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Abstract 

General Method for the Construction of 

ortho-tert-Butyl Phenols & 3,4-Dihydro-2H-1,3-benzoxazines 

via Base-Promoted ortho-Quinone Methide Chemistry; 

A Review of Generation of aza-ortho-Quinone Methide and Its Applications 

 

by 

 

Kazaf KC Chan 

 

Ortho-quinone methides (o-QMs) are highly reactive electrophiles, which have been 

well used in chemical synthesis. Our group developed a base-promoted method to generate 

o-QMs in-situ, which is subsequently used for [4+2] cycloadditions with a dienophile and 

1,4-conjugated additions with a nucleophile. In this thesis, I would like to discuss two new 

methods for synthesizing privilege structures using our base-promoted o-QM chemistry.  

In the first part of this thesis, a new general process for construction of a variety of 

ortho-tert-butyl phenols via o-QMs is presented. In addition, other known methods for 

construction of ortho-tert-butyl phenols were also evaluated regarding to their 

regioselectivity, efficiency and functional group tolerance. By comparison, we concluded 

that our o-QM chemistry provides better yields and also tolerate an assortment of functional 

groups for delivering ortho-tert-butyl phenols. 

In the second part of this thesis, a one-pot method for combining three separate 

components leading to a variety of N-substituted 3,4-dihydro-2H-1,3-benzoxazines is 



 

 x 

described. This method involves the addition of a Grignard reagent to an ortho-OBoc 

salicylaldehyde derivative in the presence of an imine. With an assortment of imines tested, 

15 examples of N-substituted 3,4-dihydro-2H-1,3-benzoxazines are presented, including the 

diastereoselective incorporation of racemic imines. 

In the third part of this thesis, I would like to discuss about aza-ortho-quinone methides 

(aza-o-QMs), an analogue of o-QMs. Aza-o-QMs are very similar to o-QMs for their highly 

electrophilicity. Nevertheless, aza-o-QMs are far less explored comparing to o-QMs. 

Therefore, I would like to use my experience in o-QMs to propose a more general method 

for base-promoted aza-o-QMs generation and its future applications suitable for our group. 
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Chapter 1 

Base-Promoted ortho-Quinone Methide Chemistry 

Generation of ortho-tert-Butyl Phenols, 

A Privilege Structure 
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1.1 A tert-Butyl Function Group ortho to an Oxygen Substituent on Aromatic Rings in 

Medicinal Chemistry 

Often an aromatic compound displaying a methyl residue is identified from a high 

throughput screen (HTS) of its biological potency, which is usually known as “Methyl 

Effects” in drug discovery (Figure 1).1 “Methyl Effects” refer to the binding potency, where 

the change of C-H to C-Me improves the IC50 value of a drug candidate more than 100-

fold.1a Examples that show the “Methyl Effects” are in Figure 1. Compound 1 (Figure 1) 

was developed by AstraZeneca for the treatment of gastroesophageal reflux disease 

(GERD), peptic ulcer disease and Zollinger-Ellison syndrome.2 Compound 2 (Figure 1) has 

become one of the most commonly prescribed medicines used as an anesthetic incubation or 

urethra in urological procedures, and it was developed by a Swedish chemist, Nils Löfgren, 

in 1946.3 Compound 3 (Figure 1) was developed by Novartis for the treatment of mild to 

moderate dementia that is associated with Alzheimer’s disease or Parkinson’s disease.4 

     

Figure 1. Small-molecule drugs contain C-Me group 
 
However, when a methyl substituent is positioned ortho to an oxygen substituent on an 

aromatic ring, as in compound 4 (Figure 2), it makes the methyl residue oxidatively 

vulnerable. One possible solution is to replace the methyl residue with a more oxidatively 

stable tert-butyl residue.5 There are more than a few examples that imbedded a tert-butyl 

residue amongst many pharmaceutical ingredients. Compound 5 (Figure 2) was disclosed as 

NH

N

MeO

S
O

N

Me
OMe

Me

1
omeprazole: treatment of 

gastroesophageal reflux disease (GERD),
peptic ulcer disease

and Zollinger-Ellison syndrome;
developed by AstraZeneca

N
H

O
Me

Me

N

Me

Me

2
xylocaine: an anesthetic incubation 

or urethra in urologic procedures;
developed by 

a Swedish chemist, Nils Löfgren, in 1943 
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prescribed medicine in the United States

OO

Me
Me

N Me

Me
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3

rivastigmine: treatment of 
mild to moderate dementia

associated with Alzheimer’s disease
or Parkinson’s disease;
developed by Novartis
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a potent NS5B polymerase inhibitor that has been explored as a treatment for Hepatitis C 

Virus (HCV) by AbbVie.6 Similar tert-butyl phenolic skeletons have been studied by Roche 

for numerous therapeutic applications.7 Bristol-Myers Squibb (BMS) has further 

investigated this ortho-tert-butyl phenol structural motif and reported compound 6 (Figure 

2) as a P2Y1 antagonist for chronic treatment of antithrombotic.8 Therefore, it is important to 

have an efficient and robust strategy for the construction of ortho-tert-butyl phenols. 

Nevertheless, it was not until Vertex’s adoption of our base-promoted ortho-quinone 

methide (o-QM) chemistry to deliver ivacaftor (7)9 (Figure 2) and its deuterated 

counterpart10 on industrial scale that we were aware the challenges that have been posted for 

this ortho-tert-butyl phenol structural motif, which will be discussed in section 1.2. We were 

also honored to see the usefulness of o-QM chemistry and its power to solve the long 

standing problem – building an ortho-tert-butyl phenol. 

     

Figure 2. Small-molecule drugs contain tert-butyl group ortho to phenols 
 
In this chapter, I will share the pre-existing methods for construction of ortho-tert-butyl 

phenols along with their respective strengths and drawbacks. At the end, I will introduce our 

developed o-QM chemistry for the synthesis of ortho-tert-butyl phenols. 

1.2 Methods for Construction of ortho-tert-Butyl Phenol Derivatives 

1.2.1 Friedel-Crafts Alkylation/tert-Butylation 

Friedel-Crafts alkylation has been used widely for the introduction of tert-butyl groups 

onto various anisole derivatives (Scheme 1).11 However, this strategy is limited with poor 

Me
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t-Bu

6
2-Aminothiazole derivatives: P2Y1 antagonist,

chronic treatment for antithrombotic;
scaffolds researched by Bristol-Myers Squibbs

N
H

O O

t-Bu

t-Bu
HO

7
ivacaftor: CFTR potentiator,
treatment of cystic fibrosis;

developed by Vertex
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ortho-regiocontrol. Furthermore, the introduction of additional electron donating groups 

would only futher complicate these ortho-regiocontrol problems. In order to resolve these 

issues, many researchers have investigated a variety of tert-butyl cation precursors in 

conjunction with various Lewis acid promoters. 

