a2pul)
iolvent: cdell
ata collected om: Aug 26 2011

Temp. 25.0 C / 298.1 K
perator: klt
NOVA-500 “nmrié*

Relax. delay 1.000 sec
Pulse 45.0 degrees
Acg. time 1.600
width 104.2 kHz
16 repetitions
BSERVE P31, 202.3560656 MHz
IECOUPLE HI1, 499.8833015 MH=z
Power 40 a8

continucusly on

WALTZ-16 modulated

ATA PROCESSING

Line brosadening 1.0 Hz

T size 524288

‘otal time 2 min 46 sec
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©5Nj\i-Pr
pH H
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(8)-2-Isopropyl-8-(o-tolylphosphino)-1,2,3,4-tetrahydroquinoline

(mixture of two diastereomers). The title compound was synthesized from
ethyl ((S)-2-isopropyl-1,2,3,4-tetrahydroquinolin-8-yl)(o-tolyl)phosphinate (2.1 g,
5.88 mmol) and obtained as a clear oil (1.32 g, 75%). '"H NMR (CDCls, 500 MHz) &
7.33-7.16 (m, 4H), 7.11-7.08 (t, 1H, J=7.6), 7.05-7.02 (t, 1H, J= 8.3), 6.62-6.55 (m,
1H), 5.24-4.79 (d, 1H, J = 223.8), 4.33 (bs, 1H), 3.08-3.05 (m, 0.5H), 2.93-2.89 (m,
0.5H), 2.86-2.73 (m, 2H), 2.41-2.39 (d, 3H, J=11.3), 1.91-1.82 (m, 1H), 1.66-1.52
(m, 2H), 0.82-0.71 (m, 6H); *C NMR (CDCl;, 125 MHz) § 148.2 (d, J= 4.0), 147.6
(d,J=4.5), 1409 (d,J=16.1), 140.7 (d, J= 15.6), 136.5, 136.3, 136.1, 135.9, 133.1,
132.98, 132.90, 132.8, 132.74, 132.1 (d, J=7.5), 131.4, 131.2, 130.2, 128.4, 128.3,
126.2, 121.6, 121.2, 116.3 (d, J=12.1), 115.9 (d, J=11.5), 113.1 (d, J=9.5), 112.6
(d, J=10),57.8 (d,J=17.5), 32.7,32.6,27.4,27.2,24.8, 24.1, 21.6 (d, /= 5.0), 21.4
(d, J=5.0), 18.5, 18.2 (d, J = 4.5), 18.1; *'P NMR (CDCls, 200 MHz) § -73.6, -
74.2; IR: 3415.2, 3054.7, 3004.9, 2956.7, 2930.0, 2870.1, 2269.3, 1587.5, 1488.9,

1455.0, 1199.2, 1157.0, 741.3, 521.0; HRMS (DART-TOF) caled. for

C19HsNP[M+H]": 298.1725, found: 298.1717.



Sample Namo:
XF-3-111-8
Archive directory:

Sample directory:
FidFPile: KF-3-111-§

nlse Sequence: Proton (s2pul)
lolvent: cdcll
lata collected on: Aug 26 2011

Temp. 25.0 € / 298.1 K
perator: klt
NOVA-500 "amri6”

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acq. time 2.049 sec

width 8012.8 Hz

8 repotiticns

BSERVE  H1, 499.8808020 MHz
ATA PROCESSING

Resol. enhancement -0.0 Hz
T size 65536

otal time 0 min 30 gsec

Sample Name:
KP-3-111-C
Archive directory:

Sample directory:
Fidrile: XF-3-111-C

Pulge Sequence: Carbon (s2pul)
Solvent: cdcl3
Data collected on: Aug 26 2011

Temp. 25.0 C / 298.1 K
Operator: kit
INOVA-500 “nmrlé*

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acq. time 1.300 sec

width 32894.7 ¥z

368 repetitions

OBSERVE C13, 125.6951100 MHz
DECOUPLE K1, 499.8833015 Mz
Power 40 aB

continuously on

WALTZ-16 modulated

DATA PROCESSING

Line broadening 0.5 Hz

PT size 131072

Total time 19 min

220 200 180

160

167

T T T T
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Sample Name:
XF-3-111-P
Archive directory:

Sample directory:
Fidrile: KF-3-111-P

Pulse Sequence: Phosphorus (s2pul)
Solvent: cdel3
Jata collected on: Aug 26 2011

Temp. 25.0 C / 298.1 K
Jperator: klt
[NOVA-500 “mmrl6"

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acq. time 1.600 sec

width 104.2 kHz

16 repetitions

JBSERVE P31, 202.3560656 Mz
JECOUPLE H1, 499.§833015 MHz
Power 40 4B

continuously on

WALTZ-16 modulated

JATA PROCESSING

Line broadening 1.0 Hz

T size 524288

‘otal time 2 min 46 sec

40 20 0 -20 -40 -60 -80 =100 -120 -140 ppm

(8)-2-Isopropyl-8-((2-isopropylphenyl)phosphino)-1,2,3,4-

tetrahydroquinoline (mixture of two diastereomers). The title compound
was synthesized from ethyl (($)-2-isopropyl-1,2,3,4-tetrahydroquinolin-8-yl)(2-
isopropylphenyl)phosphinate (0.740 g, 1.92 mmol) and was obtained as a clear oil
(0.418 g, 67%). "H NMR (CDCls, 500 MHz) § 7.29-7.19 (m, 4H), 7.07-7.04 (m, 1H),
7.01-7.00 (m, 1H), 6.61-6.57 (m, 1H), 5.25-4.80 (d, 1H, J = 224.0), 4.38-4.27 (m, 1H),

3.31-2.70 (m, 4H), 1.85-0.71 (m, 15H); *'P NMR (CDCl;, 200 MHz) & -72.4, -73.6.



Sample Name:
KF-3-027-R
Archive @irectory:

Sample directory:

Fidrile: KF-3-027-H

Pulse Sequence: Proton (s2pul)
Solvent: cdcl3
Data collected on: Mar 22 2011

Temp. 25.0 C / 298.1 K
Operator: klt
INOVA-500 "mmri6"

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acq. time 2.049 sec

width 8012.8 Hz

8 repetitions

OBSERVE W1, 499.8808020 iz
DATA PROCESSING

Resol. enhancement -0.0 Hz
FT size 65536

Total time 0 min 30 sec

Sample Name:
KF-3-027
Archive directory:

Sample directory:
Fidrile: KF-3-027-P

Pulse Sequence: Phosphorus (s2pul)
Solvent: edel3
Data collected on: Mar 22 2011

Temp. 25.0 C / 298.1 K
Operator: kit
INOVA-500 “mmrl§"

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acqg. time 1.600 sec

Width 104.2 kHz

16 repetitions

OBSERVE P31, 202.3560656 MHz
DECOUPLE H1, 499.8833015 MHz
Power 40 dB

continuously on

WALTZ-16 modulated

DATA PROCESSING

Line breadening 1.0 Hz

FT size 524288

Total time 2 min 46 sec
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(5)-8-((2-Isopropoxyphenyl)phosphino)-2-isopropyl-1,2,3,4-

tetrahydroquinoline (mixture of two diastereomers). The title compound
was  synthesized from ethyl (2-isopropoxyphenyl)((S)-2-isopropyl-1,2,3,4-
tetrahydroquinolin-8-yl)phosphinate (2.26 g, 5.63 mmol) and was obtained as a clear
oil (1.1 g, 57%). "H NMR (CDCl;, 500 MHz) § 7.40-7.33 (m, 1H), 7.21-7.17 (m,
1H), 7.11-6.99 (m, 2H), 6.84-6.78 (m, 2H), 6.60-6.52 (m, 1H), 5.35-4.84 (dd, 1H, J=
229.9, 26.4), 4.63-4.55 (m, 1H), 4.39-4.36 (d, 1H, J = 18.3), 3.07-3.03 (m, 0.5H),
2.88-2.84 (m, 0.5H), 2.82-2.69 (m, 2H), 1.89-1.78 (m, 1H), 1.64-1.48 (m, 2H), 1.36-

1.24 (m, 6H), 0.80-0.67 (m, 6H); *'"P NMR (CDCl;, 200 MHz) § -83.1, -83.9.

Sample Name:
KP-3-031-column-H
Archive directory:

Sample directory:
FidFile: KF-3-031-column-R

Pulse Sequence: Proton (s2pul)
Solvent: cdell
Data collected on: Mar 28 2011

Temp. 25.0 C / 298.1 K
Operator: klt
INCVA-500 "nmrlé"

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acqg. time 2.049 sec

width 8012.8 Hz

€ repetitions

OBSERVE Hl, 499.8808020 MEHz
DATA PROCESSING

Resol. enhancement -0.0 Hz
FT size 65536

Total time 0 min 30 sec

|
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Sample Name:
KF-3-031-column
Archive directory:

Sample directory:
Fidrile: KF-3-031-column-P

ulse Sequence: Phosphorus (s2pul)
jolvent: odell
Jata collected on: Mar 28 2011

Temp. 25.0 C / 298.1 K
Jjperator: kit
ROVA-500 “nmrlé"

Relax. delay 1.000 sec
Pulse $5.0 degrees

Acg. time 1.600 sec

width 104.2 kuz

16 repotitions

IBSERVE P31, 202.3560656 Miz
JECOUPLE 1, 499.8833015 Miz
Power 40 aB

continuously on

WALTZ-16 modulated

JATA PROCESSING

Line broadening 1.0 Hz

‘T size 524288

‘otal time 2 min 46 sec

200 150 100 50 0 -50 -100 -150 -200 ppm

Kinetic Closure

N iPr NPy
H PhLi, THF b

~PH -\<
| Cl,CHOMe (i:j;~ OMe
Z >R 78°C — 1t R

General Procedure. To a flame dried round bottom flask was added the
corresponding phosphine as a solution in THF (0.13 M). The solution was cooled to
—78 °C and PhLi (2.1 equiv.) was added dropwise. After stirring for 30 minutes the
flask was transferred to an ice water bath and stirred for an additional 30 min. The
dianion solution was added via syringe pump over 1 hour to a solution of
dichloromethyl methylether (1.1 equiv.) in THF (0.03 M) at 0 °C. The reaction was
stirred for 150 minutes and the solvent was removed under high vacuum. The

resulting residue was brought into a glovebox and extracted with pentane. The
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pentane extract was filtered through glass fiber filter paper. The crude mixture was

distilled to give the ligand (Note: ligand is stored in glovebox after distillation).

a
NN NP
9

©/\ OMe
OMe

(45)-4-Isopropyl-2-methoxy-1-(2-methoxyphenyl)-2,4,5,6-tetrahydro-

1H-[1,3]azaphospholo[4,5,1-ij]quinoline. The ligand was synthesized from
(S)-2-Isopropyl-8-((2-methoxyphenyl)phosphino)-1,2,3,4-tetrahydroquinoline (1.03 g,
3.29 mmol) and was obtained as a mixture of four diastereomers that was distilled at
150 °C @ 0.05 mmHg to afford the ligand as a yellow oil (0.206 g, 18%). After
distillation the ligand was obtained as a mixture of two diastereomers. >'P NMR
shows some impurities. *'P NMR (C¢Ds, 200 MHz) & -32.4, -34.1; IR: 3293.0,
3056.3, 2957.5, 2870.4, 1744.2, 1722.2, 1678.5, 1583.2, 1455.1, 1062.9, 744.6;

HRMS (DART-TOF) calcd. for C21H26N02P[M+H]+: 340.1830, found: 340.1829.



