Western Washington University

Western CEDAR
WWU Graduate School Collection

WWU Graduate and Undergraduate Scholarship

2011

Gold(I)-catalyzed rearrangements of allyl aryl ethers: mechanisitc
and synthetic studies
Heidi E. Dimmitt
Western Washington University

Follow this and additional works at: https://cedar.wwu.edu/wwuet
Part of the Chemistry Commons

Recommended Citation
Dimmitt, Heidi E., "Gold(I)-catalyzed rearrangements of allyl aryl ethers: mechanisitc and synthetic
studies" (2011). WWU Graduate School Collection. 112.
https://cedar.wwu.edu/wwuet/112

This Masters Thesis is brought to you for free and open access by the WWU Graduate and Undergraduate
Scholarship at Western CEDAR. It has been accepted for inclusion in WWU Graduate School Collection by an
authorized administrator of Western CEDAR. For more information, please contact westerncedar@wwu.edu.

Gold(I)-Catalyzed Rearrangements of Allyl Aryl Ethers:
Mechanistic and Synthetic Studies
By
Heidi E. Dimmitt

Accepted in Partial Completion
Of the Requirements of the Degree
Master of Science

Moheb A. Ghali, Dean of the Graduate School

ADVISORY COMMITTEE

Chair, Dr. James R. Vyvyan
Dr. Mark Peyron
Dr. Timothy B. Clark

MASTER'S THESIS

In presenting this thesis in partial fulfillment of the requirements for a master's degree at
Western Washington University, I grant to Western Washington University the nonexclusive royalty-free right to archive, reproduce, distribute, and display the thesis in any and
all forms, including electronic format, via any digital library mechanisms maintained by
WWU.
I represent and warrant this is my original work, and does not infringe or violate any rights of
others. I warrant that I have obtained written permissions from the owner of any third party
copyrighted material included in these files.
I acknowledge that I retain ownership rights to the copyright of this work, including but not
limited to the right to use all or part of this work in future works, such as articles or books.
Library users are granted permission for individual, research and non-commercial
reproduction of this work for educational purposes only. Any further digital posting of this
document requires specific permission from the author.
Any copying or publication of this thesis for commercial purposes, or for financial gain, is
not allowed without my written permission.

Heidi E. Dimmitt
May, 2011

Gold(I)-Catalyzed Rearrangements of Allyl Aryl Ethers:
Mechanistic and Synthetic Studies

A Thesis
Presented to
The Faculty of
Western Washington University

In Partial Fulfillment
Of the Requirements for the Degree
Master of Science

By
Heidi E. Dimmitt
May 2011

Abstract
Gold catalyzed reactions are an active area of interest for synthetic chemists due to
gold’s ability to promote formation of carbon-carbon bonds. A mechanistic study of the
aromatic Claisen rearrangement of allyl aryl ethers in the presence of a gold catalyst has shed
some light on the role of the gold catalyst in this reaction. Studies probing the electronics
requirements of the reaction as well as investigation of stereochemical conservation both
support a dissociative ionic mechanism. Our data supports that the catalyst interacts
primarily with the alkene branch as opposed to the phenoxide oxygen because the E and Z
allyl aryl ether diastereomers form different ratios of the [3,3] and [1,3] rearrangement
products. NMR studies have caused us to question our presumed active catalyst,
Ph3PAuOTf, and we now suspect gold nanoparticles or a thin gold film are catalyzing the
rearrangement. Through investigations of the synthetic scope of our gold catalyst, some
unexpected reaction products were produced. A cyclic ether formed when the allyl branch
contained an acetonide protecting group. This cyclization was even more effective when the
acetonide was first converted to the corresponding diol. This cyclic ether formation was put
to practical use in the total synthesis of the natural product (±)-centrolobine.
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1.

The Claisen Rearrangement.

1.1

Background and Definition.
The Claisen rearrangement has become a useful tool in organic synthesis because of

its effectiveness in forming new carbon-carbon bonds. Its ability to be chemo-, regio-,
diastereo- and enantioselective has made it especially valuable to synthetic chemists since its
discovery by Ludwig Claisen in 1912.1,2

The reaction involves a thermal isomerization

which takes place through a concerted [3,3] sigmatropic rearrangement. An aliphatic Claisen
rearrangement isomerizes an allyl vinyl ether 1 to form a γ,δ-unsaturated carbonyl 2 (Figure
1-1). An aromatic Claisen rearrangement isomerizes an allyl aryl ether 3a to form an ortho
substituted phenol 5 upon tautomerization (Figure 1-2).

Figure 1-1. Aliphatic Claisen rearrangement.

Figure 1-2. Aromatic Claisen rearrangement.

1
2

Martín Castro, Ana M. Chem. Rev. 2004,104, 2939-3002.
Majumdar, K.C.; Alam S.; Chattopadhyay, B. Tetrahedron 2008, 64, 597-643.

Upon rearrangement of an allyl aryl ether, a new stereocenter forms (Figure 1-3). The
absolute configuration of the newly formed stereocenter is directed by the stereochemistry of
the original stereocenter adjacent to the ether oxygen of starting allyl aryl ether. The chirality
transfer from the starting allyl aryl ether 3b to the ortho substituted phenol 7 can be
explained through the proposed mechanism involving an intermediate 6 in the chair
conformation.3,4

Figure 1-3. Chair conformation of rearrangement intermediate.
Ludwig Claisen’s first reported rearrangement was the rearrangement of ethyl (E)-3allyloxy-2-butenoate (8) to form ethyl 2-acetyl-4-pentenoate (9) in the presence of NH4Cl
with heat (Figure 1-4).5 Claisen used NH4Cl as a proton donor to increase the reaction rate.2
Researchers continue to seek methods of improving the Claisen rearrangement. Today,
common catalysts for the Claisen rearrangement include transition metal catalysts, Brønsted
acids, and Lewis acid catalysts among many others.1,3

3

Hiersemann, M.; Nubbemeyer, U.; The Claisen Rearrangement: Methods and Applications. Weinheim:
WILEY-VCH, 2007. 123-24.
4
a) Marvell, E. N.; Stephenson, J. L.; J. Org. Chem. 1960, 25, 676-677. b) Burgstahler, A. W. J. Am. Chem Soc.
1960, 82, 4681-4685. c) Alexander, E. R.; Kluiber, R. W. J. Am. Chem. Soc. 1951, 73, 4304-4306. d) Hart, H. J.
Am. Chem. Soc. 1954, 76, 4033-4035. e) Marvell, E. N.; Stephenson, J. L. 1965, 87, 1267-1274.
5
Claisen, L. Chem. Ber. 1912, 45, 3157.

2

Figure 1-4. Ludwig Claisen’s first reported rearrangement.
During an aromatic Claisen rearrangement, Lewis acid catalysts generally coordinate
to the phenolic oxygen throughout the duration of the reaction until an aqueous workup. As
a result, they must be used in stoichiometric quantities. The first reported Lewis acid used to
catalyze the Claisen rearrangement was BF3 in 1941.6,7 The reaction of allyl aryl ether 3c
gave a low yield of the para substituted phenol 10 along with a number of side products
(Figure 1-5).

Figure 1-5. First reported Lewis acid-catalyzed Claisen rearrangement.
Studies done in the 1960’s by Schmid et al. found that using the Lewis acid BCl3
catalyzed the regeoselective [3,3] sigmatropic rearrangement with high yields. The [3,3]
sigmatropic pathway of this reaction was verified by a 14C labeling study (Figure 1-6).7,8

6

Bryusova, L. Y.; Ioffe, M. L. Zh. Obshch. Khim. 1941, 11, 722-728; Chem. Abstr. 1942, 36, 4303.
Lutz, R. P. Chem. Rev. 1984, 84, 217.
8
Borgulya, T.; Madeja, R.; Gahmi, P; Hansen, H.-J.; Schmid, H.; Garner, R. Helv. Chim. Acta. 1973, 56, 14-75.
7

3

Figure 1-6. Lewis acid-catalyzed Claisen rearrangement.
1.2

Use of the Claisen Rearrangement in Synthesis.
Since its discovery, the Claisen rearrangement has been used in the synthesis of many

natural products and biologically active compounds. One example of this is in the synthesis
of (S,R,R,R)-nebivolol (14) (Scheme 1-1).9 (S,R,R,R)-nebivolol (14) is an antihypertensive
agent used to treat high blood pressure.1 In an early step in the reaction pathway, the allyl
aryl ether 3e rearranges to form the ortho substituted phenol 18. This forms a new C–C bond
that is maintained throughout the synthesis.
Scheme 1-1. Enantioselective synthesis of (S,R,R,R)-nebivolol.

9

Chandrasekhar, S.; Venkat Reddy, M. Tetrahedron 2000, 56, 6339.

4

The thermal aromatic Claisen rearrangement has also been used in the synthesis of
dihydrobenzofuranyl esters and amides such as zatosetron (21) which are potent and longlasting 5HT3 receptor antagonists (Scheme 1-2).3,10 The branched allyl aryl ether 3f
rearranged to form the ortho substituted phenol 19 which was then cyclized to form the
dihydrobenzofuran structure needed in the final structure. 5HT3 receptor antagonists are
antiemetics which help prevent nausea and vomiting, especially when induced by
chemotherapy and radiotherapy.11 They are also useful in managing several central nervous
system disorders such as anxiety, schizophrenia and dementia.10
Scheme 1-2. Synthetic pathway of zatosetron.

The aliphatic Claisen rearrangement was used in the total synthesis of (+)pancratistatin (22) which exhibits activity towards inhibition of tumor growth.1,12 (+)Pancratistatin (22) has the ability to attack cancerous cells with minimal effects on healthy
10

Robertson, D. W.; Lacefield, W.B.; Bloomquist, W.; Pfeifer, W.; Simon, R. L.; Cohen, M.L. J. Med. Chem.
1992, 35, 310-319.
11
De Wit, R.; Aapro, M.; Blower, P. R. Cancer Chemother Pharm. 2005, 56, 231–238.
12
Kim, S.; Ko, H.; Kim, E.; Kim, D. Org. Lett. 2002, 4, 1343.

5

cells.13 The synthesis involved the Claisen rearrangement of 3,4-dihydro-2Hpyranylethylenes 25 to form substituted cyclohexene 24 (Scheme 1-3). This example utilizes
both the stereo- and regioselective potential of the Claisen rearrangement.
Scheme 1-3. Retrosynthesis of (+)-pancratistatin.

13

Griffin, C.; Hamm, C.; McNulty, J.; Pandey, S. Cancer Cell Int. 2010, 10, No.6.

6

2.

Gold(I) Catalysis.

2.1

Benefits of Gold(I) as a Catalyst.
Developing more environmentally benign reaction methods to prepare synthetic

targets has become increasingly necessary. Synthetic chemists are continually seeking ways
to improve on the efficiency of their reactions and minimizing the waste generated. This
involves finding methods that are atom economical14 but also lead to improved yields and
selectivity. The development of catalysts has been a key in this pursuit. Catalysts lower the
kinetic barrier of the desired reactions and are effective in small quantities. Transition metal
catalysts in particular have become widely used as they offer a broad range of utility. They
often require low catalyst loading which prevents the need for stoichiometric reagents
resulting in the generation of less waste and more atom economic reactions.14
Among these transition metal catalysts, gold catalysts have become especially more
popular in the last decade.14,15,16 Gold is more abundant, and consequently less expensive,
than many of the other noble metal catalysts such as platinum, palladium and rhodium. This
is important when considering large scale and industrial usage of catalysts. In many cases
gold can also replace catalysts that are more toxic, such as mercury salts.14
2.2

Synthetic Utility of Gold(I).
Gold(I) catalysts act as soft Lewis acids and allow reactions to be done under very

mild conditions, usually at room temperature. In general, gold(I) operates by coordinating to
carbon-carbon pi bonds making them more electrophilic and in turn activating them toward
14

Arcadi, A. Chem. Rev. 2008, 108, 3266-3325.
Li, Z.; Brouwer, C.; He, C. Chem. Rev. 2008, 108, 3239-3265.
16
Gorin, D. J.; Sherry, B. D.; Toste F. D. Chem. Rev. 2008, 108, 3351-3378.
15

7

nucleophilic attack. This activity can be utilized in a wide range of metatheses, making
gold(I) useful in many synthetic pathways for desired targets compounds. For example,
hydroxylation can be achieved when water attacks a gold(I)-activated alkyne complex17
while an intramolecular attack from a thiol on a gold(I)-activated unsaturated carbon can
form a new cyclized product.18 Gold(I) also aides in rearrangement reactions such as the
Claisen rearrangement.14 These are only a few of the many common reactions used in
synthetic pathways where gold catalysts have been employed.
Scheme 2-1 shows an example of the role a gold(I) catalyst plays in the proposed
mechanism for the formation of dihydrofuran 29 from alkyne 26. The gold(I) coordinates to
the carbon-carbon triple bond, withdrawing electron density. This activates the alkyne for an
intramolecular attack of the hydroxyl oxygen. The newly formed intermediate 28 contains a
vinyl carbon-gold bond which is protonated to form the dihydrofuran product 29 and
regenerate the gold catalyst.14,19
There are many recent examples in organic synthesis where gold(I) has been used to
from the skeletons of desired synthetic targets and building blocks. One of these examples is
the formation of benzothiophenes 31, which are the skeletal structures of many biologically
active compounds (Figure 2-1).18 They can be synthesized from starting material 30 with
low catalyst loading of AuCl at room temperature.

17

Norman, R. O. C.; Parr, W. J. E.; Thomas, C. B. J. Chem. Soc. 1976, 1983.
Nakamura, I.; Sato, T.; Yamamoto, Y. Angew. Chem., Int. Ed. 2006, 45, 4473.
19
Mizushima, E.; Sato, K.; Hayashi, T.; Tanaka, M. Angew. Chem., Int. Ed. 2002, 41, 4563.
18

8

Scheme 2-1. Gold-catalyzed formation of dihydofuran.

The gold(I) catalyst coordinates to the carbon-carbon triple bond to form 32,
activating it for the nucleophilic attack of sulfur (scheme 2-2). This forms 33 which contains
a vinyl gold-carbon bond. The substituent on the sulfur migrates to displace the catalyst
forming 31 and regenerating the catalyst. A variety of substrates were tested to observe the
scope of this reaction. Bulky and non bulky substrates as well as aromatic substrates were
tested in the R1 position of 30, all successfully forming their respective benzothiophenes in
high yields. Multiple protecting groups were tested at the R2 position which also proved
highly successful, and both a methyl group and hydrogen were compatible at the R3 position.

Figure 2-1. Synthesis of benzothiophene.

9

Scheme 2-2. Mechanism for gold(I)-catalyzed formation of benzothiophenes.

2.3

Synthesis of Dihydrobenzofurans Using Gold(I).
Another example the synthetic utility of gold(I) is in the formation of

dihydrobenzofurans (Scheme 2-3).20 They are desirable synthetic targets that can be
synthesized in high yields in a one pot reaction from an allyl aryl ether starting material like
3g with low catalyst loading. The reaction passes through a [3,3] sigmatropic rearrangement
intermediate 34 and subsequently cyclizes to form the desired product 35.
They compared the rates of reaction for the rearrangement vs. the cyclization by
reacting allyl aryl ether 3h and ortho substituted phenol 36 in tandem under the same
reaction conditions (Figure 2-2). They found that the rearrangement occurs slowly and
subsequently converts to the cyclized product relatively quickly. When beginning the
reaction with the rearranged substrate 36, 75% conversion to the cyclized product 37 was

20

Reich N.; Yang C.; Shi, Z.; He, C. Synlett 2006, 1278–1280.

10

achieved after 24 hours. In contrast, the allyl aryl ether 3h only achieved a 23% conversion
to the cyclized product 37.
Scheme 2-3. Synthesis of dihydrobenzofuran.

Figure 2-2. Tandem reaction of gold(I)-catalyzed cyclizations.
Gold(III) demonstrated a different trend. Similar to gold(I), gold(III) catalyzed the
formation of the cyclized product at 85 °C with moderately high yields. At 0 °C, however,
gold(III) exclusively catalyzed formation of the [3,3] Claisen rearrangement product without
further conversion to the cyclized product. This suggests the rearrangement has a faster
reaction rate than the cyclization under these conditions. At 0 °C gold(I) cannot catalyze the
11

rearrangement reaction. Because gold(III) is more oxophilic than gold(I), it likely behaves
more similarly to other oxophilic Lewis acids, such as BCl3, by binding to the ether oxygen
to speed up the rearrangement.
2.4

Toste Propargyl Claisen Rearrangement Using Gold(I).
Gold(I) also catalyzed a propargyl Claisen rearrangement with stereochemical

transfer from the starting material to the product as reported by Toste’s group (Figure 23).14,21 High yields of optically active product were achieved for a number of different
substrates with very low catalyst loading and at room temperature.
The proposed mechanism for this reaction is shown in Scheme 2-4. It involves the
gold(I) catalyst coordinating to the alkyne in 40, making it more electrophilic for
nucleophilic attack of the alkene. The cationic dihydropyran intermediate 42, in a boat
conformation, contains a vinyl carbon–gold bond. Loss of gold forms the stereospecific
allenic aldehyde 43 and regenerates the catalyst.

Figure 2-3. Toste’s propargyl Claisen rearrangement.

21

Sherry, B. Toste, F. J. Am. Chem. Soc. 2004, 126, 15978-9.

12

Scheme 2-4. Proposed mechanism of Toste’s propargyl Claisen rearrangement.
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3.

Previous Claisen Rearrangement Studies in the Vyvyan Group.

3.1

Synthetic Interest for the Vyvyan Research Group.
The Vyvyan research group’s interest in the Claisen rearrangement stems from the

role of a regioselective [3,3] rearrangement in their synthesis of heliannuol C (45) and E (46)
(Figure 3-1).22 These heliannuols act as natural herbicides and can be extracted from
helianthus annuus (sunflower leaves). Using the Lewis acid Et2AlCl, the Claisen
rearrangement gave high selectivity and high yields for simple substrates like 3i shown in
Figure 3-1. However, with functionalized allyl substrates such as 3j, the Lewis acid
catalyzed reaction yielded a complex mixture of products (Figure 3-2).23 An alternative
method was sought to catalyze the rearrangement using a catalyst compatible with more
functional groups.

Figure 3-1. Claisen rearrangement in the synthesis of heliannuol C and E.
22
23

Vyvyan, J. R.; Oaksmith, J. M; Parks, B. W.; Peterson, E. M. Tet. Lett. 2005, 46, 2457-2460.
B. Michel and J. R. Vyvyan, unpublished results.

14

Figure 3-2. Lewis acid-catalyzed reaction of functionalized allyl aryl ether.
During this time many research groups were reporting their discoveries about the
utility of gold catalysts.1 There are many examples of gold catalyzing reactions with high
regioselectivity and functional group compatibility. The studies done by He et al. where
Ph3PAuOTf catalyzed the [3,3] Claisen rearrangement from an allyl aryl ether were
especially promising.20 In hopes that gold(I) would be an effective alternative catalyst for the
Claisen rearrangement of functionalized allyl aryl ethers, the Vyvyan research group began a
study of this gold(I)-catalyzed reaction.
3.2

Optimization of Gold(I)-Catalyzed Aromatic Claisen Rearrangement.
The study began with the optimization of the gold(I)-catalyzed Claisen rearrangement

using the E and Z isomers of a simple substrate ((E)-,(Z)-3k) (Figure 3-3). 24 Rearrangements
using 10 molar % of the gold(I) catalyst Ph3PAuOTf formed in situ from Ph3PAuCl and
AgOTf in 1,2-dichloroethane (1,2-DCE) at room temperature resulted in good yields. Yields
decreased with the introduction of electron donating (EDG) or electron withdrawing (EWG)
groups on the aromatic ring. The Z isomer produced higher yields of the desired [3,3]
rearrangement (47a). Both reactions produced unexpected side products that we refer to as
the [1,3] rearrangement (47c) and the iso-[1,3] rearrangement (47b). The formation of these
24

Vyvyan, J. R.; Dimmitt, H. E.; Griffith, J. K.; Steffens, L. D.; Swanson, R. A. Gold-catalyzed rearrangement
of substituted allyl aryl ethers. Tet. Lett. 2010, 51, 6666-9.
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isomers cannot be explained by the traditional concerted mechanism proposed for [3,3]
sigmatropic Claisen rearrangements. These products may be formed through an ionic
mechanism where the allyl group detaches from the phenol. This could be competing with or
replacing the concerted mechanism.

Figure 3-3. Optimization of gold(I)-catalyzed Claisen rearrangement.
3.3

Crossover Trapping Experiments.
A trapping experiment was conducted to test our ionic mechanism hypothesis. The

simple substrates (E)- and (Z)-3k were reacted under the optimized Claisen conditions in the
presence of excess 4-methoxyphenol (Figure 3-4).25 The reaction produces both the [3,3]
rearrangement product 47a and [1,3] rearrangement product 47c as well as branched products
containing the 4-methoxyphenol, 48a and 48c. Product 47a is the only product in this
reaction that could be the result of a concerted mechanism. The formation of 48a and 48c are
25

Steffens, L. D. A Mechanistic Study of the Au(I)-Catalyzed Aromatic Claisen Rearrangement. B.S. Honors
Thesis, Western Washington University, 2008.
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concrete evidence that an ionic (or radical) mechanism is present in this reaction. The
formation of ionic intermediates would explain the allyl side chain reacting with the 4methoxyphenol. From 1H NMR and GC-MS analysis the ratio of normal Claisen
rearrangement products 47a and 47c to that of crossover reaction products 48a and 48c was
5:1 for (Z)-3k starting material and 2:1 for (E)-3k.

Figure 3-4. Trapping experiment.
A similar trapping experiment was performed by reacting two different allyl aryl
ethers 3l and 3m together in the optimized Claisen conditions (Figure 3-5).25 The aromatic
ring of 3l contains a methyl group on the 2- and 4-positions on the aromatic ring and the allyl
ether chain has eight carbons. In contrast, 3m has a methyl group only on the 2-position of
the aromatic ring and the allyl ether chain has six carbons. In one set of reactions the two Z
substrates were reacted in the optimized Claisen conditions and the reaction products were
analyzed by GC-MS indicating an internal to crossover product ratio of 2:1 respectively. The
E substrates were also reacted together and yielded an internal to crossover product ratio of
1:1, respectively, as determined by GC-MS analysis. Again, the crossover products 49c and
17

50c cannot be explained by a concerted mechanism but instead point to a mechanism with
dissociated ion pairs.

Figure 3-5. Crossover trapping experiment.
3.4

Electronics: Probing Ionic Intermediates.
An experiment was designed to further investigate the hypothesis of a dissociative ion

pair mechanism. We hypothesized that if the allyl side chain formed a cationic intermediate
during the reaction, then an EWG conjugated to the alkene would destabilize this
intermediate making the rearrangement less likely. An EDG, on the other hand, would
stabilize a cationic intermediate and promote rearrangement. To test this hypothesis, six
different allyl aryl ethers were synthesized; 3n–p contained EWGs on an aromatic ring
conjugated to the alkene (Figure 3-6) and 3q–s contained EDGs on an aromatic ring
conjugated to the alkene (Figure 3-7).26

26

Laura Steffens, Heidi Dimmitt, Jennifer Bennett, unpublished results.
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The reactions performed with the EWGs (3n–p) gave no conversion whereas the
reactions performed with the EDGs (3q–s) gave full conversion to rearranged and cyclized
products. These results support the hypothesis that the allyl branch forms a cationic
intermediate that is stabilized when conjugated with an EDG and prohibited from forming
when conjugated to an EWG.

Figure 3-6. Allyl aryl ethers with electron withdrawing substituents.

Figure 3-7. Allyl aryl ethers with electron donating substituents.
3.5

Proposed Mechanisms for the Gold(I)-Catalyzed Claisen Rearrangement.
There are two possible mechanisms that follow a pathway with dissociated ion pairs.

In proposed mechanism 1, the gold catalyst acts as a traditional oxophilic Lewis acid, such as
BCl3, and coordinates to the phenolic oxygen. Upon dissociation, this would form an Auphenoxide 51 and an allyl cation 52 (Scheme 3-1).

19

Scheme 3-1. Au-phenoxide allyl cation pair, proposed mechanism 1.

In proposed mechanism 2, the gold acts as a soft Lewis acid and coordinates to the
carbon–carbon pi bond, similar to many proposed mechanism that include gold(I) as a
catalyst. The allyl chain would then form Au-stabilized allyl cations 56 and 57 upon
dissociation leaving a phenoxide ion 55 (Scheme 3-2). In both cases, once the ionic
intermediates have formed, there is a nucleophilic attack of the aromatic ring on either the 1
or 3 position of the allyl cation, forming the two observed isomers, 54a and 54c.

20

Scheme 3-2. Au-stabilized allyl cation, proposed mechanism 2.

The data better supports mechanism 2, mostly because the E and Z allyl aryl ether
diastereomers form different ratios of the [3,3] and [1,3] products, 54a and 54c. If the
mechanism follows the pathway forming Au-phenoxide 51 and allyl cation 52 then an
identical ratio of [3,3] and [1,3] products would be expected. The resonance stabilization in
the allyl cation would result an identical intermediate 52 for both the E and Z staring alkene.
With mechanism 2, two more distinct allyl cations 56 and 57 would form and presumably the
configuration of the starting alkene would determine the relative ratio of their formation.
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4.

Mechanistic Investigation of Gold-Catalyzed Claisen Rearrangements.

4.1

Stereochemical Transfer Experiments.
The experiments discussed thus far have pointed toward a dissociative ionic

mechanism for the gold(I)-catalyzed Claisen rearrangement, but they do not rule out a
competing concerted mechanism. An experiment involving stereochemical transfer was
designed to test whether or not the gold(I)-catalyzed Claisen reaction follows exclusively a
dissociative ion pathway (Figure 4-1). Optically active allyl aryl ethers 3v and 3w were
synthesized from a Pd-catalyzed coupling of 2,4-dimethylphenol 58 and allylic carbonates 59
and 60 using the Trost ligand.27 Chiral GC analysis confirmed that both ether products had
high enantiomeric excess (ee); 3v with an ee of 98% and 3w with an ee of 94%. The
optically active allyl aryl ethers were reacted using the normal gold(I)-catalyzed reaction
conditions and the rearranged products were analyzed by chiral GC. The optically active
compounds 3v and 3w formed racemic products 61 and 62 in high yields. Had there been a
concerted reaction pathway competing with the dissociative ion pair pathway, some
stereochemical transfer would be expected and the products would retain some optical
activity. An exclusive dissociative ion mechanism would explain the formation of racemic
product.