 

Scheme 1. Isomeric mixtures and bis-tert-butylation resulted from Friedel-Crafts alkylation 
 
1.2.1.1 Sharma’s Condition 

In 1991, Sharma et. al. found that Amberlyst-15 provided the greatest amount of the 

corresponding para-tert-alkylation product (97 : 3) with the absence of bis-tert-alkylation 

product (Scheme 2). They claimed that Amberlyst-15 outperformed pTSA, AlCl3 and many 

other Lewis acids investigated.12a Nevertheless, none of their results provided an advantage 

condition to generate ortho-tert-alkylation product regioselectively. 

 

Scheme 2. Sharma’s condition for Friedel-Craft alkylation, para-product is dominant 
 
1.2.1.2 Tsukamoto’s Condition 

In 1986, Tsukamoto et. al. reported that the highest ortho yielding expamples by using 

tert-butyl bromide impregnated onto dry silica gel.12b However, the reaction only resulted in 

41% overall conversion with a distribution of 58% ortho : 32% para : 10% bis products 

(Scheme 3).  

OR OR OR

t-Bu

t-Bu
OR

t-Bu

t-Bu

OH OMe

cation precursors

Br para ortho bis

OH

Ph

OH

ortho : para = 3 : 97

OH

(1.0 equiv.) (0.25 equiv.) Ph

Ph
Amberlyst-15 (1% w/w)

80 °C, 60 min

100% conversion
based on electrophile

+ +
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Scheme 3. Tsukamoto’s condition for Friedel-Craft alkylation, ortho-product is dominant 
along with para- and bis- side products 

 
1.2.1.3 Gagea’s Condition 

Gagea et. al. reported to utilize tert-butyl dimethylsilyltrifluoromethane sulfonate 

(BDMST), a Lewis acid, for the synthesis of ortho-tert-butyl phenols, napthols12c and 

hydroquinones.12d However, poor regiocontrol was still present along with only 50% 

conversion yield (Scheme 4). 

 

Scheme 4. Gagea’s condition for Friedel-Craft alkylation, ortho-product is dominant along 
with para-, bis-, tris- and ether side products 

 
1.2.1.4 Pezzotta’s Condition 

More recently, Pezzotta et. al. reported to use Keggin-type phosphotungstic acid (H-

3PW12O40) immobilized on Santa Barbara Amorphous SBA-15 to conduct regioselective 

tert-butylation on resorcinol using methyl tert-butyl ether as a cationic precursor.12e 

Nevertheless, only 20% conversion of resorcinol was observed with a mixture of mono-

ortho-tert-butyl resorcinol and bis-ortho-tert-butyl resorcinol in 42:58 ratio. 

1.2.1.5 Hart’s Condition 

Given the above and other studies11, it is apparent that cationic alkylation regimes fail to 

provide much of synthetic utility. Nevertheless, Hart reported that a successful 

regioselective ortho-tert-butylation on phenols can be carried out with 74% yield if the 

OH
OH

t-Bu

OH
t-Bu

(1.0 equiv.) (2.0 equiv.)

dry SiO2 (1g/2 mmol phenol)
DCM [0.4 M]
30 °C, 24 h

41% conversion
+ +Br

OH

t-Bu

t-Bu
+

OH
OH

t-Bu

ortho : para : bis : tris : ether = 45.1 : 22.9 : 29.8 : 0.9 : 1.3

OH
t-Bu

(1.0 equiv.) (3.0 equiv.)

BDMST in silica matrix (15 wt%) 
150 °C, 1 h

50% conversion
+ +OH

OH

t-Bu

t-Bu
+

OH

t-Bu

t-But-Bu O
t-Bu
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para-site is blocked with a deactivating group, like a bromo substituent (Scheme 5).12e 

Isobutylene was used a cationic precursor and sulfuric acid was used as a Brøsted acid.  

Upon the isolation of ortho-tert-butyl para-bromo phenol, the bromo substituent can be 

reductively removed by Raney nickel-aluminum alloy in alkaline solutions to afford the 

desired ortho-tert-butyl phenol in 67.6% over 2 steps. In the meantime, the regioselective 

introduction of the bromo group for a desired precursor can also become another dilemma. 

 

Scheme 5. Hart’s condition for Friedel-Craft alkylation on para-substituted phenol 
 
1.2.2 Addition of t-Bu- or t-Bu· to Carbonyl Compounds 

Usage of tert-butyl anions or radicals for the formation of a carbon-carbon bond is 

challegning. Nervertheless, there are a few examples where this strategy has proven 

effective for ortho-functionalized phenols using carbonyl and alkene substrates. 

1.2.2.1 Hammond’s Method: Addition of t-Bu- to Carbonyl Compounds 

In 1988, Hammond et. al. synthesized 5-benzofuranol derivatives, which shows 

promoising antioxidant based inhibitors of 5-lipoxygenase.13 However, the pre-exiting 

methods cannot provide the synthesis of desired compound 8 and its hydrogenated 

counterpart, compound 9 (Scheme 6). Therefore, Hammond et. al. has developed a new 

synthetic route, which is to use a tert-butyl anion in one of the four-step sequence for the 

synthesis of these two ortho-tert-butyl phenol derivatives of interest.14 

Hammond observed that a tert-butyl anionic nucleophile participated in a desired 1,2-

addtion with the vinylogous ester carbonyl (10). Upon an acidic aqueous work-up, the 

OH OH
t-Bu

(1.0 equiv.) (1.0 equiv.)

98% sulfuric acid (1.05 mol%)
benzene [3.5 M] 
65 ± 5 °C, 5 h

74% isolated yield
+

Br Br

OH
t-Bu

AlNi (8 equiv.)
95% EtOH [0.87 M] 

reflux, 30 min;
10% aq. NaOH [0.15 M]

reflux, 1 h

91.4% isolated yield
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resulting tertiary alchol was elminated via E1 mechanism resulting in the cyclohexene 

intermediate (11). Further oxidative hydroboration of compound 11 afforded the secondary 

alcohol (12), which is then oxidized by Swern oxidation condition to afford the ketone (13). 