Sample Name:
KF-2-260-distilled-H
Archive directory:

sample directory:
FidFile: KF-2-260-distilled-E

Pulse Sequence: Proton (s2pul)
Solvent: c6d6
Data collected on: Dec 20 2010

Temp. 25.0 C / 298.1 X
Operator: klt
INOVA-500 “amrl6"

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acq. time 2.049 sec

width 8012.8 Hz

8 ropotitions

OBSERVE H1, 499.8808470 Miz
DATA PROCESSING

Resol. enhancement -0.0 Hz
FT size 65536

Total time 0 min 30 sec

7.110
7.106

I
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10 9 8

Pulse Sequence: s2pul

., 0p
File: KF=3-113
VNMRS-480  “nar
Relax. delay 1.000 sec

Pulse 45.0 degrees
Acg. time 1.301 sec

OBSERVE €13, 100.5212425 MMz
DECOUPLE M1, 399.7683116 NMz
continuously on

WALTZ-16 modulated
DATA PROCESSING

Total time 3 hr, 11 min, 43 sec

erator: frinponk
-Overnight-C_3_113_01
14"

128.632

=
s
<
&

|

L

"

20
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Sample directory:
FidFile: KF-2-260-distilled-P
Pulse Sequence: Phosphorus (s2pul)

Solvent: c6d6
Data collacted on: Dac 20 2010

—-37.068

Temp. 25.0 C / 298.1 K
Operator: klt
INOVA-500 “nmri6"

—=-35.361

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acq. time 1.600 sec

Width 104.2 kuz

64 repetitions

OBSERVE P31, 202.3560839 Mz
DECOUPLE H1, 499.8833464 MHz
Power 40 aB

continucusly on

WALTZ-16 modulated

DATA PROCESSING

Line broadening 1.0 Hz

FT size 524288

Total time 11 min

75,996
58.611
\-59.770

200 150 100 50 0 -50 -100 -150 -200 ppm

N i-Pr
P

@ OMe
Me

(4S5)-4-Isopropyl-2-methoxy-1-(o-tolyl)-2,4,5,6-tetrahydro-1H-

[1,3]azaphospholo[4,5,1-ij]quinoline. The ligand was synthesized from (S)-2-
Isopropyl-8-(o-tolylphosphino)-1,2,3,4-tetrahydroquinoline (2.17 g, 7.30 mmol) and
was obtained as a mixture of four diastereomers that was distilled at 150 °C @ 0.025
mmHg to afford the ligand as a yellow oil (0.131 g, 5%). After distillation the ligand
was obtained as a mixture of 2 diastereomers. *'P NMR shows some impurities. *'P
NMR (C¢Ds 160 MHz) 06 -33.6, -34.1; IR: 3293.0, 3056.3, 2957.5, 2870.4, 1744.2,
1722.2, 1678.5, 1583.2, 1455.1, 1062.9, 744.6; HRMS (DART-TOF) calcd. for

CyHysNOP[M+H]": 356.1779, found: 356.1776.
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FidFile: KF-2-287-distilled-H 2 287 01

Pulse Sequence: Proton (s2pul)
Solvent: c6d6
Data collacted on: Feb 8 2011

Temp. 25.0 € / 298.1 K
Sample #50, Operator: frimponk
INOVA-500 “nmrl6"

Relax. delay 1.000
Pulse 45.0 degrees
Acg. time 2.049 sec

Width 6410.3 Hz

8 repetitions

OBSERVE H1, 399.7663128 MHz
DATA PROCESSING

Resol. enhancement -0.0 Hz
FT size 65536

Total time 0 min 30 sec

Solvent: c6di
Tenp. 25.0 C / 298.1 K

5, Operator: frimponi
File: KF-3-11a-Overnight-C_3_114_01
VNMRS-400  “nmria"

Relax. delay 1.000 sec
Pulze 45.0 degrees

128.626
28,34
128.152

5000 repetitions

OBSERVE  C13, 190.5212412 NHz
DECOUPLE M1, 339.7683116 MMz
Power 49 dBb

continuously on

VALTZ=16 modulated

DATA PROCESSING

Line broadening 0.5 Mz

FT 5176 65536

Total time 3 hr, 11 min, 43 sec
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Sample dirxectoxry:

FidFile: KF-2-287-distilled-P_2 287 01
Pulse Sequence: Phosphorus (s2pul)
Solvent: c6d6

Data collected on: Feb 8 2011

L -34.139

Temp. 25.0 C / 298.1 K
Sample #50, Operator: frimponk
INOVA-500 “"nmrlé"

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acq. time 1.600 sec

Width 83333.3 Hz

128 repetitions
OBSERVE P31, 161.8283697 MHz
DECOUPLE R1, 399.7683116 Muz
Power 40 4B

continucusly on

WALTZ-16 modulated
DATA PROCESSING

Line broadening 1.0 Hz
FT size 524288
Total time 5 min 33 sec

-33.591

~45.457

-54.741
55.550

40 20 0 -20 -40 -60 -80 -100 -120 ppm

(45)-4-Isopropyl-1-(2-isopropylphenyl)-2-methoxy-2,4,5,6-tetrahydro-

1H-[1,3]azaphospholo[4,5,1-ij]quinoline. The ligand was synthesized from
(S)-2-isopropyl-8-((2-isopropylphenyl)phosphino)-1,2,3,4-tetrahydroquinoline (0.416
g, 1.28 mmol) and was obtained as a mixture of four diastereomers that was distilled
at 150 °C @ 0.025 mmHg to afford the ligand as a yellow oil (0.13 g, 28%). After
distillation the ligand was obtained as a mixture of 4 diastereomers. *'P NMR shows

some impurities. >'P NMR (C4Ds 160 MHz) § -20.6, -21.3, -37.9, -39.3.



Sample Name:
KF-3-028-distilled-P
Archive directory:

Sample directory:
Fidrile: KP-3-028-distilled-P_3_28 01

Pulse Sequence: Phosphorus (s2pul)
Solvent: c646
Data collected on: Mar 24 2011

Temp. 25.0 C / 298,1 K
Sample #i5, Operator: frimponk
INOVA-500 “nmrl6"

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acq. time 1.600 sec

width 83333.3 Hz

208 repetitions
OBSERVE P31, 161.8288558 MHz
DECOUPLE H1, 399.7683116 MRz

continuously on
WALTZ-16 modulated
DATA PROCESSING

Line broadening 1.0 Hz
FT size 524288

Total time 11 min

177

Sample Neme:
KP-3-028-distilled-E
Archive directory:

Sample directory:
FidFile: KF-3-028-distilled-E 3 28 01

Pulse Sequence: Proton (s2pul)
Solvent: c6d6
Data collected on: Mar 24 2011

Temp. 25.0 C / 298.1 X
Sample #45, Operator: frimponk
INOVA-500 “nmri6"

Relax. delay 1.000 sac

Pulse 45.0 degrees

Acq. time 2.049 sec

Width 6410.3 Mz

8 repetitions

OBSERVE H1, 399.7663128 MHz
DATA PROCESSING

Resol. enhancement -0.0 Nx
FT size 65536
Total time 0 min 30 sec
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N i-Pr
P

@ OMe
Oi-Pr

(45)-1-(2-Isopropoxyphenyl)-4-isopropyl-2-methoxy-2,4,5,6-

tetrahydro-1H-[1,3]azaphospholo[4,5,1-ijlquinoline. The ligand was
synthesized from (8)-8-((2-isopropoxyphenyl)phosphino)-2-isopropyl-1,2,3,4-
tetrahydroquinoline (0.88 g, 2.58 mmol) and was obtained as a mixture of four
diastereomers that was distilled at 200 °C @ 0.025 mmHg to afford the ligand as a

yellow oil (0.15 g, 15%). After distillation the ligand was obtained as a mixture of 3
diastereomers. >'P NMR shows some impurities. 3p NMR (C¢Dg 200 MHz) 6 -34.1,

-35.8,-36.9.

FidFile: KF-3-034-distilled

Pulse Sequence: Phosphorus (s2pul)
Solvent: c6a6
Data collected on: Apr 1 2011

Temp. 25.0 C / 298.1 K
Operator: klt
INOVA-500 “nmrlé”

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acq. time 1.600 sec

Width 104.2 kHz

32 repetitions

OBSERVE P31, 202.3560839 MHz
DECOUPLE K1, 499.8833464 MHz
Power 40 dB

continuously on

WALTZ-16 modulated

DATA PROCESSING

Line broadening 1.0 Hz

FT size 524288
Total time 11 min

40 20 0 -20 -40 -60 -80 -100 ppm
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Sample Name:
KF-3-034-distilled-H
Archive directory:

sample directory:
Fidrile: KF-3-034-distilled-H

Pulse Sequence: Proton (s2pul)
Solvent: c6d6
Data collected on: Apr 1 2011

Temp. 25.0 C / 298.1 K
Operator: klt
INOVA-500 “nmrl6"

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acq. time 2.049 sec

width 8012.8 Hz

8 repetitions

OBSERVE  H1, 499.8808470 MHz
DATA PROCESSING

Resol. enhancement -0.0 Hz
FT size 65536

Total time 0 min 30 sec

T R T e

T
0 9 8 7 6 5 4 3 2 1 ppm

Synthesis of Phosphinates

Br P(OEt)3 or _ E'\OEt
CIP(OEt),

General Procedure.” To a flame dried round bottom flask with stir bar was added
the corresponding bromobenzene (1 equiv.). To this, Et,O (0.7 M) was added and the
solution was cooled to -78 °C. #-BuLi (1.1 equiv.) was added dropwise and the
resulting mixture was stirred for 30 minutes at -78 °C. To this mixture was added
triethyl phosphite (1.1 equiv.) as a solution in Et,O (0.7 M) or diethyl
chlorophosphite (1.1 equiv.) dropwise. The resulting reaction mixture was allowed to
stir overnight while warming to room temperature. The mixture was quenched with 6
N HCI (1.2 equiv.), diluted with H,O and extracted with CHCl; (3 x 100 mL). The

combined organics was dried over MgSO4 and concentrated under vacuum to afford
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the phosphinate. The crude phosphinate was purified by flash column

chromatography (CH,CIl,:MeOH = 98:2).