27

Trost, B.M.; Toste, F. D. J. Am. Chem. Soc. 1998, 120, 815-816
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Figure 4-1. Stereochemical transfer experiment.
4.2

Attempts to Independently a Form Cationic Intermediate.
An experiment was designed with the goal of forming rearrangement products by

reacting 2,4-dimethylphenol 58 with an independently formed allyl cation. If rearrangement
products formed with [3,3]:[1,3] ratios comparable to the initial Claisen experiment, then this
would be another strong piece of evidence pointing toward a dissociative ion pair
mechanism. 1-Chloro-2-hexene (63) was synthesized in hopes of converting it to an allyl
cation in situ using AgOTf. Three reactions were performed: reaction 1 contained 1
equivalent of AgOTf to ionize the allyl chloride; reaction 2 contained 1.1 equivalents of
AgOTf and 0.1 equivalent of PPh3AuCl (which would allow enough AgOTf to ionize the
allyl chloride and also react with Ph3PAuCl to form 0.1 equivalent of the desired gold(I)catalyst); reaction 3 had the original Claisen reaction conditions with 0.1 equivalent of both
AgOTf and Ph3PAuCl (Figure 4-2). Unfortunately, only trace amounts of rearrangement
products were formed in these reactions so isomeric ratios could not be determined. The lack
of product formation suggests that during the Claisen rearrangement reaction the gold
catalyst coordinates to the allyl branch before it detaches from the phenoxide.
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Figure 4-2. Cationic intermediate experiment.
4.3

Catalyst Investigation for the Claisen Rearrangement.
A variety of catalysts were tested for their effectiveness in catalyzing the Claisen

rearrangement. The catalysts’ effect on the [3,3]:[1,3] 47a:47b/c product ratios were also
examined for (E)- and (Z)-3k (Table 4-1).25
The (Z)-3k substrate with Ph3PAuOTf formed in situ from AgOTf and Ph3PAuCl
resulted in the most successful conditions for forming the desired [3,3]-rearrangement
product 47a with only a small amount of the iso-[1,3] side product 47b (entry 1). The isomer
(E)-3k under the same conditions was slightly less selective towards the desired [3,3]rearrangement product 47a forming both linear side products 47b and 47c (entry 2). Neither
AgOTf nor Ph3PAuCl alone brought about any conversion of 3k (entries 7 and 8). Et2AlCl
and BCl3 required stoichiometric quantities and provided lower yields and selectivities than
many of the gold(I) catalysts. Between the two, Et2AlCl provided significantly higher
selectivity for the desired [3,3] product and greater overall yields.
A general trend throughout the catalyst study showed that more loosely coordinated
counterions were more effective than more tightly coordinating counterions. The counterions
were provided by the silver(I) salts used to activate the Ph3PAuCl and of these the more
24

effective were among AgOTf, AgClO4, and AgBF4. In contrast, the less effective and more
tightly coordinated counterions were provided by AgOTs, Ag(O2CCF3), and AgOAc which
gave little to no conversion of 3k.
A number of gold(I) complexes were tested to observe the effectiveness of different
ligands. Triphenylphosphine proved highly effective and was used as the default ligand for
gold(I). The electron-deficient gold(I) complex 67 gave good conversion to rearrangement
products and the gold(I) complex 68 resulted in moderate yields and decent selectivity
(entries 32–34). Bulky electron-rich ligands such as those on the gold(I) complexes 64 66
resulted in little to no conversion of 3k presumably due to steric hindrance (entries 27–31).
A phosphite ligand was also tested and it resulted in exclusive formation of the [3,3] isomer
47a, but the yields were fairly low (entries 35 and 36).24

Figure 4-3. Catalyzed Claisen rearrangement reaction of (E)- and (Z)-3k.
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Table 4-1. Catalyst investigation: rearrangement of 3k.24
Z or E
% yielda
b
entry
Catalyst
conversion
3k
47a
47b
47c
1
Ph3PAuCl / AgOTf
Z
100
70
6
2
Ph3PAuCl / AgOTf
E
100
(58)
2
(8)
3
Et2AlClc
Z
100
(46)
10
(6)
4
Et2AlCld
E
100
14
10
5
BCl3d,e
Z
100
trace
10
5
6
BCl3d
E
100
trace
32
23
7
Ph3PAuCl
Z
0
8
AgOTf
Z
0
9
TfOH
Z
100
complex mixturef
10
Tf2NH
Z
100
complex mixturef
11
AgOTf / TfOH
Z
100
complex mixturef
12
AgNTf2 / Tf2NH
Z
100
complex mixturef
13
Ph3PAuCl / TfOH
Z
100
complex mixturef
14
Ph3PAuCl / Tf2NH
Z
100
complex mixturef
15
Ph3PAuCl / AgNTf2
Z
39
37
trace trace
16
Ph3PAuCl / AgNTf2
E
100
(30)
5
(30)
17
Ph3PAuCl / AgBF4
Z
65
(50)
4
(4)
18
Ph3PAuCl / AgBF4
E
83
(36)
6
(31)
19
Ph3PAuCl / AgClO4g
Z
100
65
20
Ph3PAuCl / AgPF6
Z
28
trace
21
Ph3PAuCl / AgPF6
E
32
6
22
Ph3PAuCl / AgOAc
Z
0
23
Ph3PAuCl / AgTFA
Z
0
24
Ph3PAuCl / AgTFA
E
0
25
Ph3PAuCl / AgOTs
Z
0
26
Ph3PAuCl / AgOTs
E
0
27
64 / AgOTf
Z
0
28
65 / AgOTf
Z
28
8
29
65 / AgOTf
E
46
31
trace
30
Z
0
66
31
E
0
66
32
67 / AgOTf
Z
100
57
17
trace
33
68 / AgOTf
Z
66
51
6
trace
34
68 / AgOTf
E
28
16
trace
35h
(EtO)3PAuOTf
Z
60
35
36h
(EtO)3PAuOTf
E
26
21
37i
AuCl3 / AgOTf
Z
100
42
38i
AuCl3 / AgOTf
E
100
(6)
9
(10)
39j
AuCl3
Z
100
44
8
40j
AuCl3
E
100
(25)
24
(8)
a
Yields reported are for isolated material from silica gel chromatography. Yields in parentheses are based on
integration of 1H NMR spectrum of the inseparable mixture of 47a and 47c. b Based on amount of recovered
3k. c 2 equivalents of Lewis acid at -78 °C. d 1.1 equiv of Lewis acid at -78 °C. e A regioisomer of 47b
[tentatively identified as 2,4-dimethyl-3-(2-hexenyl)phenol] was also isolated (32%). f Based on 1H NMR
spectral analysis, major components of this inseparable mixture include diastereomeric dihydrobenzofuran 47d
(see refs 20 and 28). g 2 h reaction time. h Prepared in situ from (EtO)3P (0.1 eq.), Me2SAuCl (0.1 eq.) and
AgOTf (0.1 eq.). i AuCl3 (0.1 eq.) and AgOTf (0.3 eq.). j AuCl3 (0.1 eq.).
28

Widmer, U.; Hansen, H. J.; Schimd, H. Helv. Chim. Acta. 1973, 56, 2644.
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4.4

NMR Study: Investigating Progress of Gold-Catalyzed Claisen Rearrangement.
An NMR study was designed in hopes of observing reaction intermediates of the

Ph3PAuOTf-catalyzed Claisen rearrangement through analysis of 31P and 1H NMR spectra.
The branched allyl aryl ether 3x was chosen as the starting reagent for this experiment for
two reasons: it forms only one rearrangement product 47c which provides relatively clean
NMR spectra, and its reaction time is 21 hours instead of the more typical 41 hours (Figure
4-4).
The first experiment was performed in an NMR tube under argon beginning with
equal parts AgOTf and Ph3PAuCl in CDCl3. After the catalyst mixture had reacted for 20
minutes, the 31P peak from Ph3PAuCl at δ 33.1 ppm was no longer observed and a new peak
27

was seen slightly upfield at δ 29.9 ppm. This peak was presumably from the newly formed
Ph3PAuOTf catalyst. The allyl aryl ether 3x was added (1 equivalent) and the reaction was
monitored by 31P and 1H NMR spectroscopy. The most prominent 31P peak shifted slightly
throughout the reaction and a new peak formed further downfield, around 45 ppm. No
rearrangement of 3x was observed during the first 6 hours, but the reaction proceeded to
completion overnight (18 h).

Figure 4-4. Selective rearrangement of 3w to linear 47c during NMR study.
Another very similar experiment was performed, this time with two simultaneous
reactions. One reaction was kept in ambient light and the other was kept in the dark. An
internal H3PO4 reference for 31P NMR was used as well. Both reactions progressed in a
similar fashion as in the previous experiment. No rearrangement was observed in either the
‘light’ or the ‘dark’ experiment for 5.5 hours and both had full conversion to the rearranged
product after reacting overnight (16.5 h). At this point, the 31P NMR showed a very small
peak around 45 ppm instead of the prominent peak seen previously. The signal to noise ratio,
however, was very low due to interference of the metallic mirror that had formed on the sides
of the NMR tubes. The only noticeable difference between the ‘dark’ and ‘light’
experiments was that 31P analysis indicated Ph3PAuOTf formation in the ‘dark’ sample took
slightly longer. The reaction mixtures were transferred to vials and placed in the freezer.
28

The reaction mixture from the ‘light’ experiment formed a metallic mirror on the glass vial,
however the ‘dark’ experiment only tinted the glass slightly. Because these reactions took
hours to initiate despite the verified presence of Ph3PAuOTf, it is possible that something
forming more slowly than Ph3PAuOTf catalyzes the reaction.
A third experiment was designed where the same Claisen reaction in an NMR tube
was monitored by NMR spectroscopy every hour for 13 hours. No reaction was observed for
the first 5 hours, and after 6 hours the product began forming at a very slow rate so that at 13
hours the reaction still had not gone to completion. After the reaction had gone to
completion (21 hours), more starting material was added to the NMR tube. This was also
monitored by NMR spectroscopy and after 1 hour the reaction was complete. This supports
the hypothesis that the active catalyst in the reaction forms much more slowly than
previously suspected.
One hypothesis is that gold nanoparticles or the gold film are catalyzing the
reaction.29,30,31,32 The solution from the third NMR experiment was removed from the NMR
tube and the tube was rinsed and refilled with starting material in fresh CDCl3. The reaction
was monitored by NMR spectroscopy every half hour and the staring material fully
converted to product in 1.5 hours. This supports the hypothesis that the metal coating
contains the active catalyst.
The metal coated NMR tubes used in the ‘light’ and ‘dark’ experiments were cut with
a tile saw to expose the metal coated surfaces. These were analyzed by laser ablation MS in
29

Chen, M.; Goodman, W. Acc. Chem. Res. 2006, 39, 739-746.
Corma, A.; García, H. Chem. Soc. Rev. 2008, 37, 2096-2126.
31
García-Mota M.; Cabello, N.; Maseras, F.; Echavarren, A. M.; Pérez-Ramírez, J.; Lopez, N. ChemPhysChem
2008, 9, 1624-1629.
32
Alberto, A.; Corma, A.; García, H. Top. in Catal. 2007, 44, 237-243.
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order to identify the metal coating. The analysis indicated that the metallic coating contained
both gold and silver. Gold was consistently more abundant, but the ratio between gold and
silver varied drastically between different sample areas on the NMR tube. It is possible that
the silver present was from residual AgCl which is formed as a byproduct during the
formation of Ph3PAuOTf.
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5.

Synthetic Scope of the Gold(I)-Catalyzed Claisen Rearrangements.

5.1

Functional Group Compatibility.
The functional group compatibility of the gold(I)-catalyzed Claisen rearrangement

was tested using three functional groups: ketone, nitrile and ester. The syntheses of
functionalized allyl aryl ethers 3y–aa began with functionalized alkenes 69a–c. Coupling the
alkenes 69a–c with (Z)-butene-1,4-diol through an olefin metathesis using Grubbs’ 2nd
Generation (2G) catalyst (71) formed functionalized alkenols 70a–c in moderately high
yields.33,34 The functionalized alkenols were then coupled to 2,4-dimethylphenol through a
Mitsunobu reaction to form allyl aryl ethers 3y–aa (Figure 5-1, Table 5-1).

Figure 5-1. Preparation of functionalized allyl aryl ethers.
Table 5-1. Yields from preparation of functionalized allyl aryl ethers.
Entry
1
2
3
33
34

69
a
b
c

R
C(O)Me
CN
COOEt

% yield 70a–c
77
79
60-63

% yield 3y–aa
32
26
53

Rybak, R.; Fokou, P. A.; Meier, M. A. R. Eur. J. Lipid Sci. Technol. 2008, 110, 797-804.
Pietraszuk, C. Wiadomosci Chemiczne 2005, 59, 405-467.
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These functionalized allyl aryl ethers were subjected to the optimized gold(I)-Claisen
conditions in order to observe compatibility (Figure 5-2, Table 5-2). The ketone
functionalized allyl aryl ether 3y resulted in a very low yield of the desired [3,3]
rearrangement product 72a when reacted in the optimized Claisen conditions for 118 hours
(entry 1). A significant amount of 2,4-dimethylphenol (58) was also isolated indicating that
decomposition occurs more readily than the rearrangement. The nitrile functionalized allyl
aryl ether 3z was reacted similarly but no reaction occurred, even after 140 hours (entry 3).
Due to the unfavorable results of these two functionalized allyl aryl ethers 3y and 3z
in the normal Claisen conditions, the compatibility of these same substrates with a gold(III)catalyst, AuOTf3, was tested.20 The ketone functionalized allyl aryl ether 3y had high
conversion but low yields of rearranged products, the most abundant product being the [1,3]
rearranged product 72c. The nitrile functionalized allyl aryl ether 3z was more reactive than
the ketone when reacted with AuOTf3 conditions (entries 2 and 4). The [3,3]-rearrangement
product 73a had a more moderate yield of 28% whereas the linear rearranged products 73b
and 73c were produced in very low yields. A significant amount of starting material 3z was
recovered (36%). Unfortunately, the low yields of desired products when reacting the ketone
and nitrile functionalized allyl aryl ethers in the Au(I) and Au(III) Claisen conditions
demonstrates their incompatibility with our reaction conditions.
Table 5-2. Reactions with ketone and nitrile functionalized allyl aryl ethers.
Entry

3

1
2
3
4

y
y
z
z

R

Catalyst

COMe Ph3AuOTf
COMe
AuCl3
CN
Ph3AuOTf
CN
AuCl3

Time
(h)

%
Conversion

118
140
140
140

80
100
0
(64)

a
8
(4)
28

Yields and conversions in parenthesis are determined based on integration of 1H NMR spectra.
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% Yields
72, 73
b
c
6
(10)
7
1

58
25
ND
ND

Figure 5-2. Claisen reaction with ketone and nitrile functionalized allyl aryl ethers.
Reacting the ester functionalized allyl aryl ether 3aa in the optimized Claisen
conditions resulted in an unexpected product. Trace amounts of lactone 76 were isolated
along with the [3,3] rearrangement product 74a (Figure 5-3, Table 5-3).35 Lactones are
desirable synthetic building blocks, so if this method were optimized to form high yields of
the lactone then it could be a useful synthetic tool. A proposed mechanism for the formation
of the lactone is shown in Figure 5-4. The ester carbonyl oxygen on 3aa may perform an
intramolecular nucleophilic attack on the alkene of the allyl branch. The phenoxide 58would then be lost as a leaving group resulting in the lactone precursor 77. Exposure to
moisture would aid in the loss of the ethyl chain to form ethanol, the lactone 76 and the
phenol 58.

35

Wang, Y. –H.; Zhu, L. –L.; Zhang, Y. –X.; Chen, Z. Chem. Commun 2010, 46, 577-579.
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Figure 5-3. Ester functionalized allyl aryl ether in Au(I) and Au(III) Claisen conditions.
Table 5-3. Results of Claisen reactions with ester functionalized allyl aryl ether.

aa

2,4-CH3

Ph3PAuOTf

118

%
Unreacted
3
48.4

aa

2,4-CH3

Au(OTf)3

2

4.2 (Z)

(14)

4.2

(9.8)

(31)

52.9

ab

2,4,6-CH3

Ph3PAuOTf

94

67.3

--

2.1

--

10.2

4.9

ac

2,6-CH3

Ph3PAuOTf

94

74.5

--

--

--

trace

6.0

3

R

Catalyst

Time
(h)

% Yield
a
11

74, 75
b
--

c
--

1

*Yields in parenthesis are determined based on integration of H NMR spectra.

Figure 5-4. Proposed mechanism of the lactone formation.
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PhOH 76
19 trace

The catalyst AuOTf3 was also tested and it was much more effective in forming the
lactone 76. The lactone formed in 52.9% yield along with small amounts of the three
rearranged products, 74a–c. A strategy to optimize the lactone formation with gold(I) was to
block both ortho positions on the aromatic ring to completely prevent the formation of
rearrangement products. To accomplish this, 2,4,6-trimethylphenol and 2,6-dimethylphenol
were used in place of 2,4-dimethylphenol (58) during the Mitsunobu reaction when forming
the allyl aryl ethers 3ab and 3ac. There was very little formation of lactone 76, however,
even though most of the rearrangement products were prevented. A small amount of the iso[1,3] 75b rearrangement formed from 3ab starting material (Table 5-3).
The gold(I) catalyzed reactions of the esters had little success forming lactone 76, but
when ester 3ac was hydrolyzed to the carboxylic acid 3ad prior to being introduced to the
gold(I) conditions, the product yield increased drastically (Figure 5-5). The lactone 76 was
collected with an essentially quantitative yield.

Figure 5-5. High yielding formation of lactone through carboxylic acid functional
group.
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5.2

Protecting Group Compatibility.
Three different protecting groups were tested for their compatibility in the optimized

gold(I) Claisen conditions (Figure 5-6). These protecting groups included methoxymethyl(MOM), benzyl- (Bn), and tert-butyldimethylsilyl- (TBS) ethers. The only protecting group
that was compatible with the gold(I) Claisen reaction conditions to produce moderate yields
of the desired rearrangement products was benzyl ether 3ae. This substrate resulted in a 39%
yield of the rearrangement products 79a and 79c (Table 5-4, entry 1) whereas the substrates
with the TBS and MOM groups did not form any desired product (entries 2 and 3). All of the
substrates did have high conversions, however (Table 5-4). The components in the recovered
materials included deprotected starting materials, deprotected rearrangement products, and
complex mixtures of side products.

Figure 5-6. Reactions of allyl aryl ethers with protecting groups.
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Table 5-4. Protecting group compatibility experimental results.
Entry

3

Proton
Scavenger
none

Equivalent

ae

Protecting
Group
Bn

N/A

%
Conversion
62

2

af

TBS

none

N/A

100

% Yield
79, 80
39
10:1 a:c
0

1

3

ag

MOM

none

N/A

87

0

4

ae

Bn

Ag2O

0.1

0

0

5

af

TBS

Ag O

0.1

94

0

6

ag

MOM

Ag2O

0.1

0

0

7

ae

Bn

Proton sponge

0.02

28

Trace a

8

ae

Bn

Proton sponge

0.11

0

0

9

af

TBS

Proton sponge

0.02

ND

0

10

ag

MOM

Proton sponge

0.02

81

Trace
a and c

2

Acidic conditions are often used to remove protecting groups.36 If any moisture made
its way into the Claisen reactions it could react with AgOTf to form HOTf resulting in acidic
conditions in the reaction and could deprotect the alcohols. In hopes of preventing the
formation of HOTf, these reactions were repeated in the presence of proton scavengers. The
first proton scavenger used was Ag2O (0.1 equivalent) which was added to the Claisen
reactions (entries 4 – 6).37 The Bn and MOM protected substrates 3ae and 3ag gave no
conversion. The TBS protected substrate 3af had a high conversion, but this was again due
to loss of the TBS group and no desired rearrangement products were formed.

36

Wuts, P. G. M.; Greene T. W. Green’s Protective Groups In Organic Synthesis; John Wiley& Sons, Inc.:
New Yersey, 2007.
37
Kang, B.; Mowat, J.; Pinter, T.; Britton, R. Org. Lett. 2009, 11, 1717-1720.
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These reactions were also tested in the presence of Proton Sponge® (entries 7 – 10).
With 0.02 equivalents Proton Sponge ® the Bn and MOM protected substrates 3ae and 3ag
formed trace amounts of desired rearrangement products 79a and a mixture of 80a and c.
The TBS protected substrate 3af with 0.02 equivalents Proton Sponge ® and the Bn protected
substrate 3ae with 0.11 equivalents Proton Sponge ® formed no desired rearrangement
products. Overall, we concluded the gold(I)-catalyzed Claisen conditions were not
compatible with the Bn, TBS and MOM groups on allyl aryl ethers.
5.3

Gold-Catalyzed Tetrahydropyran Formation.
An acetonide was another protecting group tested and this experiment resulted in an

unexpected discovery. The allyl branch of 3ah cyclized to form 81 which has a
tetrahydropyran skeleton (Figure 5-7).38 The formation of tetrohydropyran rings is vital for
many synthetic targets,39 so the gold(I)-catalyst conditions could potentially be a useful
synthetic tool when forming these rings. It was hypothesized that the acetonide was cleaved
before forming the cyclic ether 81, so in theory deprotection of the acetonide prior to the
gold(I)-catalyzed reaction would improve the yield. The allyl aryl ether 3ah was reacted
under acidic conditions to form the deprotected diol 3ai (Figure 5-8). As expected, the
tetrahydropyran ring 81 formed with a significantly higher yield of 52%.

38
39

Aponick, A.; Li, C. –Y.; Biannic, B. Org. Lett. 2008, 10, 669-671.
Aponick, A.; Biannic, B.; Practical Syn. Proc. 2008, 3356-3359.
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Figure 5-7. Tetrahydropyran ring formation from acetonide protected allyl aryl ether.

Figure 5-8. Formation of tetrahydropyran ring from diol intermediate.
Unfortunately, the original synthetic pathway for the formation of 3ai was very
inefficient (Scheme 5-1). The sequence began with tetrahydrofurfuryl alcohol (83) reacting
with acetone and TMSCl to form alkyl iodide 84. A problem arose in the second step
involving alkylation of the alkyl iodide 84 to form 85 in the presence of n-BuLi. Multiple
attempts were made to optimize this reaction including the replacement of n-BuLi with
EtMgBr or LDA, but these were unsuccessful. Refluxing the reaction mixture seemed to
give slight improvement but the reaction never exceeded an 11% yield. Continuing on, the
TBS group on 85 was deprotected using tetra-n-butylammonium fluoride (TBAF) to form 81.
The newly formed alkynol 86 was hydrogenated using a P-2 nickel catalyst40 giving high
yields of 87 that was attached to 2,4-dimethylphenol though a Mitsunobu reaction to form the

40

Fouilloux, P. App. Catal. 1983, 8, 1-42.

39

allyl aryl ether 3ah. The acetonide was finally removed in the presence of HCl to yield the
desired allyl aryl ether (Z)-3ai.
Scheme 5-1. Inefficient pathway forming allyl aryl ether 3ai.

Due to the especially low overall yield of (Z)-3ai from the original synthetic
pathway, a new method was designed. The goals in the alternate pathways were to avoid the
problem alkylation step and to cut down on the total number of steps in forming the desired
allyl aryl ether. The first alternate method attempted to couple alkene diols with a simple
allyl aryl ether 3aj (Figure 5-9). The three alkene diols used were 5-hexene-1,2-diol (84), 7octene-1,2-diol (85), and 8-nonene-1,2-diol (86) formed from a dihydroxylation of their

40

corresponding dienes with AD-mix α.41 Allyl aryl ether 3aj was formed by reacting 2,4,6trimethylphenol (88) and allyl bromide in the presence of K2CO3. An olefin metathesis was
attempted between the alkene diols and 3aj using Grubbs 2G catalyst (71). This was
successful for the reaction between 3aj and 89 to form 3ak. The metathesis was
unsuccessful for the longer chained diols 90 and 91, however. In the presence of the Grubbs
2G catalyst, allyl aryl ether 3aj isomerized to form iso-3aj which was unreactive in the
metathesis. When 3aj was reacted alone in the presence of Grubbs 2G catalyst, both iso-3aj
and dimer-3aj formed (Figure 5-10). This confirmed that Grubbs 2G catalyst was
responsible for the formation of the useless side product iso-3aj in the previous reactions.

Figure 5-9. First alternate method for synthesizing diol-containing allyl aryl ethers.
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Kolb, H. C.; Van Nieuwenhze, M. S.; Sharpless, K. B. Chem. Rev. 1994, 94, 2483-2547.
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Figure 5-10. Unsuccessful coupling of longer chain alkene diols with 3aj due to allyl
aryl ether isomerization.
The next alternative pathway also began with the dihydroxylation of dienes 92 – 94
using AD-mix α to form 95, 90 and 91. Acetonide protection of the diols using acetone, 2,2dimethoxypropane and PPTS formed 96 – 98. These products were coupled with (Z)-2butene-1,4-diol using Grubbs’ 2G catalyst to form the respective alkenols 99 – 101. The
alkenols were attached to 2,4,6-trimethylphenol (88) through a Mitsunobu reaction to form
allyl aryl ethers (E)-3ah, 3al and 3am. The acetonide was removed in the presence of HCl
solution in THF and the desired allyl aryl ethers (E)-3ai, 3an, 3ao were formed (Scheme 52). This method proved much more efficient than the original method, with the only
differences being that the final products were in the E configuration and the original
procedure formed the Z isomer and the aromatic ring has an additional methyl group on the 6
position. (E)-3ai was formed with an overall yield of 24%, which was a significant
improvement to the original formation of (Z)-3ai.
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Scheme 5-2. Successful alternate pathway to prepare diol-containing allyl aryl
ethers.

The long-chained allyl aryl ether 3an and 3ao were reacted in the normal gold(I)
reaction conditions resulting in only trace conversion for 3an and no conversion for 3ao.
The shorter chained allyl aryl ether 3ak formed small amounts of cyclized products (26%
combined yield, Figure 5-11). Through NMR spectroscopic analysis, the ether ring
structures were assigned as 102 and 103 shown in Figure 5-14, however the two cyclic
compounds could not be separated. The iso-[3,3] and iso-[1,3] rearrangement products 104
and 105 were also observed in a 9% combined yield, but these were also inseparable from
each other.
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Figure 5-11. Results of gold(I)-catalyzed reaction of 3aj.
Unlike the 3an and 3ao with longer allyl chains, when (E)-3ai was reacted in the
normal gold(I) reaction conditions it formed tetrahydropyran ring 81 in 87% yield (Figure 512). This was a significantly higher yield of 81 than the yield from the cyclization of (Z)-3ai.
This may be due to the different alkene configurations; perhaps the E isomer forms the
tetrahydropyran ring more readily than the Z isomer. The higher yield could also be a result
of having both ortho positions of the aryl ring blocked.

Figure 5-12. High yielding formation of tetrahydropyran ring 81.
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6.

Centrolobine.

6.1

Vyvyan Group Interest in and Background of Centrolobine.
The practical application of the tetrahydropyran ring formation using the gold(I)

catalyst conditions was put to use in the synthesis of centrolobine. In 1959, a group of
scientist discovered bacteriostatic activity in the extracts from the heartwood of
Centrolobium robustum. In 1964, one of the active ingredients in these extracts was isolated
and characterized as 2[β(p-hydroxyphenyl)ethyl-2-(p-methoxyphenyl)tetrahydropyran, now
called (+)-centrolobine ((+)-106, Figure 6-1).42 Centrolobine has since been found in a
number of plants in the Brazilian Amazon.43,44,45 It demonstrates antibiotic and antifungal
activity making it a promising candidate for a new antibiotic. Both enantiomers, (+)- and
(–)-centrolobine, have been isolated from multiple different trees, primarily C. robustum and
C. tomentosum.42,43,44 More recently, (–)-centrolobine has also been isolated from the stems
of a completely different genus, Brosimum potabile.45 Synthetic researchers have developed
an interest in the laboratory synthesis of this chemical, and a number of total syntheses have
been achieved.46 In the multiple synthetic pathways developed, the central tetrahydropyran
ring in the skeletal structure of centrolobine has been formed in a variety of ways.46,47,48 It
was our goal to incorporate the gold(I)-catalyzed etherification in a new synthetic pathway
for centrolobine.