Compound 13 was treated with sulfur at high temperature to promote the enolization of 13 

followed by the dehydrogenation, which afforded the desired compound 8 in only 16% 

overall yield. Further hydrogenation of compound 8 over Pd/C allows the formation of 

compound 9 in only 13% overall yield.14  

 

Scheme 6. Hammond’s method: introduction of a tert-butyl group by using a tert-butyl 
anion nucleophile performs a 1,2-addition on vinylougous ester carbonyls 

 
1.2.2.2 Barton’s Method: Addition of t-Bu· to Quinones 

Barton et. al. used a pivaylate ester, which is derived from carboxylic acids and N-

hydroxy-2-thiopyridinones, participated in a 1,4-conjugated radical addition with 1,4-

quinones (Scheme 7) to afford the quinone (14).15 Nevertheless, only 30% of compound 14 

was collected, while 45% of tert-butylated benzoquinone was reported. For a less hinder 

radical than a tert-butyl group, higher yielding was also observed. Upon further reduction, a 

hydroquinone product (15) can be obtained.16 

O

O
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O

t-Bu

t-BuLi (1.15 equiv.)
dry hexane [0.49 M]
-78 °C —> 5 °C, 1 h;

acidic aq. wp

47% yield
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oxidative
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82% yield
O

t-Bu

12

OH

O

t-Bu

13
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oxidation

82% yield

O

t-Bu

8

OH

sulfur (1.18 equiv.)
seal tube

225 °C, 45 min
52% yield

O

t-Bu

9

OH

10% Pd/C (0.35 equiv.)
40 psi H2

AcOH [0.17 M]
rt

77% yield
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Scheme 7. Barton’s method: introduction of a tert-butyl group by using a tert-butyl radical 
performs a 1,4-conjugated addition on quinones 

 
1.2.2.3 Baran’s Method: Addition of t-Bu· to Quinones 

Similar to Barton’s method, Baran et. al. also reported the use of a tert-butyl radical on 

quinones. An aryl/alkyl radical was generated from reaction between silver nitrate and a 

boronic acid, then para-quinone reacts with the aryl/alkyl radical followed by reoxidation to 

result in a functionalized quinone.17a Baran has proved that this method is useful for a 

variety of aryl/alkyl boronic acids, but failed to do so with a more hindered tert-butyl radical 

(Scheme 8). 

 

Scheme 8. Baran’s method: C-H Functionlization of quinones with boronic acids, 
nucleophilic radical addition to quinones followed by in situ reoxidation 

 
1.2.2.4 Baxter’s Method: Addition of t-Bu· to Quinones 

Baxter et. al. subsequently described a slightly modified procedure that leads to a similar 

tert-butyl quinone in 51% yield with the direct use of a tert-butylcarboxylic acid (Scheme 

9).17b  

 

O

O

N

S
O t-Bu

O
O

O
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(1.0 equiv.) (1.15 equiv.)

Zinc dust (3.6 equiv.)
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20-25 °C
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+
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O

O
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35 examples, decent to good yield
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51% yieldt-Bu OH

O

(2.0 equiv.)

+

O

O
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Scheme 9. Baxter’s method: C-H Functionlization of quinones with carboxylic acids, 
nucleophilic radical addition to quinones followed by in situ reoxidation 

 
Although none of the previously described methods in Section 1.2.2 provide high 

yielding for the introduction of tert-butyl residues, they have proven to be extraordinaryly 

useful for incorporation of less congested alkyl/aryl groups onto para-quinones. 

1.2.3 t-Bu- Ipso SNAr of Aryl Methoxy and t-Butylsulfoxide Moieties 

Ipso SNAr reactions have also been studied for tert-butylation on aromatic rings. Several 

methods will be discussed in the following subsection 1.2.3.1-1.2.3.2. 

1.2.3.1 t-Bu- Ipso SNAr of Aryl Methoxy Moieties 

In 1949, Richtzenhain et. al. described the addition of various Grignard reagents to 2,3-

dimethoxy benzonitriles (16). Althougth reactions proceeded in 50-80% yields with primary 

and secondary Grignard reagents, when aryl Grignards were used, only ~30% yields were 

observed. As for the case of tert-butyl Grignard, the reaction completely failed (Scheme 

10).18a The low yielding is most likely due to Grignards also reacting with the nitrile group, 

which can lead to undesired side reactions. 

 

Scheme 10. Richtzenhain’s condition: Griginard regeants Ipso SNAr on aryl methoxy with 
nitrile directing group 

 
In the 1970s, Meyers reported to use an aryl oxazoline (17) as a surrogate to the earlier 

benzonitrile system. The reaction proved to be useful even for the introduction of a tert-

butyl anion nucelophile, which results in 99% yield (Scheme 11).18b,c Nevertheless, further 

transformation of oxazolines to carboxylic acids only results in 45% yield in alkaline 

CN

OMe
OMe

CN

R
OMe

RMgX

R = 1°, 2°-alkyl; 50-80% yield
R = aryl; ~30% yield
R = t-Bu, 0% yield

16
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conditions and complete removal of the tert-butyl group in acidic conditions due to tert-

butyl group being acid-labile. 

 

Scheme 11. Meyers’s condition: Griginard/organolithium regeants Ipso SNAr on aryl 
methoxy with oxazoline directing group 

 
1.2.3.2 t-Bu- Anions Ipso SNAr of Aryl tert-Butyl Sulfoxide Moieties 

More recently, Clayden et. al. described aryl tert-butyl sulfoxides undergo Ipso SNAr 

reactions with organolithium nucleophiles. Remarkably, these reactions proceed with both  

electron withdrawing groups (oxzolines or amides) and moderate electron donating groups 

(methoxys).19 Examples with electron withdrawing groups afforded greater overall yields 

across the two-step synthesis. Indeed, 75% yield in the anisole example is extraordinary. 

Nevertheless, the construction of the respective sulfoxide precursor (18) proves to be 

deficient with 40% yield, which leads to an inefficient overall process. 

 

Scheme 12. Meyers’s method: organolithium regeants Ipso SNAr on aryl t-butylsulfoxides 
with both electron withdrawing groups (oxazolines or amides) and moderate electron 

donating groups (methoxy) 
 
1.2.4 Metal Mediated Cross Coupling of Aryl Bromides 

Metal mediated cross couplings have also been investigated for introduction of tert-butyl 

group on aromatic rings. This method has been shown to proceed moderately well, despite 

the risk of β-hydride elimination.20 
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99% yield
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40% yield
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S

t-Bu

O OMe
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In the meantime, there are two obstacles one must consider before implementing this 

strategy. First, halogenated materials with ortho electron donating groups (hydroxy, 

methoxy, etc.) often prove to be resistant to oxidative insertion.21 Second, regioselective 

ortho-bromination of phenols, and particularly onto anisoles, can prove to be very 

challenging.22 

If the desired halogenated precursors can be obtained, then copper, nickel, iron and 

chromium species have proved to be effective in cross couplings with various tert-butyl 

nucleophiles.23 For example, Glorius et. al. recently reported the successful cross couplings 

between ortho-bromo anisole with a tert-butyl magnesium chloride in the presence of a N-

heterocyclic carbenes (NHC) catlayst to produce ortho-tert-butyl anisole with 61% yield. 