OMe 9
Pl
H OEt

Ethyl (2-methoxyphenyl)phosphinate. The phosphinate was synthesized from
1-bromo-2-methoxybenzene (3.33 mL, 26.73 mmol) and triethyl phosphite (5.04 mL,
29.4 mmol) and was obtained as clear liquid (1.2 g, 22%). '"H NMR (CDCls, 500
MHz) 6 8.34-6.89 (d, 1H, J=580.8), 7.81-7.75 (dd, 1H, J=14.5, 7.4), 7.53-7.49 (t,
1H, J=8.4), 7.06-7.02 (td, 1H, J=7.4), 6.93-6.91 (d, 1H, J= 8.4), 4.14-4.07 (m, 2H),
3.86 (s, 3H), 1.34-1.30 (t, 3H, J = 8.8); ®C NMR (CDCls, 125 MHz) § 161.3 (d, J =
4), 134.8, 133.2, 120.8 (d, J=13.0), 117.9 (d, J=132.3), 110.8 (d, J=6.9), 62.1 (d, J
= 6.5), 55.7, 16.4 (d, J = 6.5); *'P NMR (CDCl;, 160 MHz) & 20.9; IR: 3466.5,
2982.1, 2940.5, 2840.7, 2372.4, 1591.5, 1479.1, 1438.8, 1277.1, 1220.9, 1182.0,
1163.3, 1040.5, 1018.2, 940.7, 799.3, 758.2, 548.9, 468.4; HRMS (DART-TOF)

calcd. for C9H1303P[M+H]+: 201.0681, found: 201.0687.
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5:np1¢ NH=1=022=H
Sample 10: 5_20110818_frinponk_d45_04
File: shome/Walkup/frinponk/MH=1-022-H_1_022_03.fid

Pulse s:qucncc- s2pul
Solvent: cac)
Temp. 25.0 C / 298.1 K
Sample #4 perator: frinponk
ile: NH-1-022-H_1_022_03
VNNRS-400  "nmrid

Relax. delay 1.000 sec
Pulse 45.0 degrees
Acq. time 2.049 sec
Width saxn 3 Hz
e repct ti

VE Nl, 395.7662768 WHZ
Oara PROCESSING

Resol. enhancement =0.0 Mz
6

FT s1ze 6553
Total time 0 min, 30 sec

sample: MH-1-022-C
Sample I0: s_20110818_frimponk_45_0€
File: /home/valkup/fr imponk /NH=1-022-C_1_022_01.7id

Pulse Sequence: s2pul
Solvent: cdcl3

Temp. 25.0 C / 298.1 K
sample #35, Operator: frimponk
File: MH-1-022-C_1_022_01
VHMRS=400  "nerld”

Relax. delay 1.000 sec
Pulse 45.0 degrees

OBSERVE C13, 100.5213103 MHz
C L7682756 MHz

continuously on
WALTZ=16 modulated

DATA PROCESSING

Linc broadening 0.5 Wz
FT size 131072

Total time 9 min, 45 sec
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VNMRS-400  “nnr
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Ethyl o-tolylphosphinate. The phosphinate was synthesized from 1-bromo-2-
methylbenzene (18.1 mL, 150.0 mmol) and triethyl phosphite (17.1 mL, 145.8 mmol)
and was obtained as clear liquid (3.24 g, 11%). '"H NMR (CDCl;, 400 MHz) & 8.26-
6.87 (d, 1H, J=554.9), 7.76-7.70 (dd, 1H, J=15.9, 6.9), 7.41-7.37 (t, 1H, J = 7.4),
7.269-7.231 (t, 1H, J=7.4), 7.230-7.168 (t, 1H, J = 6.8), 4.13-4.05 (m, 2H), 2.49 (s,
3H), 1.32-1.29 (t, 3H, J = 8.0); ®C NMR (CDCl;, 100 MHz) & 141.0 (d, J = 11.0),
1329 (d, J=2.8), 131.9 (d, J=13.0), 131.1 (d, J=11.8), 128.7-127.4 (d, J= 131.5),
125.7 (d, J = 14.2), 62.0 (d, J = 6.5), 19.8 (d, J = 6.9), 16.2 (d, J = 6.9); *'P NMR

(CDCls, 160 MHz) & 25.3; IR: 3478.4, 2981.4, 2345.8, 1595.2, 1476.5, 1390.4,
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1281.1, 1222.5, 1161.8, 1087.9, 1035.9, 935.2, 807.3, 751.5, 563.4, 482.0; HRMS

(DART-TOF) calcd. for CoH30,P[M+H]": 185.0731, found: 185.0739.

Sample: N
Sample I 20110818_frimponk_d5_01
File: /home/ualkup/frimponk /ME-1-021-K_1_021_01.fid

Pulse Sequence: szpul

Solvent: cdcl3
Temp. 25.0 C / 298.1 K
Sanple #45, Operator: frinponk
File: MM-1-021-H_1_021_01
VNMRS-400  “nmr1d"

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acg. time 2.009 sec

width 6410.3 Hz

3 repetitions

OBSERVE M1, 285.7662768 MHz
DATA PROCESSING

Resal. enhancement =0.9 Wz
FT size 65536

Total time 0 min, 30 sec

a 3 2 1 ppm

Sanple: WH-1-021-C
sampie I0: 5_20110818_frimponk_a5_03
File: home/Walkup/Trinponk/HH-1-021-C_1_021_01.Tid

Pulse Seguence: s2pul
Solvent: cdcl3

Tenp. 25.0 C / 296.1 K
Sample 415, Operator: fringonk
File: MM-1021-C_1_021_01
VKMRS-400  “nnridt

felax. delay 1.000 sec

Pulse 45.0 degrees
1.301 sec
M

OBSERVE  C13, 100.5213103 WHz
DECOUPLE H1, 399.7682756 WHz
Power 40 d8

continucusly on

VALTZ-16 _modulated

DATA PROCESSING

Total time 9 min, 49 sec

A

80 60 a0 20 0
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ponk_45_02
H-1-021-P_1_021_01.7id

90 80 ’7.0 ‘ vﬁl] . 50 ‘ a0 ‘ 30 20 10 0 -10 =20 ppm
i-Pr O
I
Po
H OEt

Ethyl (2-isopropylphenyl)phosphinate. The phosphinate was synthesized from
1-bromo-2-isopropylbenzene (9.8 g, 49.2 mmol) and diethyl chlorophosphite (8.5 mL,
59.1 mmol) and was obtained as clear liquid (6.4 g, 62%). '"H NMR (CDCl;, 500
MHz) & 8.24-7.13 (d, 1H, J= 554.1), 7.78-7.72 (dd, 1H, J= 16.6, 7.8), 7.55-7.52 (m,
1H), 7.44-7.42 (t, 1H, J= 6.8), 7.32-7.29 (m, 1H), 4.19-4.08 (m, 2H), 3.58-3.49 (m,

1H), 1.30-1.23 (m, 9H); *'P NMR (CDCl;, 200 MHz) § 26.6.



Sample Name:
KF-3-024-column-f4-H
Archive directory:

Sample directory:
FidFile: KF-3-024-column-£4-H

Pulse Sequence: Proton (s2pul)
Bolvent: edelld
Data collected on: Mar 17 2011

Temp. 25.0 C / 2§8.1 K
Operator: kit
INOVA-500 “nmrlf"

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acg. time 2.049 asc

width 8012.8 Hz

8 repetitions

OBMSERVE  H1, 499.BB08020 MH:z
DATA PROCESSING

Rescl. enhancement -0.0 Hz
FT size 65536

Total time 0 min 30 sec

impurity

impurity | impurity

Ll

part EtOAc

Sample: Kf-3-024-colunn-f3/4
File: exp

Pulse Sequence: sZpul
Solvent: cdcl3

Tewp. 25.0 C / 298.1 K
Operator: K1t

VMHRS-500 “nmri15"

Relax. delay 1.000 sec
Pulse 45.0 degrees
Acq. tine 1.500 sec
Width 104.2 kHz

16 repetitions

085¢) 1, 202.3554578 WHz
DECOUPLE  H1, d499.8833015 MHz
Pawer 8

continuously on
VALTZ-16_nodulated

DATA PROCESSING

Total time 11 min, 6 sec

256

22,498

17.603

7.523

185

EtOAc

EtOAc —

80 70 60 50

40

=10 =20
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Oi-Pr9
Pl
H OEt

Ethyl (2-isopropoxyphenyl)phosphinate. The phosphinate was synthesized
from 1-bromo-2-isopropoxybenzene (5.00 g, 23.2 mmol) and diethyl chlorophosphite
(3.66 mL, 25.5 mmol) and was obtained as clear liquid (4.61 g, 87%). '"H NMR
(CDCls, 500 MHz) 6 8.20-7.04 (d, 1H, J = 580.4), 7.84-7.79 (dd, 1H, J= 14.2, 7.6),
7.50-7.47 (t, 1H, 8.1), 7.03-7.00 (t, 1H, J = 7.4), 6.93-6.90 (dd, 1H, J = 8.3, 6.6),
4.68-4.61 (m, 1H), 4.18-4.05 (m, 2H), 1.37-1.33 (m, 9H); *'P NMR (CDCl;, 200

MHz) § 18.0.