42

De Albuquerque, I. L.; Galeffi, C.; Casinovi, C. G.; Marini-Bettòlo, G. B. Gazz. Chim. Ital. 1964, 94, 287-95
and references therein.
43
Craveiro, A. A.; Da Costa Prado, A.; Gottlieb, O. R.; De Albuquerque, P. C. W. Phytochemistry 1970, 9,
1869.
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Jurd L.; Wong, R. Aust. J. Chem. 1984, 37, 1127-1133.
45
Alcantara, A. F.; de C.; Souza, M. R.; Piló-Veloso, D. Fitoterapia 2000, 71, 613-15.
46
Schmidt, B.; Hölter, F. Chem. Eur. J. 2009, 15, 11948-53.
47
Colobert, F.; Des Mazery R.; Solladié G.; Carreño, M. Org. Lett. 2002, 10, 1723-25.
48
Clarke, P. A.; Martin, W. H. C. Tetrahedron Lett. 2004, 45, 9061-9063
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The absolute configuration of each enantiomer has required some revision over the
years. In 1970, W. de Albuquerque et al. proposed a [3(S), 7(R)] absolute configuration of (–
)-centrolobine based on Brewster’s empirical rules.49 Brewster formulated a value system to
predict the configuration of a compound’s stereocenter based on its optical activity. Though
this is often an effective tool, it is not flawless. In this case, the calculated configuration was
disproven in 2002 by the first enantioselective total synthesis of (–)-centrolobine (Scheme 61).4747

Figure 6-1. (+)-Centrolobine
Keto sulfoxide (R)-109 was prepared by the condensation of glutaric anhydride (107)
and (+)-(R)-108. (R)-109 was then esterified in the presence of dimethylsulfate and
potassium carbonate to form ester R-110. According to this group’s previous results, the
reaction of (R)-110 with DIBAL/ZnBr2 yielded 111. From a proposed mechanism of this
reaction50 and the distinct 1H NMR spectrum from for each diastereomer,51 the R
configuration was assigned to the hydoxylic carbon on 111. For the pyran ring formation,
they followed the work of Olah52 and Nicolaou53 who described the trimethylsilyl triflate
catalyzed preparation of unsymmetrical ethers by reductive condensation of carbonyl
compounds with alkoxysilanes. They treated their hydroxyl ketone 112 with excess Et3SiH
49

Brewster, J. H. J. Am. Chem. Soc. 1959, 81, 5481.
Solladié-Cavallo, A.; Suffert, J.; Adib, A.; Solladié, G. Tertrahedron Lett. 1990, 31, 6649
51
Solladié, G.; Huser, N.; García, Ruano, J. L.; Adrio, J.; Carreño, M. C.; Tito, A Tetrahedron Lett. 1994, 35,
5297
52
Sassaman, M.; Kotian, K.; Prakash, G.; Olah, G. J. Am. Chem. Soc. 1987, 52, 4314.
53
Nicolaou, K.; Hwang, C.; Nugiel, D. J. Am. Chem. Soc. 1989, 111, 4136.
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and TMSOTf in CH2Cl2 to form cyclic ether 113. The stereospecificity of the etherification
was directed by the R hydroxyl group in 112 and the syn stereochemistry was assigned by 1H
NMR NOESY experiments. The configuration was maintained through the rest of the
synthesis and thus they successfully revised the absolute configuration of (–)-centrolobine to
[3(R), 7(S)] through a 9-step synthesis with an overall yield of 26%.
Scheme 6-1. First enantioselective total synthesis of (–)-centrolobine.47

A recent synthesis reported by Schmidt and Hölter involves 6 steps with a 38%
overall yield (Scheme 6-2).46 Depending on the configuration of the silane reagent 118 used
in the first reaction, this strategy can be used to form both (+)- and (–)-centrolobine. Use of
47

(R,R)-118 forms (+)-centrolobine as shown in Scheme 6-2, whereas use of (S,S)-118 forms
the levorotatory enantiomer. This group’s method of forming the tetrahydropyran ring was a
tandem ring-closing metathesis isomerization which converted 116 to 117.
Scheme 6-2. Six step synthesis forming (+)-centrolobine.

6.2

Synthesis of Centrolobine Involving Gold(I)-Catalyzed Tetrahydropyran

Formation.
Our synthetic approach to centrolobine began with a Grignard reaction, adding
freshly formed pent-4-en-1-ylmagnesium bromide with anisaldehyde to form 121 (~55%
yield, Scheme 6-3). A cross metathesis of the terminal alkene in 121 with (Z)-2-butene-1,4diol using Grubbs’ 2G catalyst formed 122 (68%). The primary alcohol 122 was attached to
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2,4,6-trimethylphenol (88) in a Mitsunobu reaction to form allyl aryl ether 123, however
many side products formed in this reaction resulting in a low yield (29-42%) of the desired
product. The allyl aryl ether 123 was reacted in the normal gold(I)-reaction conditions and
the desired cyclic ether 124 successfully formed diastereoselectively with 2,4,6trimethylphenol (88) as the leaving group. The terminal alkene on 124 was coupled to the
THP protected 4-iodophenol in an alkyl Suzuki coupling54 using 9-BBN and PdCl2(dppf)
giving a 32% yield over the two step reaction. The phenol was deprotected using TsOH in
methanol which successfully completed the 6-step synthesis of (±)-centrolobine with an
overall yield of ~2% (Figure 6-4).
The overall yield of (±)-centrolobine in our synthesis has room for improvement, but
there are promising prospects for many of the steps. In the olefin metathesis to form 122, it
seems larger catalyst loadings and refluxing increases the yield significantly. Side products
formed during the Mitsunobu reaction to form 123 include addition of the phenol 88 to the
secondary alcohol of 122 as well as addition of 88 to both the primary and secondary
alcohols on 122. Protection of the secondary alcohol could improve the yield of the desired
allyl aryl ether product 123. In the formation of 125 via an alkyl Suzuki coupling of 124 to
THP protected 4-iodophenol, different Pd catalysts or ligands could be investigated to
improve yields.

54

Alanso, F.; Beletskaya, I. P. Tetrahedron 2008, 64, 3047-3101
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Scheme 6-3. Synthesis of (±)-centrolobine utilizing gold(I)-catalyzed ring formation.

With respect to ring closure methods mentioned previously, ours has a number of
advantages. In the first enantioselective total synthesis of (–)-centrolobine, the ring closure
method required stoichiometric amounts of TMSOTf and 7 equivalents Et3SiH.47 The
conditions gave an 81% yield, but the method was not atom-economical. Our method
required only 0.1 equivalent of gold(I) catalyst. The earlier synthesis also required 0 °C
conditions whereas ours was successful at room temperature.
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The second method mentioned from the enantioselective synthesis of (+) and (–)centrolobine requires high temperatures for their ring closing metathesis using Grubbs’ 1G
catalyst, however they get an exceptionally high yield of their desired stereospecific product.
The ring closing in this metathesis does not determine the configuration of the stereocenter.
In the gold(I)-catalyzed ring closure the cis diastereomer is formed selectively and the
configuration of the secondary alcohol in 123 determines the configuration of 124 formed.
This means selective formation or isolation of a specific stereoisomer in an earlier step would
result in an enantioselective ring closure.
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7.

Conclusions.
With my research in conjunction with past group member’s results, I was able to

conclude that the gold-catalyzed rearrangement follows exclusively follows an ionic
pathway. Both the results from the crossover experiments as well as observing the impact of
electron withdrawing and electron donating substituents on the rearrangement point toward
an ionic pathway. I observed no stereochemical transfer from the starting allyl aryl ether to
the rearrangement product which rules out the possibility of a competing concerted
mechanism.
Observing the progress of the gold-catalyzed Claisen rearrangements using NMR
spectroscopy led us to the conclusion that Ph3PAuOTf may not be the active catalyst in our
reactions. The ability of the gold film on the reaction vessel to catalyze the rearrangement
reaction leads to the hypothesis that gold nanoparticles or the gold film are catalyzing the
reaction.
I concluded that the gold reaction conditions were incompatible with nitrile and
ketone functional groups and silyl and methoxymethyl ether protecting groups. Benzyl ether
protecting groups were moderately tolerated. During these studies I found that our gold
catalyst conditions could facilitate the formation of a lactone 76 from the cyclization of a
carboxylic acid-containing alkene substrate 3ad.
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I also discovered our conditions promote the etherification to form a tetrahydropyran
ring from an alkene diol. This was put to practical use in the total synthesis of (±)centrolobine (106). The gold catalyst conditions were used in the ring closure of 123 to form
124. (±)-Centrolobine (106) was prepared in six steps with a 2% overall yield.

53

8.

General Experimental Procedures
All procedure involving air- or moisture-sensitive reagents were performed in oven-

dried glassware under a nitrogen or argon atmosphere. Ether, THF, CH2Cl2 and toluene were
dried by passing through a column of activated alumina using an Innovative Technology
Pure SolvTM 400 Solvent Purification System. 1,2-Dichloroethane was distilled from CaH2
under N2 immediately prior to use. All reactions were stirred at room temperature unless
otherwise noted. In all procedures, unless otherwise noted, concentration was performed by
rotary evaporation. Drying agents were removed using gravity filtration and fluted filter
paper (P2 Fischer Qualitative Circles).
All chromatography was done with mixtures of hexanes and ethyl acetate unless
otherwise noted. Thin layer chromatography was done using Sorbent Technologies 200μm
silica layer fluorescence UV254 TLC plates. For purifications, column diameters, and solvent
mixtures are given (for example "1" column, 6:1 hexanes: EtOAc"). Flash chromatography
was carried out with hand packed columns of silica gel (Silicycle, Chemical Division, 230400 mesh).
1

UNITY

H and 13C NMR spectra were acquired on either Varian Mercury (300 MHz) or

INOVA (500 MHz) spectrometers. All chemical shits are reported in ppm, and all

coupling constants are reported in Hertz. 1H chemical shifts are referenced to
tetramethylsilane (TMS) at 0.00 ppm. 1H NMR data are reported in the following format:
chemical shift [integral, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m =
multiplet), coupling constant(s) (J), number of protons, and proton assignment].
spectra are referenced to CDCl3 at 77.0 ppm.
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13

C NMR

IR spectra were obtained on a Thermo Scientific Nicolet iS10 FT-IR spectrometer
with a Smart iTR attachment. All absorptions are reported in cm-1. Absorbencies in the IR
spectrum are referred to as: w = weak, m = medium, s = strong, and br = broad.
Combustion analysis was performed by Chemisar Laboratories, Guelph, ONT,
Canada. Results are reported using the following format: empirical formula; calculated
percent carbon, calculated percent hydrogen; observed percent carbon, observed percent
hydrogen. High resolution mass spectrometry was performed by the Mass Spectrometry
Facility at the University of California, Irvine.
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General Procedure for Sonogashira Reaction.
Preparation of 3-(4-methoxyphenyl)prop-2-yn-1-ol (128)55

Notebook reference HEDA027
4-Iodoanisole 127 (5.1171 g, 21.865 mmol), Pd(PPh3)2Cl2 (0.1435 g, 0.2044 mmol)
and CuI (0.0575 g, 0.302 mmol) were added to a round-bottom flask and put under argon
atmosphere. Benzene (10 mL) was added by syringe followed by piperidine (4.65 mL, 4.01
g, 47.1 mmol) and propargyl alcohol 126 (1.35 mL, 1.31 g, 23.4 mmol). The reaction was
stirred at rt overnight. The reaction mixture was then diluted with CH2Cl2, washed with H2O
(25 mL) and dried over anhydrous Na2SO4. The product solution was gravity filtered and
concentrated in vacuo. It was purified by column chromatography (19:1 CH2Cl2:EtOAc) to
yield 128 as yellow orange crystals (2.104g, 12.97 mmol, 59.5%).
IR (neat NaCl): 3232 (O-H, st), 3012 (C-H sp2, st), 2965 (C-H sp3, st), 2233 (C≡C, st) 1604,
1509, 1468, 1440 (ar C-H, st), 1253, 1022 (C-O, st), 949 and 840 (arC-H oops) cm-1.
1

H NMR (CDCl3, 300 MHz): δ 7.39 (m, 2H, Hb), 6.82 (m, 2H, Hc), 4.48 (d, J= 6.5, 2H, Hd),
3.81 (s, 3H, Ha), 1.62 (m, 1H, He).
13

C NMR (CDCl3, 125 MHz): δ 159.8, 133.2, 114.8, 113.9, 85.8, 85.7, 55.3, 51.8.
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Mee, S. P.; Lee, V.; Baldwin, J. E. Chem. Eur. J. 2005, 11, 3294 – 330
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Preparation of 1-(4-(3-hydroxyprop-1-ynly)phenyl)ethanone (130)

Notebook reference HEDA029
Using the General Procedure for Sonogashira reaction, 4-Iodoacetophenone (4.5006
g, 18.29 mmol), Pd(PPh3)2Cl2 (0.1516 g, 0.2160 mmol), CuI (0.0446 g, 0.2342 mmol),
piperidine (4.65 mL, 4.01 g, 47.1 mmol), and propargyl alcohol (1.35 mL, 1.31 g, 23.40
mmol), was stirred for two h at room temperature. Work up and purification by column
chromatography (3:1 Hex:EtOAc) gave 130 as orange crystals (1.388 g, 7.974 mmol,
43.6%).
IR (neat NaCl): 3370 (O-H, st, 2877 (sp3 C-H, st), 1671 (C=O, st), 1604 (ar C=C), 1035 (CO, st), 950, 839 and 826 (ar C-H, oops) cm-1.
1

H NMR (CDCl3, 500 MHz): δ 7.91 (m, 2H, Hb), 7.52 (m, 2H, Hc), 4.5 (s, 2H, Hd), 2.60 (s,
3H, Ha).
13

C NMR (CDCl3, 125 MHz): δ 197.3, 136.5, 131.8, 128.3, 127.4, 90.5, 84.9, 51.6, 26.6.
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General Procedure for P-2 Nickel Reduction of Alkynes.
Preparation of (Z)-3-(4-methoxyphenyl)prop-2-en-1-ol (131)

Notebook reference HEDA031
Nickel (II) acetate tetrahydrate (0.2501 g, 1.01 mmol) was added to a two neck
round-bottom flask and put under argon. Ethanol (95%, 2 mL) was added to the flask via
syringe and stirred to dissolve the catalyst. NaBH4 solution [made by dissolving NaBH4
(0.4297 g, 11.36 mmol) in absolute ethanol (10 mL) and NaOH solution (3 M, 0.33 mL) to
make a 1.10 M solution] (0.91 mL, 1.0 mmol) was added to the catalyst solution via syringe
and the solution immediately turned black and gas evolved. Ethylenediamine (0.15 mL, 0.13
g, 2.2 mmol) was added to the solution and the flask was put under hydrogen atmosphere via
a balloon. The alkyne 128 (0.1611 g, 0.9933 mmol) was dissolved in ethanol (95%, 2 mL)
and added to reaction mixture via syringe. The reaction was monitored by TLC every half-h
and the reaction was complete in one h. The reaction mixture was filtered through Celite and
rinsed with absolute ethanol. The filtrate was concentrated in vacuo leaving a purple film.
The purple film was diluted with water, extracted with ether (3 × 40 mL) and the organic
layers were combined. The organic layer was then washed with water (3 × 40 mL) and dried
over anhydrous Na2SO4. The solution was gravity filtered and concentrated in vacuo. The
crude product was purified via column chromatography (2:1 Hex:EtOAc) to yield 131 as
white crystals (0.125g, 0.761 mmol, 76.6%). This reaction was repeated with a 69.7% yield.
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IR (neat NaCl): 3231 (O-H, stretch), 3015 (sp2 C-H, stretch) 2960, 2913, and 2841 (sp3 C-H,
stretch), 1607 (C=C, stretch), 1512 (Ar C=C, stretch), 1257, 1177, 1119, and 1031 (C=O,
stretch), 842 (Ar C-H, oops) cm-1.
1

H NMR (CDCl3, 300 MHz): δ 7.16 (m, 2H), 6.88 (m, 2H), 6.51 (d, J=11.5, 1H), 5.78 (dt,
J=11.5, 5.5, 1H), 4.45 (t, J=5.5, 2H), 3.82 (s, 3H), 1.45 (t, J=5.3, 1H).
13

C NMR (CDCl3, 125 MHz): δ 158.8, 130.6, 130.1, 129.5, 129.2, 113.7, 59.7, 55.3.
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Preparation of (Z)-1-(4-(3-hydroxyprop-1-enyl)phenyl)ethanone (132)

Notebook reference HEDA033
Using the general procedure for P-2 nickel reduction of alkynes, nickel (II) acetate
tetrahydrate (0.2644 g, 1.06 mmol), NaBH4 solution (0.91mL, 1.0 mmol), ethylenediamine
(0.16 mL, 0.14 g, 2.3 mmol), and 130 (0.1719 g, 0.99 mmol) gave crude product that was
purified via radial chromotography (gradient solvent, 1:1 Hex:EtOAc to 1:2 Hex:EtOAc) to
yield 132 as white crystals (0.097 g, 0.55 mmol, 56%).
FTIR (ATR): 3422, 3009, 2923, 1678, 1605, 1267, 751
1

H NMR (CDCl3, 300 MHz): δ 7.94 (m, 2H), 7.31 (m, 2H), 6.60 (d, J=11.7, 1H), 6.00 (dt,
J=11.7, 6.5, 1H), 4.46 (m, 2H), 2.61 (s, 3H), 1.51 (t, J=5.1, 1H).
13

C NMR (CDCl3, 125 MHz): δ 197.7, 141.2, 135.7, 133.5, 129.9, 128.9, 128.4, 59.6, 26.6.
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Preparation of (Z)-1-(3-(4-methoxyphenyl)allyloxy)-2,4-dimethylbenzene
(3r)

Notebook reference HEDA035
A 50 mL flask was charged with PPh3 (0.3808 g, 1.452 mmol) and 131 (0.233 g, 1.41
mmol) and put under argon atmosphere. Dry THF (3.5 mL) was added via syringe followed
by 2,4-dimethylphenol (0.17 mL, 0.17 g, 1.4 mmol). DIAD (0.29 mL, 0.30 g, 1.5 mmol) was
diluted in THF (1.2 mL) and added to the reaction mixture via syringe dropwise over a
period of 10 min and the reaction was left to stir. The reaction was stirred and monitored by
TLC. After 20 h, additional DIAD (0.14 mL, 0.14 g, 0.71 mmol) diluted in THF (0.6 mL)
was added over 5 min. The reaction was monitored by TLC and after 1 h it was still not
complete. Additional PPh3 (0.1426 g, 0.5434 mmol) dissolved in THF was added and
reaction stirred for 2.5 h more. The reaction mixture was diluted with ether, washed with
10% NaOH solution (3 × 10 mL) and dried over anhydrous Na2SO4. The product solution
was gravity filtered and concentrated in vacuo. Hexanes were added and the solution was put
in the freezer overnight. An oily solid formed in the flask and this was broken up using a
glass stir rod. The mixture was vacuum filtered through silica gel and rinsed with hexanes
and ether. The eluent was concentrated in vacuo and the crude product was purified via
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radial using (9:1 Hex:EtOAc). Due to insufficient separation it was repurified via MPLC (1
in column, 19:1 Hex:EtOAc) to give 3r (0.123 g, 0.458 mmol, 32.3%).
IR (ATR): 3013 (sp2 C-H stretch), 2921 and 2835 (sp3 C-H stretch), 1735 (C=O conjugated
ketone stretch), 1607 (cis C=C stretch), 1511, 1503, and 1460 (ar C=C stretch), 1252, 1224,
1175, and 1132 (C-O stretch), 1032 (sp2 C-H oops), 840 and 800 (ar oops) cm-1.
1

H NMR (CDCl3, 300 MHz): δ 7.20 (m, 2H), 6.91 (m, 4H), 6.63 (m, 2H), 5.87 (dt, J = 12.3,
6.4, 1H), 4.77 (dd, J = 6.5, 1.8, 2H), 3.82 (s, 3H), 2.23 (m, 6H).
13

C NMR (CDCl3, 125 MHz): δ 131.6, 131.6, 130.1, 129.6, 129.2, 127.8, 126.8, 126.7,
126.3, 113.9, 113.8, 111.4, 65.2, 55.3, 20.4, 16.2.
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Preparation of (Z)-1-(4-(3-(2,4-dimethylphenoxy)prop-1enyl)phenyl)ethanone (3o)

Notebook reference HEDA039
A 50mL flask was charged with PPh3 (0.1521 g, 0.58 mmol) 132 (0.097 g, 0.55
mmol) in and put under argon atmosphere. Dry THF (1.5 mL) was added to reaction flask
via syringe followed by 2,4-dimethylphenol (0.08 mL, 0.08 g, 0.6 mmol). DIAD (0.11 mL,
0.11 g, 0.59 mmol) was diluted with THF (0.5 mL) and added over 10 min and the reaction
was stirred and monitored by TLC. After 20 h, additional DIAD (0.05 mL, 0.05 g, 0.25
mmol) was diluted with THF (0.25 mL) and added slowly to reaction mixture and stirred.
After an additional 30 min, more PPh3 (0.0767 g, 0.292 mmol) was dissolved in THF was
added via syringe and again after 30 min another addition of PPh3 (0.0738 g, 0.281 mmol)
dissolved in THF was added to reaction mixture. The reaction stirred for 30 min when it was
then diluted with ether, washed with 10% NaOH solution (3 × 10mL) and dried over
anhydrous Na2SO4. The solution was gravity filtered and concentrated in vacuo. Hexanes
were added and the mixture was put in the freezer overnight. The solid was broken up with a
glass stir bar and the mixture was vacuum filtered through silica gel and rinsed with hexanes
and ether. The eluent was concentrated in vacuo and purified via radial chromatography (6:1
hex:EtOAc) to give 3o (0.0869 g, 0.310 mmol, 56.3%).
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IR (neat NaCl): 2918 (sp3 C-H, stretch), 1683 (C=O, stretch), 1605 and 1505 (ar C=C
stretch), 1267 and 1224 (C-O stretch) 854 and 800 (ar oops).
1

H NMR (CDCl3, 500 MHz): δ 7.95 (d, J=9.0, 2H), 7.35 (d, J=9.0, 2H), 6.97 (s, 1H), 6.90
(d, J=8.2, 1H), 6.69 (d, J=12.0, 1H), 6.62 (d, J=8.2, 1H), 6.11 (ddd, J=12.0, 5.9, 5.9, 1H),
4.78 (dd, J=6.8, 1.8, 2H), 2.60 (s, 3H), 2.25 (s, 3H), 2.21 (s, 3H).
13

C NMR (CDCl3, 125 MHz): δ 197.6, 154.3, 141.2, 135.8, 131.7, 131.1, 130.4, 129.9,
128.9, 128.5, 126.9, 126.8, 111.4, 65.0, 26.6, 20.4, 16.2.
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Preparation of cyclopent-2-enol (134)

Notebook reference HEDA093
A 250 mL round-bottom flask was charged with 2-cyclopenten-1-one (133) (2.5 mL,
2.4 g, 30 mmol) was added to followed by a solution of Cerium(III) chloride heptahydrate
(11.398 g, 30.592 mmol) in methanol (80 mL). Sodium borohydride (1.1315 g, 29.908
mmol) was added slowly while stirring the reaction mixture. The reaction mixture turned
progressively more orange and after 45 min ice water (50mL) was added. The methanol in
the crude mixture was evaporated in vacuo. The reaction mixture was then extracted with
ether (3 × 50 mL) and the organic layer was dried over anhydrous Na2SO4. The crude
mixture was concentrated in vacuo to give 134 with a small amount of remaining 133
(inseparable by chromatography and distillation, 0.472 g, 1:5 133:134 by NMR 1H
integration).
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Preparation of 2-Cyclohexene-1-ol (136)

Notebook reference HEDA057, HEDA099
2-cyclohexene-1-one (135) (3.0 mL, 3.0 g, 31 mmol) was measured into a roundbottom flask. A solution of CeCl3∙7H2O (11.5982g, 31.1mmol) in methanol (78 mL) was
added to the reaction flask. NaBH4 (1.1236 g, 29.70 mmol) was added slowly over 10 min
and gas evolved. The reaction stirred for 15 min. Ice cold water (50mL) was added and the
methanol was evaporated in vacuo. The solution was then extracted with ether (3 × 50 mL)
and dried over anhydrous Na2SO4. The mixture was gravity filtered and concentrated in
vacuo. Due to moisture still present, the crude product was filtered through a pipet
containing anhydrous MgSO4. The filtered product was concentrated in vacuo to give 136
(crude yield 2.133 g, 22.03 mmol, 71%). This was used in the next reaction without
purification. This reaction was repeated and purified via distillation with a 66% yield.
FTIR (ATR): 3322 (O-H, st), 3024 (sp2 C-H, st), 2933, 2861, and 2835 (sp3 C-H, st), 1650
(C=C, st), 1048 (C-O, st), 725 (vinyl C-H, oops) cm-1.
1

H NMR (CDCl3, 500 MHz): δ 5.86-.82 (dtd, J = 10.2, 3.9, 1.5, 1H), 5.78-5.73 (m, 1H), 4.2
(m, 1H), 2.19-1.49 (m, 7H).
13

CNMR (CDCl3, 125 MHz): δ 130.5, 129.8, 65.4, 31.9, 25.0, 18.9.
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General procedure for Mitsunobu Etherification
Preparation of 1-(Cyclohex-2-enyloxy)-2,4-dimethylbenzene (3w)

Notebook reference HEDA059
A 50 mL flask with a stir bar was charged with triphenylphosphine (1.4808 g, 5.6457
mmol) and put under argon. Dry THF (11 mL) was added to the flask via syringe followed
by 2,4-dimethylphenol (0.65 mL, 0.65 g, 5.4 mmol) and cyclohex-2-enol (136) (0.50 mL,
0.50 g, 5.1 mmol). DIAD (1.06 mL, 1.09 g, 5.4 mmol) was diluted with dry THF (4.5 mL)
and added dropwise over 15 minutes. The reaction was stirred for 17.5 h. The reaction
mixture was diluted with ether, washed with 10% NaOH solution (3 × 30 mL) and dried over
anhydrous sodium sulfate. The mixture was then gravity filtered, concentrated in vacuo,
hexanes were added (30 mL) and the solution was put in the freezer for 1 h. The precipitate
was broken up with a stirring rod and the mixture was vacuum filtered through silica gel,
rinsed with hexanes and ether and concentrated in vacuo. The crude product was purified via
column chromatography (13/4 in width, 18 in long column, 50:1 Hex:EtOAc) to give 3w
(0.391 g, 1.94 mmol, 37.6%).
FTIR (neat NaCl): 3029 (sp2 C-H stretch), 2931 and 2865 (sp3 C-H stretch), 1499, 1450, and
1437 (ar C=C), 1250, 1221, and 1130 (C-O stretch), 960 and 801 (ar oops), 727 (cis oops)
cm-1.
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1

H NMR (CDCl3, 500 MHz): δ 6.96 (br s, 1H), 6.92 (dd, J=8.0, 2.0, 1H), 6.78 (d, J=8.0,
1H), 5.93 (dtd, 10.2, 3.4, 1.0, 1H), 5.87 (dq, 10.2, 2.9, 1H), 4.69 (m, 1H), 2.25 (s, 3H), 2.19
(s, 3H), 2.13 (m, 1H), 2.01 (m, 1H), 1.87 (m, 3H), 1.63 (m, 1H).
13

C NMR (CDCl3, 125 MHz): δ 154.0, 131.6, 131.6, 129.7, 127.9, 127.0, 126.8, 113.6, 71.7,
28.6, 25.2, 20.5, 19.2, 16.4.
HRMS CI (H): Calculated for C14H19O (M+H): 203.1436; Found: 203.1434.
Combustion: Calculated (%): C14H18O: C, 83.12; H, 8.97. Found: 82.92; H, 9.25.
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Preparation of cyclopent-2-en-1-yl methyl carbonate (138)

Notebook reference HEDA101
A 500 mL flask with a stir bar was put under argon atmosphere. Dichloromethane
(140 mL) was added to the flask via syringe followed by pyridine (7.1 mL, 7.1 g, 90 mmol)
and cyclopent-2-enol (134) (2.0 mL of crude, 2.8 g, 20 mmol, of alcohol). The reaction flask
was put in an ice bath and methyl chloroformate (7.1 mL, 8.5 g, 90 mmol) was added via
syringe. The reaction mixture turned a pale yellow to darker yellow and then a creamy
yellow. The reaction was taken off the ice after 1 h, and stirred at room temperature
overnight. The reaction mixture washed with saturated NaCl (150 mL) and the aqueous layer
was then extracted with ether (3 × 150 mL). The organic layers were combined and washed
with saturated sodium bicarbonate (150 mL) and dried over anhydrous Na2SO4. The solution
was gravity filtered and concentrated gently in vacuo. The residue was purified by column
chromatography (2.5 inch column, 10:1 pent:Et2O) to yield 138 (0.292 g, 2.05 mmol,
10.5%).
FTIR (neat NaCl): 3055 (sp2 C-H stretch), 2927 and 2853 (sp3 C-H stretch), 1744 (C=O
stretch), 1616 (C=C stretch), 1267, 1157, 1116, and 1066 (C-O stretch) cm-1.
1

H NMR (CDCl3, 300 MHz): δ 6.15 (m, 1H), 5.87 (m, 1H), 5.63 (m, 1H), 3.79 (s, 3H), 2.55
(m, 1H), 2.30 (m, 2H), 1.95 (m, 1H).
13

C NMR (CDCl3, 125 MHz): δ 138.5, 128.6, 84.2, 54.5, 31.0, 29.7.
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Preparation of Cyclohex-2-enylmethyl Carbonate (139)

Notebook reference HEDA081
A 250 mL flask with stir bar was put under argon and placed in an ice bath. Dry
CH2Cl2 (50 mL) was added to the flask followed by pyridine (2.5 mL, 2.4 g, 31 mmol) and 2cyclohexen-1-ol (1.0 mL, 1.0 g, 10 mmol). Methyl chloroformate (2.3 mL, 2.8 g, 30 mmol)
was then added via syringe and the reaction mixture turned darker orange and over time
lightened to yellow and gas formed. Eventually the bubbles subsided and the solution looked
mostly clear and the reaction was taken out of the ice bath. The reaction was monitored by
TLC. After 3.5 h and the reaction was not finished, so more methyl chloroformate (0.75 mL,
0.92 g, 9.7 mmol) was added and the reaction was stirred for 1.5 h more. The reaction
mixture was washed with saturated NaCl solution (50 mL). The aqueous layer was then
extracted with ether (3 × 50 mL) and the organic layers were combined and washed with
saturated NaHCO3 solution (50mL) and dried over anhydrous Na2SO4. The solution was
gravity filtered and concentrated in vacuo. The crude product was purified by column
chromatography (5:1 pent:Et2O) to give 139 (1.405 g, 8.996 mmol, 90.1%).
FTIR (ATR): 2956, 2922, and 2853 (sp3 C-H stretch), 1731 (C=O stretch), 1267, 1122, 1071
(C-O stretch), 721 (vinyl C-H oops) cm-1.
1

H NMR (CDCl3, 500 MHz): δ 5.99 (m, 1H), 5.77 (m, 1H), 5.12 (m, 1H), 3.80 (s, 3H), 1.86
(m, 6H).
13

C NMR (CDCl3, 125 MHz): δ 155.5, 133.4, 124.9, 71.9, 54.5, 28.2, 24.8, 18.5.
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General Procedure for Trost Reaction56
Preparation of (R)-1-(cyclopent-2-en-1-yloxy)-2,4-dimethylbenzene ((S)-3v)

Notebook reference HEDA103
A 25 mL round-bottom flask two neck flask was charged with Pd2(dba)3 (0.0043 g,
0.0047 mmol) and the Trost ligand57 (0.0172 g, 0.0249 mmol) and put under argon
atmosphere. The catalysts (0.25 mol %) were dissolved with dry CH2Cl2 (5 mL). Cyclopent2-en-1-yl methyl carbonate (0.292 g, 2.054 mmol) was added via syringe and the reaction
turned a pale green. The reaction was stirred for 25 min when 2,4-dimethylphenol (0.25 mL,
0.25 g, 2.1 mmol) was added via syringe and the reaction turned a bright yellow/green. The
reaction was stirred for 4 ½ h and the reaction mixture was stored in the freezer. The crude
product was purified by column chromatography (14:1 Hex:Et2O) to give (0.304 g, 1.48
mmol, 78.6%).
Enantiomers separated by GC on a Cyclosil-B column (140 °C for 10 min, increase 2 °C
/min to 160 °C; 1 mL/min flow rate): retention times: 19.5 and 20.4 min. 98% ee
FTIR (ATR): 3055 and 3010 (sp2 C-H stretch), 2923 and 2853 (sp3 C-H stretch), 1615 (C=C
stretch), 1501 and 1453 (ar C=C stretch), 1251, 1222, 1131 and 1040 (C-O stretch), 875 and
801 (ar oops), 729 (vinyl C-H oops) cm-1.