However, this method also leads to a 12-15% inseparable iso-butyl isomer (Scheme 13).24 

 

Scheme 13. Glorius’s condition: Nickel-catalyzed cross-coupling of aryl bromides with tert-
butyl Grignard reagents utilizing NHCs 

 
1.2.5 Development of ortho-tert-Butylation of Phenols via Base-Promoted o-QMs at 

Low Temperature 

1.2.5.1 Pettus Group History on Synthesis of ortho-tert-Butylation of Phenols (2000-

2017) 

In 2000, our group published a communication revealing a general method to access o-

QM intermediates under basic conditions.25a It was a ground-breaking process because this 

method enables the formation of o-QMs and allow o-QMs to engage with assorted carbon 

OMe

t-BuMgCl (1.5 equiv.)
[Ni(acac)2] (5 mol%)
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LiOt-Bu (1.5 equiv.)

THF [0.1 M]
0 °C —> rt, 3-12 hBr

OMe
t-Bu

OMe

+

61% yield 12-15% yield
inseparable



 

 12 

nucleophiles at low temperature for the first time (Scheme 14). Although the construction of 

ortho-tert-butyl phenols was not the main focus, a solitary example delivering the phenol 

(B) from the ortho-OBoc acetophenone (19a) was demonstrated. 

 

Scheme 14. Pettus’s condition: construction of ortho-alkyl phenols via base-promoted o-QM 
at low temperature from ortho-OBoc acetophenones 

 
In this early study of organometallic nucleophiles, three important conclusions were 

made. First, from screening acyl residues, which enabled a controlled o-QM formation, a 

tert-butyloxycarbonate (Boc) was shown to be superior in both formation and subsequent 

reactions from among methoxycarbonate, acetyl and pivalate alternatives. Second, from 

screening several solvents, a dilute solutioin of diethyl ether provided superior yields 

comparing to THF, benzene and toluene. This is because diethyl ether possibly have effects 

in the Schlenk equilibrium. Third, application of an organomagnesium reagent proved 

indispensable in delivering the tert-butylated product(s) (B), as the corresponding 

organolithium led to the corresponding styrene products (A), which is presumably due to 

1,5-sigmatropic shift (Scheme 14). 

Expanding upon this earlier work, in 2001, our group investigated ortho-OBoc 

acetopheones (19) and ortho-OBoc methyl benzoates (20) resulting in the tert-butylated 

compounds (Scheme 15, 21-23).25b In both cases, these one-pot transformations were 

conducted in diethyl ether with 2 to 3 equivalents of methyl magnesium chloride. However, 
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ortho-OBoc methyl benzoates afforded the undesired methyl benzyl ethers (24b) in about 5-

20% yield along with the desired tert-butyl adducts (21-23).  

 

Scheme 15. Pettus’s condition: construction of ortho-alkyl phenols via base-promoted o-QM 
at low temperature from ortho-OBoc acetophenos and ortho-OBoc methyl benzoates 
 
Some years later, while persuing the racemic curcuphenol (26) from benzaldehyde (25), 

our group explored a slight modification to the original protocol, whereby 2 equivalents of 

methyl lithium were deployed to cause both phenol deprotonation and methyl addition, 

followed by introduction of Boc2O. Then the addition of an organomagnesium reagent 

induced o-QM formation and incorportaion of the side chain (Scheme 16).25c However, this 

modification for tert-butyl formation was never tested. 

 

Scheme 16. Pettus’s condition: construction of racemic curcuphenol via one-pot base-
promoted o-QM at low temperature from 5-methylsalicylaldehyde 
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1.2.5.2 Vertex’s Adoption of Our o-QM Chemistry on Synthesis of Ivacaftor & d9-

Ivacaftor 

In 2017, Vertex informed us that due to the pitfalls of other tert-butylation methods, they 

were testing our o-QM chemistry for preparation of ivacaftor (7). In 2020, they reported 

some of their findings in regards to a deuterated derivatives.26 

Their tactics closely mirror our earlier work. However, their evaluations were more 

thorough and exhaustive, resulting in some additional observations and refinements. First, 

after preparing the diol (28) from the aryl bromide (27), they surveyed several additional 

acylation reagents, including PivCl and BzCl. They reported that trifluoroacetic anhydride 

(TFAA) to be equal, if not superior to our original selection of Boc2O for the conversion of 

the diol (28) into the ortho-tert-butyl phenol (Scheme 17, 29). Moreover, their entire 

sequence began from the aryl bromide (27), which could be carried out in a one-pot reaction 

if so desired. However, due to the reactivity of o-QM intermediate, a nucleophilic trap 

needed to be immediately available and a one-pot reaction would become challening by 

using aryl bromide as the precursor upon scale-up. Second, they indicated that CuBr-SMe2 

as a metal additive improved the overall yield by possibly stabilizing o-QM intermediates 

(Scheme 17).  

 

Scheme 17. Vertex’s condition: construction of ortho-tert-butyl phenol derivative via a two-
pot base-promoted o-QM at low temperature from aryl bromides 
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Third, they indicated that a solvent mixture comprised of n-butyl ether and THF to be 

slightly better than our original choice of diethyl ether. They implemented this change with 

the ester (30) to arrive at the deuterated tert-butyl derivative (31) in 64% yiled for an over-

than-ten-kilogram scale (Scheme 18). Lastly, they suggested that organomagnesium iodides, 

which are easier to prepare on industrial scale, performed slightly better than other 

organomagnesium halides in THF as a cosolvent (Scheme 18). They further postulated that 

this was perhaps due to perturbation in the Schlenk equilibrium as a MgI2·THF insoluble 

complex formed leading to a beneficial system containing the more reactive  (CD3)2Mg. 

 

Scheme 18. Vertex’s condition: construction of ortho-d9-tert-butyl phenol derivative via a 
one-pot base-promoted o-QM from ortho-OBoc methyl benzoate 

 
1.2.5.3 Substrate Scope Study of Our ortho-Quinone Methide Chemistry for 

Construction of ortho-tert-Butyl Phenols 

Given the importance of ortho-tert-butyl phenol structrual motif, we decided to examine 

a few additional cases to better establish our method’s scope. Our results indicated that when 

an ortho-OBoc methyl benzoate (32) was used, 77% of desired ortho-tert-butyl phenol (33) 

along with 12% of undesired methyl benzyl ether byproduct (34) were obtained (Scheme 19, 

a), which is comparable with our previous results, as well as reported by Vertex. Therefore, 

we decided to focus our attention upon ortho-OBoc acetophenones (35) as our starting 

materials (Scheme 19, b). 
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Scheme 19. a) construction of ortho-tert-butyl phenols via a one-pot base-promoted ortho-
Quinone Methide from ortho-OBoc methyl benzoate 

b) construction of ortho-tert-butyl phenols via a one-pot base-promoted ortho-Quinone 
Methide from ortho-OBoc acetophenones 

 
As shown in Table 1, the ortho-tert-butyl phenols (36a-k) were all preapred following 

our traditional protocol (Scheme 19, b) from their corresponding ortho-OBoc acetophenones 

(35a-k). Toleration of several new functional groups was demonstrated to include methoxy 

(36a-c), halogen (36d), heteroaromatic (36e), unprotected phenol (36f) and amide (36g) 

residues, as well as reactions upon naphthalene (36h) and benzofuran (36i-j) cores. Higher 

relative yields amongst the various products likely reflect greater stability of o-QM 

intermediates. Of special note, we found that the reaction proceeds with an unprotected 

phenol (35f) and amide (35g) functionality yielding compounds 36f and 36g respectiviely. 