Sample Name:
KP-3-029-distilled-H
Archive directory:

Sample directory:
Fidrile: XF-3-029-distilled-E

Pulse Sequence: Proton (s2pul)
Solvent: cdcl3
Data collected on: Mar 23 2011

Temp. 25.0 C / 298.1 K
Dperator: kit
INOVA-500 “nmrl6*

Relax. delay 1.000 sec
Pulse 5.0 degrees

Acq. time 2.049 sec

Width 8012.8 Hz

8 repetitions

JBSERVE  H1, 499.8808020 Mz
DATA PROCESSING

Resol. enbancement -0.0 Hz
PT size 65536

Total time 0 min 30 sec

L

} __‘_;LWQUJL A l A BN

9 8
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Sample Name:
XF-3-029-distilled-P
Archive directory:

Sample directory:
FidFile: KF-3-029-distilled-»

Pulse Sequence: Phosphorus (s2pul)
Solvent: cdcll
Data collected on: Mar 23 2011

Temp. 25.0 C / 298.1 K
Operator: kit
INOVA-500 “nmrl6™

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acq. time 1.600 sec

width 104.2 kuz

16 repetitions

OBSERVE P31, 202.3560656 Miz
DECOUPLE W1, $99.8833015 Miz
Power 40 aB

centinuously on

WALTZ-16 modulated

DATA PROCESSING

Line broadening 1.0 Nz

FT size 524288
Total time 2 min 46 sec

200 150 100 50 0 -50 -100 -150 -200 ppm

Hydroformylation with Second-Generation Chiral Ligands

General Procedure. An oven dried glass reaction vial was placed in the Endeavor,
and 2-phenylprop-2-en-1-ol, 1.43 (20 mg, 0.15 mmol) was added. The Endeavor
was sealed and purged with nitrogen (4 x 100 psi). A solution of
dicarbonylacetylacetonato rhodium(I) (1.6 mg, 6.0 x 10° mmol, 4.0 mol%), ligand
2.52 (3.0 x 10 mmol, 20 mol%), p-toluenesulfonic acid and benzene (to total
volume of 1 mL) was injected, followed by injection of additional benzene (0.5 mL)
to wash the injection port. The Endeavor was purged with nitrogen (1 x 100 psi),
stirring was started at 250 rpm, and the Endeavor was heated to and held at 45 °C for
10 minutes. Stirring was stopped, the Endeavor was charged with X psi of CO/Ha,
and stirring was re-initiated at 700 rpm. The Endeavor was maintained at a constant
temperature of 45 °C and pressure of X psi of CO/H; for 12 h. The Endeavor was

vented to ambient pressure and cooled to ambient temperature. The reaction mixture
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was removed from the Endeavor and concentrated. The residue was dissolved in #-
butanol (0.75 mL) and 2-methyl-2-butene (0.16 mL, 1.5 mmol, 10.0 eq.) followed by
addition of a solution of NaClO; (80%, 68 mg, 0.60 mmol, 4.0 equiv.) and NaH,PO4
(72 mg, 0.60 mmol, 4.0 eq.) in H,O (0.4 mL). The solution was stirred at room
temperature overnight. The resulting mixture was concentrated and redissolved in
EtOAc (0.75 mL), followed by addition of 10% HCI (0.18 ml) and brine (0.18 mL).
The solution was extracted with EtOAc (3 x 5 mL). Combined organic layers were
dried over MgSOQs,, filtered and solvent was removed. Flash column chromatography
was performed to isolate the acid, which was subjected to esterification conditions.
To a dried scintillation vial containing the acid and a stir bar under nitrogen was
added 1.5 mL each of benzene and methanol. (Trimethylsilyl)diazomethane (358 uL,
2.25 mmol, 15 equiv.) was added dropwise and the resulting solution was stirred for 1
h at room temperature. The reaction was concentrated and purified by preparative
TLC and analyzed by SFC (AD-H, 1 mL/min, 2.0% MeOH as modifier, 220 nm, 150

psi, 50 °C).

Acid Screen Using Ligand 2.52A

Table 2.1, Entry 1: 2-Phenylprop-2-en-1-ol (1.43) was hydroformylated using p-
toluenesulfonic acid (132 uL of 5.69 x 10* M in benzene, 7.5 x 10° mmol, 0.05

mol%) at 400 psi CO/H,. The branched product was isolated in 76% yield and 67%

ccC.
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>
EY
2\ — - - - T2 "v."‘M s
i i
0 2 4 6 8 10 12 14 16 18 20 22 24
Min
Index | Name Start | Time | End | RT Offset | Quantity | Height Area Area
Min) | [Min] | [Min} Min) | [% Area] | [uV] [ [uV.Min] (%)
1 UNKNOWN| 15.28 | 15.78 | 16.49 0.00 14.43| 430.9 230.2| 14.430
2 UNKNOWN| 16.92 | 17.56 | 18.47 0.00 85.57 | 2217.9| 1365.1| 85.570

Total

100.00 | 2648.8 | 1595.3 | 100.000

Table 2.1, Entry 2: 2-Phenylprop-2-en-1-o0l (1.43) was hydroformylated using p-

toluenesulfonic acid (264 uL of 5.69 x 10* M in benzene, 1.5 x 10 mmol, 0.10

mol%) at 400 psi CO/H,. The branched product was isolated in 37% yield and 74%

cc.

CCPE2F .tmp.DAT - Berger TCM-2000 Signal 1

>
=
|
|
/3
i i !
0 2 4 6 8 10 12 14 16 18 20 22 24
Min
Index | Name Start | Time | End | RT Offset | Quantity | Height Area Area
Min] | [Min] | [Min] Min] | [% Area) | [V] | [uV.Min] [%]
1 UNKNOWN] 15.34 | 15.82 | 16.36 0.00 12.93 | 302.0 154.0 | 12.933
2 | UNKNOWN| 17.01 | 17.62 | 18.40 0.00 87.07 | 1770.3 | 1036.6| 87.067
Total 100.00 | 2072.3 | 1190.6 | 100.000
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Table 2.1, Entry 3: 2-Phenylprop-2-en-1-ol (1.43) was hydroformylated using p-

toluenesulfonic acid (396 uL of 5.69 x 10* M in benzene, 2.25 x 10 mmol, 0.15

mol%) at ps1 ». I'he branched product was 1solated 1n o yield an ()
1%) at 400 psi CO/H». The branched prod isolated in 78% yield and 69%

cc.
CCPE3U.IMpP.DAI - Berger 1UM-ZUVU Signai 1 .
i
i
[
>
2
| ;
| |
i |
Y. VALY W
i i
0 P 3 6 ; 10 12 1 16 18 20 2 2
Min
Index | Name Start | Time | End | RT Offset | Quantity | Height Area Area
[Min] [ [Min] | [Min] [Min] | [% Area] [LV] | [pV.Min] (%]
1 UNKNOWN| 15.34 | 15.86 | 16.55 0.00 15.77 | 300.5 160.1| 15.774
2 UNKNOWN| 17.02 | 17.67 | 18.52 0.00 84.23 | 1440.6 854.6 | 84.226
Total 100.00 | 1741.2 | 1014.7 | 100.000

Table 2.1, Entry 4: 2-Phenylprop-2-en-1-ol (1.43) was hydroformylated using p-

toluenesulfonic acid (528 uL of 5.69 x 10* M in benzene, 3.0 x 10 mmol, 0.20

mol%) at 400 psi CO/H,. The branched product was isolated in 84% yield and 71%

ccC.
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2 4 6 8 10 12 14 16 18 20 22 24
Min
Index | Name Start| Time | End | RT Offset | Quantity | Height Area Area
Min) | [Min]) [ [Min} Min) | [% Area] | [uV] [ [uV.Min] (%)
1 UNKNOWN| 15.28 | 15.78 | 16.49 0.00 14.43| 4309 230.2| 14.430
2 | UNKNOWN| 16.92 | 17.56 | 18.47 0.00 85.57 [ 2217.9| 1365.1| 85.570
Total 100.00 | 2648.8 | 1595.3 | 100.000

Pressure Screen Using Ligand 2.52 A

Table 2.2, Entry 1: 2-Phenylprop-2-en-1-ol (1.43) was hydroformylated using p-

toluenesulfonic acid (264 uL of 5.69 x 10* M in benzene, 1.5 x 10 mmol, 0.10

mol%) at 50 psi CO/H,. Analysis of the crude reaction mixture showed a 79%

conversion by 'H NMR. The branched product was isolated in 67% yield and 75% ee.



Sample Mame:
KF-2-278-crude-1
Archive directory:

Sample directory:

FidFile: KF-2-278-crude-1_2_278_01

Pulse Sequence: Proton (s2pul)

Solvent: cdol3

Data collected on: Jan 20 2011

Temp. 25.0 € / 298.1 K

Sample #38, Operator: frimponk

INOVA-500 "nmri6"

Relax. delsy 10.000 sec
Pulse 45.0 degroes

Acqg. time 2.049 sec
width 6410.3 Hz

8 repetitions
OBSERVE  Hl1,
DATA PROCESSING

Resol. enhancement -0.0 Hxz

FT size 65536
Total time 2 min 0 sec

399.7662768 MHz

2.09 —

17,000
16,000
15,000
14,000
13,000
12,000
11,000
10,000,
9,000
8,000
7,000
6,000
5,000

uv

—7.360
7359

CCPES51.tmp.DAT - Berger TCM-2000 Signal 1
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7.15 =

10

12
Min

14

Index | Name Start

Time

End

RT Offset

Quantity

Height

Area

Area

[Min]

[Min]

[Min]

[Min]

[% Area)]

[uV]

[pV.Min]

[%]

1| UNKNOWN| 15.94

16.45

16.97

0.00

12.74

118.0

59.7

12.737

2 | UNKNOWNJ 17.59

18.25

19.00

0.00

87.26

721.0

409.3

87.263

Total

100.00

838.9

469.0

100.000

20 22 24

Table 2.2, Entry 2: 2-Phenylprop-2-en-1-o0l (1.43) was hydroformylated using p-

toluenesulfonic acid (264 uL of 5.69 x 10™ M in benzene, 1.5 x 10 mmol, 0.10
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mol%) at 100 psi CO/H,. Analysis of the crude reaction mixture showed an 80%

conversion by '"H NMR. The branched product was isolated in 74% yield and 75% ee.