56
57

Trost, B.M.; Toste, F. D. J. Am. Chem. Soc. 1998, 120, 815-816.
CAS #138517-61-0, Strem Catalogue #15-0969. Strem Catalogue No. 22. 2008-2010
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1

H NMR (CDCl3, 300 MHz): δ 6.95 (m, 1H), 6.92 (m, 1H), 6.77 (m, 1H), 6.10 (m, 1H), 5.96
(m, 1H), 5.26 (m, 1H), 2.59 (m, 1H), 2.35 (m, 2H), 2.22 (s, 3H), 2.15 (s, 3H), 1.95 (m, 1H).
13

C NMR (CDCl3, 75 MHz): δ 154.4, 136.4, 131.6, 130.3, 129.3, 127.2, 126.8, 112.7, 83.5,
31.2, 30.4, 20.4, 16.4.
HRMS CI (NH3): Calculated for C13H20NO (M+NH4): 206.1545; Found: 206.1546.
Combustion: Calculated (%): C13H16O: C, 82.94; H, 8.57. Found: 83.20; H, 8.46
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Preparation of (R)-1-(cyclohex-2-en-1-yloxy)-2,4-dimethylbenzene ((S)-3w)

Notebook reference: HEDA083
A 25mL round-bottom flask was charged with Pd2dba3 (0.0066 g, 0.0072 mmol) and
the Trost ligand57 (0.0165 g, 0.0239 mmol) and put under argon. Dry CH2Cl2 (5.5 mL) was
added to the flask via syringe to dissolve the catalyst. The carbonate 139 (0.467 g, 2.99
mmol) was added via syringe and the solution turned from brown to dirty green and the
reaction stirred for 15 min. 2,4-dimethylphenol (0.37 mL, 3.0 mmol) was measured into a
small flask and the flask was sealed and flushed with argon. The phenol was drawn from the
flask via syringe and was added to the reaction mixture. The solution turned slightly yellow
and was stirred for 4.5 h and turned back to a green color. The reaction mixture was
concentrated in vacuo and stored in the freezer. The crude product was purified using
column chromatography (10:1 Hex:Ether) to give (S)-3w (0.541 g, 2.67 mmol, 89.1%).
Characterization data for (S)-3w match that of identical (racemic) structure formed
previously, notebook reference HEDA059.
Enantiomers separated by GC on a Cyclosil-B column (140 °C for 10 min, increase 2 °C
/min to 160 °C; 1 mL/min flow rate): retention times: 52.5 and 54.2 min: 94% ee
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General Gold(I) Catalyzed Claisen Rearrangement Procedure.
Claisen reaction of (3r)

Notebook reference HEDA041
A culture tube was charged with Ph3PAuCl (0.0248 g, 0.0501 mmol) and AgOTf
(0.0183 g, 0.0712 mmol) and put under argon. Dry and distilled1,2-DCE (4 mL) was added
via syringe and this was left to stir for 1 h. The substrate 3r was added and the reaction
stirred for 41 h when it was filtered through silica gel to yield a full conversion from starting
material to a complex mixture of products.
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Claisen Rearrangement of (S)-1-(cyclopent-2-en-1-yloxy)-2,4dimethylbenzene ((S)-3v)

Notebook reference HEDA105
This reaction followed the general gold(I) catalyzed Claisen rearrangement procedure
using (R)-1-(cyclopent-2-en-1-yloxy)-2,4-dimethylbenzene (0.122 g, 0.648 mmol),
Ph3PAuCl (0.0258 g, 0.0522 mmol), and AgOTf (0.0122 g, 0.0475 mmol) to give 61 (0.089
g, 0.48 mmol, 73%).
Enantiomers separated by GC on a Cyclosil-B column (140 °C for 10 min, increase 2 °C
/min to 160 °C; 1 mL/min flow rate): retention times: 35.9 and 37.2 min. 0% ee
FTIR (neat NaCl, cm-1): 3491 (O-H stretch), 3052 and 3008 (sp2 C-H stretch), 2925 and
2851 (sp3 C-H stretch), 1617 (cis C=C stretch), 1482 (ar C=C stretch), 1190 (C-O stretch),
858 (ar oops), 729 (cis C-H oops) cm-1.
1

H NMR (CDCl3, 300 MHz): δ 6.81 (s, 1H), 6.73 (m, 1H), 6.07 (dt, J = 7.6, 2.3, 1H), 5.89
(m, 1H), 5.15 (s, 1H), 3.95 (m, 1H), 2.50 (m, 3H), 2.20 (s, 3H), 2.19 (s, 3H), 1.80 (m, 1H).
13

C NMR (CDCl3, 75 MHz): δ 150.2, 134.4, 133.6, 129.6, 129.0, 126.0, 124.3, 47.7, 32.8,
31.3, 20.5, 15.8.
HRMS CI (NH3): Calculatedd for C13H20NO (M+NH4): 206.1545; Found: 206.1547.
Combustion: Calculated (%): C13H16O: C, 82.94; H, 8.57. Found: 82.91; H, 8.85.
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Claisen Rearrangement of 1-(cyclohex-2-en-1-yloxy)-2,4-dimethylbenzene
(3w)

Notebook reference HEDA061
The general procedure for the Claisen rearrangement was followed with Ph3PAuCl
(0.0532g, 0.108mmol), AgOTf (0.0263g, 0.102mmol), (R)-3w (0.2136 g, 1.056 mmol) to
give 62 as a yellow oil (0.183 g, 0.905 mmol, 85.6%).
FTIR (neat NaCl, cm-1): 3481 (O-H stretch), 3017 (sp2 C-H stretch), 2926 and 2857 (sp3 C-H
stretch), 1604 (cis C=C stretch), 1481 and 1447 (ar C=C stretch), 1299, 1247, 1211, 1188 and
1032 (C-O stretch), 855 (ar oops), 733 (cis C-H oops) cm-1.
1

H NMR (CDCl3, 500 MHz): δ 6.81 (s, 1H), 6.75 (s, 1H), 6.05 (m, 1H), 5.82 (m, 1H), 5.27
(s, 1H), 3.49 (m, 1H), 2.23 (s, 3H), 2.19 (s, 3H), 2.13 (m, 2H), 1.99 (m, 1H), 1.82 (m, 1H),
1.66 (m, 1H).
13

C NMR (CDCl3, 125 MHz): δ 150.1, 131.0, 130.0, 129.6, 129.1, 127.8, 124.4, 38.9, 29.9,
25.0, 21.7, 20.5, 15.9.
HRMS CI (NH3): Calculated for C14H22NO (M+NH4): 220.1701; Found: 220.1701.
Combustion: Calculated (%): C14H18O: C, 83.12; H, 8.97. Found: 82.93; H, 9.28.
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Claisen Rearrangement of (S)-1-(cyclohex-2-en-1-yloxy)-2,4dimethylbenzene ((S)-3w)

Notebook reference HEDA087
This reaction followed the general Claisen reaction procedure with (S)-1-(cyclohex-2en-1-yloxy)-2,4-dimethylbenzene ((S)-3w) (0.214 g, 1.06 mmol), Ph3PAuCl (0.0516 g, 0.104
mmol), and AgOTf (0.0269g, 1.05 mmol) to give racemic product 62 (0.184 g, 0.910 mmol,
86%). Characterization data for 62 match that of identical structure formed previously,
notebook reference HEDA061.
Enantiomers separated by GC on a Cyclosil-B column (140 °C for 10 min, increase 2 °C
/min to 160 °C; 1 mL/min flow rate): retention times: 52.5 and 54.2 min: 0% ee
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Preparation of (E)-1-chlorohex-2-ene (63)

Notebook reference HEDB163
A 50 mL 2 neck flask with a stir bar was charged with PPh3 (2.2866 g, 8.7178 mmol)
and put under argon. Dry CH2Cl2 (15.00 mL) was added via syringe and this was stirred.
The reaction flask was placed in an ice bath and E-2-hexen-1-ol (63) ((1.00 mL, 0.849 g,
8.48 mmol) was added via syringe. Hexachloroacetone (HCA) (2.50 mL, 3.61 g, 16.6 mmol)
was added dropwise and the reaction mixture turned yellow. The reaction was left to
gradually warm to rt overnight. The reaction was monitored by TLC and starting material
remained. More PPh3 (1.1417 g, 4.3528 mmol) was added and the reaction turned from light
clear yellow to a clear brown solution. After 30 min the reaction still contained starting
material so the reaction flask was put in an ice bath and more HCA (1.00 mL, 1.44 g, 6.58
mmol) was added. The mixture gradually warmed to rt and stirred over the weekend.
Despite starting material still appearing during TLC analysis, the reaction was worked up.
The reaction mixture was washed with 10% NaOH (40 mL) water (25 mL), saturated
bicarbonate solution (25 mL) and water (20 mL) and dried over anhydrous Na2SO4. The
reaction mixture was gravity filtered and concentrated in vacuo. Pentane was added to the
concentrated mixture and the flask was put in the freezer for one h. The brown oil on the
bottom of the flask was stirred with a glass stirring rod. The mixture was vacuum filtered
through silica gel and rinsed with 6:1 pent:Et2O. The eluent was concentrated in vacuo to
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yield a brown oil. The crude product was purified via column chromatography (6:1
pent:Et2O) to give 63 (0.812 g, 96%). IR spectrum indicated HCA was still present.
FTIR (ATR): 3176, 3014, 2958, 2932, 2874, 1785, 1748, 1616, 1578, 1071, 894, 833 cm-1.
1

H NMR (CDCl3, 300 MHz): δ 5.78 (dt, J = 15.0, 6.5, 1H), 5.61 (dt, J = 15.0, 7.0, 1H), 4.04
(d, J = 7.0, 2H), 2.04 (dt, J = 7.0, 7.0, 2H), 1.42 (tq, 7.6, 7.0, 2H), 0.91 (t, J = 7.6, 3H).
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Investigation of ionic intermediates

Notebook reference HEDB169, 171, 173
A culture tube with a stir bar was charged with AgOTf and PPh3AuCl and put under
argon. Dry 1,2-DCE (5 mL) was added via syringe and this was stirred for one h. 2,4Dimethylphenol (0.11 mL, 0.11 g, 0.91 mmol) was added to the culture tube via syringe
followed by 63 (0.11 mL, 0.098 g, 0.83 mmol) and this was stirred for 70 h being monitored
by TLC. The reaction mixture was then filtered through silica gel and rinsed with 6:1
hex:EtOAc and concentrated in vacuo.
Notebook
reference
HEDB169
HEDB171
HEDB173

Ag catalyst

Au catalyst

Yields

0.2146 g, 0.8352 mmol
0.2407 g, 0.9368 mmol
0.0209 g, 0.0813 mmol

NA
0.0428 g, 0.0865 mmol
0.0416 g, 0.0841 mmol

Trace 47c (perhaps a)
Trace 47a and c
Trace 47a and c
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Preparation of (E)-1-(hex-2-en-1-yloxy)-2,4-dimethylbenzene ((E)-3k)

Notebook reference: HEDA123
This reaction followed the general procedure for the Mitsunobu etherification with
PPh3 (2.7460g, 10.5 mmol), 2,4-Dimethylphenol (1.23 mL, 1.24 g, 10.2 mmol), (E)-2hexene-1-ol (1.20 mL, 1.02 g, 10.2 mmol), and DIAD (2.10 mL, 2.16 g, 10.7 mmol) The
reaction was stirred for 22 h and the crude product was purified by radial chromatography (6
mm rotor , 30:1 Hex:EtOAc) to give (E)-3k (1.581 g, 7.738 mmol, 76% yield).
IR: 3017, 2959, 2926, 2872, 1673, 1615, 1505, 1463, 1253, 1225, 1133, 1019, 969, 874 cm-1.
1

H NMR (500 MHz, CDCl3): δ 6.93 (br s, 1H), 6.91 (br d, J = 8.3, 1H), 6.71 (d, J = 8.3, 1H),
5.80 (m, 1H), 5.69 (m, 1H), 4.44 (dd, J = 6.0, 1.0, 2H), 2.24 (s, 3H), 2.08 (s, 3H), 2.05 (app
q, J = 7.3, 2H), 1.43 (sextet, J = 7.3, 2H), 0.91 (t, J = 7.3, 3H).
13

C NMR (125 MHz, CDCl3): δ 154.8, 134.3, 131.4, 129.4, 126.8, 126.7, 125.5, 111.6, 69.0,
34.4, 22.2, 20.4, 16.2, 13.6.
Combustion: Calculated (%): C14H20O: C, 82.30; H, 9.87. Found: 82.03; H, 9.57.
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Preparation of (Z)-1-(hex-2-en-1-yloxy)-2,4-dimethylbenzene ((Z)-3k)

Notebook reference: HEDA125
This reaction followed the general procedure for the Mitsunobu etherification with
PPh3 (2.7050 g, 10.3 mmol), 2,4-Dimethylphenol (1.25 mL, 1.26 g, 10.3 mmol), (Z)-2hexene-1-ol (1.15 mL, 0.976 g, 9.75 mmol), and DIAD (2.00 mL, 2.05 g, 10.2 mmol) The
reaction was run for 19 h and the crude product was purified by radial chromatography (4
mm rotor , 30:1 Hex:EtOAc) to give (Z)-3k (1.369g, 6.701 mmol, 68.72%).
IR: 3018, 2959, 2926, 2871, 1657, 1614, 1503, 1462, 1252, 1224, 1133, 1019, 874, 800 cm-1.
1

H NMR (500 MHz, CDCl3): δ 6.93 (br s, 1H), 6.91 (br d, J = 8.3, 1H), 6.70 (d, J = 8.3, 1H),
5.69 (m, 1H), 5.65 (m, 1H), 4.54 (d, J = 6.4, 2H), 2.24 (s, 3H), 2.19 (s, 3H), 2.09 (app q, J =
7.3, 2H), 1.42 (sextet, J = 7.3, 2H), 0.92 (t, J = 7.3, 3H).
13

C NMR (125 MHz, CDCl3): δ 154.8, 133.5, 131.5, 129.4, 126.8, 126.7, 125.5, 111.3, 64.3,
29.8, 22.6, 20.4, 16.1, 13.7.
Combustion: Calculated (%): C14H20O: C, 82.30; H, 9.87. Found: 81.95; H, 9.52.
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Claisen Rearrangement with (Z)- and (E)-1-(hex-2-en-1-yloxy)-2,4dimethylbenzene, ((Z)-, (E)-3k), with Gold(I) Catalyst

Notebook references HEDCA127, HEDCA129, HEDCA131, HEDCA133, HEDCA135,
HEDCA137, HEDCA139, HEDCA141, HEDCA HEDCA143, HEDCA145, HEDCA147,
HEDCA149, HEDCA151, HEDCA153,
General procedure for the gold(I) catalyst Claisen rearrangement:
A culture tube was charged with a gold and silver catalysts (10 mol%) and put under
argon atmosphere. Dry 1,2-DCE (5 mL) was added to the culture tube and the catalysts
were stirred for 1 h. The substrate (Z)- or (E)-3k (0.489 mmol) was added via syringe and
the reaction was stirred, monitored by TLC every 24 h. The reaction mixture was filtered
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through silica gel, rinsed with 4:1 hex:EtOAc and concentrated in vacuo. The crude product
was purified via radial chromatography (1 mm rotor, 19:1 hex:EtOAc).
3k
Z
E
Z
E
Z
E
Z
E
Z
E
Z
E
Z
E
Z
E

Subst
(g)
0.112
0.110
0.112
0.099
0.115
0.102
0.109
0.107
0.109
0.103
0.108
0.105
0.110
0.103
0.105
0.103

Au Cat.
66
66
65
65
68
68
PPh3AuCl
PPh3AuCl
PPh3AuCl
PPh3AuCl
PPh3AuCl
PPh3AuCl
PPh3AuCl
PPh3AuCl
PPh3AuCl
PPh3AuCl

Au
Cat. (g)
0.112
0.110
0.0357
0.0345
0.0357
0.0329
0.0243
0.0277
0.0300
0.0262
0.0238
0.0264
0.0266
0.0300
0.0286
0.0241

Ag Cat.

Ag Cat.
(g)
0
0
0.0128
0.0172
0.0164
0.0153
0.0136
0.0124
0.0136
0.0167
0.0171
0.0101
0.0150
0.0183
0.0146
0.0134

None
None
AgOTf
AgOTf
AgOTf
AgOTf
AgBF4
AgBF4
AgNTf2
AgNRf2
AgO2CCF3
AgO2CCF3
AgPF6
AgPF6
AgTs
AgTs

Time
(h)
240
240
167
167
144
114
117
117
118
65
240
240
237
237

%
conv.
0
0
28
46
66
28
65
83
39
100
0
0
28
32
0
0

% yielda
47a

47b

47c

8
31
51
16
(50)
(36)
37
(30)

trace
6
4
6
trace
5

trace
trace

trace
6

-

-

trace
(30)

*Yields in parentheses are based on integration of 1H NMR spectrum of the inseparable mixture of 47a and 47c.

47a, [3,3] rearrangement product:
FTIR (ATR): 3009 (sp2 C-H stretch), 2959, 2935, and 2874 (sp3 C-H stretch), 1617 (trans
C=C stetch), 1502 and 1458 (ar C=C stretch), 1250, 1223, 1132 (C-O stretch), 988 and 922
(vinyl C-H oops), 873 and 801 (ar oops) cm-1.
1

H NMR (CDCl3, 500 MHz): δ 6.94 (s, 1H) 6.88 (dd, J = 8.0, 2.0, 1H), 6.50 (d, J = 7.5, 1H),
5.85 (ddd, J = 17.0, 10.5, 6.0, 1H), 5.20 (dt, J = 17.0, 1.5, 1H), 5.15 (dt, J = 11.0, 1.5, 1H),
4.55 (dt, J = 6.0, 6.0, 1H), 2.24 (s, 3H), 2.21 (s, 3H), 1.78 (dddd, J = 13.5, 9.5, 7.0, 5.5, 1H),
1.64 (dddd, J = 13.7, 9.8, 5.9, 5.9, 1H), 1.47 (m, 2H), 0.94 (t, J = 7.5, 3H).
13

C NMR (CDCl3, 125 MHz): δ 154.3, 138.6, 131.4, 129.4, 127.2, 126.6, 115.8, 113.3, 78.8,
37.8, 20.4, 18.5, 16.4, 14.0.
HRMS (CI, NH3): Calculated for C14H24NO (M+NH4): 222.1858; Found: 220.1862.
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47c, [1,3] rearrangement product:
FTIR (ATR): 3503 (C-O stretch) 3011 (sp2 C-H stretch), 2957, 2925, and 2871 (sp3 C-H
stretch), 1604 (trans C=C stetch), 1484 (ar C=C stretch), 1192 and 1147 (C-O stretch), 974
(vinyl C-H oops), 856 (ar oops) cm-1.
1

H NMR (CDCl3, 500 MHz): δ 6.82 (s, 1H), 6.76 (s, 1H), 5.67 (dt, J = 15.1, 6.3, 1H), 5.59
(dt, J = 15.1, 6.3, 1H), 5.04 (s, 1H), 3.31 (d, J = 6.3, 2H), 2.22 (s, 3H), 2.20 (s, 3H), 2.02 (dt,
J = 7.3, 6.3, 2H), 1.40 (sextet, J = 7.3, 2H), 0.50 (t, J = 7.3, 3H).
13

C NMR (CDCl3, 125 MHz): δ 150.6, 133.1, 129.8, 129.3, 128.3, 128.1, 124.8, 124.3, 34.9,
34.5, 22.4, 20.4, 15.8, 13.7.
HRMS (CI, NH3): Calculated for C14H20O (M+NH4): 222.1858. Found: 222.1850.
Combustion: Calculated (%): C14H20O: C, 82.30; H, 9.87. Found: C, 82.23; H, 9.35.
47b, Iso [1,3] rearrangement product:
FTIR (ATR): 3395 (C-O stretch) 3012 (sp2 C-H stretch), 2957, 2926, and 2871 (sp3 C-H
stretch), 1621 (trans C=C stetch), 1503, 1462, and 1405 (ar C=C stretch), 1275 and 1196 (CO stretch), 967 (vinyl C-H oops), 908, 877 (ar oops) cm-1.
1

H NMR (CDCl3, 500 MHz): δ 6.88 (s, 1H), 6.57 (s, 1H), 5.45 (m 2H), 4.42 (s, 1H), 3.20(d,
J =6.4 2H), 2.18 (s, 3H), 2.17 (s, 3H), 1.98 (dt, J = 6.9, 6.9, 2H), 1.37 (sextet, J = 7.3, 2H),
0.88 (t, J = 7.3, 3H).
13

C NMR (CDCl3, 125 MHz): δ 151.7, 137.9, 132.5, 131.7, 128.1, 127.9, 120.8, 115.5, 36.2,
34.6, 22.6, 18.2, 15.2, 13.7.
HRMS (CI, NH3): Calculated for C14H20O + NH4+: 222.1858. Found: 222.1860.
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Claisen Rearrangements of (Z)- (E)-1-(hex-2-en-1-yloxy)-2,4dimethylbenzene, ((Z)- ,(E)-3k), with Gold(III) Catalyst

Notebook reference HEDB223, HEDB225
General procedure for the gold(III) catalyst Claisen rearrangement:
A culture tube with a stir bar was charged with AgCl3 and AgOTf and put under
argon. Dry 1,2-DCE was added via syringe and this was stirred for 1.5 h. At this point the
allyl aryl ether (Z)- or (E)-3k was added via syringe. The reaction was stopped after 47 h,
filtered through silica gel, rinsed with 6:1 hex:EtoAc and concentrated in vacuo. The crude
product was purified via radial chromatography (1 mm rotor, 19:1 hex:EtOAc).
Characterization data for 47a, 47b, and 47c match that of identical structures formed
previously.
3k
E
Z

Subst.
(g, mmol)
0.098 g,
0.48 mmol
0.097 g,
0.48 mmol

AgOTf
(g, mmol)
0.0375 g,
0.146 mmol
0.0375 g,
0.146 mmol

AuCl3
(g, mmol)
0.0161 g
0.0531 mmol
0.0162 g
0.0534 mmol

%Conversion
100
100

% yield
47a
47b
47c
(25)
24
(8)
44

8

-

*Yields in parentheses are based on integration of 1H NMR spectrum of the inseparable mixture of 47a and 47c.
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Claisen Rearrangements of (Z)- (E)-1-(hex-2-en-1-yloxy)-2,4dimethylbenzene, (Z-,E-3k), with Lewis Acid Catalysts

Notebook reference HEDA159, HEDB007, HEDB013, HEDB015
General procedure for Lewis acid catalyzed Claisen rearrangment:
A 25 mL 2 neck flask with a stir bar was put under argon atmosphere. The substrate
(Z)- or (E)-3k was added (0.489 mmol) followed by dry 1,2-DCE (5 mL) and this was
stirred. The flask was then placed in a dry ice bath and the Lewis acid (1.1 equiv.) was then
added dropwise via syringe. The reaction was stirred in the dry ice bath and then gradually
warmed to rt. The reaction mixture was diluted with ether (30 mL) and washed with
saturated NH4Cl solution (50 mL). The aqueous layer was extracted with ether (2 × 30 mL)
and the organic layers were combined and washed with saturated bicarbonate solution (3 ×
30 mL) brine (3 × 30 mL), and dried over anhydrous MgSO4. The crude mixture was then
gravity filtered, concentrated in vacuo and purified via radial chromatography (1 mm rotor,
9:1 hex:EtOAc). Characterization data for 47a, 47b, and 47c match that of identical
structures formed previously
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3k
Z
E
Z
E

Subst.
(g)
0.104
0.102
0.066
0.1047

Lewis Acid

LA (mmol)

1M Et2AlCl
1M Et2AlCl
1M BCl3
1M BCl3

0.50
0.50
0.50
0.50

Time
(h)
7.5
7.5
2
2.25

% conversion
100
100
100
100

% yield
47a 47b 47c
(46) 10 (6)
14
10
trace 10
5
trace 32 23

*Yields in parentheses are based on integration of 1H NMR spectrum of the inseparable mixture of 47a and 47c.
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Preparation of 1-(hex-1-en-3-yloxy)-2,4-dimethylbenzene (3x)

Notebook reference HEDB195
This reaction followed the general Mitsunobu etherification procedure using PPh3
(1.1398 g, 4.316 mmol), 2,4-dimethylphenol (0.50 mL, 0.50 g, 4.2 mmol), 1-hexen-3-ol (0.48
mL, 0.40 g, 4.0 mmol) and DIAD (0.83 mL, 0.85 g, 4.2 mmol) and the reaction had stirred
for about 38 h. The crude product was purified via radial chromatography (4 mm rotor and
30:1 Hex:EtOAc) and re-purification (2 mm rotor, hexanes) to give 3x (0.2564 g, 1.255
mmol, 31%).
FTIR (ATR): 3009 (sp2 C-H stretch), 2959, 2935, 2874 (sp3 C-H stetch), 1617 (trans C=C
stretch), 1502, 1458 (Ar C=C stretch), 1250, 1223, 1132 (C-O stretch), 988, 922 (monosubstituted Ar C-H oops), 873, 801 (1, 2, 4 substituted Ar C-H oops).
1

H NMR (CDCl3, 500 MHz): δ 6.94 (s, 1H), 6.88 (dd, J = 8.0, 2.0, 1H), 6.50 (d, J = 7.5, 1H),
5.85 (ddd, J = 17.0, 10.5, 6.0, 1H), 5.20 (dt, J = 17.0, 1.5, 1H), 5.15 (dt, J = 11.0, 1.5, 1H),
2.24 (s, 3H), 2.21 (s, 3H), 1.78 (dddd, J = 5.5, 7.0, 9.5, 13.5, 1H), 1.64 (dddd, J = 5.9, 5.9,
9.8, 13.7, 1H), 1.47 (m, 2H), 0.94 (t, J = 7.5, 3H).
13

C NMR (CDCl3, 125 MHz): 154.3, 138.6, 131.4, 129.4, 127.2, 126.6, 115.8, 113.3, 78.8,
37.8, 20.4, 18.5, 16.4, 14.0.
HRMS (CI, NH3): Calculated for C14H20O + NH4+: 222.1858. Found: 222.1850.
Combustion: Calculated (%): C14H20O: C, 82.30; H, 9.87. Found: C, 81.99; H, 8.65.