This could be achieved by providing an additional equivalent of methyl Grignard for 

deprotonation of the acidic Ar-X-H. In addition, we also found that when the starting 

material is the bis-ortho-OBoc acetophenone (35k), our method can deliver four methyl 

residues to arrive at the bis-ortho-tert-butyl resorcinol (36k) in a 63% yield. 
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Table 1. Substrate scope study: construction of ortho-tert-butyl phenol derivatives via base-
promoted o-QM method from ortho-OBoc acetophenone derivates at low temperature 
 

1.3 Conclusion 

We hope our review of methods for ortho-tert-butylation on phenols has illuminated the 

difficulties surrounding the construction of this medically useful structural motif as well as 

offered a potential solution. As we have disclosed that although Friedel-Crafts alkylation is 

by far the most conventional method for installing an ortho-tert-butyl group on phenols, the 
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poor regioselectivity resulted in low efficiency regardless of many existing conditions 

(Section 2.1). For addition of tert-butyl anions or radicals on carbonyl compounds, the 

synthesis yield is compromised due to long synthetic routes or introducing a hinder radical 

nucleophile (Section 2.2). For tert-butyl anion Ipso SNAr on aryl methoxide or sulfoxide 

precursors, the synthesis yield is diminished when preparing the appropriate precursors 

(Section 2.3). Although metal mediated cross coupling of a tert-butyl group with an aryl 

bromide seems to be promising, but one must consider the difficulty to install a bromo group 

regioselectively, which is another conundrum in synthesis (Section 2.4). We found that 

when an ortho-OBoc acetophenone is deployed in base-promoted o-QM method with 

methyl Grignards, the reaction provides the corresponding ortho-tert-butyl phenols with 

good substrate scope and in high efficiency. Therefore, we present our method as a useful 

new tool for synthetic chemists. 
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Chapter 2 

Base-Promoted ortho-Quinone Methide Chemistry 

Generation of 3,4-Dihydro-2H-1,3-benzoxazines, 

A Privilege Structure 
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2.1 3,4-Dihydro-2H-1,3-benzoxazines 

A benzoxazine is an N,O-heterobicyclic structure that consists of a benzene ring 

annulated to an oxazine ring. The different isomeric structures depend on the relative 

positions between the oxygen and nitrogen atoms as well as the degree of oxidation of the 

oxazine ring system. This chapter is focused on 3,4-dihydro-2H-1,3-benzoxazine derivatives 

(Figure 3), given that 3,4-dihydro-2H-1,3-benzoxazine derivatives are a significant class of 

heterocycles with remarkable biological activities, such as herbicides and agricultural 

microbicides, and diverse pharmacological activities, such as anti-tumor agents, anti-

retroviral therapy, anti-tubercular activity, anti-bacterial activity, anti-inflammatory activity, 

anti-convulsant activity, etc.27 For example, elbasvir was developed by Merck and is a 

potent inhibitor for the HCV NS5A protein, which is used in combination with grazoprevir 

for the treatment of the HCV NS3/4A (Figure 3).28 Therefore, efforts are continuing for the 

development of novel synthetic methods and this chapter builds on the previous work using 

o-QM chemistry with a different nucleophiles for the construction of 3,4-dihydro-2H-1,3-

benzoxazine derivatives. 

 

3,4-Dihydro-2H-1,3-benzoxazines 
 

 

Figure 3. Elbasvir, treatment of hepatitis C virus, developed by Merck 
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2.2 Previous Syntheses of 3,4-Dihydro-2H-1,3-benzoxazines 

In general, there are three common methods for the generation of 3,4-dihydro-2H-1,3-

benzoxazine. In this section, I will discuss about each method and compare their benefits 

and disadvantages. In 1944, Cope et. al. reported the first synthesis of 3,4-dihydro-2H-1,3-

benzoxazine monomers (Scheme 21).29 Their method started from reductive amination using 

a primary amine and an aldehyde to form an ortho-hydroxybenzylamine, also known as a 

Mannich base. Then the Mannich base incorporates with an aldehyde to undergo 

condensation with an acid catalyst to form 3,4-dihydro-2H-1,3-benzoxazines. However, this 

thermodynamic method fails to enable the incorporation of substituent at the 4-position if R1 

= -Ar, which is due to imine-enamine tautomerization. In addition, this method also requires 

acid-stable functional group amongst all reactants. 

 

Scheme 21. Three-step thermodynamic synthesis of 3,4-dihydro-2H-1,3-benzoxazines from 
salicylaldehyde derivatives 

 
The most widely adopted route to synthesize 3,4-dihydro-2H-1,3-benzoxazines was 

developed by Burke et. al. in 1949, which is to utilize a Mannich-like acid-catalyzed 

multicomponent condensation reaction of phenols, primary amines and aldehydes (Scheme 

22).30 This method begins with a phenol derivative to perform nucleophilic addition onto an 

iminium formed under acidic conditions. While it reverses the order of events to avoid the 

reduction step, it only works well with electron-rich phenol derivatives. In addition, this 

method results in double incorporation of the same aldehydes, and therefore limits the 

substrate scope study. 
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Scheme 22. Mannich-like acid catalyzed multicomponent condensation reaction for the synthesis of 
3,4-dihydro-2H-1,3-benzoxazines from electron-rich phenol derivatives 

 
Seeking to improve upon the previous thermodynamic methods, in the 2010s, a few 

examples reported to use cross-dehydrogenative coupling method to induce the formation of 

3,4-dihydro-2H-1,3-benzoxazine derivatives (Scheme 23).31 This method would allow the 

method to conduct at lower temperature comparing to the previous thermodynamic 

methods.31d begins with a Mannich base and is limited to only employ the symmetric cyclic-

tertiary amines.  