Sample Kame:
KP-2-278-crude-2
Archive directory:

sample directory:
Fidrile: Kr-2-278-crude-2 2 278_01
Pulse Sequence: Proton (s2pul)

Solvent: cdcl3
Data collected on: Jan 20 2011

7.366
7,363

Temp. 25.0 C / 298.1 K
Sample #39, Operator: frimponk
INOVA-500 “nmrlé"

Relax. delay 10.000 sec
Pulse 45.0 degrees

Acg. time 2.049 sec

Width 6410.3 Hz

& repetitions

OBSERVE K1, 399.7662768 Mi=z
DATA PROCESSING

Resol. enhancement -0.0 Hz
FT size 65536

Total time 2 min 0 sec

| [ |
| | | |

L S M,___.L_g,‘.l,LL_p LM Vi _M'»MLJJ‘A_&%_,__

T T T T T T T T T T
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CCPESC.tmp.DAT - Berger 1 CM-2000 Signai 1
21,000 T T e e e

20,000
19,000
18,000
17,000}
16,000
15,000
14,000
13,000
12,000 i
11,000

10,000]

9,000!

uv

8,000
7,000
6,000

0 2 4 6 8 10 12 14 16 18 20 22 24

Min
Index | Name Start | Time | End | RT Offset | Quantity | Height Area Area
[Min] | [Min]| [Min] [Min] | [% Area] [BV] | [BV-Min] (%)
1 UNKNOWN| 15.76 | 16.36 | 16.98 0.00 12.55| 334.4 182.7 | 12.549
2 UNKNOWN]| 17.37 | 18.11 | 19.06 0.00 87.45|2090.2 | 1273.3| 87.451

Total 100.00 | 2424.6 | 1456.0 | 100.000
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Table 2.2, Entry 3: 2-Phenylprop-2-en-1-o0l (1.43) was hydroformylated using p-

toluenesulfonic acid (264 uL of 5.69 x 10* M in benzene, 1.5 x 10 mmol, 0.10

mol%) at 200 psi CO/H,. Analysis of the crude reaction mixture showed an 86%

conversion by '"H NMR. The branched product was isolated in 71% yield and 66% ee.

with 100ul standard
Sample Name:
KF-2-278-crude-3
Archive directory:
sample directory:
FidPile: K¥-2-278-crude-3_2 278 01
Pulse Sequence: Protom (s2pul)

Solvent: cdcl3d
Data collected on: Jan 20 2011

762
1566

Temp. 25.0 C / 298.1 K
Sample #44, Operator: frimponk
INOVA-500 “nmxl6"

Relax. delay 10.000 mec
Pulse 45.0 degrees

Acq. time 2.049 sec

Width 6410.3 Hz

8 repetitions
OBSERVE  H1, 399.7662768 Mz
DATA PROCESSING

Resol. enhancement -0.0 Hx
PT size 65536 ’

Total time 2 min 0 sec

S _..’__ I S VS S D S
e e e - — — : e
0 9 8 7 6 S 4 3 2 1 ppm
: | " y
CUFTT/C.IMP.UA I - BEIGET 1 LIVI-ZUUV Jignal 1
18,000
17,000
16,000
15,000
14,000
13,000 |
12,000 !
11,000
10,000
S 9,000
= 8,000
7,000
L
4 6 8 10 12 14 16 18 20 22 24
Min
Index | Name - | Start| Time | End | RT Offset | Quantity [Height | :"Area | ’Area
[Min] | [Min] | [Min] [Min] | [% Area] [uV] | [uV.Min] [%]
1 UNKNOWN]| 15.64 | 16.22 | 16.90 0.00 19.28| 71.0 42.8| 19.281
2 | UNKNOWN/ 17.10 | 17.86 | 18.96 0.00 80.72 | 255.3| 179.2| 80.719
Total 100.00 | 326.3 222.0 | 100.000
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Table 2.2, Entry 4: 2-Phenylprop-2-en-1-o0l (1.43) was hydroformylated using p-

toluenesulfonic acid (264 uL of 5.69 x 10* M in benzene, 1.5 x 10 mmol, 0.10

mol%) at 300 psi CO/H,. Analysis of the crude reaction mixture showed an 85%

conversion by '"H NMR. The branched product was isolated in 71% yield and 68% ee.

Sample Name:
XF-2-278-crude-4
Archive directory:

Sample directory:
Fidrile: KF-2-278-crude-4_2 278 01

Pulse Sequence: Proten (s2pul)
Solveat: cdeld
pata collacted on: Jam 20 2011

Temp. 25.0 C / 298.1 X
Sample #45, Operator: frimponk
INOVA-500 "nmri6"

Relax. delay 10.000 sec
Pulse 45.0 degrees

Acq. time 2.049 sec

width 6410.3 Bz

8 repetitions

OBSERVE M1, 399.7662768 Mz
DATA PROCESSING

Resol. emhancement -0.0 Hz
FT size 65536

Total time 2 min 0 sec

KF-2-280-40.DATA - Berger TCM-2000 Signal1__

>
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| |
. AN T 1
i
0 i 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 18 20
Min
Index | Name Start | Time | End | RT Offset | Quantity | Height Area Area
Min) | Min] | [Min] [Min} | [% Areal |  [uV] | [V.Min] %]
1 UNKNOWN| 15.52 | 16.00 | 16.71 0.00 15.98 | 935.2 511.7| 15.980
2 UNKNOWN| 17.12 [ 17.77 | 18.90 0.00 84.02 | 4056.8 | 2690.6 | 84.020
Total 100.00 | 4992.0 | 3202.3 | 100.000
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Acid Screen Using Ligand 2.52B

Table 2.3, Entry 1: 2-Phenylprop-2-en-1-o0l (1.43) was hydroformylated using p-

toluenesulfonic acid (132 uL of 5.69 x 10* M in benzene, 7.5 x 10° mmol, 0.05

mol%) at 100 psi CO/H,. Analysis of the crude reaction mixture showed a 78%
conversion by 'H NMR. The branched product was isolated in 56% yield and 76% ee.

Sample: KF-2-289-

sample ID: §_20110209_frimponk_33_01

File: /hone/walkup/frimponk/Kf=2-283-1_2_24s_o1.f1d
Pulse Sequence: s2pul

selvent: cdcl3

Tomp. 25.9 C / 298.1 K

Sample #33, Operator: frimponk

File: KfF-2-283-1_2_283_01

VNMRS-300  “narld"

“
Relax. delay 10.000 sec B
Pulse 45.0 degrees N
heq.time 2 008 sec w
vidth |
& re
OBSER’ 7662768 NHz
DATA PR
Resol. cement =0.0 Hz
Tiize eas36
Total time 2 min, 0 sec
[
|
Il | | |
1 1 ] bl
1 1 1
I S J”.{ . e N eI A L
10 3 8 7 6 5 a 3 2 1 ppm



CCPEE2.tmp.DAT - Berger TCM-2000 Signal 1

197

>
=
0 2 4 6 8 10 12 14
Min
Index | Name Start | Time | End | RT Offset | Quantity | Height Area Area
[Min] | [Min] | {Min] [Min] | [% Area] [uV] | [MV.Min] (%]
1 UNKNOWN| 16.37 | 16.89 | 17.53 0.00 12.02 | 564.8 306.5| 12.024
2 UNKNOWN;| 17.86 | 18.53 | 19.51 0.00 87.98 | 3602.5 | 2242.5| 87.976
Total 100.00 | 4167.2 | 2549.0 | 100.000

Table 2.3, Entry 2: 2-Phenylprop-2-en-1-ol (1.43) was hydroformylated using p-

toluenesulfonic acid (330 uL of 5.69 x 10* M in benzene, 1.9 x 10 mmol, 0.125

mol%) at 100 psi CO/H,. Analysis of the crude reaction mixture showed a 70%

conversion by '"H NMR. The branched product was isolated in 46% yield and 71% ee.



Sample: KF-2-283-2
Sample 10: 5 20110209 frimponk_34 01
7376 /honeyualkupy Trinponk /K =2-288-2_2

| 289_01.710

Pulse Sulu:nce s2pul
Solvent: cd

Tenp. 25.0 ¢! / 298.

Sample #34, Oper uor: frimponk
File: Kf-2-283-2_2 289 _01
VNMRS-400 “nmrid"

Relax. dB'IA‘, A-.M# sec
Pulse 45.

7.352

sol. enhancement 0.9 Wz
ET size 65536
Total time 2 min, 0 sec
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— S I N W A ,‘J\J_,JJIA,L e A . B T
9 8 7 & w 5 a é 2 1 ppm
CCPED7.tmp.UA| - Berger 1UM-2000 Signal 1 ~ o
21,0007 - B e !
20,000 f
19,000
18,000, i
17,000, i
16,000 !
15,000
14,000
13,000
12,000
11,000
3 10,000
9,000 |
8,000 i
7,000,
I i
i \
- ;u”(‘ &y
i i
0 2 4 68 10 12 14 16 18 20 22 24
Min
Index | Name Start | Time | End | RT Offset | Quantity | Height Area Area
[Min] [ [Min] | [Min] [Min] | (% Area] [LV] | [1V.Min] [%]
1 UNKNOWN| 15.76 | 16.30 | 16.97 0.00 14.62 | 745.6 403.8 | 14.620
2 UNKNOWN]} 17.37 | 18.06 | 19.06 0.00 85.38 | 3557.4 | 2358.1| 85.380
Total 100.00 | 4303.1 | 2761.9 | 100.000

Table 2.3, Entry 3: 2-Phenylprop-2-en-1-o0l (1.43) was hydroformylated using p-

toluenesulfonic acid (528 uL of 5.69 x 10 M in benzene, 3.0 x 10 mmol, 0.20
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mol%) at 100 psi CO/H,. Analysis of the crude reaction mixture showed a 70%

conversion by '"H NMR. The branched product was isolated in 44% yield and 78% ee.