89

Claisen Rearrangement NMR Studies with 1-(hex-1-en-3-yloxy)-2,4dimethylbenzene (3x)

Notebook reference HEDC079
An NMR tube was charged with Ph3PAuCl (0.0200 g, 0.0404 mmol) and AgOTf
(0.0104 g, 0.0404 mmol) and put under argon. Degassed CDCl3 was added to the NMR tube
via syringe and a 31P NMR spectrum was taken after 20 min. A separate NMR tube under
argon containing only Ph3PAuCl in degassed CDCl3 and a 31P NMR was taken. The 31P
spectra of the catalyst mixture and PhP3AuCl were compared and the catalyst mixture
showed no presence of Ph3PAuCl which indicated complete conversion to Ph3PAuOTf. The
branched allyl aryl ether, 3x, (0.0086 g, 0.042 mmol) was put under argon and diluted with
degassed CDCl3 and was added to the catalyst mixture via syringe. 31P and 1H NMR spectra
were taken at 5 min, 20 min, 1.3 h, and 6.5 h and 1H NMR analysis indicated no product
formation. After 18 h 1H NMR spectra indicated complete conversion to 47c.
Characterization data for 47c match that of identical structure formed previously.
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31

P NMR Sample
PPh3AuCl
PPh3AuOTf
PPh3AuOTf
Rxn
Rxn
Rxn
Rxn
Rxn

time
start
20 min
3h
5 min
20 min
1 hr 20 min
6.5 h
18 h

Prominent 31P peak(s) ppm
33.1
29.8
29.4
29.1
29.1
45.0, 28.7
45.0, 28.6
45.0, 29.8

Notebook reference HEDC087
The above experiment was repeated with a few alterations. The reactions were done
in air using a H3PO4 31P reference. Two reactions were performed simultaneously; one
reaction was kept in ambient light and the other was kept in the dark by covering the NMR
tube in aluminum foil. Both reactions showed no product formation after 5.5 h but had
complete conversion to 47c after 16.5 h.
31

P NMR Sample
PPh3AuCl
PPh3AuOTf lighta
PPh3AuOTf lighta
PPh3AuOTf lighta
PPh3AuOTf darkb
PPh3AuOTf lighta
PPh3AuOTf darkb
Rxn lighta
Rxn darkb
Rxn lighta
Rxn darkb
Rxn lighta
Rxn darkb

a
b

time
10 min
50 min
2h
2h
5.5 h
5.5h
20 min
20 min
5.25 h
5.25 h
16.5 h
16.5 h

Results from the reaction kept in ambient light.
Results from the reaction kept in the dark.
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Prominent peak(s) ppm
33.8
32.4, 20.0
30.3, 22.1
29.7, 22.7
30.7, 21.8
29.3, 23.0
29.7, 22.7
28.9, 23.7
29.3, 23.4
45.6, 28.9, 23.7
45.6, 28.4, 23.9
30.2
29.7

Notebook reference HEDCO97
The above was repeated a third time with a few alterations. The reaction was done in
air and its progress was monitored by NMR analysis every h for 13 h. Slight product
formation was seen after 6 h and the reaction components were predominantly starting
material after 13 h. The reaction was analyzed after 21 h and full conversion to product was
observed. After 24 h, 1 equiv. starting material 3x was added to the reaction mixture. The
reaction was monitored my NMR analysis every hour for 13 h and full conversion to product
was observed after 1 h. The reaction mixture was removed from the NMR tube and the tube
was subsequently rinsed with CDCl3 and refilled with fresh CDCl3 and 3x. The reaction was
monitored by NMR analysis every 30 min. Immediate product formation was observed and
complete conversion to 47c took place in 1.5 h.
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Preparation of (E)-ethyl 6-hydroxyhex-4-enoate (70c)

Notebook reference HEDB183
A 2 neck 50 mL round-bottom flask was charged with Grubbs’ 2G catalyst58 (0.1319
g, 0.1554 mmol) and put under argon. Dry CH2Cl2 (20 mL) was added via syringe followed
by (Z)-2-butene-1,4-diol (1.35 mL, 1.44 g, 16.4 mmol) and 69c (0.60 mL, 0354 g, 4.2 mmol).
This was stirred at rt, monitored by TLC. After 28 h, more diol (1.32 mL, 1.41 g, 16.0
mmol) was added and the reaction stirred overnight. At this point the reaction mixture was
concentrated in vacuo. The crude product was purified via column chromatography (1 ¾”
wide, 12” long column,1:2 hex:EtOAc) to give 70c (0.3987 g, 2.520 mmol, 60%).
FTIR (ATR): 3388 (O-H stretch), 2982, 2919 and 2871 (sp3 C-H stretch), 1731 (C=O
stretch), 1642 (C=C stretch), 1446, 1420 and 1372 (CH3 bending), 1252, 1160, 1095 and
1035 (C-O stretch), 971 (trans C-H oops).
1

H NMR (CDCl3, 300 MHz): δ 5.70 (m, 2H), 4.12 (m, 4H), 2.40 (m, 4H), 1.26 (t, J = 7.0,
3H).
13

C NMR (CDCl3, 125 MHz): δ 173.0, 130.6, 130.1, 63.4, 60.4, 33.8, 27.4, 14.2.

58

CAS #246047-72-3, Aldrich #569747. Aldrich 2005-2006
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Preparation of (E)-7-hydroxyhept-5-en-2-one (70a)

Notebook reference HED187
A 2 neck 50 mL round-bottom flask was charged with Grubbs’ 2G catalyst58 (0.1629
g, 0.1920 mmol) and put under argon. CH2Cl2 (20 mL) was added via syringe followed by
(Z)-2-butene-1,4-diol (1.65 mL, 1.77 g, 20.0 mmol) and 69a (0.60 mL, 0.51 g, 5.2 mmol).
This mixture was stirred at rt, monitored by TLC. After 21 h 69a seemed to have diminished
so the reaction mixture was concentrated in vacuo. The crude product was purified via
column chromatography (1 ¾” wide, 12” long column and 1:2 hex:EtOAc) to give 70a
(0.5099 g, 3.978 mmol, 77%).
FTIR (ATR): 3393 (O-H stretch) 3005 (sp2 C-H stretch), 2920, 2862 (sp3 C-H stretch), 1706
(C=O stetch), 1636 (trans C=C stretch) 1410, 1361 (CH3 bending), 1230, 1163, 1086, 1002
(C-O stretch), 971 (trans C-H oops) cm-1.
1

H NMR (CDCl3, 300 MHz): δ 5.68 (m, 2H), 4.09 (d, J = 3.5, 2H), 2.54 (t, J = 7.0, 2H), 2.33
(m, 2H), 2.15 (s, 3H).
13

C NMR (CDCl3, 125 MHz): δ 208.2, 130.9, 129.9, 63.4, 42.8, 29.9, 26.2.
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Preparation of (E)-6-hydroxyhex-4-enenitrile (70b)

Notebook reference HEDB203
A 50 mL 2 neck flask with a stir bar was charged with Grubbs’ 2G catalyst58 (0.2119
g, 0.2496 mmol) and put under argon. Dry CH2Cl2 (20 mL) was added via syringe. This was
stirred and (Z)-2-butene-1,4-diol (2.00 mL, 2.14 g, 24.3 mmol) and 69b (0.60 mL, 0.50 g, 6.2
mmol) were added via syringe. The reaction was stirred at rt. After 52 h and the reaction
mixture was concentrated in vacuo. The crude product was purified via column
chromatography (1 ¾” wide, 12” long column,1:2 hex:EtOAc) to give 70b (0.5433 g, 4.888
mmol, 79%).
FTIR (ATR): 3396 (O-H stretch), 2999 (sp2 C-H stretch), 2925 and 2858 (sp3 C-H stretch),
2246 (C≡N stretch), 1641 (C=C stretch), 1444 and 1426 (CH2 bending), 1085 (C-O stretch),
967 (trans C-H stretch) cm-1.
1

H NMR (CDCl3, 300 MHz): δ 5.80 (dtd, J = 15.6, 5.4, 0.97, 1H), 5.71 (dtd, J = 15.6, 6.4,
0.97, 1H), 4.14 (d, J = 5.4, 2H), 2.42 (m, 4H), 2.09 (br s, 1H).
13

C NMR (CDCl3, 125 MHz): δ 132.4, 127.2, 119.2, 62.8, 27.8, 17.2.
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Preparation of (E)-ethyl 6-(2,4-dimethylphenoxy)hex-4-enoate (3aa)

Notebook reference HEDB191
This reaction followed the general Mitsunobu etherification procedure using PPh3
(0.7052 g, 2.689 mmol), 2,4-dimethylphenol (0.32 mL, 0.32 g, 2.7 mmol), 70c (0.367 g,
2.32 mmol), and DIAD ( 0.52 mL, 0.53 g, 2.7 mmol). The reaction was stirred for 13 h and
the The crude product was purified via radial chromatography (2 mm rotor and 6:1
Hex:EtOAc) to give 3aa (0.3217 g, 1.226 mmol, 53%).
FTIR (ATR): 3011 (sp2 C-H stretch), 2981, 2920 and 2862 (sp3 C-H stretch), 1733 (C=O
stetch), 1614 (trans C=C stretch), 1503, 1462 and 1444 (Ar C=C stretch), 1252, 1223, 1160
and 1133 (C-O stretch), 970 (trans C-H oops), 875 and 801 (1,2,4 substituted Ar C-H oops)
cm-1.
1

H NMR (CDCl3, 300 MHz): δ 6.94 (s, 1H), 6.91 (d, J = 7.8, 1H), 6.69 (d, J = 7.8, 1H), 5.82
(m, 1H), 5.75 (m, 1H), 4.45 (d, J = 4.9, 2H), 4.13 (q, J = 7.3, 2H), 2.43 (m, 4H), 2.24 (s, 3H),
2.20 (s, 3H), 1.25 (t, J = 7.3, 3H).
13

C NMR (CDCl3, 125 MHz): δ 172.9, 154.7, 131.8, 131.51, 131.48, 129.6, 126.8, 126.70,
126.68, 68.6, 60.4, 33.7, 27.6, 20.4, 16.2, 14.2.
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Preparation of (E)-ethyl 6-(2,4,6-dimethylphenoxy)hex-4-enoate (3ab)

Notebook reference HEDB231
This reaction followed the general Mitsunobu etherification procedure using PPh3
(0.3506 g, 1.337 mmol), 2,4,6-trimethylphenol (0.1854 g, 1.361mmol) 70c (0.203 g, 1.28
mmol), and DIAD (0.26 mL, 0.27 g, 1.3 mmol). The reaction was stirred for 21 h and the
crude product was purified via radial chromatography (2 mm rotor and 6:1 hex:EtOAc) to
give (0.1701 g, 0.6155 mmol, 48%).
FTIR (ATR): 2979, 2919, 2859 (C-H stretch), 1734 (C=O stretch), 1674 (trans C=C stretch),
1482, 1445 (Ar C=C stretch), 1372, 1348, 1307, 1211, 1160, 1147, 1037 (C-O stretch), 990,
853 (Ar C-H oops), 971 (trans C-H oops) cm-1.
1

H NMR (CDCl3, 300 MHz): δ 6.82 (s, 2H), 5.82 (m, 2H), 4.22 (m, 2H), 4.15 (q, J = 7.0,
2H), 2.43 (s, 3H), 2.23 (m, 10H), 1.26 (t, J = 7.3, 3H).
13

C NMR (CDCl3, 75 MHz): δ 173.0, 153.6, 133.0, 132.4, 130.6, 129.3, 127.0, 72.8, 60.4,
33.6, 27.5, 20.6, 16.3, 14.2.
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Preparation of (E)-ethyl 6-(2,6-dimethylphenoxy)hex-4-enoate (3ac)

Notebook reference HEDB253
This reaction followed the general Mitsunobu etherification procedure using PPh3
(0.3492 g, 1.3331 mol) and 2,6-dimethylphenol (0.1643 g, 1.345 mmol), 70c (0.199 g, 1.26
mmol), and DIAD (0.26 mL, 0.27 g, 1.3 mmol). The reaction was stirred for 21 h and the
crude product was purified via radial chromatography (2 mm rotor and 12:1 hex:EtOAc) to
give 3ac (0.1935 g, 0.7375 mmol, 58.6%).
FTIR (ATR): 3020 (sp2 C-H stretch), 2981, 2925 and 2860 (sp3 C-H stretch), 1733 (C=O
stretch), 1672 (trans C=C stretch), 1592, 1476 and 1445 (Ar C=C stretch), 1373, 1263, 1197,
1162, 1092 and 1037 (C-O stretch), 971 (trans C-H oops), 769 (1,2,3 substituted Ar C-H
oops) cm-1.
1

H NMR (CDCl3, 300 MHz): δ 7.01 (m, 2H), 6.91 (m, 1H), 5.81 (m, 2H), 4.25 (m, 2H), 4.15
(q, J = 7.0, 2H), 2.43 (m, 4H), 2.27 (s, 6H), 1.26 (t, J = 7.0, 3H).
13

C NMR (CDCl3, 75 MHz): δ 172.9, 155.9, 132.5, 131.0, 128.7, 127.0, 123.7, 72.7, 60.4,
33.6, 27.5, 16.4, 14.2.
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Preparation of (E)-7-(2,4-dimethylphenoxy)hept-5-en-2-one (3y)

Notebook reference HEDB193
This reaction followed the general Mitsunobu etherification procedure using PPh3
(1.0708 g, 4.083 mmol), 2,4-dimethylphenol (0.50 mL, 0.50 g, 4.1 mmol) and 70a (0.463 g,
3.61 mmol), and DIAD (0.81 mL, 0.83 g, 4.1 mmol). The reaction was stirred for 13 h and
the the crude product was purified via radial chromatography (2 mm rotor and 6:1
hex:EtOAc) to give 3y (0.2733 g, 1.176 mmol, 32.6%).
FTIR (ATR): 3011 (sp2 C-H stretch), 2920 and 2860 (sp3 C-H stretch), 1716 (C=O stretch),
1614 (C=C stretch), 1503, 1461 and 1438 (Ar C=C stretch), 1252, 1224, 1161 and 1133 (C-O
stretch), 969 (trans C-H oops), 875 and 803 (1,2,4 substituted Ar C-H oops) cm-1.
1

H NMR (CDCl3, 300 MHz): δ 6.94 (s, 1H), 6.91 (d, J = 8.3, 1H) 6.69 (d, J = 8.3, 1H),
5.81(m, 1H), 5.73 (m, 1H), 4.43 (dd, J = 5.4, 1.0, 2H), 2.55 (t, J = 7.3, 2H), 2.36 (qd, J = 7.3,
1.0, 2H), 2.25 (s, 3H), 2.20 (s, 3H), 2.15 (s, 3H).
13

C NMR (CDCl3, 125 MHz): δ 208.0, 154.7, 132.2, 131.5, 129.6, 126.8, 126.7, 126.4,
111.6, 68.7, 42.8, 30.0, 26.4, 20.4, 16.2.
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Preparation of (E)-6-(2,4-dimethylphenoxy)hex-4-enenitrile (3z)

Notebook reference HEDB205
This reaction followed the general Mitsunobu etherification procedure using PPh3
(1.2563 g, 4.7897 mmol), 2,4-dimethylphenol (0.57 mL, 0.57 g, 4.7 mmol), 70b (0.49 mL,
0.49 g, 4.4 mmol), and DIAD (0.93 mL, 0.96 g, 4.7 mmol). The reaction stirred for 3 h and
the crude product was purified via radial chromatography (4 mm rotor and 6:1 hex:EtOAc) to
give 3z (0.2444 g, 1.135 mmol, 26 %).
FTIR (ATR): 3016 (sp2 C-H stretch), 2921 and 2859 (sp3 C-H stretch), 2245 (C≡N stretch),
1613 (trans C=C stretch), 1502 (Ar C=C stretch), 1459 (CH2 bending), 1439 and 1380 (CH3
bending), 1252, 1224, 1133 and 1014 (C-O stretch) 969 (trans C-H oops), 803 (Ar C-H oops)
cm-1.
1

H NMR (CDCl3, 300 MHz): δ 6.95 (s, 1H), 6.93 (dd, J = 7.8, 2.0, 1H), 6.70 (d, J = 7.8, 1H),
5.85 (m, 2H), 4.50 (d, J = 3.9, 2H), 2.46 (m, 4H), 2.26 (s, 3H), 2.21 (s, 3H).
13

C NMR (CDCl3, 125 MHz): δ 154.5, 131.6, 129.8, 129.0, 128.7, 126.9, 126.7, 119.1,
111.4, 68.0, 28.1, 20.4, 17.2, 16.2.
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Gold(I)-Catalyzed Reaction of (E)-ethyl 6-(2,4-dimethylphenoxy)hex-4enoate (3aa)

Notebook reference HEDB197
This reaction follows the general procedure A culture tube with a stir bar was charged
with AgOTf (0.0111 g, 0.0432 mmol) and PPh3AuCl (0.0191 g, 0.0386 mmol) and put under
argon. Dry, 1,2-DCE (5 mL) was added via syringe and this was stirred for 1.5 h. The ether
starting material (0.103 g, 0.393 mmol) was added via syringe, and the mixture stirred. After
118 h the reaction mixture was filtered through silica gel and rinsed with 6:1 hex:EtOAc.
The filtrate was concentrated in vacuo. The crude product mixture was mostly 3aa by NMR
with trace amounts of rearranged product 74a. The crude product was purified via radial
chromatography (1 mm rotor, 6:1 hex:EtOAc). Mostly starting material was recovered 3aa
(0.0498 g, 0.190 mmol, 48.4%). The reaction products included [3,3] rearrangement product
74a (0.0111 g, 10.8%), 2,4-dimethylphenol 58 (.0200 g, 0.164 mmol, 42.9%) and trace
amounts of lactone 76. (Yields of 74a and 58 were determined based on integration of 1H
NMR spectra)
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Lactone 76, reference HEDB257F3/HEDB285F3/HEDB209:
FTIR (ATR): 2930 (C-H stretch), 1774 (C=O stretch), 1300 and 1176 (C-O stretch) 978 and
907 (vinyl C-H stretch) cm-1.
1

H NMR (CDCl3, 300 MHz): δ 5.90 (ddd, J = 17.0, 10.6, 5.9, 1H), 5.38 (ddd, J = 17.0, 1.2,
1.2, 1H), 5.27 (ddd, J = 10.6, 1.2, 1.2, 1H), 4.95 (ddddd, J = 7.3, 7.3, 5.9, 1.2, 1.2, 1H), 2.55
(m, 2H), 2.43 (ddd, J = 12.7, 7.8, 6.8, 1H), 2.02 (ddd, J = 12.7, 8.5, 8.5, 1H).
13

C NMR (CDCl3, 75 MHz): δ 135.5, 117.5, 80.5, 42.6, 28.3, 28.2.
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Gold(I)-Catalyzed Reaction of (E)-ethyl 6-(2,4,6-dimethylphenoxy)hex-4enoate (3ab)

Notebook reference HEDB255
A culture tube with a stir bar was charged with AgOTf (0.0097 g, 0.038 mmol) and
PPh3AuCl (0.0184 g, 0.037 mmol) and put under argon. Dry, 1,2-DCE (5 mL) was added to
the culture tube via syringe and this was stirred for 1 h. At this point the ester 3ab (0.098g,
0.355 mmol) was added via syringe. The reaction stirred for 94 h and the reaction mixture
was filtered through silica gel and rinsed with 6:1 and 3:1 hex:EtOAc solvent and the filtrate
was concentrated in vacuo. The crude product was purified via radial chromatography (1
mm rotor, gradient solvent from 6:1 to 3:1 hex:EtOAc). Mostly starting material was
recovered (0.0660 g, 67.3%) along with the 2,4,6-trimehtylphenol 88 (.0101 g, 0.0735 mmol,
20.7%), the lactone 67 (0.0049 g, .0437 mmol, 12%), and trace amounts of (E) and (Z)-1,3
rearranged product 45b. Characterization data for 67 match that of identical structures
formed previously, notebook reference HEDB197.
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Gold(I)-Catalyzed Reaction of (E)-ethyl 6-(2,6-dimethylphenoxy)hex-4enoate (3ac)

Notebook reference HEDB257
A culture tube with a stir bar was charged with AgOTf (0.0100 g, 0.039 mmol) and
PPh3AuCl (0.0188 g, 0.038 mmol) and put under argon. Dry, 1,2-DCE (5 mL) was added to
the culture tube via syringe and this was stirred for 1 h 20 min. At this point the ester starting
material 3ac (0.100g, 0.381 mmol) was added via syringe. The reaction stirred for 94 h and
the reaction mixture was filtered through silica gel and rinsed with 3:1 hex:EtOAc solvent
and the filtrate was concentrated in vacuo. The crude product was purified via radial
chromatography (1 mm rotor, gradient solvent from 6:1 to 3:1 hex:EtOAc) to give mostly
starting material 3ac along with the 2,6-dimthylphenol (78) (0.0745 g combined recovery),
67 (0.006 g, 0.0535 mmol, 14.0%) and trace amounts of (E) and (Z) 1,3 rearranged product.
Characterization data for 67 match that of identical structures formed previously, notebook
reference HEDB197.
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Preparation of (E)-6-(2,6-dimethylphenoxy)hex-4-enoic acid (3ad)

Notebook reference HEDB279
THF (3 mL) was added to a flask containing (E)-ethyl 6-(2,6-dimethylphenoxy)-4hexenoate (0.0841 g, 0.3206 mmol) prepared from HEDB253 followed by 2 equivalents
LiOH∙H2O (0.0269 g, 0.641 mmol). H2O (1.5 mL) was added to the flask until the
LiOH∙H2O was dissolved and this mixture stirred. The reaction was monitored by TLC and
at 3 h only trace amounts of 3ac remained. A solution of 10% HCl was added to the reaction
flask dropwise until the mixture was acidic. The reaction was then diluted with 10% mL DI
water and extracted with CH2Cl2 (3 × 25 mL) and dried over anhydrous Na2SO4. This was
concentrated in vacuo. The reaction was purified through silica gel using 3:1 hex:EtOAc
solvent to give mostly pure 3ad (0.0636 g, 85%). Some starting material remained mixed
with the product.
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Gold(I)-Catalyzed Reaction of (E)-6-(2,6-dimethylphenoxy)hex-4-enoic
acid (3ad)

Notebook reference HEDB285
A culture tube with stir bar was charged with AgOTf (0.0087 g, 0.034 mmol) and
PPh3AuCl (0.0150g, 0.0303 mmol) and put under argon. Dry, 1,2-DCE (4 mL) was added to
the culture tube via syringe and this was stirred for 1 h. A flask containing the allyl aryl ether
3ad (0.0636 g, 0.271 mmol) was put under argon and the catalyst mixture was added via
syringe and the reaction was left to stir at room temperature for 64 h and it was a dark green
color. The reaction mixture was filtered through silica gel and concentrated in vacuo. The
residue was purified via radial chromatography (1 mm rotor, 3:1 hex:EtOAc) to give
recovered 3ad (0.0132 g, 0.056 mmol, 21%), lactone 76 mixed with trace Ph3P=O (0.0336 g,
0.300 mmol, >100%) and 2,6-dimethylphenol 78 (0.0104 g, 0.104 mmol, 38 %).
Characterization data for 67 match that of identical structures formed previously, notebook
reference HEDB197.
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Gold(I) Catalyzed Claisen Rearrangement of (E)-7-(2,4dimethylphenoxy)hept-5-en-2-one (3y)

Notebook reference HEDB199
A culture tube with stir bar was charged with AgOTf (0.0114 g, 0.0444 mmol) and
PPh3AuCl (0.0232 g, 0.0469 mmol) and put under argon. Dry, 1,2-DCE (5 mL) was added
via syringe and this was stirred for 2 h. The ether 3y (0.108 g, 0.465 mmol) was added via
syringe. After 118 h of stirring the reaction mixture was filtered through silica gel, rinsed
with 6:1 hex:EtOAc and concentrated in vacuo. The crude product mixture was mostly 3y by
NMR with trace amounts of rearranged product. The crude product was purified via radial
chromatography (1 mm rotor, 6:1 hex:EtOAc) to give [3,3] rearrangement product 72a
(0.0084 g, 0.036 mmol 7.8%) along with 2,4-dimethylphenol (58) (0.0129 g, 0.106 mmol,
22.3%).
FTIR (ATR): 3372, 3076, 3007, 2922, 2860, 1776, 1701, 1481, 1224, 1173, 1149, 995, 915,
857 cm-1.
1

H NMR (CDCl3, 500 MHz): δ 6.84 (s, 1H), 6.72 (s, 1H), 6.45 (s, 1H), 5.98 (ddd, J = 17.6,
10.3, 7.3, 1H), 5.20 (ddd, J = 10.3, 1.5, 1.5, 1H) 5.14 (ddd, J = 17.6, 1.5, 1.5, 1H), 3.43 (ddd,
J = 7.3, 7.3, 7.3, 1H), 2.54 (m, 2H), 2.24 (s, 3H), 2.22 (s, 3H), 2.17 (s, 3H), 1.97 (dddd, J =
14.2, 8.8, 5.9, 5.9, 1H), 1.80 (dddd, J = 14.2, 9.3, 5.9, 5.9, 1H).
13

C NMR (CDCl3, 75 MHz): δ 207.0, 139.7, 129.7, 129.3, 128.8, 128.4, 125.4, 124.8, 115.8,
42.0, 40.8, 30.1, 27.6, 20.6, 16.2.