 

Scheme 23. Intramolecular oxidative α-functionalization of a cyclic trisubstituted amine from 
Mannich base to induce cross-dehydrogenative coupling to form 3,4-dihydro-2H-1,3-benzoxazines 

 
While there have been a few other reports utilizing o-QMs for the synthesis of 3,4-

dihydro-2H-1,3-benzoxazines, most involved a more stable polycyclic o-QM derivative that 

were thermally generated from their corresponding Mannich bases (Scheme 24).32 

 

Scheme 24. Thermal-induced method to generate stabilized ortho-quinone methide derivatives from 
a Mannich base and undergo reaction with imine to form 3,4-dihydro-2H-1,3-benzoxazines 

 
To the best of our knowledge, our report in 2002 is the first demonstration of mono-
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benzoxazine (Scheme 25).33  
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Scheme 25. Base-promoted method to generate o-QMs in-situ and undergoes diastereoselective 
reactions with imines to form a 3,4-dihydro-2H-1,3-benzoxazine 

 
2.3 o-QM Background and State-of-The-Art 

As mentioned in Chapter 1, our group has been studying o-QMs because of their 

awesome electrophilicity as a useful synthons for construction of molecules that are 

interesting to the chemistry society. In this section, o-QMs properties will be discussed in 

addition to their usage. o-QMs display a cyclohexadiene core with an exocyclic methylene 

and a carbonyl residue ortho to each other (Figure 4).34 o-QMs’ overall stability depends on 

a combination of structural and electronic effects.35 In general, extended conjugation and 

substitution with electron donating groups allow o-QMs less reactive and more likely to be 

isolable. Nevertheless, o-QMs display a greater dipole and prove to be less stable and more 

reactive than the isomeric para-quinone methides. In general, most o-QMs are non-isolable 

and tend to self-destruct through polymerization or reactions with any unintended 

nucleophiles.36 In addition, chiral catalysts tend to further diminish o-QMs’ stability, which 

usually leads to a more rapid self-destruction than the more useful asymmetric induction. 

Sterics also play in a significant role in controlling the methylene geometry, which in turn 

affect the stereochemistry of subsequent products. 

 

Figure 4. Possible representation of ortho-quinone methides 
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About two decades ago, our group discovered a base-promoted method to generate o-

QMs at low temperature in situ from readily available ortho-OBoc salicylaldehyde 

derivatives (Scheme 26).34 This novel cascade reaction includes both generation of o-QMs 

and their subsequent reactions. The overall transformation was initiated by the addition of an 

organometallic reagent, usually a Grignard reagent, which resulted in the formation of a 

benzyloxy alkoxide (Scheme 26, A). Intramolecular migration of Boc residue from the 

neighboring phenol produced a magnesium phenoxide (Scheme 26, B) that undergo β-

elimination of the transferred Boc residue to form an o-QM (Scheme 26, C) as an 

intermediate for immediate further reactions. This new level of domestication enabled our 

group to employ o-QMs for the first time in a range of application including the previous 

mentioned ortho-tert-butyl phenol formations via a 1,4-conjugated addition (Chapter 1) and 

other diastereoselective reactions (Scheme 26).   

 

Scheme 26. Base-promoted method for generation of o-QM in-situ and its applications 
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of the most useful nitrogen-containing building blocks for the synthesis of many bioactive 

nitrogen-containing compounds.37 The popularity of using imines as building blocks may 

due to two possible factors: 1) imines’ reactivities are based on substrates that are used and 

2) there are a variety of commercial available amines and aldehydes, which can lead to a 

great access to different imines and therefore lead to a diverse molecular scaffolds.38a 

Possible reactivities of imines are shown in Figure 5. Imines can serve as either aza-

dienes38,39 or dienophiles38,40 in cycloaddition reactions. Imines can also behave like 

carbonyls in the presence of a good carbon-nucleophile to provide Mannich-type products. 

Imines indeed usually serve as excellent electrophiles in the present of a Lewis/Brøsted 

acid.38,41  

 

Figure 5. Imines’ Reactivity Profiles 
 
On the other hand, imines can also serve as nucleophiles due to their electron-rich 

nitrogen atoms.38 Though, this reactivity of imines was less explored. Staudinger β-lactam 

construction is an example of using imines as a nucleophile.42a-c Nevertheless, it is 

commonly used in Umpolung fashion that an electrophilic ketene is first converted into a 

nucleophilic zwitterionic enolate by addition of an amine or a phosphine. The resulted 

intermediates undergo subsequent addition to an electron deficient imine.42d Indeed, beyond 

a few examples of N-acyliminiums formed by acylation of Schiff bases,43 we could find very 

few examples of imines serving as nucleophiles to form C-N bonds.44  
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2.5 New Procedure 

Building upon our past experiences, we proposed that an imine would engage with an o-

QM to provide an assortment of diastereoselective N-substituted 3,4-dihydro-2H-1,3-

benzoxazines in a one-pot reaction (Scheme 27) that is more straightforward than other 

processes as discussed above. We chose to focus on the reactivity of two o-QMs (Scheme 

27, C, R = -Ph or -Me) prepared in-situ at low concentrations via the intermediates (Scheme 

27, B), which was generated from the aldehyde (Scheme 27, A) by addition of the appointed 

Grignard reagent. We knew the two examined o-QMs displayed remarkable different 

reactivity profiles. Phenylated o-QMs prove to be less reactive due to extended conjugation 

and therefore more stereoselective in reactions with nucleophiles comparing with 

methylated o-QMs. In addition, given our past investigations of o-QMs with different 

substituents and their reactions with a range of nucleophiles, we expected to be able to 

extrapolate our findings for these two o-QM species to many other systems.  

 

Scheme 27. General method: base-promoted method to generate o-QM in-situ from ortho-
OBoc salicylaldehyde derivatives and subsequent reaction with imines for the 

diastereoselective synthesis of 3,4-dihydro-2H-1,3-benzoxazines 
 

2.5.1 Substrate Scope Study 

For all substrate scope study described below, I first tested all classes of imines with the 

methylated o-QM. Once I was able to obtain a decent to good yields from the reactions, my 
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two major different o-QMs to extrapolate our understanding of this novel reaction. Our 

combination of effort contributed to the publication in Organic Letters in 2019.45 

2.5.1.1. Class I Imines, Bis-alkyl Substituted Imines 

We began by examining Class I imines 37-39 (Table 2). Class I imines contained 

aliphatic substituents on both nitrogen and carbon atoms of the imine functionality. Using 

the method described above (Scheme 27), we were able to obtain the corresponding 3,4-

dihydro-2H-1,3-benzoxazines 37a,b-39a,b in 61-94% isolated yields. In contrast, 63-95% 

crude NMR yields were calculated by using an external 1H NMR standard, CH2Br2. The 

crude NMR yields result in 1-13% higher than their respective isolated yields. In our 

opinion, the crude NMR yield measurements were much more useful for interpreting 

structural and electronic effects on a reaction’s outcome, while the isolated yields revealed 

3,4-dihydro-2H-1,3-benzoxazines’ overall stability.  