Sample: KF-2-289-3
ple 10: 5 20118208 frimponk_35_01
File: /home/walkup/frinponk/KF=2-289-3_2_$89_01.71d

Pulse Sequence: s2pul

Solvent: cdcld

Teap. 25.8 C / 238.1 K
sample #35, Operator: frimponk
File: KF-2-289-3_2_289_01
UNMRS-400  “narid”

Relax. delay 10,000 sec
qrees

Total time z nin, 0 sec

CCPEDS6.tmp.DAT - Berger TCM-2000 Signal 1
21,000

20,000

19,000

18,000/ i

17,000 :

16,000

15,000

14,000/

13,000

12,000,

11,000

10,000
9,000!
8,000
7,000! !
6,000
5,000/
4,00
3,00
2,00
1,00

uv

q o | S
-1,000

0 2 I 8 10 12 14 16 18 20 22 24

Min

Index { Name Start | Time | End | RT Offset | Quantity | Height Area Area
Min) | (Min) [ [Min] Min) | (% Area) | [uV] | (uV.Min] %]
1 UNKNOWN| 15.71 | 16.24 | 16.90 0.00 11.09| 580.1 313.4| 11.094
2 UNKNOWN| 17.36 | 18.06 | 19.03 0.00 88.91]3993.3 | 2511.7| 88.906

Total 100.00 | 4573.4 | 2825.2 | 100.000
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Acid Screen Using Ligand 2.52C

Table 2.4, Entry 1: 2-Phenylprop-2-en-1-ol (1.43) was hydroformylated using p-

toluenesulfonic acid (132 uL of 5.69 x 10* M in benzene, 7.5 x 10° mmol, 0.05
mol%) at 400 psi CO/H,. Analysis of the crude reaction mixture showed a 30%

conversion by "H NMR. Isolated yield and enantioselectivity were not determined.

Sample Name:
KF-3-032-1
Archive directory:

Sample directory:
Fidrile: X¥-3-032-1_3_32_01
Pulse Sequence: Proton (a2pul)

Solvent: cdcl3
Data collected on: Mar 29 2011

—7+362

Temp. 25.0 C / 298.1 K
Sample #40, Operator: frimponk
INOVA-500 "nmri6"

Relax. delay 10.000 sec
Pulse 45.0 degrees {
Acq. time 2.049 sec |
Width 6410.3 Mz |
8 repetitions |
OBSERVE K1, 399.7662768 MHz |
DATA PROCESSING l
Resol. emhancement -0.0 Hz |
FT size 65536 ‘
Total time 2 min 0 sec ‘

I‘ I :
| l' ' ‘ a
i | '

i
NN S 1LY SR WY 4 m,\,_./\._w\/ WA

12 10 8 6 4 2 0 ppm

Table 2.4, Entry 2: 2-Phenylprop-2-en-1-ol (1.43) was hydroformylated using p-

toluenesulfonic acid (132 uL of 5.69 x 10* M in benzene, 7.5 x 10° mmol, 0.05

mol%) at 400 psi CO/H,. Analysis of the crude reaction mixture showed a 58%

conversion by 'H NMR. The branched product was isolated in 13% yield and 11% ee.
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©d oxidation, with standard

sample: KF-3-035-crude
File: exp

Pulse Sequence: sipul
salvent: cdel3

Temp. 25.8 € / 238.1 K
Dperator: kK1t

VHMRS—500  “nmr1se

Relaw. delay 10.0008 sec
Pulse 45.0 CEgrees
cq. time 2.0a3 sec

width 8012.3 Hz

B repetitions
OBSERUE M1, 4940 BA0BIZD WHT
BATA PROCESSTHG

Resol. enhancement —0.0 Mz
FT size 65

retal tine 2 min, 0 sec

. T

3783

f
l OMe

MeO OMe

| |
| J Y
ST S Y l'“m_.-h . J _,\_.J o N, e \JJJRM,,U__ B
s w Sy e s AP S ———r _p.;
a 7 [ 5 1 3
10 s ‘ " .

CCP106B.tmp.DAT - Berger TCM-2000 Signal 1
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Y
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5,000 f

6 8 10 12 14 16 18 20 22 24 26
Min

Index | Name -Start | Time | . End | RT Offset | Quantity | Height Area ' Area

[Min] | [Min] | [Min] [Min] | [% Area] [pV] | [pV.Min] [%)

1 UNKNOWN| 16.80 | 17.44 | 18.14 0.00 44.67 | 116.4 73.9| 44.671

2 UNKNOWN| 19.05 | 19.57 | 20.32 0.00 55.33 | 1756.7 91.5| 55.329

Total 100.00 | 292.1 165.4 | 100.000

Table 2.4, Entry 3: 2-Phenylprop-2-en-1-o0l (1.43) was hydroformylated using p-

toluenesulfonic acid (2.64 mL of 5.69 x 10* M in benzene, 1.5 x 10 mmol, 1.0
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mol%) at 400 psi CO/H,. Analysis of the crude reaction mixture showed a 61%

conversion by '"H NMR. The branched product was isolated in 12% yield and 42% ee.

bd oxidation, with tlandard

Sample: KF-3-036-crude
Sample 100 5_20110406_Trimpony_d0_o1L
File: fhome/walkup/fringonk /KF=3-036-crude_3_36_01.71d

Pulga Sequence: 5Epul
salvent: cdeld

Temp. 6.0 € 4 2881 K
sample #20, Cperator: frimponk
File: KF-3036-crude_3_35_01
VHMRS 400 “nnr1d”

Relax. delay 10.800 sec
Pulse 45,0 degress

Acg. Lime 2,089 sec

width 6a13.3 Hz

3 rapetitions

DBSERVE  Hi, 308 7662768 WHZ
naTA PROCESS EHG

Resol. enhancement =0.0 Hz
FT size 65536

Total time 2 min, 0 sec

s i t
T |
1 Ao~ i AP S WV, WSS
1z 8 gE - M a 2 =0 ppm
CCP1099.tmp.DAT - Berger TCM-2000 Signal 1 )
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| \ / \
A N N | \_?_é—fi]-_‘/\ Aé;_ S —
|
6 8 10 12 14 16 18 20 22 24
Min
Index|Name | Start| Time | End|RT Offset | Quantity | Height|{ Area| ' Area
[Min] | [Min] | [Min] [Min] | [% Area] [pV] | [pV.Min] %]
1 UNKNOWN/ 15.74 | 16.19 | 16.99 0.00 28.89 | 1378.3 718.9| 28.893
2 UNKNOWN| 17.47 | 18.04 | 19.08 0.00 71.11]2618.6 | 1769.3| 71.107
Total 100.00 | 3996.9 | 2488.3 | 100.000
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Acid Screen Using Ligand 2.52D

Table 2.5, Entry 1: 2-Phenylprop-2-en-1-ol (1.43) was hydroformylated using p-

toluenesulfonic acid (132 uL of 5.69 x 10* M in benzene, 7.5 x 10° mmol, 0.05
mol%) at 400 psi CO/H,. Analysis of the crude reaction mixture showed a 53%

conversion by '"H NMR. The branched product was isolated in 22% yield and 19% ee.

b oxidation, with standard
Sample: KF-3-840-1-crude

ample I0: £ 20110406 _frinponk_41_01 |
File: shome/walkup/trimpone/KF=3-B40-1-crude_3_s0_01.71d |

Pulse Seguence: sZpul

, Dperator: frimpank
File: KF-3-030-1-crude_3_40_il
VHHRE=400 ‘narid"

Relax. delay 10.000 sec

Fulse 45.0 degrees

Acg. time 2.048 sec

widih 64105 He

& repetitions

CBSERVE M1, 389 . FGERFES MHz

DATA PROCESSING |
Reeal. enhancemant -0.0 Hz

FT sige 5536

Total Time 2 min, 0 sec

1z 1o
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i i
6 8 10 12 14 16 18 20 22 24
Min
Index | Name i7" +| Start| Time | End | RT Offset | 'Quantity [ Height [ “i "Area'| '’ “Area:
[Min] | [Min] | [Min] [Min] | [% Area)] [LV] | [pV.Min] (%]
1 UNKNOWN]| 16.38 | 16.89 | 17.50 0.00 40.36 | 3571 168.1 | 40.362
2 UNKNOWN| 18.13 | 18.69 | 19.50 0.00 59.64 | 468.7 248.3 | 59.638
Total 100.00 | 825.7 416.4 | 100.000

Table 2.5, Entry 2: 2-Phenylprop-2-en-1-o0l (1.43) was hydroformylated using p-

toluenesulfonic acid (264 uL of 5.69 x 10* M in benzene, 1.5 x 10 mmol, 0.10

mol%) at 400 psi CO/H,. Analysis of the crude reaction mixture showed a 58%

conversion by '"H NMR. The branched product was isolated in 9% yield and 52% ee.



ba exidatien, with standard
sanple: KF-3-0d0-?-crude
Sanple I0: = _Z0110006_Trinponk_12

o1
File: fhome/fwalkup/Trinponk KF-3-T43-2-crude_3_40_01.7id

Pulze Sequence: s2pul
solvent: cdcld
Temp. 5.0 C / 28B.1 K
Sample @42, Operator: frimponk
File: KF-3-000-2-crude_3_a3_01
wMMRE=4E0 nerLa”

Relax. @elay 10.900 sec
Fulse 45.0 degrees
cq. time 2.080 sec
Width 6410.3 Mz
& repetitions
OBRSERVE

HL, 399.7RGI7RE MHT
DATA PROCESEING

801, enhancement —0.0 Hz
BT cize 66
Total time 2 min, 0 sec

7 384

MeO &

|
- % I
1 M
) _ l‘-—-\.__..l_.m.n_.'ui.___.-'wb'w M'NM
B N — B _— S
12 in & :ﬁ M ﬂd " =0
KF-3-046-2-0.DATA - Berger TCM-2000 Signal 1
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18,00 —l
17,00
16,000 )
15,000 e
14,000
13,000
12,000|
11,000
> 10,000
9
9,000 n
8,000 | '-.‘
7,000 I
6,000 [\
|
'\.
E A
| | ‘\ A
B N N | \. N PN A
T 1
4 3 ] 10 12 14 16 18 20 22 2
Min
Index [Name - ["'Start'|: Time |\ End | RT:-Ofiset |* Quantity'| Height | ‘“Area [ **"Area’
[Min] | [Min] | [Min] [Min] | [% Area) | [uV] | [bV.-Min] %]
1 | UNKNOWN] 16.23 ] 16.69 | 17.39 0.00| 2423 5853[ 299.0| 24.227
2 | UNKNOWN| 17.91 [ 18.50 | 19.41 0.00| 75.77|1597.0| 935.0| 75.773
Total 100.00 | 2182.2 | 1234.0 | 100.000

Table 2.5, Entry 3: 2-Phenylprop-2-en-1-o0l (1.43) was hydroformylated using p-

toluenesulfonic acid (396 uL of 5.69 x 10* M in benzene, 2.25 x 10 mmol, 0.15

205
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mol%) at 400 psi CO/H,. Analysis of the crude reaction mixture showed a 52%

conversion by '"H NMR. The branched product was isolated in 15% yield and 26% ee.