108

Gold(III) Reaction Conditions with (E)-ethyl 6-(2,4-dimethylphenoxy)hex4-enoate (3aa)

Notebook reference HEDB209
A culture tube with stir bar was charged with AuCl3 (0.0145 g, 0.0478 mmol) and
AgOTf (0.0294 g, 0.0114 mmol) and put under argon. Dry, 1,2-DCE (5.0 mL) was added via
syringe and this was stirred for 1.5 h. 3aa (0.101g, 0.385 mmol) was added via syringe and
the reaction mixture turned from the brown catalyst mixture to a wine purple/red solution.
The reaction stirred for 2 h, monitored by TLC. The reaction mixture was filtered through
silica gel, rinsed with 6:1 Hex:EtOAc solvent and concentrated in vacuo. The product was
purified via radial chromatography (1 mm rotor, gradient solvent from 9:1 to 6:1 to 3:1
Hex:EtOAc) to give recovered 3aa (0.0042 mg, 0.016 mmol, 4.2%), a mixture of
rearrangement products 74a and 74c as well as 58 [relative amounts determined by 1H NMR
integration: 74a (0.0137, 0.0523 mmol, 14%), 74c (.0137 g, 0.0523 mmol, 9.8%), 58 (0.0139
g, 0.117 mmol, 31%)], 74b (0.0042 g, 0.016 mmol, 4.2%), and lactone 76 (0.0226 g, 0.202
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mmol, 53%). Characterization data for 67 match that of identical structure formed
previously, notebook reference HEDB197.
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Gold(III) Catalyzed Claisen Rearrangement of (E)-7-(2,4dimethylphenoxy)hept-5-en-2-one (3y)

Notebook reference HEDB211
A culture tube with a stir bar was charged with AuCl3 (0.0149 g, 0.0491 mmol) and
AgOTf (0.0332 g, 0.1291 mmol) and put under argon. Dry, 1,2-DCE (5.0 mL) was added via
syringe and this was stirred for 1.5 h. 3y (0.098 g, 0.421 mmol) was added via syringe and
the reaction mixture turned from the brown catalyst mixture to a brick red solution. The
reaction stirred for 140 h, monitored by TLC. The reaction mixture was filtered through silica
gel, rinsed with 6:1 Hex:EtOAc solvent and concentrated in vacuo. The product was purified
via radial chromatography (1 mm rotor, 3:1 hex:EtOAc) and re-purified via column
chromatography (½” wide 5” long, 6:1 hex:EtOAc).

111

Reference
HEDB211F1
HEDB211F3
HEDB211F4

Product
72a
72c
72b

Mass (g)
0.0039
0.0101
0.0055g

mmol
0.017
0.0435
0.024

% Yield
(4)
(10)
6

*Yields in parenthesis are determined based on integration of 1H NMR spectra.

Spectral data 72a:
1

H NMR (CDCl3, 500 MHz): δ 6.84 (s, 1H), 6.72 (s, 1H), 6.45 (s, 1H), 5.98 (ddd, J = 17.6,
10.3, 7.3, 1H), 5.20 (ddd, J = 10.3, 1.5, 1.5, 1H) 5.14 (ddd, J = 17.6, 1.5, 1.5, 1H), 3.43 (ddd,
J = 7.3, 7.3, 7.3, 1H), 2.54 (m, 2H), 2.24 (s, 3H), 2.22 (s, 3H), 2.17 (s, 3H), 1.97 (dddd, J =
14.2, 8.8, 5.9, 5.9, 1H), 1.80 (dddd, J = 14.2, 9.3, 5.9, 5.9, 1H).
13

C NMR (CDCl3, 75 MHz): δ 207.0, 139.7, 129.7, 129.3, 128.8, 128.4, 125.4, 124.8, 115.8,
42.0, 40.8, 30.1, 27.6, 20.6, 16.2.
Spectral data 72b:
1

H NMR (CDCl3, 500 MHz): δ 6.88 (s, 1H), 6.55 (s, 1H), 5.54 (ddddd, J = 16.6, 6.3, 6.3,
1.5, 1.5, 1H), 5.41 (ddddd, J = 13.2, 6.8, 6.8, 1.5, 1.5, 1H), 4.82 (s, 1H), 3.20 (d, J = 6.4,
2H), 2.50 (t J = 7.3, 2H), 2.30 (dd, J = 7.3, 7.3, 2H), 2.19 (s, 3H), 2.15 (s, 3H), 2.13 (s, 3H).
The 72c product was not pure enough to characterize fully.
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Gold (III) Catalyzed Claisen Rearrangement of (E)-6-(2,4dimethylphenoxy)hex-4-enenitrile (3z)

Notebook reference HEDB213
A culture tube with stir bar was charged with AuCl3 (0.0150 g, 0.0495 mmol) and
AgOTf (0.0361 g, 0.140 mmol) and put under argon. Dry 1,2-DCE (5.0 mL) was added via
syringe and this was stirred for 1.5 h. (E)-6-(2,4-dimethylphenoxy)hex-4-enenitrile (3z)
(0.094 g, 0.437 mmol) was added via syringe and the reaction mixture turned from the brown
catalyst mixture to a purple solution. The reaction was stirred for 140 h, monitored by TLC.
The reaction mixture was filtered through silica gel and concentrated in vacuo. The product
was purified via radial chromatography (1 mm rotor, 6:1 Hex:EtOAc).
Reference
HEDB213F2
HEDB213F4
HEDB213F5
HEDB213F6

Product
3z
73a
73c
73b

Mass (g)
0.0278
0.0265
0.0013
0.0064

*Yields in parenthesis are determined based on integration of 1H NMR spectra .

113

mmol
0.129
0.123
0.006
0.030

% Yield
(30)
(28)
1
7

Spectral data 73a:
1

H NMR (CDCl3, 500 MHz): δ 6.84 (s, 1H), 6.76 (s, 1H), 6.00 (ddd, J = 17.6, 10.3, 7.3, 1H),
5.20 (ddd, J = 10.3, 1.5, 1.5, 1H), 5.17 (ddd, J = 2.9, 1.5, 1.5, 1H), 4.76 (s, 1H), 3.68 (dt, J =
7.3, 7.3, 1H), 2.29 (t, J = 7.8, 2H), 2.23 (s, 3H), 2.20 (s, 3H), 2.10 (dt, J = 7.3, 7.3, 2H).
13

C NMR (CDCl3, 75 MHz): δ 149.5, 139.5, 130.1, 129.9, 127.0, 126.6, 123.7, 119.8, 115.9,
42.9, 29.1, 20.5, 15.9, 15.4.
Spectral data 73c:
1

H NMR (CDCl3, 500 MHz): δ 6.84 (s, 1H), 6.76 (s, 1H), 5.79 (dt, J = 15.1, 6.4, 1H), 5.55
(m, 1H), 4.63 (s, 1H), 3.35 (d, J = 6.4, 2H), 2.40 (m, 4H), 2.23 (s, 3H), 2.21 (s, 3H).
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Preparation of ((Pent-4-yn-1-yloxy)methyl)benzene (144)59

Notebook reference HEDB019
A 250 mL 2 neck round-bottom flask with stir bar and reflux condenser was charged
with NaH dispersion in oil (57% dispersion, 2.80g, 66.5 mmol) and put under an argon
atmosphere. The NaH dispersion in oil was rinsed with hexanes via syringe (3 × 30 mL) and
the rinsed NaH was dried in vacuo and again put under argon atmosphere. Dry THF (100
mL) was added via syringe and the reaction flask was placed in an ice bath. 4-pentyn-1-ol
(5.5 mL, 5.0 g, 59 mmol) was added dropwise via syringe and the solution turned orange
while it stirred for one h at 0 °C. Benzyl bromide (7.0 mL, 10 g, 59 mmol) was added to the
rxn mixture via syringe and the flask was taken out of the ice bath. TBAI (0.7272 g, 1.969
mmol) in THF was added to the reaction mixture and the reaction was refluxed. It turned
from orange to cream colored. The reaction was monitored by TLC and was complete in
5.25 h. The reaction mixture was diluted with EtOAc (300 mL), washed with DI water (2 ×
300 mL) and brine (200 mL) and dried over Na2SO4. The mixture was gravity filtered and
concentrated in vacuo to yield 144 as an orange oil (10.1607 g, 58.3143 mmol, 98.7 %).
FTIR (ATR): 3293 (sp C-H stretch) 3088, 3064, and 3030 (sp2 C-H stretch) 2926, 2858, and
2796 (sp3 C-H stretch), 1496, 1453 (ar C=C stretch), 1103, 1078 (C-O stretch) cm-1.
1

H NMR (CDCl3, 300 MHz): δ 7.30 (m, 5H), 4.52 (s, 2H), 3.58 (t, J=5.9, 2H), 2.32 (td,
J=7.0, 2.4, 2H), 1.94 (t, J=2.4, 1H), 1.83 (tt, J=5.9, 5.9, 2H).
59

Arnold, M. A.; Day, K. A.; Duron, S. G.; Gin, D, Y. J. Org, Chem. Soc. 2006,128, 13255-13260
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13

C NMR (CDCl3, 75 MHz): δ 138.4, 128.4, 127.6, 127.5, 83.9, 72.9, 68.6, 68.4, 28.6, 15.3.

116

Preparation of tert-butyldimethyl(pent-4-yn-1-yloxy)silane (145)60

Notebook reference HEDB021
A 250 mL 2 neck round-bottom flask was charged with imidazole (10.4470 g, 153.5
mmol) and 4-pentyn-1-ol (5.5 mL, 5.0 g, 59 mmol) and put under argon. The rxn flask was
put in an ice bath and TBSCl (9.80 g, 65.0 mmol) dissolved in DMF (30mL) was added to
the rxn flask dropwise via syringe. The flask was taken out of the ice bath and the rxn was
stirred for 3.3 h. It was then quenched with DI water (150 mL) and extracted with ether (3 ×
50 mL). The organic layers were combined, washed with water (50 mL) and brine (50 mL)
and dried over Na2SO4. The crude solution was gravity filtered and concentrated in vacuo to
give 145 (10.015 g, 50.483 mmol, 86%).
FTIR (ATR): 3314 (sp C-H stretch), 2954, 2929, 2895, and 2857 (sp3C-H stretch), 1254 (SiC stretch), 1103 (Si-O stretch) cm-1.
1

H NMR (CDCl3, 300 MHz): δ 3.69 (t, J=6.5, 2H), 2.29 (td, J=7.0, 2.3, 2H), 1.91 (t, J=2.3,
1H), 1.70 (tt, J=7.0, 2H), 0.88 (s, 9H), 0.03 (s, 6H).
13

C NMR (CDCl3, 75 MHz): δ 68.2, 61.4, 31.5, 25.9, 18.3, 14.8, -5.4.

60

Schwink, L.; Schmalz, G.; Sucunza, D.; Velder, J.; Dembkowski, D. Ger. Offen. DE 102006018475 , Oct 25,
2007.
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Preparation of 5-(Methoxymethoxy)pent-1-yne (147)61

Notebook reference HEDB023
A 250 mL round-bottom flask with a stir bar was put under argon atmosphere.
CH2Cl2 (120 mL) was added to the flask via syringe followed by 4-pentyn-1-ol (5.5 mL, 5.0
g, 59 mmol) and MOMCl 146 (5.4 mL, 5.7 g, 71 mmol). N-ethyldiisopropylamine (14.5 mL,
10.8 g, 83.2 mmol) was then added dropwise via syringe and a white gas evolved. After only
2 mL of N-ethyldiisopropylamine had been added, the reaction flask was put in an ice bath
and then the rest was added dropwise. The reaction was left in the ice bath to slowly warm to
rt. The reaction continued stirring overnight, monitored by TLC, and was stopped after 21.25
h. The reaction mixture was washed with saturated bicarbonate solution (2 × 75 mL) and DI
water (2 × 50 mL). The aqueous layers were combined and extracted with CH2Cl2 (2 × 50
mL). The organic layers were then combined, dried over Na2SO4, gravity filtered and
concentrated in vacuo. The crude mixture was vacuum filtered through silica gel to give
mostly pure 147 with small amounts of remaining 142 (4.0444g, 31.55 mmol, 53%).

61

Marshall, J. J. Org. Chem. Soc. 1997, 62, 367-371.
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General Procedure for Addition of –CH2OH to an Alkyne.
Preparation of 6-(Benzyloxy)hex-2-yn-1-ol (148)

Notebook reference HEDB025
A 500 mL 2 neck flask with stir bar and addition funnel was put under argon. Dry
THF (50 mL) was added via syringe followed by 144 (4.069 g, 23.35 mmol). The solution
was stirred and the flask was put in a dry ice bath. n-BuLi in hexanes (1.6 M, 15 mL, 24
mmol) was added to the addition funnel via syringe and added to the reaction dropwise. The
reaction was stirred in the dry ice bath for 1 h and then it was removed from the bath and
stirred for 1.7 h. At this time the addition funnel was removed and paraformaldehyde
(0.7095 g, 23.62 mmol) was added quickly and the flask was resealed with a stopper. The
reaction was stirred for 67 h. It was then diluted with ether and washed with saturated
ammonium chloride solution. The organic layer was dried over anhydrous Na2SO4, gravity
filtered and concentrated in vacuo. The crude product was purified via column
chromatography (2 ¼” wide 18” long column, 3:1 hex:EtOAc) to give 146 (3.155 g, 15.44
mmol, 66.1%).
FTIR (ATR): 3371, 3063, 2933, 2866, 2235, 1713, 1270, 1101, 1071, 1026, 733, 713, 698
cm-1.
1

H NMR (CDCl3, 300 MHz): δ 7.32 (m, 5H), 4.53 (s, 2H), 4.21 (m, 2H), 3.57 (t, J=5.9, 2H),
2.36 (tt, J=1.8, 7.0, 2H), 1.82 (tt, J=5.9, 2H), 1.58 (t, J=5.9, 1H).
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13

C NMR (CDCl3, 75 MHz): δ 138.39, 128.35, 127.64, 127.55, 109.97, 85.74, 78.60, 72.89,
68.61, 51.34, 36.62, 28.64, 15.58.
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Preparation of 6-((tert-butyldimethylsilyl)oxy)hex-2-yn-1-ol (149)

Notebook reference HEDB027
This reaction follows the general procedure for addition of –CH2OH to an alkyne
using 145 (4.050 g, 20.41 mmol), nBuLi in hexanes (1.6 M, 13 mL, 21 mmol), and
paraformaldehyde (0.6065 g, 20.20 mmol) The reaction stirred for 67 h and the crude product
was purified via column chromatography (2 ¼” wide 18” long column, 6:1 hex:EtOAc) to
give 149 (3.287 g, 14.39 mmol, 70.5%).
FTIR (ATR): 3337, 2954, 2929, 2885, 2657, 2236, 1709, 1251, 1051, 1036, 1006, 834, 775
cm-1.
1

H NMR (CDCl3, 300 MHz): δ 4.23 (dt, J=5.9, 2.3, 2H), 3.66 (t, J=5.9, 2H), 2.28 (tt, J=6.9,
2.3, 2H), 1.69 (tt, J=5.9, 1H), 0.89 (s, 9H), 0.03 (s, 6H).
13

C NMR (CDCl3, 75 MHz): δ 86.14, 78.37, 61.54, 31.58, 25.90, 18.32, 15.14, -5.35.
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Preparation of 6-(methoxymethoxy)hex-2-yn-1-ol (150)

Notebook reference HEDB029
This reaction follows the general procedure for addition of –CH2OH to an alkyne
using 147 (3.891 g, 30.36 mmol, mostly pure), n-BuLi in hexanes (1.6 M, 20 mL, 32 mmol),
and paraformaldehyde (1.0047 g, 33.46 mmol) and the reaction stirred for 67 h. The crude
product was purified via column chromatography (2 ¼” wide 18” long column, 1:2
hex:EtOAc) to give 150 (1.936 g, 12.23 mmol, 40.3%).
FTIR (ATR): 3411, 2928, 2881, 1442, 1387, 1147, 1109, 1031, 918 cm-1.
1

H NMR (CDCl3 (2 drops D2O), 300 MHz): δ 4.63 (s, 2H), 4.25 (m, 2H), 3.62 (t, J=6.5, 2H),
3.37 (s, 3H), 2.35 (tt, J=2.4, 7.0, 2H), 1.80 (tt, J=6.5, 2H).
13

C NMR (CDCl3, 75 MHz): δ 96.35, 85.44, 78.78, 66.04, 55.15, 51.29, 28.57, 15.52.
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Preparation of (Z)-6-(benzyloxy)hex-2-en-1-ol (151)

Notebook reference: HEDB031
This reaction follows the general procedure for the P-2 nickel reaction using
Ni(OAc)2∙4H2O (1.8442 g, 7.411 mmol), NaBH4 solution (1.063 M, 7.0 mL, 7.4 mmol),
ethylenediamine (0.90 mL, 0.78 g, 13 mmol), and 148 (1.491 g, 7.299 mmol). The reaction
stirred for 4.5 h and gave 151 (1.198 5.808 mmol, 79.6%).
FTIR (ATR): 3376, 2934, 2857, 1654, 1453, 1364, 1098, 1040, 1027, 1009, 734, 697.
1

H NMR (CDCl3, 300 MHz): δ 7.33 (m, 5H), 5.66 (m, 1H), 5.53 (m, 1H), 4.50 (s, 2H), 4.17
(m, 2H), 3.49 (t, J=6.5, 2H), 2.20 (td, J=7.0, 7.0, 2H), 1.68 (m, 3H).
13

C NMR (CDCl3, 75 MHz): δ 138.31, 132.22, 129.15, 128.36, 127.67, 127.58, 109.97,
72.79, 69.10, 58.32, 29.15, 23.85.

123

Preparation of (Z)-6-((tert-butyldimethylsilyl)oxy)hex-2-en-1-ol (152)

Notebook reference: HEDB033
This reaction follows the general procedure for the P-2 nickel reaction using
Ni(OAc)2∙4H2O (1.6810 g, 6.755 mmol), NaBH4 solution (1.063 M, 6.25 mL, 6.64 mmol),
ethylenediamine (0.90 mL, 0.78 g, 13 mmol), and 149 (1.506 g, 6.594 mmol). The reaction
stirred for 4 h to give 152 (1.221 g, 5.299 mmol, 80.4% yield.
FTIR (ATR): 3316, 3017, 2929, 2857, 1254, 1097, 1042, 1006, 833, 773 cm-1.
1

H NMR (CDCl3, 300 MHz): δ 5.70 (m, 1H), 5.53 (m, 1H), 4.17 (d, J=4.1, 2H), 3.64 (t,
J=6.2, 2H), 2.19 (td, J=7.0, 2H), 1.81 (bs, 1H), 1.59 (tt, J=7.0, 2H), 0.90 (s, 9H), 0.06 (s,
6H).
13

C NMR (CDCl3, 75 MHz): δ 132.5, 129.2, 61.8, 58.1, 32.1, 25.9, 23.3, -1.6, -5.3.
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Preparation of (Z)-6-(methoxymethoxy)hex-2-en-1-ol (153)

Notebook reference HEDB035
This reaction follows the general procedure for the P-2 nickel reaction using
Ni(OAc)2∙4H2O (1.6083 g, 6.463 mmol), NaBH4 solution (1.063 M, 6.00 mL, 6.38 mmol),
ethylenediamine (0.85 mL, 0.76 g, 13 mmol) and 150 (1.016 g, 6.420 mmol). The reaction
stirred for 4 h to give 153 (0.503 g, 0.314 mmol, 49%).
FTIR (ATR): 3409, 3014, 2934, 2881, 2825, 1654, 1148, 1108, 1031, 918 cm-1.
1

H NMR (CDCl3, 300 MHz): δ 5.67 (m, 1H), 5.53 (m, 1H), 4.61 (s, 2H), 4.18 (d, J=6.5,
2H), 3.55 (t, J=6.5, 2H), 3.35 (s, 3H), 2.20 (td, J=7.0, 2H), 1.83 (bs, 1H), 1.68 (tt, J=6.5, 6.5,
2H).
13

C NMR (CDCl3, 75 MHz): δ 132.0, 129.3, 96.4, 66.7, 58.2, 55.2, 29.2, 23.8.
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Preparation of (Z)-1-((6-(benzyloxy)hex-2-en-1-yl)oxy)-2,4dimethylbenzene (3ae)

Notebook reference: HEDB043
This reaction followed the general Mitsunobu etherification procedure using PPh3 (0.6998g, 2.668 mmol) 2,4-dimethylphenol (0.31 mL, 0.31 g, 2.6 mmol), 151 (0.5020 g,
2.434 mmol), and DIAD (0.50 mL, 0.51 g, 2.5 mmol). The reaction stirred for 22 h to give
3ae (0.589 g, 1.897 mmol, 78.1%).
FTIR (ATR): 3027 (sp2 C-H st), 2919 and 2855 (sp3 C-H st), 1614 (cis C=C st), 1503, 1454
and 1436 (Ar C=C st), 1251, 1220, 1133 and 1102 (C-O st), 734 (Ar oop) cm-1.
1

H NMR (CDCl3, 300 MHz): δ 7.30 (m, 5H), 6.94 (s, 1H), 6.91 (d, J= 8.2, 1H), 6.69 (d,
J=8.2, 1H), 5.67 (m, 2H), 4.55 (d, J=5.9, 2H), 4.49 (s, 2H), 3.49 (t, J=6.5, 2H), 2.21 (m, 8H),
1.72 (tt, J=6.5, 2H).
13

C NMR (CDCl3, 75 MHz): 154.7, 138.5, 132.8,131.5, 129.5, 128.3, 127.6, 127.5, 126.8,
126.1, 111.4, 110.0, 72.9, 69.4, 64.2, 29.4, 24.4, 20.4, 16.2
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Preparation of (Z)-tert-butyl((6-(2,4-dimethylphenoxy)hex-4-en-1yl)oxy)dimethylsilane (3af)

Notebook reference HEDB045
This reaction followed the general Mitsunobu etherification procedure using PPh3 (0.6290g, 2.398 mmol), 2,4-dimethylphenol (0.28 mL, 0.28 g, 2.3 mmol), 152 (0.5050 g,
2.192 mmol) and DIAD (0.45 mL, 0.46 g, 2.3 mmol). The reaction stirred for 22 h to give
3af (0.6227 g, 1.861 mmol, 85%).
FTIR (ATR): 2953, 2928 and 2857 (sp3 C-H st), 1653 (cis C=C st), 1559, 1506, 1472 and
1457 (Ar C=C st), 1253, 1224, 1133 and 1100 (C-O st) cm-1.
1

H NMR (CDCl3, 300 MHz): δ 6.93 (m, 2H), 6.71 (d, J=8.2, 1H), 5.67 (m, 2H), 4.56 (d,
J=5.3, 2H), 3.62 (t, J=6.5, 2H), 2.19 (m, 8H), (1.61 (tt, J=6.5, 6.5, 2H), 0.90 (s, 9H), 0.04 (s,
6H).
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Preparation of (Z)-1-((6-(methoxymethoxy)hex-2-en-1-yl)oxy)-2,4dimethylbenzene (3ag)

Notebook reference: HEDB047
This reaction followed the general Mitsunobu etherification procedure using PPh3
(0.8987g, 3.426 mmol), 2,4-dimethylphenol (0.40 mL, 0.40 g, 3.28 mmol), 153 (0.4168 g,
2.602 mmol), and DIAD (0.65 mL, 0.67 g, 3.3 mmol). The reaction stirred for 22 h to give
3ag (0.5789 g, 2.191 mmol, 84%).
FTIR (ATR): 2924 (sp2 C-H st), 1653 (cis C=C st), 1559, 1540, 1473, 1457 (Ar C=C st),
1251, 1223, 1133, 1110, 1037 (C-O st) cm-1.
1

H NMR (CDCl3, 300 MHz): 6.93 (m, 2H), 6.72 (d, J=8.2, 1H), 5.68 (m, 2H), 4.61 (s, 2H),
4.56 (d, J=5.9, 2H), 3.54 (t, J=6.5, 2H), 3.35 (s, 3H), 2.22 (m, 8H), 1.68 (tt, J=6.5, 6.5, 2H).
13

C NMR (CDCl3, 75 MHz): 154.7, 132.7, 131.5, 126.76, 126.79, 126.1, 111.4, 103.6, 96.4,
67.0, 64.2, 55.2, 29.4, 24.5, 20.4, 16.2.
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Preparation of 4-(3-iodopropyl)-2,2-dimethyl-1,3-dioxolane (84)

Notebook reference: HEDB069
A 2 neck 250 mL flask with stir bar was charged with NaI (4.1882g, 27.94 mmol) and
put under argon atmosphere. Acetone (60 mL) was added via syringe to dissolve NaI.
Me3SiCl (3.5 mL, 3.0 g, 27 mmol) was added via syringe and the solution became a milky
yellow. (tetrahydrofuran-2-yl)methanol (2.5 mL, 2.6 g, 26 mmol) was added via syringe and
the reaction turned a deeper yellow. The reaction was stirred for 4.6 h and continued to turn
darker orange and it looked as though it had two layers. The reaction was quenched with
saturated NaHCO3 solution which formed a white solid. The quenched reaction mixture was
extracted with ether (3 × 50 mL), washed with water (100 mL), dried over anhydrous Na2SO4
and concentrated in vacuo. There was still water in the product mixture so it was filtered
through anhydrous MgSO4, rinsed with ether and concentrated in vacuo. The crude product
was purified via column chromotogrohy (2 ¼” wide column, 9:1 hex:EtOAc) to give 84
(2.832 g, 10.48 mmol, 40% yield).
Notebook reference HEDB095
This reaction was repeated, using NaI (34.07g, 227.3 mmol), Me3SiCl (29.0 mL, 24.6 g, 230
mmol), tetrahydrofurfuryl alcohol (20.0 mL, 21 g, 206 mmol), Me3SiCl (0.2 eq., 5.3 mL, 5.5
g, 42 mmol) and NaI (0.2 eq., 6.1516 g, 41.04 mmol) and the reaction was then refluxed two

129

more h. Crude product was purified via column chromatography (3 1/4 in wide, 18 in long
column and 9:1 Hex:EtOAc) to yield 84 (11.976 g, 44.33 mmol, 21%).
1

H NMR (CDCl3, 300 MHz): δ 4.08 (m, 2H), 3.54 (t, J=7.04, 1H), 3.23 (t, J=7.05, 2H), 1.94
(m, 2H), 1.66 (quintet, J=7.04, 2H), 1.21 (s, 3H), 1.17 (s, 3H).
13

C NMR (CDCl3, 125 MHz): δ108.9, 75.0, 69.2, 34.4, 29.8, 26.8, 25.6, 6.6.
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Preparation of tert-Butyl((6-(2,2-dimethyl-1,3-dioxolan-4-yl)hex-2-yn-1yl)oxy)dimethylsilane (85)

Notebook reference: HEDB087
A 2 neck 50 mL flask with stir bar and water condenser was put under argon
atmosphere. Dry THF (12mL) was added to the flask via syringe followed by tertbutyldimethyl(2-propynyl-oxyl)silane (1.3 mL, 1.1 g, 6.4 mmol). This was stirred and the
flask was put in a dry ice bath. nBuLi in hexanes (1.36M, 4.8mL, 6.5 mmol) was added
dropwise via syringe. The reaction was stirred and left to warm gradually to rt with the dry
ice bath. After 2.3 h, 84 (1.581 g, 5.852 mmol) was added via syringe and the reaction
turned from pale yellow to a brighter yellow. The flask that had contained 84 was rinsed with
5 mL dry THF and this was also added to the reaction. The reaction was refluxed overnight
and turned darker yellow as it stirred. The next morning the reaction was diluted with ether,
washed with saturated NH4Cl solution (2 x 30 mL) and DI water (2 x 30 mL) and dried over
anhydrous Na2SO4. The dry reaction mixture was gravity filtered, concentrated in vacuo and
purified via column chromatography using (1 ¾ in wide 12 in long column, 15:1 hex:EtOAc)
to give 85 (0.2003 g, 0.6755 mmol, 11%).
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This reaction was repeated, notebook reference HEDB97, using 84 (11.976g, 44.33 mmol),
tert-butyldimethyl(2-propynyl-oxyl)silane (10.0 mL, 8.38 g, 49.2 mmol) and nBuLi (1.36 M,
36.0 mL, 49.0 mmol). Mostly pure 85 was isolated (1.157 g, 3.902 mmol, 8.8%).
FTIR (ATR): 3407, 2929, 2856, 1724, 1462, 1370, 1251, 1075, 1008, 834, 775 cm-1.
1