Both compounds 37a,b and 38a,b were observed to form as a single diastereomer as 

determined by 1H NMR (presumably > 99:1).46 Subsequent NOE NMR experiments 

established that the major stereoisomer possessed a trans configuration regarding the R and 

R1 substituents. Only bis-isopropyl imine leads to product 39a-Me with a small amount of 

the corresponding cis stereoisomer (39a-Me, trans : cis = 5 : 1). These diastereomers 

displayed distinctive and useful 1H NMR chemical shifts for their corresponding HA and HB 

protons, which enabled the rapid assignment for 3,4-dihydro-2H-1,3-benzoxazines’ 

diastereomeric protons (Δδ for HA +0.15 ppm, trans vs. cis and Δδ for HB -0.04 ppm, trans 

vs. cis).  

While compound 38a,b proved that sterics are tolerated on imine’s carbon-side for Class 

I imines, compound 39a,b revealed that increasing sterics on imine’s nitrogen-side of Class I 
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imines could either result in a lower-yield reaction (39b-Ph) or a less diastereoselective 

reaction (39a-Me). 

 

Table 2. Results from Class I-II imines. a) Crude NMR yields were estimated using CH2Br2 as an 
external NMR standard. b) 2 equivalents of imines were used. c) NOE NMR analysis was 

performed. 
 
2.5.1.2 Class II Imines, N-Aryl C-Alkyl Substituted Imines  

Next, we examined Class II imines 40 and 41 (Table 2). The respective 3,4-dihydro-2H-

1,3-benzoxazines 40a,b and 41a,b were again observed to form as a single diastereomer 

assumed to be > 99:1 by 1H NMR.46 These 3,4-dihydro-2H-1,3-benzoxazine products 

formed in slightly lower yield than those observed for the prior examples 37a,b-39a,b 

(Table 2). This observation might due to nitrogen’s electron-density delocalizes through the 

adjacent aromatic rings, which leads to a less-reactive class of imines comparing to Class I 

imines. Both electron-donating and electron-withdrawing groups on the N-aryl portion of the 

imines had little effect on reaction outcomes.  

The trans stereochemical arrangement of the R and R1 substituents was again deduced 

by NOE NMR analysis. Refluxing 40a-Me in deuterated chloroform was found to degrade 

Imine Class Imines

N Bn

Ph

i-Pr

N Bn

i-Pr

N i-Pr

Class I

37

38

39

Benzoxazine Products

OBocO

R

N Bn

Ph

OBocO

R

N Bn

i-Pr

OBocO

R

N i-Pr

i-Pr

Benzoxazine Crude Product Yieldsa and dr

37a-Me: 83% yield, single diastereomer
37b-Ph: 81% yield, single diastereomer

Benzoxazine Isolated Product Yields

37a-Me: 70% yield, single diastereomer
37b-Ph: 78% yield, single diastereomer

38a-Me: 82% yield, single diastereomerc

38b-Ph: 95% yield, single diastereomerc
38a-Me: 72% yield, single diastereomerc

38b-Ph: 94% yield, single diastereomerc

39a-Me: 72% yield, dr(trans : cis) 5 : 1c

39b-Ph: 63% yield, single diastereomerb
39a-Me: 63% yield, dr(trans : cis) 5 : 1c

39b-Ph: 61% yield, single diastereomerb

HA

HB

i-Pr

N

Class II

40

OBocO

R

N

i-Pr

40a-Me: 71% yield, single diastereomer
40b-Ph: 61% yield, single diastereomerc

40a-Me: N/A
40b-Ph: N/A

HA

HB

OMe OMe

i-Pr

N41

OBocO

R

N

i-Pr

41a-Me: 65% yield, single diastereomerc

41b-Ph: 67% yield, single diastereomerb
41a-Me: N/A
41b-Ph: N/A

F F



 

 29 

the diastereomeric ratio from trans : cis > 99:1 to 1:1, which can be explained by possible 

acid-promoted ring-chain tautomerization of 3,4-dihydro-2H-1,3-benzoxazines.47 The 

resulted diastereomers again displayed different 1H NMR chemical shifts for their 

corresponding HA and HB that facilitated the assignment (Δδ for HA +0.60 ppm, trans vs. cis 

and Δδ for HB -0.20 ppm, trans vs. cis).  

In addition, due to these 3,4-dihydro-2H-1,3-benzoxazine products proved to be unstable 

toward purification using column chromatography, we were unable to purify them further. 

This could be explained by the possible acidity and moisture nature of silica gel, which in 

the presence of a free proton even under a mild acidic condition, 3,4-dihydro-2H-1,3-

benzoxazines can undergo ring-chain tautomerization, and if water-moisture is present, the 

chain form of 3,4-dihydro-2H-1,3-benzoxazines can further undergo hydrolysis or possible 

reverse formation of o-QMs that can undergo self-destruction (Scheme 28). Nevertheless, 

their corresponding crude products proved to be sufficiently pure for NMR characterization. 

 

Scheme 28. 3,4-Dihydro-2H-1,3-benzoxazine adducts from Class II imines are not stable for 
purification via column chromatography due to free-protons environment 

 
2.5.1.3 Class III Imines, Bis-aryl Substituted Imines 

Class III imines 42-44 contains aryl substituents on both the nitrogen and carbon atoms 
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corresponding 3,4-dihydro-2H-1,3-benzoxazine products were formed based on 1H NMR 
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imines, imines’ electronic density was delocalized reactivity and therefore dropped 

significantly, which would lead to low yields for all three imines tested. In addition, 3,4-

dihydro-2H-1,3-benzoxazine products proved to be even more unstable than the adducts 

40a,b-41a,b from Class II imines described above (Table 2). Although we were unable to 

thoroughly characterized and identify the products’ structural information, we speculated 

that products were decomposed during column chromatography as described in Scheme 28, 

but due to full conjugation of iminium, it further lower the stability of ring conformation and 

prefer to stay as the chain conformation. Upon water residue present, chain conformation 

would be hydrolyzed. 

 

Figure 6. Class III imines 
 
2.5.1.4 Class IV Imines, N-Alkyl C-Aryl Substituted Imines 

Next, we examined Class IV imines 45-53, which displayed an assorted aliphatic groups 

on the nitrogen atom and various aryl substituents on the carbon atom of their respective 

imines (Table 3). Almost all of the corresponding 3,4-dihydro-2H-1,3-benzoxazine products 

45a,b-53a,b formed in decent to good yields (Table 3). While these 3,4-dihydro-2H-1,3-

benzoxazine adducts were less stable than those from Class I imines (37a,b-39a,b, Table 2), 

they proved to be more stable that those found from Class II imines (40a,b-41a,b, Table 2). 