81 oxidation, with standard

sample; KF-3-140-F-crude

Sampie I10: 5 20110406 frivponk 43 01

File: Jhome/walkup/frinponk /&F-3-180-3-crude_d_40_0L.Fid

Fulse Segquence: sZpul
solvent: cdcld

oy

. ?5.0 G / 2881 K
sanple #a3, Operator: fri
File: KF-3T040-3-crude_3_

VHNAS=408  “Amris”

Relax. delay 1
Pulse 45,0 dog

nen. time 2,089 sec
Width 5418.3 Hz
8 repstitions

Hi, 390,7662765 WHz

DESERVE

Total time @ nin, @ sec

5,000 eec
roes

mponk
40_01

- S -
12 10
B CCP109B.tmp.DAT - Berger TCM-2000 Signal 1
>
£
"‘
R
4 6 & 10 12 14 16 8
Min
Index | Name Start | Time ' End | RT Offset | Quantity | Height [  Area [ Area
Min] | [Min] [ [Min] Min] | (% Area) | [uV] | [1V.Min] (%]
1 UNKNOWN| 16.03 | 16.43 | 17.28 0.00 37.00 | 1628.8 888.4 | 36.998
2 | UNKNOWN| 17.77 | 18.34 | 19.40 0.00 63.00 | 2005.0 [ 1512.8| 63.002
Total 100.00 | 3634.8 | 2401.2 | 100.000

Ll
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Table 2.5, Entry 4: 2-Phenylprop-2-en-1-ol (1.43) was hydroformylated using p-

toluenesulfonic acid (528 uL of 5.69 x 10* M in benzene, 3.0 x 10 mmol, 0.20

mol%) at 400 psi CO/H,. Analysis of the crude reaction mixture showed a 49%

conversion by 'H NMR. The branched product was isolated in 15% yield and 34% ee.

b4 oxidation, with standard

sample: KF=3-040-4-crude
Sample 10: 5 20110806 1r inponk_ ga_01
File: shome/ualkup/frimponk/KF=3-140-4-crude_3_d8_01.¢1d

Pulse Sequence: s2pul
Solvent: cdcl3

Temp. 25.0 C / 298.1 K
sample #44, Operator: frimponk
File: KF-3-040-4-crude_3_a0_o1
VNMRS-400  “nnrish

3k
Relax. delay 10.000 sec o
Pulse 45.0 degree -
Acg. time 2.043 se.
Width 6410.3 Hz
& repetitions
OBSERVE M1, 339.7662768 MHz
DATA PROCESSING
Resol. enhancement =0.0 Hz
FT size 65536
Total time 2 l\"! 0 sec
‘
| |
.
L
|
| ‘{
il
" i il
T,
, e — . ‘ I
12 10 8 6 2 2 -0 pp
L :

10.22
1.4
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CCP109A.tmp.DAT - Berger TCM-2000 Signal 1

v

—~ Aé J“ \ '
e — — e e — —
i .
] g 10 12 14 16 18 20 22 24
Min
Index | Name Start | Time | End | RT Offset |* Quantity | Height Area Area
[Min] | [Min] | [Min] [Min] | [% Area] V] | [pV.Min] [%)
1| UNKNOWN| 15.91 | 16.38 | 17.19 0.00 3317112351 | 660.3| 33.167
2 | UNKNOWN]| 17.66 | 18.22 | 19.27 0.00 66.83 | 1985.3 | 1330.4 | 66.833
Total 100.00 | 3220.3 | 1990.7 | 100.000

Dependency of Enantioselectivity on Batch of Ligand

Table 2.6, Entry 1: 2-Phenylprop-2-en-1-0l (1.43) was hydroformylated using

ligand 2.52A (10.7 mg, 0.030 mmol, 20 mol%), and p-toluenesulfonic acid (264 uL
of 5.69 x 10* M in benzene, 1.5 x 10™ mmol, 0.10 mol%) at 45 °C, and 100 psi

CO/H,. Analysis of the crude reaction mixture showed an 80% conversion by 'H
NMR. The branched product was isolated in 74% yield and 75% ee (see Table 2.2,

entry 2).

Table 2.6, Entry 2: 2-Phenylprop-2-en-1-0l (1.43) was hydroformylated using

ligand 2.52A (10.7 mg, 0.030 mmol, 20 mol%), and p-toluenesulfonic acid (264 uL
of 5.69 x 10* M in benzene, 1.5 x 10™ mmol, 0.10 mol%) at 45 °C, and 100 psi

CO/H,. The isolated yield of the branched product was 67% (10% ee) for run 1 and

60% (12% ee) for run 2.
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Sanple: KF—3
Sanple 10: 5
File: Jhome

1-crude
110427 _frimponk_d0_01 1
vup/frinpenk /KF-3-51-crude_3_61_01.Tid

Pulse Sequence: sZpul
Solvent: cdcld
Temp. £5.0 C / 238.1 K |
Sanple 440, Operator: frimponk |
Filo: KF=2l0Gi-crude_3_61_01 Run 1 |
VHHRS-400  “mmrist

|

Relax. delay L0.008 sec

ns
QRSERVE W1, 348 TGGZTER Mz
pATA FROCESSING

Aesol. enhancement —0.0 HI
FT siza G5536

Total time  min, 0 sec

i P]l | ;. ' MLJ“ J'/_l__,_"hg.iul_/—‘—l—';ﬁﬁ_-_j]\l)uau— _J_J_

SN NS O P—

— e Tt . — -

] 3 7 & 5 4 3 2 i ppm
2 R
" "

CCPDBE.Amp.DAT - Berger TCM-2000 Signal 1

Run 1

=
=

'I .

\

" __<‘

0 2 [ 3 ] 22 74
Index SStart | id | RT Offset |- Quantity Area,
[Min] | [Min] | [Min] [Min] | [% Area] [%] |

1 UMKNOWN| 15.51 | 16.05 | 16.90 0.00 44.84 | 742.8 454.5 | 44.839
2 | UNKNOWHN] 17.13 | 17.65 | 18.76 0.00 5516 | 7852 | 559.2| 55.161
Total 100,00 | 1528.0 | 1013.7 | 100.000
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Run 2

an%
TUIES

Iy .l

Table 2.6, Entry 3: 2-Phenylprop-2-en-1-0l (1.43) was hydroformylated using

ligand 2.52A (10.7 mg, 0.030 mmol, 20 mol%), and p-toluenesulfonic acid (264 uL
of 5.69 x 10* M in benzene, 1.5 x 10™ mmol, 0.10 mol%) at 45 °C, and 100 psi

CO/H,. The isolated yield of the branched product was 63% (40% ee) for run 1 and

61% (36% ee) for run 2.



Tetal time 2 min,

Sample: KF=3-073-crude
Sanple ID: 5_20110511_frimponk

File: fhomesmaleup/fringenk kr=

Pulse Sequence: s3pul

solvent: edel3

Temp. 5.0 C / 795.1 K
Sample #20, Operator: frimponk
File: gf-3-975-crude_3_73_01
VHMRE-408 “nmrla"

Relax, delay 10.000 sec
Fulse 45.0 degrees

4cg. time 7.043 sec

Width §410.3 Hz

4 repetitions

DESERVE  HI, 389, JEEZFEE MMz
DATS PROCESSING
REsol. enhancement =0.0 Hz
FT size 65336

U sec

0

_01
-7 3-crude_3_73_oL.Tid

2388

MeO

Run1

3176

|
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1.578

L — — :,"“EJ-.u_k_,_,_l\'./_»-r& - ~ o
1z 10 8 5 L8 2 -0 o
CCP11A7.imp.DAT - Berger TGM-2000 Signal 1 -
21,0007 e
zn_nogl
19,00 I
18,00 il Run 1
17,00 il
18,000 |
15,000 |
14,000 (|
13,000 ||
12,000
11,00 }
= 1u.ona‘ | ‘
9,00 |
I‘ |
M |
|
|
- |
0 Fl 4 B B 10 1z 14 18 18 0 7z 24
Min
Indax | Name Start [ Time | End | RT Offset | Quantity [Height | - Ares |- Area
[Min] | [Min] | [Min] [Min | [% Area) | [pW] | [uv.Min] [%]
1| UNKNOWN] 15.45 | 16.08 | 16.87 000 380as| 2r.2] 1780 30.149
2 |UNKMOWN] 17.14 [ 17.02 | 18.85 0.00| 69.85] 553.4 | 412.3| 69.851
Total 100,00 | 824.6| 590.3 | 100.000
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Sample Hame:
¥¥-3-07$-crude
Archive directory:

Bample directory:
Run 2

Fidfile: ¥F-3-078-crude_3_78_01

Fulsa Sequence: Proton (sZpul)
Solveat: cdcld
Data collected on: May 17 2011 |

Temp. 25.0 C / 298.1 K
Sample #45, Operator: frimponk
INOVA-500 “nmrle"

OMe
Relax. dalay 10.000 sec
Fulse 45.0 degreas

Aeg. time 2.045 sec

Width 6410.3 Mz
8 repatitions MeO OMe

oBgERVE  H1, 109.7663768 MH:
DATA PROCESSING \

Tesol. enhancement -0.0 Hz
FT size 65536
Total time 2 min 0 sec

4 2 /] ppm

e e e T L L B
12 1o 8

Kf_g_?g.n,DﬂTk_- Berger TCM-2000 Signal 1 ) . .

Run 2

2
|
|
|
ol | O RNV Ve S
] ] 3 L] iz 14 16 16 20 2z
Kin
index | Name | Start] Tume | End | AT Offsst| Quantity | Height] . Area | _ Arsa
[Min} | [Min] | [Min] [Min] | [% Area] | [uV] | [WW.Min] [%]
1| unKNOwWn] 15.34 | 15.88 | 16.62 o00] 3200l es18| 3594 31999
2 | UNKNOWN| 16.78 [ 17.58 | 18.77 Do0| 6800 8504 7637 68.001
Total 100.00 [ 15021 11231 [ 100.000

Table 2.6, Entry 4: 2-Phenylprop-2-en-1-ol (1.43) was hydroformylated using

ligand 2.52A (10.7 mg, 0.030 mmol, 20 mol%), and p-toluenesulfonic acid (264 uL
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of 5.69 x 10* M in benzene, 1.5 x 10™* mmol, 0.10 mol%) at 45 °C, and 100 psi

CO/H;. The isolated yield of the branched product was 54% (45% ee).