H NMR (CDCl3, 300 MHz): δ 4.29 (t, J=1.76, 2H), 4.07 (m, 2H), 3.52 (t, J=7.05, 1H), 2.27
(m, 2H), 1.62 (m, 4H), 1.41 (s, 3H), 1.35 (s, 3H), 0.91 (s, 9H), 0.12 (s, 6H).
13

C NMR (CDCl3, 125 MHz): δ 108.7, 84.6, 79.1, 75.6, 69.4, 51.9, 32.6, 26.9, 25.8, 25.7,
24.8, 18.7, -5.1.
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Preparation of 6-(2,2-dimethyl-1,3-dioxolan-4-yl)hex-2-yn-1-ol (86)

Notebook reference: HEDB099
A 250 mL 2 neck flask with a stir bar was put under argon. Dry THF (100 mL) was
added to the flask followed by 85 (1.061 g, 3.578 mmol) and TBAF (1 M, 4.2 mL, 4.2
mmol). This was stirred at room temperature for 2.8 h. The reaction was quenched with
NH4Cl saturated solution (100 mL), diluted with ether (50 mL), washed with DI water (2 ×
100 mL), dried over anhydrous Na2SO4, gravity filtered and concentrated in vacuo. The
crude product was then purified via column chromatography using (1” wide 12” long
column, 1:1 hex:EtOAc) to give 86 (0.507 g, 2.55 mmol, 71.5%).
This reaction had been done before, Notebook reference HEDB089, using 84 (0.146 g, 0.492
mmol) and TBAF (1 M, 0.56 mL, 0.56 mmol) to give 86 (0.052 g, 0.262 mmol, 53%).
FTIR (ATR): 3394, 2986, 2933, 2859, 1734, 1457, 1370, 1250, 1215, 1155, 1136, 1055,
1012, 863, 835, 773 cm-1.
1

H NMR (CDCl3, 300 MHz): δ 4.26 (m, 2H), 4.09 (m, 2H), 3.54 (t, J=7.0, 1H), 2.29 (m,
2H), 1.61 (m, 5H), 1.42 (s, 3H), 1.37 (s, 3H).
13

C NMR (CDCl3, 75 MHz): δ 108.8, 85.8, 78.8, 75.6, 69.3, 51.3, 32.6, 26.9, 25.7, 24.8,
18.7.
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Preparation of (Z)-6-(2,2-dimethyl-1,3-dioxolan-4-yl)hex-2-en-1-ol (87)

Notebook reference HEDB101
This reaction followed the general procedure for the P-2 nickel reaction using
Ni(OAc)2∙4H2O (0.332 g, 1.33 mmol), NaBH4 solution (1.06M, 1.3 M, 1.4 mmol)
ethylenediamine (0.17 mL, 0.15 g, 2.5 mmol), and 86 (0.251 g, 1.27 mmol) and stirred for 4
h to give 87 (0.233 g, 1.16 mmol, 91.6%).
This reaction was repeated, Notebook reference HEDB127, using Ni(OAc)2∙4H2O (0.2556 g,
1.027 mmol), NaBH4 solution (1.06 M, 0.92 mL, 0.97 mmol), ethylenediamine (0.13 mL,
0.12 g, 1.9 mmol), and 86 (0.19 g, 0.96 mmol) to give 87 (0.170 g, 0.849 mmol, 88%).
FTIR (ATR): 3055, 2927, 2852, 1616, 1358, 1116, 1066 cm-1.
1

H NMR (CDCl3, 300 MHz): δ 5.58 (m, 2H), 4.20 (d, J=6.4, 2H), 4.07 (m, 2H), 3.51 (t,
J=7.3, 1H), 2.14 (quartet, J=6.8, 2H), 1.55 (m, 5H), 1.41 (s, 3H), 1.36 (s, 3H).
13

C NMR (CDCl3, 125 MHz): δ 132.3, 128.9, 108.7, 75.9, 69.4, 58.5, 32.9, 27.2, 26.9, 25.7.

134

Preparation of (Z)-4-(6-(2,4-dimethylphenoxy)hex-4-en-1-yl)-2,2-dimethyl1,3-dioxolane ((Z)-3ah)

Notebook reference HEDB131
This reaction followed the general procedure for a Mitsunobu reaction using 87
(0.158 g, 0.789 mmol), PPh3 (0.2431 g, 0.9268 mmol), 2,4-dimethylphenol (0.11 mL, 0.11 g,
0.89 mmol), and DIAD (0.18 mL, 0.18 g, 0.89 mmol) and the reaction stirred for 3 h. The
crude product was purified via radial chromatography (1mm rotor, 9:1 hex:EtOAc) to give
(Z)-3ah (0.1682 g, 0.5525 mmol, 70.0%).
This reaction was done another time, Notebook reference HEDB109, 87 (0.25 g, 1.25 mmol),
PPh3 (3.4588 g, 13.19 mmol), 2,4-dimethylphenol (1.6 mL, 1.6 g, 13 mmol) and DIAD (2.6
mL, 2.7 g, 13 mmol) to give (Z)-3ah (0.1862 g, 0.6120 mmol 49%).
FTIR (ATR): 3016, 2985, 2933, 2863, 1757, 1614, 1503, 1457, 1377, 1251, 1221, 1061 800
cm-1.
1

H NMR (CDCl3, 500 MHz): δ 6.95 (s, 1H), 6.92 (d, J=8.3, 1H), 6.71 (d, J=7.8, 1H), 5.71
(dt, J=11.2, 5.9, 1H), 5.62 (m, 1H), 4.54 (d, J=6.5, 2H), 4.05 (m, 2H), 3.50 (t, J=7.1, 1H),
2.25 (s, 3H), 2.17 (m, 5H), 1.48 (m, 10H).
13

C NMR (CDCl3, 75 MHz): δ 154.6, 133.0, 131.4, 129.5, 126.7, 125.8, 111.3, 108.6, 103.0,
75.8, 69.3, 64.1, 33.0, 27.6, 26.9, 25.7, 25.5, 20.4.
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Preparation of 2-(allyloxy)-1,3,5-trimethylbenzene (3aj)

Notebook reference HEDB261
A 250 mL, 2 neck flask with a stir bar was charged with 2,4,6-trimehtylphenol
(5.4502 g, 40.03 mmol) and acetone (50 mL). Ally bromide (3.5 mL, 4.8 g, 40 mmol) was
added to the reaction mixture followed by K2CO3 (6.0842 g, 44.021 mmol). A water
condenser with a drying tube was placed on one neck of the flask and the other was closed
with a Teflon stopper. The reaction was heated to reflux and monitored by TLC. The
reaction was taken off the heat after 28 h and cooled to room temperature. The mixture was
vacuum filtered through a Buchner funnel and the filtrate was concentrated in vacuo. The
solids collected were dissolved in water and extracted with CH2Cl2 (2 × 25 mL). The organic
layers and the concentrated filtrate were combined and washed with 10% NaOH solution and
brine (25 mL). The brine caused an emulsion so water was added (5 mL), the layers were
separated and the organic layer was dried over anhydrous Na2SO4. The solution was gravity
filtered and concentrated in vacuo. The crude product was purified via column
chromatography (1 ¾” wide, 12” long column, 50:1 hex:EtOAc) to give 3aj (5.244 g, 40.02
mmol, 74%).
Rf in 50:1 = 0.38
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FTIR (ATR): 3082 (sp2 C-H stretch), 2981, 2919, 2860 (sp3 C-H stretch), 1647 (C=C
stretch), 1483 (Ar C=C stretch), 1212, 1146 (C-O stretch), 989, 921 (monosubstituted vinyl
C-H oops), 852 (Ar C-H oops) cm-1.
1

H NMR (CDCl3, 500 MHz): δ 6.82 (s, 2H), 6.11 (dddd, J = 17.1, 10.8, 5.4, 5.4, 1H), 5.42
(dddd, J = 17.1, 1.6, 1.6, 1.6, 1H), 5.25 (dddd, J = 10.7, 1.5, 1.5, 1.5, 1H), 4.28 (ddd, 5.4, 1.5,
1.5, 2H), 2.24 (m, 9H).
13

C NMR (CDCl3, 125 MHz): δ 153.7, 134.2, 133.1, 130.6, 129.3, 117.0, 73.2, 20.7, 16.3.
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Preparation of 5-Hexene-1,2-diol (89)62

Notebook reference HEDB263
A 100 mL 3 neck flask with a stir bar, a low termerature thermometer and an addition
funnel was put under argon. Allylmagnesium chloride (155) (2.0 M, 13.0 mL, 26.0 mmol)
was added to the flask with dry THF (13.0 mL). The solution was cooled to -20 °C in a bath
of dry ice and 1:1 ethylene glycol:water. Dry THF (13.0 mL) was added to the addition
funnel via syringe followed by glycidol (154) (0.570 mL, 0.637 g, 8.60 mmol). The
glycidol/THF mixture was added to the reaction dropwise over 25 min keeping the reaction
between -15 and -25 °C. The reaction ran for 1 h at this temperature and was then diluted
with saturated NaNH4 solution (40 mL). The layers were separated and the organic layer was
washed with brine (75 mL). The aqueous layers were combined and extracted with
hex:EtOAc (1:1, 2 × 30 mL) and dried over anhydrous Na2SO4. The solution was gravity
filtered and concentrated in vacuo. The crude product was purified via column
chromatography (1” wide, 12” long column,1:2 hex:EtOAc) to give 89 (00.4944 g, 4.256
mmol, 49.5%).
FTIR (ATR): 3332 (O-H stretch), 3078 (sp2 C-H stretch), 2977, 2926 (sp3 C-H stretch), 1641
(C=C stretch) 1438, 1416, 1332 (C-H bending), 1042 (C-O stretch), 995, 909
(monosubstituted vinyl C-H oops) cm-1.
1

H NMR (CDCl3, 300 MHz): δ 5.83 (dddd, J = 17.0, 10.6, 7.0, 7.0, 1H), 5.06 (dddd, J =
17.0, 1.8, 1.8, 1.8, 1H), 4.99 (dd, J = 10.0, 1.2, 1H), 3.73 (dddd, J = 7.6, 7.6, 7.6, 2.9, 1H),
62

Reference: Crimmins JACS (2005) 127, 17200-7
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3.65 (dd, 11.2, 2.9, 1H), 3.44 (dd, J = 11.2, 7.6, 1H), 2.66 – 2.90 (broad m, 2H), 2.19 (m,
2H), 1.53 (m, 2H).
13

C NMR (CDCl3, 75 MHz): δ 138.1, 115.1, 71.7, 66.7, 32.1, 29.8.
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General Procedure for Dihydroxilation with AD-mixα
Preparation of 6-Heptene-1,2-diol (95)63

Notebook reference HEDC057
A 100 mL flask with a stir bar was charged with AD-mixα (5.6102 g) and
t

BuOH:H2O (1:1, 30 mL was added. The mixture was stirred and the reaction flask was

placed in an ice bath. 1,6-heptadiene (92) (0.54 mL, 0.38 g, 4.0 mmol) was added slowly and
the reaction stirred the ice bath. After 24 h the reaction was quenched with sodium sulfite
(5.8011 g 46.025 mmol), vacuum filtered through celite and rinsed with EtOAc. The eluent
was washed with DI water (30 mL) and the aqueous layer was extracted with EtOAc (3 × 40
mL). The organic layers were combined and dried over anhydrous Na2SO4. This was
gravity filtered and concentrated to give 95 (0.3282 g, 2.522 mmol, 64%).
1

H NMR (CDCl3, 300 MHz): δ 5.80 (dddd, J = 16.4, 10.0, 6.5, 6.5, 1H), 4.98 (m, 2H), 3.68
(m, 2H), 3.44 (dd, J = 11.2, 7.6, 1H), 2.08 (q, J = 6.5, 2H), 1.22 – 1.62 (m, 4H).

63

J. Org. Chem. 1998, 63, 2231
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Preparation of 7-Octene-1,2-diol (90)

Notebook reference HEDB267
This reaction followed the general procedure for a dihydroxylation with AD-mix α
(9.8229 g), and 1,7-octadiene (93) (1.00 mL, 0.771 g, 6.72 mmol) and the reaction stirred for
6 h at 0°C, put in the freezer for 16.5 h and again stirred in an ice bath for 2 h more to give 90
(0.5777 g, 4.006 mmol, 60%).
FTIR (ATR): 3347, 2972, 2930, 2858, 1641, 1242, 1231, 1205, 1047, 992, 908, 732.
1

H NMR (CDCl3, 300 MHz): δ 5.80 (dddd, J = 16.4, 10.0, 6.5, 6.5, 1H), 4.98 (m, 2H), 3.68
(m, 2H), 3.43 (dd, J = 11.2, 7.6, 1H), 2.06 (q, J = 6.5, 2H), 1.17 – 1.57 (m, 6H).
13

C NMR (CDCl3, 75 MHz): δ 138.7, 114.4, 72.2, 66.7, 33.6, 32.9, 28.8, 25.0.
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Preparation of 8-Nonene-1,2-diol (91)Error! Bookmark not defined.

Notebook reference HEDB269
This reaction followed the general procedure for a dihydroxylation with AD-mix α
(8.4315 g), and 1,8-nonadiene (94) (1.00 mL, 0.740 g, 5.96 mmol) and the reaction stirred for
6 h at 0°C, put in the freezer for 16.5 h and again stirred in an ice bath for 2 h more to give 91
(0.5731 g, 3.621 mmol, 60.8%).
FTIR (ATR): 3330, 3076, 2927, 2856, 1640, 1230, 1057, 993, 908, 867 cm-1.
1

H NMR (CDCl3, 300 MHz): δ 5.80 (dddd, J = 16.4, 10.0, 6.5, 6.5, 1H), 4.97 (m, 2H), 3.68
(m, 2H), 3.43 (dd, J = 11.2, 7.6, 1H), 2.05 (q, J = 6.5, 2H), 1.22 – 1.55 (m, 8H).
13

C NMR (CDCl3, 75 MHz): δ 138.9, 114.2, 72.2. 66.7, 33.6, 33.0, 29.0, 28.7, 25.4.
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General Procedure for Diol Protection with an Acetonide
Preparation of 2,2-Dimethyl-4-(pent-4-en-1-yl)-1,3-dioxolane (96)

Notebook reference HEDC059
Acetone (HPLC grade, 8 mL) was added to a flask containing 95 (0.3282 g, 2.523
mmol). 2,2-dimethoxypropane (0.93 mL, 0.79 g, 7.6 mmol) was added to the flask followed
by PPTS (0.0329 g, 0.131 mmol) and the reaction was left to stir at room temperature. The
reaction ran for 12 h when it was concentrated in vacuo, diluted with ether (20 mL), washed
with saturated sodium bicarbonate (15 mL), and the aqueous layer was extracted with ether
(2 × 15 mL). The organic layers were combined, dried over anhydrous Na2SO4, gravity
filtered, and concentrated in vacuo to give mostly pure 96 (0.3154 g, 1.853 mmol, 74.7%).
FTIR (ATR): 3077 (sp2 C-H stretch), 2985, 2935, and 2861 (sp3 C-H stretch), 1641 (C=C
stretch), 1378 and 1369 (C-H bend), 1247, 1214, 1158, and 1060 (C-O stretch) 995 and 910
(sp2 C-H oops) cm-1.
1

H NMR (CDCl3, 300 MHz): δ 5.80 (dddd, J = 17.0, 10.0, 6.5, 6.5, 1H), 4.98 (m, 2H), 4.06
(m, 2H), 3.51 (t, J = 6.4, 1H), 2.09 (q, J = 6.5, 2H), 2.71-1.30 (m, 10H).
13

C NMR (CDCl3, 75 MHz): δ 138.4, 114.8, 108.6, 76.0, 69.5, 33.7, 33.0, 26.9, 25.7, 25.0.

HRMS (CI, H): Calculated for C10H18O2 + H: 171.1385. Found: 171.1386
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Preparation of 4-(hex-5-en-1-yl)-2,2-dimethyl-1,3-dioxolane (97)

Notebook reference HEDB287, HEDC017
This reaction followed the general procedure for diol protection with an acetonide
using 90 (0.1787g, 1.239 mmol), 2,2-dimethoxypropane (0.51 mL, 0.43 g, 4.2 mmol) and
PPTS (0.0178 g, 0.0708 mmol) to give 97 (0.1252 g, 0.6794 mmol, 54.8 %).
This reaction was repeated using 7-octene-1,2-diol (0.424 g, 2.94 mmol), 2,2dimethoxypropane (1.20 mL, 1.01 g, 9.76 mmol) and PPTS (0.0402 g, 0.160 mmol) to give
97 (0.3669 g, 1.991 mmol, 67.7%).
FTIR (ATR): 3077 (sp2 C-H stretch) 2985, 2933, and 2861 (sp3 C-H stretch), 1641 (C=C
stretch), 1456, 1378, and 1369 (C-H bend), 1245, 1214, 1158, and 1059 (C-O stretch), 992
and 910 (vinyl C-H oops) cm-1.
1

H NMR (CDCl3, 300 MHz): δ 5.81 (ddt, J = 17.0, 10.0, 6.5, 1H), 5.05-4.90 (m, 2H), 4.06
(m, 2H), 3.50 (t, J = 6.8, 1H), 2.06 (dt, J = 6.9, 6.9, 2H), 1.66 (m, 1H), 1.58-1.24 (m, 11H).

144

Preparation of 4-(hept-6-en-1-yl)-2,2-dimethyl-1,3-dioxolane (98)

Notebook reference HEDB281, HEDC019
A 50 mL round-bottom flask with a stir bar was charged with HPLC grade acetone (5
mL), 91 (0.201 g, 1.27 mmol), 2,2-dimethoxypropane (0.47 mmol, 3.8 mmol) and PPTS
(0.0167 g, 0.0665 mmol) and stirred at room temperature. The reaction was monitored by
TLC and after stirring for 24 h stating material still remained. More 2,2- dimethoxypropane
(0.47 mmol, 3.8 mmol) and PPTS (0.0153 g, 0.0609 mmol) was added and the reaction was
stirred for 3.5 h more. The reaction mixture was concentrated in vacuo, diluted with ether,
washed with saturated bicarbonate solution (15 mL) and the layers were separated. The
aqueous layer was extracted with ether (2 × 15 mL), and the organic layers were combined
and dried over anhydrous Na2SO4. The product solution was gravity filtered and
concentrated in vacuo to give 98 (0.2104 g, 1.061 mmol, 83.5 %).
This reaction was repeated using 91 (0.343 g, 2.17 mmol), 2,2-dimethoxypropane (0.95 mL,
0.80 g, 7.7 mmol) and PPTS (0.0328 g, 0.131 mmol) to give 98 (0.3801 g, 1.916 mmol,
88.4%).
FTIR (ATR): 3076 (sp2 C-H stretch) 2985, 2931, and 2859 (sp3 C-H stretch), 1641 (C=C
stretch), 1457, 1378, and 1369 (C-H bend), 1244, 1214, 1158, and 1057 (C-O stretch), 993
and 909 (vinyl C-H oops) cm-1.
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1

H NMR (CDCl3, 300 MHz): δ 5.81 (ddt, J = 17.0, 10.6, 7.0, 1H), 5.05-4.87 (m, 2H), 4.06
(m, 2H), 3.70 (t, J = 8.8, 1H), 2.05 (dt, J = 6.5, 6.5, 2H), 1.64 (m, 1H), 1.53-1.19 (m, 13H).
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General Procedure for Grubbs Olefin Metathesis.
Preparation of (E)-7-(mesityloxy)hept-5-ene-1,2-diol (3ak)

Notebook reference HEDB265
A 25 mL 2 neck flask with stir bar was charged with Grubbs 2G catalyst58 (0.0256 g,
0.0302 mmol) and put under argon. Dry CH2Cl2 (7.5 mL) was added to dissolve the catalyst.
3aj (0.86 mL,0.79 g, 4.5 mmol) was added via syringe followed by 89 (0.18 mL, 0.17 g, 1.5
mmol) and the reaction stirred at room temperature for 48 h. The reaction mixture was
concentrated in vacuo and the crude mixture was purified via column chromatography (1”
wide 12” long column, 1:1 hex:EtOAc) to give mostly pure 3ak (0.2577 g, 0.9748 mmol,
65%).
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Preparation of (E)-6-(2,2-dimethyl-1,3-dioxolan-4-yl)hex-2-en-1-ol (99)

Notebook reference HEDC061
This reaction followed the general procedure for Grubbs olefin metathesis using 96
(0.2595 g, 1.5242 mmol), Grubbs’ 2 G catalyst58 (0.0300 g, 0.0353 mmol) and (Z)-1,4butenediol (0.60 mL, 0.64 g, 7.2 mmol) and the reaction stirred at rt for 5 days. The crude
product was purified via column chromatography (1” wide 12” long column, 2:1 hex:EtOAc)
to give 99 (0.1907 g, 0.9522 mmol, 62.5%).
FTIR (ATR): 3412 (O-H stretch) 2986, 2935, 2864 (C-H stretch), 1670 (C=C stretch), 1379,
1370 (C-H bend), 1248, 1215, 1156, 1060 (C-O stretch) 970 (sp2 C-H oops) cm-1.
1

H NMR (CDCl3, 500 MHz): δ 5.66 (m 2H), 4.11-4.01 (m, 3H), 3.51 (t, J = 7.3, 1H), 2.09
(q, J = 6.3, 2H), 1.68-1.60 (m, 2H), 1.56-1.49 (m, 2H), 1.45-1.28 (m, 8H).
13

C NMR (CDCl3, 125 MHz): δ 132.5, 129.5, 108.7, 75.9, 69.4, 63.7, 33.0, 32.1, 26.9, 25.7,
25.2.
HRMS (CI, Na+): Calculated for C11H20O3 + Na+: 223.1310. Found: 223.1303
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Preparation of (E)-7-(2,2-dimethyl-1,3-dioxolan-4-yl)hept-2-en-1-ol (100)

Notebook reference HEDB289, HEDC025
This reaction followed the general procedure for Grubbs olefin metathesis using
Grubbs 2G catalyst58 (0.0114 g, 0.0134 mmol), (Z)-butene-1,4-diol (0.22 mL, 0.23 g, 2.7
mmol), and 97 (0.1076 g, 0.5839) and the reaction stirred for 65 h. Crude product was
purified via column chromatography (1” wide 12” long column, 2:1 hex:EtOAc) to give 100
(0.068 g, 0.32 mmol, 54%).
This reaction was repeated with Grubbs 2G catalyst58 (0.0340 g, 0.0400 mmol), cisbutene-1,4-diol (0.66 mL, 0.70 g, 8.0 mmol) and 97 (0.3551g, 1.927 mmol) to give 100
(0.2507 g, 1.170 mmol, 0.32 mmol, 60.7%).
FTIR (ATR): 3416 (O-H stretch) 2985, 2933, and 2859 (C-H stretch), 1671 (C=C stretch),
1456, 1378, and 1369 (C-H bend), 1245, 1215, 1155, and 1056 (C-O stretch), 970 (vinyl C-H
oops) cm-1.
1

H NMR (CDCl3, 300 MHz): δ 5.66 (m, 2H), 4.07 (m, 4H), 3.50 (t, J = 6.8, 1H), 2.07 (dt, J
= 5.9, 5.9, 2H), 1.72-1.23 (m, 12H).
13

C NMR (CDCl3, 75 MHz): δ 133.0, 129.1, 108.6, 76.0, 69.5, 63.8, 33.4, 32.0, 29.1, 26.9,
25.7, 25.3.
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Preparation of (E)-8-(2,2-dimethyl-1,3-dioxolan-4-yl)oct-2-en-1-ol (101)

Notebook reference HEDC027
Following the general procedure for Grubbs 2G catalyzed olefin metathesis, this
reaction was performed using Grubbs 2G catalyst58 (0.0321g, 0.0378 mmol), (Z)-butene-1,4diol (0.63 mL, 0.68 g, 7.7 mmol), and 98 (0.3498 g, 1.764 mmol). Crude product was
purified via column chromatography (1” wide 12” long column, 2:1 hex:EtOAc) to give 101
(0.2362 1.034 mmol, 59%).
FTIR (ATR): 3418 (O-H stretch) 2985, 2930, 2857 (C-H stretch), 1670 (C=C stretch), 1457,
1378, 1369 (C-H bend), 1244, 1214, 1154, 1055 (C-O stretch), 969 (vinyl C-H oops) cm-1.
1

H NMR (CDCl3, 300 MHz): δ 5.66 (m, 2H), 4.07 (m, 4H), 3.50 (t, J = 7.0, 1H), 2.07 (dt, J
= 6.2, 6.2, 2H), 1.70-1.23 (m, 14H).
13

C NMR (CDCl3, 75 MHz): δ 133.3, 129.0, 108.6, 76.1, 69.5, 63.8, 33.5, 32.1, 29.1, 28.9,
26.9, 25.7, 25.6.
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Preparation of (E)-4-(6-(mesityloxy)hex-4-en-1-yl)-2,2-dimethyl-1,3dioxolane ((E)-3ah)

Notebook reference HEDC067
This reaction followed the general Mitsunobu etherification procedure using 99
(0.1820 g, 0.9088 mmol), 2,4,6-trimethylphenol (0.1334 g, 0.9795 mmol), PPh3 (0.2549 g,
0.9718 mmol) and DIAD (0.19 mL, 0.20 g, 0.95 mmol in 0.6 mL THF). The crude product
was purified via radial chromatography (2 mm rotor, 9:1 hex:EtOAc) giving (E)-3ah (0.2336
g, 0.7336 mmol, 80.7%).
FTIR (ATR): 2985, 2934, 2862 (C-H stretch), 1671 (C=C stretch), 1483, 1456 (ar C=C
stretch), 1211, 1148, 1060 (C-O stretch), 970 (sp2 C-H oops), 853 (ar C-H oops) cm-1.
1

H NMR (CDCl3, 500 MHz): δ 6.82 (s, 2H), 5.78 (m, 2H), 4.22 (d, J = 4.4, 2H) 4.05 (dddd,
J = 6.3, 6.3, 6.3, 6.3, 1H), 4.03 (dd, J = 6.8, 6.8, 1H), 3.51 (dd, J = 7.3, 7.3, 1H), 2.24 (s, 9H),
2.13 (m, 2H), 1.64 (m, 1H), 1.54 (m, 2H), 1.43 (m, 4H), 1.35 (m, 3H).
13

C NMR (CDCl3, 125 MHz): δ 153.7, 134.3, 133.0, 130.6, 129.3, 126.4, 108.7, 75.9, 73.0,
69.4, 33.0, 32.2, 26.9, 25.7, 25.1, 20.7, 16.3.
HRMS (CI, Na+): Calculated for C21H30O3 + Na+: 341.2093. Found: 341.2087
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Preparation of (E)-4-(7-(mesityloxy)hept-5-en-1-yl)-2,2-dimethyl-1,3dioxolane (3al)

Notebook reference HEDC029
This reaction followed the general Mitsunobu etherification procedure using PPh3
(0.3274 g, 1.248 mmol), 2,4,6-trimethylphenol (0.1663 g, 1.221 mmol), 100 (0.1950 g,
0.9099 mmol) and DIAD (0.24 mL, 0.25 g, 1.2 mmol) and the reaction was stirred for 65 h.
The crude product was purified via radial chromatography (2 mm rotor, 9:1 Hex:EtOAc) to
give 3al (0.2141 g, 0.6439 mmol, 70.8%).
FTIR (ATR): 2985, 2931, and 2860 (C-H stretch), 1483, 1462 (ar C=C stretch), 1376, 1369
(C-H bend), 1258, 1211, and 1148 (C-O stretch), 989 and 853 (ar oops), 970 (trans C-H
oops) cm-1.
1