B4 OX\CATION, WITN sTancarg

sanple: KF=3-10d-crude
File: exp |
Pulse Sequence: s2pul

Solvent: cdcld

Tewp. 25.0 C / 298.1 K 1
Operator: k1t

VNNRS=500 “amris"

Relax. delay 10.000 sec

3
"~
a
P
a
a

7 381

& repetitions
VE  H1, 499.8808020 NMz

PROCESSING

Resol. enhancement =0.0 Hz

FT size 65536

Total time 2 min, 0 sec

R
DATA

— 3782

)

.,f‘vl__g, - J[ AJ)‘:";LML‘L - _L /_,_.J;_.z“‘»LJJJ../l\-_ i

. S e
10 9 8 7 ~Ii ss 5 4 3 2
 KF-3-104-0.DATA - Berger TCM-2000 Signal 1
2,400 |
2,30
220 . |
2,10 -

[
|
. |
= §
'. |
f\ I
[ |
a I| |
| [
. [ | | ‘,I
. ’ f [ \
4 6 8 0 12 14 16 18 20 22 24
Min
Index | Name' ' [ Start | Time |7 "End [ RT Offset | Quantity [ Height | T Areal | Area
Min} | [Min] | [Min] {Min] | [% Area) [ (V] [ [uV.Min] [%)
1 | UNKNOWN| 15.79 | 16.24 | 17.19 0.00] 2789| 7660 3751 27.894
2 |UNKNOWN| 17.47 [ 18.10 | 19.15 0.00] 7211[1497.1| 969.7| 72.108
Total 100.00 | 2263.1 | 1344.9 | 100.000
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Ligand Purification with Wang Resin

wI-Pr wI-Pr

N N
>—0Me /@/\OH 1) 0.1 mol% p-TsOH, THF >—-OMe
P * o 2) i-PrOH (20 equiv) P
@R 0.1'mol% p-TsOH, THF R
2.52

Wang resin 2.52
To a scintillation vial with a stir bar was added ligand 2.52D (50 mg, 0.130

mmol), p-TsOH (228 uL of 5.69 x 10* M, 1.3 x 10™* mmol, 0.1 mol%) and THF (4
mL) in glovebox. This mixture was added to a scintillation vial containing Wang
resin (300 mg, 0.391 mmol) that was swollen in 3 mL of THF for 15 minutes. The
resulting mixture was stirred for 48 hours and filtered. The residue was put in a
scintillation vial and 4 mL of THF was added. To this was added i-PrOH (200 uL,
2.60 mmol), and p-TsOH (228 uL of 5.69 x 10*M, 1.3 x 10 mmol). The resulting
mixture was stirred for 2 days, filtered and concentrated. Analysis of the filtrate by
*'P NMR showed no equilibration of the diastereomers, with 66% recovery of the

impure starting ligand.
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cq.
iidth 1

v
§4_repetitions

OBSERVE P31, 202.3554760 MHz
DECOUPLE M1, 499.8833464 WHz
Pow 0 o8

-23.919

-17.304
—-14.756

! Il

| | l ) i3 i | o ik ek
il o 2 s o o i ol AL il b i
50 a0 30 20 10 0 Lio -20 -30 -a0 -50 -60 -70 -80 -30  ppm

Thermodynamic Closure with Triisopropyl orthoformate

N iPr HC(Oi-Pr)g N7 Vipr

PH — P—/

PPTS (cat.) P
R R

R=OMe 2.57 2.52
R N iPr
PYOI-Pr
-PrO
L 2.57' -

To a flame dried 2-neck round bottom flask with stir bar and reflux condenser
was added phosphine 2.57 (587 mg, 1.97 mmol), pyridinium p-toluenesulfonic acid
(25 mg, 0.099 mmol, 0.05 equiv.), and triisopropyl orthoformate (10 mL, 0.2 M). The

resulting mixture was heated overnight at 160 °C. Analysis of an aliquot by *'P NMR
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showed 8% of 2.57 and 92% of two diastereomers at -46.46 ppm and -47.03 ppm,
identified by mass spectrometry (443.2598), *'P NMR and 'H NMR to be 2.57°. To
force closure, p-TsOH (3.5 mL of 5.69 x 10* M, 1.99 mmol, 1.0 equiv.) was added
and stirred at 160 °C. Analysis of an aliquot after 16 hours showed only the 2
diastereomers at -46.46 ppm and -47.03 ppm by *'P NMR. The reaction mixture was
concentrated under vacuum. To the residue was added dimethyl acetamide (3 mL)
and subjected to the following microwave conditions: P = 103 W, temperature = 250
°C, pressure = 108 psi. Analysis of the resulting reaction mixture by *'P NMR

showed formation of various unidentified decomposition products.

Sample Name
FF--353-overnigut—f After heating overnight at 160 °C

Archive directory:
Sample directery:

PidPile: K¥-2-283-overnight—F
Pulse Sequence: Fhosphorus (sipul)

Solvent: edeld
Data collocted on: Dac 14 2010

" -a7.02B

=46, 461

Temp. 25.0 ¢ / 298.1 K
cparator: kit
VIMRS-500  “raxl?.bs.edu”

Belax. delay 1.000 mec
Pulae 45.0 degress

Aeg. time 1.800 see

Width 104.3 iz

16 repetitions

SSERVE P31, 2023554570 Mz
DESOUPLE M1, 4998033015 Mz
Powar 40 dn

contimuously on

RALTE-16 modulated
DATA PROCESSING

Lins broadening 1.0 Hz

FT aize 534298

Total time 2 min 45 sec

—=70.701

71,296

L e L L B B BB T T T

40 20 0 -20 —40 =60 -80 =100 =120 =140 ppm
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After heating overnight at 160 °C

evernight

sample Name:
BF-2-353-cvernight
Archive directory:

sample directory:

FidPile: KF-Z-253-overnight-R

1,191
0,917

Fulse Sequence: Proton {slpul}
Solvent: edell
Data collected on: Dee 14 2010

“—0.890

’

Temp. 25,0 C f 288.L K
cparater: klt
VHMRS-500 "amrl7.bo.edu”

Relax. delay 1,000 oo
Pulse 45.0 degrees
Aog. time 2.049 sec
Width B012.8 Hz

B repatitions f
OBSERVE  HL, 499 8808020 mHz -
DATA PROCESSING
Bescl. enbancement -0.0 [Hz
¥T size 65536 |
Total time D min 30 ad

&
r
L
—
i

I 4
11 - i
SR | L!Jﬂ.___,\, i M A WL

After adding p-TsOH and heating at 160 °C for 16 h

sample: KF=2=253=pTS0H-overnight
Sample I0: £ PE101215 frimponk_25_01
File: shome/walkup/frinponk/KF=2-783=-pTS0H-overnight_2_253_01.fid

Pulse Sequence: sIpul
solvent
!

1K
perator: frinponk

sample
File: KF-2°253-pTSOH-overnight_z_z53_81
URMRS=480  “nmrid

Helas. delay 1.000 sec
Pulce 85.0 degraes

Sq. time 1.800 sec
width 83333.3 Hz
16 repetitions
OBSERVE P31, 161, 82A355L MHz
DECOUPLE HL, 333.7682756 Wiz
Power 40 d
cant inuous]
WALTZ-16 modulated
DATA PROCESSING
L

a5 484

Total time z min, 4§ Ge¢

) . . — A P 1 —— e " SR———
N — - I . A T T

a0 20 0 -z0 a0 60 &0 -100

o
-140 ppm



218

Thermodynamic Closure with DMF-dimethyl acetal

X MeO Me
| = . >7N\ .
H i-Pr MeO Me N -Pr
PH 0.1% —> 1.0% p-TsOH P\<
CgDg, 45 °C — 150 °C NMe,
OMe OMe

2.57 2.58

To an NMR tube in a glovebox was added DMF-dimethyl acetal (40.0 uL, 0.255
mmol, 5.00 equiv.) and 2.57 (16.0 mg, 0.0510 mmol) dissolved in benzene-ds (600
uL). The reaction mixture was heated at 45 °C for 1 hour. There was no conversion
by *'P NMR. The temperature was increased to 85 °C and heated overnight. *'P NMR
showed 2% conversion to two diastereomers at -49.5 ppm and -52.1 ppm. The
temperature was raised to 100 °C and heated for 1 hour, with no observance of ligand
peaks. p-TsOH (89.6 uL, 5.10 x 10 mmol, 1.00 x 10~ equiv.) was added and the
resulting mixture was heated at 100 °C for 2 hours. *'P NMR showed no
improvement. Additional p-TsOH (807 uL, 4.59 x 10™* mmol, 9.00 x 107 equiv.) was
added and the reaction was heated at 150 °C. *'P NMR showed 86% of 2.57
remaining. Methanol (200 uL) was added and the reaction was heated at 85 °C for 2
hours. Analysis by *'P NMR showed 82% of 2.57 remaining. The reaction
temperature was maintained at 85 °C overnight and analysis by *'P NMR showed

some decomposition with no conversion to ligand.
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~8L.223

— - T T T Rl T T vy - v T T
80 60 a0 20 0 -20 -40 =60 -80 -100 =120 -140 -160 ppm

MeO  Me
)N
N i-Pr MeO Me N -Pr
PH MeOH, CgDg, 85 °C P\<
OMe
OMe OMe
2.57 2.52A

To an NMR tube in a glovebox was added DMF-dimethyl acetal (31.0 uL, 0.233
mmol, 5.00 equiv.), 2.57 (14.6 mg, 0.0466 mmol), 200 uL MeOH and benzene-de¢
(400 uL). The mixture was heated at 85 °C for 2 hours. Analysis by *'P NMR showed
2.5% conversion to ligand (-33.9 ppm), 8% conversion to the unidentified
diastereomers at -49.3 ppm and -52.5 ppm, 5% conversion to decomposed products
(40.8 ppm and 38.5 ppm). The mixture was maintained at 85 °C overnight and

analysis showed complete decomposition.
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sample: KF=3-100

File: exp

Pulse Sequence: szpul
Solvent: cGds

Temp. 25.0 C / 238.1 K
Operator: kit
VAMRS=500  "anr1s"

Relax. delay 1.000 sec

40.763

38,408

DA ocE
Line broadening 1.8 Hz
FT size 524238

Total time 2 min, 46 sec

~49.,290
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