H NMR (CDCl3, 300 MHz): δ 6.82 (s, 2H), 5.78 (m, 2H), 4.21 (d, J = 4.1, 2H), 4.00-4.13
(m, 2H), 3.50 (t, J = 7.0, 1H), 2.24 (m, 9H), 2.10 (dt, J = 6.3, 6.3, 2H), 1.25-1.72 (m, 12H).
13

C NMR (CDCl3, 75 MHz): δ 153.7, 134.7, 132.9, 130.6, 126.1, 108.6, 76.0, 73.1, 69.5,
33.4, 32.1, 29.0, 26.9, 25.7, 25.3, 20.6, 16.3.
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Preparation of (E)-4-(8-(Mesityloxy)oct-6-en-1-yl)-2,2-dimethyl-1,3dioxolane (3am)

Notebook reference HEDC031
This reaction followed the general Mitsunobu etherification procedure using PPh3
(0.2788 g, 1.063 mmol), 2,4,6-trimethylphenol (0.1449 g, 1.064 mmol), 101 (0.2209 g,
0.9675 mmol) and DIAD (0.21 mL, 0.22 g, 1.1 mmol) and the reaction was stirred for 65 h.
The crude product was purified via radial chromatography (2 mm rotor, 9:1 Hex:EtOAc) to
give 3am (0.2202 g, 0.6355 mmol, 65.7%).
FTIR (ATR): 2985, 2931, and 2857 (C-H stretch), 1483 and 1457 (ar C=C stretch), 1377,
1369, and 1307 (C-H bend), 1243, 1212, 1148, and 1058 (C-O stretch), 970 (trans C-H oops),
853 (ar oops) cm-1.
1

H NMR (CDCl3, 300 MHz): δ 6.82 (s, 2H), 5.77 (m, 2H), 4.22 (d, J = 4.7, 2H), 4.00-4.13
(m, 2H), 3.50 (t, J = 7.0, 1H), 2.24 (m, 9H), 2.08 (dt, J = 6.5, 6.5, 2H), 1.24-1.71 (m, 14H).
13

C NMR (CDCl3, 75 MHz): δ 153.7, 135.0, 132.9, 130.7, 125.9, 108.6, 76.1, 73.2, 69.5,
33.5, 32.2, 29.2, 28.8, 27.0, 25.7, 25.6, 20.7, 16.4.
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General Procedure for Acetonide Deprotection
Preparation of (Z)-8-(2,4-dimethylphenoxy)oct-6-ene-1,2-diol ((Z)-3ai)

Notebook reference HEDB233
The allyl aryl ether (Z)-3ah (0.0498 g, 0.164 mmol) was diluted with THF (2 mL)
and HCl (1 M, 0.3 mL, 0.3 mmol) was added to the flask. The reaction was stirred,
monitored by TLC for 5 h. The reaction mixture was diluted with EtOAc (25 mL) and
quenched with 10% NaOH solution (2 mL). The aqueous layer was extracted with EtOAc (3
× 10 mL). The organic layers were combined, dried over anhydrous Na2SO4, gravity filtered
and concentrated in vacuo. The crude product was purified through silica gel column (1:2
hex:EtOAc) to give (Z)-3ai (0.0308 g, 0.117 mmol, 71.0%).
Rf in 2:1 hex:EtOAc: 0.27
FTIR (ATR): 3351 (O-H stretch), 3019 (sp2 C-H stretch), 2922, 2860 (sp3 C-H stretch), 1614
(cis C=C stretch), 1503, 1460 (Ar C=C stretch), 1252, 1224, 1133, 1023 (C-O stretch), 876,
802 (1, 2, 4, substituted Ar C-H oops), 689 (cis C-H oops)
1

H NMR (CDCl3, 500 MHz): δ 6.96 (s, 1H), 6.93 (d, J = 8.3, 1H), 6.72 (d, J = 8.3, 1H), 5.72
dt, J = 10.7, 6.3, 1H), 5.63 (m,1H), 4.55 (d, J = 6.3, 2H), 3.71 (m, 1H), 3.65 (dd, J = 10.7,
2.9, 1H), 3.43 (dd, J = 10.7, 7.7, 1H), 2.26 (s, 3H), 2.18 (m, 5H), 1.60 (m, 2H), 1.47 (m, 2H)
13

C NMR (CDCl3, 125 MHz): δ 154.7, 133.2, 131.5, 129.6, 126.8, 126.8, 125.9, 111.5, 72.1,
66.8, 64.3, 32.6, 27.7, 25.3, 20.4, 16.2
HRMS (CI, Na+): Calculated for C16H24O3 + Na+: 287.1623. Found: 287.1614
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Preparation of (E)-8-(2,4-dimethylphenoxy)oct-6-ene-1,2-diol ((E)-3ai)

Notebook reference HEDC069
This reaction follows the general procedure for the deprotection acetonide
deprotection using (E)-3ah (0.2260 g, 0.7097 mmol) and 1M HCl (1.4 mL) and the reaction
stirred for 16 h to give (E)-3ai (0.1974 g,0.7091 mmol, 99.9%).
FTIR (ATR): 3356 (O-H stretch) 3001 (sp2 C-H stretch) 2921, 2859, and 2729 (sp3 C-H
stretch), 1670 (C=C stretch), 1482 and 1459 (ar C=C stretch), 1373 and 1307 (C-H bend)
1209, 1148, 1061, and 1139 (C-O stretch), 969 (sp2 C-H oops), 853 (ar C-H oops) cm-1.
1

H NMR (CDCl3, 500 MHz): δ 6.82 (s, 2H), 5.78 (m, 2H), 4.22 (d, J = 4.4, 2H), 3.72 (m,
1H), 3.66 (dd, J = 11.2, 3.4, 1H), 3.44 (dd, J = 11.2, 7.8, 1H), 2.24 (s, 9H), 2.13 (m, 2H),
1.59 (m, 1H), 1.47 (m, 3H).
13

C NMR (CDCl3, 125 MHz): δ 153.7, 134.4, 133.0, 130.6, 129.3, 126.4, 73.0, 72.1, 66.8,
32.6, 32.2, 24.9, 20.6, 16.3.
HRMS (CI, Na+): Calculated for C11H20O3 + Na+: 301.1780. Found: 301.1779.
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Preparation of (E)-9-(2,4-dimethylphenoxy)non-7-ene-1,2-diol (3ao)

Notebook reference HEDC033
This reaction follows the general procedure for the deprotection acetonide
deprotection using 3al (0.2003 g, 0.6024 mmol) and HCl solution (1 M, 1.2 mL, 1.2 mmol)
and the reaction stirred for 28 h to give 3an (0.1630 g, 0.5575 mmol, 92.6%).
FTIR (ATR): 3356 (O-H stretch), 3000 (sp2 C-H stetch) 2923 and 2857 (sp3 C-H stretch),
1671 (C=C stretch), 1482 and 1463 (ar C=C stretch), 1374 and 1307 (C-H bend), 1260, 1209,
1102 and 1039 (C-O stretch), 968 (trans C-H oops), 853 (ar oops) cm-1.
1

H NMR (CDCl3, 300 MHz): δ 6.81 (s, 2H), 5.78 (m, 2H), 4.21 (d, J = 5.4, 2H), 3.70 (m,
1H), 3.65(dd, J = 2.9, 10.7, 1H) 3.44 (dd, J = 7.8, 11.2, 1H), 2.24 (m, 9H), 2.10 (dt, J = 6.0,
6.0, 2H), 1.25-1.72 (m, 6H).
13

C NMR (CDCl3, 75 MHz): δ 153.6, 134.8, 133.0, 130.6, 129.3, 126.1, 73.1, 72.2, 66.8,
32.9, 32.1, 28.9, 25.0, 20.6, 16.3.
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Preparation of (E)-10-(mesityloxy)dec-8-ene-1,2-diol (3ao)

Notebook reference HEDC035
This reaction follows the general procedure for the deprotection acetonide
deprotection using 3am (0.2141 g, 0.6179 mmol) and HCl solution (1 M, 1.2 mL, 1.2 mmol)
to give 3ao (0.1849 g, 0.6034 mmol, 97.7%).
FTIR (ATR): 3355 (O-H stretch), 2999, 2924, 2855 (C-H stretch), 1671 (C=C stretch), 1482,
1463 (ar C=C stretch), 1373, 1307 (C-H bend), 1210, 1146, 1065 (C-O stretch), 968 (trans CH oops), 853 (ar oops) cm-1.
1

H NMR (CDCl3, 300 MHz): δ 6.82 (s, 2H), 5.78 (m, 2H), 4.21 (d, J = 4.9, 2H), 3.71 (m,
1H), 3.65(dd, J = 2.9, 10.7, 1H), 3.43 (dd, J = 7.8, 11.2, 1H), 2.24 (m, 9H), 2.09 (dt, J = 6.7,
6.7, 2H), 1.29-1.50 (m, 8H).
13

C NMR (CDCl3, 75 MHz): δ 153.7, 135.1, 133.0, 130.6, 129.3, 125.9, 73.1, 72.2, 66.8,
33.1, 32.1, 29.1, 25.3, 20.6, 16.3.
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Gold(I) Catalyst Conditions with (Z)-4-(6-(2,4-dimethylphenoxy)hex-4-en1-yl)-2,2-dimethyl-1,3-dioxolane ((Z)-3ah)

Notebook reference HEDB151
A culture tube with a stir bar was charged with PPh3AuCl (0.173 g, 0.0350 mmol)
and AgOTf (0.0100 g, 0.0389 mmol) and put under argon. Dry 1,2-DCE (5 mL) was added
via syringe and this was stirred for one h. The allyl aryl ether (Z)-3ah (0.110 g, 0.328 mmol)
was added via syringe and the reaction was stirred for 19 h 15 min. The reaction mixture
was filtered through silica gel and rinsed with 6:1 Hex:EtOAc and concentrated in vacup.
The crude product was purified via radial chromatography (1 mm rotor, and 3:1 hex:EtOAc)
and then a second purification was done using a silica gel pipet column (3:1 hex:EtOAc) to
give 81 (0.0115 g, 0.0809 mmol, 24.6%).
FTIR (ATR): 3420 (O-H stretch), 3081 and 3016 (sp2 C-H stretch), 2934, 2860 (sp3 C-H
stretch), 1456, 1440 1427, and 1374 (C-H2 and C-H3 bending), 1200, 1095, 1077, and 1046
(C-O stretch), 993 and 924 (mono substituted vinyl C-H oops) cm-1.
1

H NMR (CDCl3, 300 MHz): δ 5.87 (ddd, J=5.4, 10.3, 17.1, 1H), 5.24 (dt, J=17.1, 1.5, 1H),
5.10 (dt, J=10.3, 1.5, 1H), 3.88(ddddd, J=9.3, 5.4, 2.5, 1.5, 1.5, 1H), 3.61 (m, 1H), 3.54 (m,
2H), 2.19 (s, 1H), 1.90 (m, 1H), 1.67 (m, 1H), 1.58 (qt, J=13.2, 3.9, 1H), 1.50 (m, 1H), 1.29
(m, 2H).
13

C NMR (CDCl3, 125 MHz): δ 139.2, 114.7, 78.1, 78.0, 66.3, 31.4, 26.8, 22.9.

HRMS (CI, Na+): Calculated for C8H14O2 + Na+: 165.0892. Found: 165.0891.
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Gold(I) Catalyst Conditions with (E)-7-(mesityloxy)hept-5-ene-1,2-diol
(3ak)

Notebook reference HEDB275
A culture tube with a stir bar was charged with AgOTf (0.0104 g, 0.0405 mmol) and
PPh3AuCl (0.0186 g, 0.0376 mmol) and put under argon. Dry 1,2-DCE (5 mL) was added to
the culture tube via syringe and this was stirred for 45 min. 3ak (0.104g, 0.393 mmol) was
added and the reaction stirred for 24 h. The reaction mixture was filtered through silica gel
and rinsed with hex:EtOAc (3:1 and 1:1) and concentrated in vacuo. The crude product was
purified via radial chromatography (1 mm rotor, 1:1 hex:EtOAc) to give two inseparable
rings identified as 102 and 103 (0.0132 g, 0.103 mmol, 27.2% combined), and inseparable
rearrangement products 104 and 105 (0.0098 g 0.037 mmol, 9.4% combined).
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Gold(I) Catalyst Conditions with (Z)-8-(2,4-dimethylphenoxy)oct-6-ene1,2-diol ((Z)-3ai)

Notebook reference HEDB239
A culture tube and stir were charged with AgOTf (0.0045 g, 0.018 mmol) and
PPh3AuCl (0.0063 g, 0.013 mmol) and put under argon. Dry 1,2-DCE (2.0 mL) was added
via syringe and this was stirred for 1 h. A pointy bottom flask containing Z-3ai (0.0271 g,
0.103 mmol) was put under argon with a stir bar. The catalyst mixture was transferred from
the culture tube to the Z-3ai containing pointy bottom flask and the reaction stirred for 21.5
h. It was then filtered through silica gel, rinsed with 2:1 hex:EtOAc and concentrated in
vacuo. The crude product was purified via radial chromatography (1 mm rotor, 3:1
hex:EtOAc) to give 81 (0.0087 g, 0.061 mmol, 52%) and 58 (not isolated). Characterization
data for 81 match that of identical structure formed previously, notebook reference
HEDB151.
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Gold(I) Catalyst Conditions with (E)-8-(2,4-dimethylphenoxy)oct-6-ene1,2-diol ((E)-3ai)

Notebook reference HEDC071
A culture tube with a stir was charged with AgOTf (0.0095 g, 0.037 mmol) and
PPh3AuCl (0.0173, 0.0350 mmol) and put under argon. Dry 1,2-DCE (2.0 mL) was added
via syringe and this was stirred for 1 h. E-3ai (0.0271 g, 0.103 mmol) was added to the
reaction and the mixture stirred for 21 h. It was then filtered through silica gel, rinsed with
3:1 hex:EtOAc and concentrated in vacuo. The crude product was purified via radial
chromatography (1 mm rotor, 3:1 hex:EtOAc) to give 81 (0.0444 g, 0.312 mmol, 86.9%),
and 2,4,6-trimethylpheonl (0.0402 g, 0.295 mmol, 82.2%). Characterization data for 81
match that of identical structure formed previously, notebook reference HEDB151.
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Preparation of 1-(4-Methoxyphenyl)hex-5-en-1-ol (121)

Notebook reference HEDC063
A 100 mL 2 neck flask with a stir bar and water condenser was charged with crushed
Mg rounds (0.8717 g, 35.86 mmol) and put under argon. Dry Et2O (4 mL) was added via
syringe to cover the Mg rounds. Dibromoethane (2-4 drops) was added to promote the
reaction. 5-bromo-1-pentane (120) (4.00 mL, 5.03 g, 33.8 mmol) was added dropwise and
the mixture reacted violently and heat evolved. After 1 mL addition of 120 further addition
was temporarily postponed and 120 was diluted with Et2O ( 3 mL). Dropwise addition of
diluted 120 continued and the reaction was left to stir for 1 h when most of the solid had
reacted indicating completion of Grignard reagent formation. A 250 mL 2 neck flask with a
stir bar and a water condenser were put under argon. Dry Et2O (45 mL) was added via
syringe followed by anisaldehyde (4.40 mL, 4.93 g, 36.2 mmol). The Grignard solution was
transferred to the 250 mL flask dropwise. The reaction turned from clear and colorless to
opaque yellow and eventually grey green. After 1 h, the reaction was quenched with HCl
(2.5 M, 18 mL) and the layers were separated. The aqueous layer was extracted with ether (3
× 40 mL) and the organic layers were combined, washed with water (2 × 30 mL) and dried
over anhydrous Na2SO4. The dried product solution was gravity filtered and concentrated in
vacuo. This was purified via column chromatography (2 ¾” wide, 10” long column, 4:1
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hex:MTBE:1% iPrOH) to give a mixture of 121 and anisaldehyde (estimated 65% yield by
NMR analysis).
HRMS (CI, Na+): Calculated for C13H18O2 + Na+: 229.1205. Found: 229.1204
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Preparation of (E)-7-(4-Methoxyphenyl)hept-2-ene-1,7-diol (122)

Notebook reference HEDC065
A 50 mL 2 neck flask with stir bar was charged with Grubbs 2G catalyst58 (0.0410g,
0.0483 mmol) and put under argon. CH2Cl2 (15 mL) was added via syringe followed by (Z)2-butene-1,4-diol (0.80 mL, 0.85 g, 9.7 mmol) and mostly pure 121 (0.586 g, 4:1
121:anisaldehyde) and this was left to stir at rt. The reaction was monitored by TLC and
showed no progress after 3 days. More (Z)-butene-1,4-diol (0.40 mL, 0.43 g, 4.8 mmol) and
also Grubbs 2G catalyst58 (0.0412g, 0.0485 mmol) was added and this was left to stir. After
3 more days little progress appeared by TLC and the reaction was brought to reflux for 18 h.
The reaction mixture was then concentrated in vacuo and purified via column
chromatography (1 ¾” wide 10” long column, 1:2 hex:EtOAc). The product was
concentrated in vacuo and re-purified via radial chromatography (2 mm rotor, 1:1
hex:EtOAc) to give 122 (0.3911g, 1.655 mmol 68.4%).
FTIR (ATR): 3331 (O-H stretch), 3000 (sp2 C-H stretch), 2933 and 2859 (sp3 C-H stretch),
1685 (C=C stretch), 1611, 1586, 1512, 1458, and 1441 (ar C=C stretch), 1302, 1243, 1175,
and 1088 (C-O stretch), 969 (sp2 C-H oops), 831 (ar oops) cm-1.
1

H NMR (CDCl3, 300 MHz): δ 7.24 (m, 2H), 6.87 (m, 2H), 5.62 (m, 2H), 4.59 (t, J = 6.6,
1H), 4.04 (d, J = 4.9, 2H), 3.79 (s, 3H), 2.05 (dt, J = 6.8, 6.8, 2H), 1.79 (dddd, J = 5.4, 7.3,
10.7, 12.7, 1H), 1.67 (dddd, J = 5.9, 5.9, 11.2, 13.7, 1H), 1.47 (dddd, 5.4, 7.3, 7.3, 12.7, 12.7,
1H), 1.33 (m, 1H).
13

C NMR (CDCl3, 75 MHz): δ 158.9, 136.8, 132.6, 129.2, 127.1, 113.7, 73.9, 63.5, 55.2,
38.2, 31.9, 25.2.
164

HRMS (CI, Na+): Calculated for C14H20O3 + Na+: 259.1310. Found: 259.1302
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Preparation of (E)-7-(mesityloxy)-1-(4-methoxyphenyl)hept-5-en-1-ol (123)

Notebook reference HEDC073
This reaction followed the general procedure for a Mitsunobu etherification using 122
(0.3313 g, 1.402 mmol), PPh3 (0.3861 g, 1.472 mmol), 2,4,6-trimethylphenol (0.2076 g,
1.524 mmol), and DIAD (0.290 mL, 0.300 g, 1.47 mmol) and the reaction stirred at room
temperature for 66 h. The crude product purified via radial chromatography (2 mm rotor,
gradient solvent 19:1 → 15:1 → 12:1 → 6:1 → 3:1 hex:EtOAc) to give 123 (0.1973 g,
0.5566 mmol 39.7%).
FTIR (ATR): 3415 (O-H stretch), 2999, 2919, 2858, and 2836 (C-H stretch), 1670 (C=C
stretch), 1611, 1586, 1511, 1482, 1462, and 1441 (ar C=C stretch), 1373 and 1304 (C-H
bend), 1244, 1209, 1174, and 1146 (C-O stretch), 969 (sp2 C-H oops), 1034, 853, and 830 (ar
oops) cm-1.
1

H NMR (CDCl3, 300 MHz): δ 7.26 (d, J = 8.2. 2H), 6.88 (d, J = 8.8, 2H), 6.81 (s, 2H), 5.76
(m, 2H), 4.62 (ddd, J = 6.5, 6.5, 2.3, 1H), 4.20 (d, J = 4.1, 2H), 3.81 (s, 3H), 2.22 (m, 9H),
2.11 (m, 2H), 1.90-1.62 (m, 3H), 1.60-1.30 (m, 2H).
13

C NMR (CDCl3, 125 MHz): δ 159.1, 153.7, 136.9, 134.6, 132.9, 130.6, 129.3, 127.1,
126.2, 113.8, 74.1, 73.1, 55.3, 38.4, 32.1, 25.2, 20.6, 16.3.
HRMS (CI, Na+): Calculated for C23H30O3 + Na+: 377.2093. Found: 377.2093.
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Preparation of 2-(4-methoxyphenyl)-6-vinyltetrahydro-2H-pyran (124)

Notebook reference HEDC075
A culture tube with a stir bar was charged with PPh3AuCl (0.0215 g, 0.0435) and
AgOTf (0.0113 g, 0.0440 mmol) and put under argon. Dry 1,2-DCE (5 mL) was added via
syringe and this was stirred for 1 h 40 min. A flask containing 123 was put under argon and
diluted with dry 1,2-DCE and this solution (0.5566 M, 0.76 mL, 0.42 mmol) was added to
the catalyst mixture via syringe. The reaction was left to stir for 22.5 h when it was filtered
through silica gel, rinsed with 3:1 hex:EtOAc and concentrated in vacuo. The crude product
was purified via column chromatography (0.5” wide 12” long column, 12:1 hex:EtOAc) to
give 124 (52.0 mg, 0.238 mmol, 56.7%).
FTIR (ATR): 3075 (sp2 C-H stretch), 2998, 2934, and 2835 (C-H stretch), 1612 (C=C
stretch), 1585 and 1513 (ar C=C stretch), 1244, 1174, 1077, and 1034 (C-O stretch), 988 and
914 (sp2 C-H oops), 827 and 812 (ar oops) cm-1.
1

H NMR (CDCl3, 300 MHz): δ 7.31 (m, 2H), 6.87 (m, 2H), 5.95 (ddd, J = 17.6, 10.6, 5.8,
1H), 5.30 (ddd, J = 17.6, 1.5, 1.5, 1H), 5.11 (ddd, J = 10.6, 1.5, 1.5, 1H), 4.39 (dd, J = 11.2,
1.8, 1H), 4.03 (m, 1H), 3.80 (s, 3H), 1.98 (m, 1H), 1.85-1.34 (m, 5H).
13

C NMR (CDCl3, 125 MHz): δ 158.8, 139.5, 135.6, 127.2, 114.4, 113.6, 79.4, 78.7, 55.3,
33.5, 31.3, 23.9.
HRMS (CI, Na+): Calculated for C14H18O2 + Na+: 241.1205. Found: 241.1210

167

Preparation of 2-(4-Iodophenoxy)tetrahydro-2H-pyran (157)

Notebook reference HEDC081
A 25 mL round-bottom flask with a stir bar was charged with 4-iodophenol (156)
(0.1145 g, 0.5204 mmol) and p-toluenesulfonic acid monohydrate (0.0010 g, 0.0053 mmol)
and put under argon. Cold and dry CH2Cl2 (5 mL) was added via syringe and the reaction
flask was placed in an ice bath. Dihydropyran (0.11 mL, 0.11 g, 1.3 mmol) was added via
syringe and the reaction was stirred in an ice bath for 10 min. It was then removed from the
ice bath and stirred at rt for 2.5 h. It was diluted with ether (20 mL), washed with brine (10
mL), saturated bicarbonate solution (10 mL) and DI water (10 mL) and dried over anhydrous
Na2SO4. The crude product solution was gravity filtered and concentrated in vacuo. It was
then purified via radial chromatography (1 mm rotor, and 15:1 hex:EtOAc) to give 157
(0.1276 g, 0.4196 mmol, 88.6%)
m.p. 64.4 – 65.0 °C
FTIR (ATR): 2972, 2943, 2921, and 2850 (C-H stretch), 1585, 1572, and 1483 (ar C=C
stretch), 1233, 1174, 1119, and 1018 (C-O stretch), 820 (ar oops) cm-1.
1

H NMR (CDCl3, 300 MHz): δ 7.56 (m, 2H), 6.84 (m, 2H), 5.37 (m, 1H), 3.87 (dd, J = 10.0,
3.5, 1H), 3.58 (m, 1H) 1.97 (m, 1H), 1.84 (m, 2H), 1.64 (m, 3H).
13

C NMR (CDCl3, 125 MHz): δ 156.9, 138.2, 118.8, 96.3, 83.9, 62.0, 30.2, 29.1, 18.6.
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Preparation of THP Protected Centrolobine (125)

Notebook reference HEDC077
A 25 mL 2 neck flask with a stir bar was put under argon and 9-BBN in hexanes (0.5
M, 0.53 mL, 0.26 mmol) was added via syringe. 124 (0.0446 g, 0.204 mmol) was diluted
with dry, degassed THF (2 mL) and added to the 9-BBN via syringe. The reaction was
stirred for 4.25 h and degassed NaOH (1M, 0.675 mL, 0.675 mmol) was added via syringe
and stirred for 10 min. A separate 25 mL 2 neck flask with a stir bar was charged with 157
(0.0681 g, 0.225 mmol), PdCl2(dppf) (0.0333 g, 0.0408 mmol) and AsPh3 (0.0133 g, 0.0434
mmol) and put under argon. Degassed THF (1.5 mL) was added followed by the borane
reaction solution from the other reaction flask. The reaction turned from vibrant orange to
brown and stirred at rt for 17 h, monitored by TLC. 124 was still present so the reaction was
brought to reflux for 3 h 15 min. The mixture was then quenched with saturated NH4Cl (25
mL), diluted with EtOAc and the layers were separated. The aqueous layer was extracted
with EtOAc (20 mL) and the organic layers were combined and dried over anhydrous
Na2SO4. The crude product solution was gravity filtered, concentrated in vacuo and purified
via column chromatography (0.5” wide 12” long column, 12:1 hex:EtOAc) to give fairly
pure 125 (0.0262 g 0.0661 mmol, 32.3%).
HRMS (CI, Na+): Calculated for C25H32O4 + Na+: 419.2198. Found: 419.2201
169

Preparation of (±)-Centrolobine ((±)-106)

Notebook reference HEDC089
A flask containing 125 (0.0200 g, 0.0504 mmol) was charged with p-toluenesulfonic
acid (0.0005 g, 0.003 mmol) and anhydrous methanol (1.0 mL) was added. The reaction was
stirred for 1 h when it was concentrated in vacuo, diluted with CH2Cl2 (2 mL) and washed
with DI water (5 mL). The aqueous layer was extracted with CH2Cl2 (2 × 3 mL). The
organic layers were combined and dried with anhydrous MgSO4. The product mixture was
concentrated in vacuo and purified via column chromatography (0.5 in wide 12 in long
column and 6:1 hex:EtOAc) to give (±)-106 (0.0116g, 0.0371 mmol, 73.7%).
FTIR (ATR): 2972, 2943, 2921, 2871, 2850 (C-H stretch), 1585, 1572, 1483 (ar C=C
stretch), 1233, 1000, 1174, 1113, 1036, 1010 (C-O stretch), 872, 820 (ar oops).
1

H NMR (CDCl3, 500 MHz): δ 7.31 (d, J = 8.8, 2H), 7.05 (d, 8.3 J = 8.3, 2H), 6.88 (d, J =
8.8, 2H), 6.72 (d, J = 8.8, 2H), 4.71 (s, 3H), 3.43 (m, 1H), 2.76-2.61 (m, 2H), 1.96-1.26 (m,
8H).
13

C NMR (CDCl3, 125 MHz): δ 158.7, 153.4, 135.8, 134.7, 129.5, 127.1, 115.1, 113.6, 79.1,
77.1, 55.3, 38.3, 33.3, 31.2, 30.7, 24.0.
HRMS (CI, Na+): Calculated for C20H24O3 + Na+: 335.1623. Found: 335.1627
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