The corresponding isolated yields will be found in the experimental section. The trans 

diastereomer was again produced exclusively in nearly all of the cases (trans : cis > 99:1) 

except 53a,b. 
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Results for imines 45 and 46 prompted that inductive electronic effects in the aliphatic 

portion of the imine had little influence on imines’ reactivity, as the yields for products 

45a,b and 46a,b were similar. On the other hand, results for imine 47 and 49 suggested that 

electronic effects in the aromatic portion of the imine played a significant role in imines’ 

reactivities, as the yields for products 47a,b were over 80%, while the yields for products 

49a,b were lower than 65% even with the use of 2 equivalents of imines for reaction as for 

49b-Ph. Steric encumbrance in the aliphatic portion of the imine, chiefly when near the 

nitrogen atom, as in imines 50 and 51, was found to severely impede the formation of 

products 50a,b and 51a,b. The mesityl derivative providing no improvement as shown for 

51a,b.48  The Z-configured cyclic imine 53 afforded the cis diastereomer as the preferred 

diastereomer (trans : cis 1 : 5) for both the methyl adduct 53a-Me and the phenyl adduct 

53b-Ph as established by NOE NMR analysis and coupling data (Δδ for HA +0.10 ppm, 

trans vs. cis and Δδ for HB +0.05 ppm, trans vs. cis). We note that others, who have reported 

structures resembling compound 53b-Ph constructed through orthogonal procedure 

involving oxidation of the corresponding Mannich base, may have mistakenly assigned 

these products as their corresponding trans diastereomer.31a 
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Table 3. Results from Class IV imines. a) Crude NMR yields were estimated using CH2Br2 as an 
external NMR standard. b) 2 equivalents of imines were used. c) NOE NMR analysis was 

performed. d) 45b-Me was previously prepared by our group as shown in reference 33. 
 
2.5.2 Study of Kinetic vs. Thermodynamic Methods 
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3,4-dihydro-2H-1,3-benzoxazine adducts (Table 4). The thermodynamic method is reported 

to generally favor the trans diastereomer as the major isomer, just as our kinetic o-QM 

method had.49 However, the thermodynamic process cannot access structures resembling 

3,4-dihydro-2H-1,3-benzoxazine adduct 53a,b, due to the introduction of piperidine 

followed by reduction affords a tertiary amine, and therefore it cannot further participate in 

the formation of the corresponding 3,4-dihydro-2H-1,3-benzoxazine. 

 

 

Table 4. Preparation of 3,4-dihydro-2H-1,3-benzoxazines using the multistep thermodynamic 
method and comparison with our kinetic ortho-quinone methide chemistry 
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process. However, a thorough literature search reveals no examples of 3-N-arylated 3,4-

dihydro-2H-1,3-benzoxazines displaying substituents at both 2- and 4- positions being 

prepared in this manner. Similar to cases for 39a-Me and 50a-Me, only adducts with 

substituents at either 2- or 4- position were prepared. These three failing examples might 

suggest the stronger steric effects are operating from N-substituted benzylic amine systems.  

2.5.3 Substrate Scope Study of Trisubstituted Acyclic Aliphatic Imines 

We also tested the reaction of a trisubstituted acyclic aliphatic imines 54 with both 

methylated and phenylated o-QMs (Scheme 29). Though the usage of phenyl magnesium 

chloride with the aldehyde A in the presence of imines 54 failed to afford anything 

identifiable, which we suspect this is due to the phenylated o-QM is less reactive than the 

methylated o-QM. The reaction with methyl magnesium chloride afforded the disubstituted 

benzylic amine 55 without the presence of other side products upon aqueous workup. We 

speculate the different outcomes could be due to methylated o-QM is substantially more 

reactive, while the more sterically encumbered nature of intermediate D prevents the 

phenoxide perform ring-closing onto the iminium. In order to further prove 3,4-dihydro-2H-

1,3-benzoxazine product was not accidently hydrolyzed during aqueous workup, we 

therefore conduct the same reaction but with lithium borohydride as the quenching agent. 

Our hypothesis was supported by the sequential addition of lithium borohydride to the 

reaction mixture before aqueous workup, which resulted in a trisubstituted benzylic amine 

56 as a 1:1 mixture of diastereomers.50 Both results indicate that the highly possible 

formation of iminium in-situ, which will further assist our mechanism proposal. 
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Scheme 29. Base-promoted o-QMs react with trisubstituted aliphatic acyclic imines resulted in no 
3,4-dihydro-2H-1,3-benzoxazines, but substituted benzylic amines 

 
2.6 Mechanism Proposal 

2.6.1 Inverse-Demand Diels-Alder Reaction Mechanism 

At first, we speculate whether o-QMs would undergo inverse-demand Diels-Alder 

reaction with imines, as we have observed for reactions between o-QMs and enol ethers.34 

However, due to secondary orbital interactions between o-QMs and Class IV imines, we 
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NMR analysis. As for Class I imines (Table 2), secondary orbital interactions would be 

scarce, and therefore we should not expect to see a preferential diastereomeric ratio (Scheme 

30, b). Nevertheless, this is also against our observation of stereochemistry based on our 

experimental results. Moreover, in the case of a trisubstituted imine, we were able to 

selectively hydrolyze or reduce intermediate D before cyclization (Scheme 29). Therefore, 

we suggest that our reaction does not follow inverse-demand Diels-Alder reaction 

mechanism. 

 

Scheme 30. Proposed mechanism: inverse-demand Diels-Alder reactions against our observed 
stereochemistry 
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side, the iminium intermediate rotate via the C-N bond. Upon close proximity, the phenolate 

undergoes cyclization onto the iminium. This mechanism allows the formation of trans 

diastereomer of 3,4-dihydro-2H-1,3-benzoxazine preferentially. We will further utilize this 

proposed mechanism to design chiral auxiliary for an enantioselective reaction. 

 

Scheme 31. Proposed mechanism: step-wise reaction, 1,4-conjugated addition followed by 
cyclization 

 
2.7 Future Applications 

Recently, our group has been working on developing a recoverable chiral auxiliary for 

an enantioselective synthesis of 3,4-dihydro-2H-1,3-benzoxazines and achieved in major 

progress. The detailed of chiral auxiliary design will be disclosed and discussed by my lab 
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upon the successful enantioselective synthesis of 3,4-dihydro-2H-1,3-benzoxazines, it can 

undergo hemiaminal hydrolysis to generate a chiral disubstituted benzylic amine, which is a 

privileged structure, as well as the recovery of chiral auxiliary for other enantioselective 

reactions. A chiral disubstituted benzylic amine can further form 1,3-benzoxazin-2-one with 

a phosgene equivalent.51 Moreover, a chiral disubstituted benzylic amine can also undergo 

dialkylation for the formation of benzoxazepine (7-membered heterocyclic privileged 

structure) and benzoxazocine (8-membered heterocyclic privileged structure).51 A 3,4-

dihydro-2H-1,3-benzoxazine enantiomer can also undergo hemiaminal reduction to afford a 

O

R
HBocO

N
R2

R1

H

1,4-addition

OBocO
N

R H

R2

R1

H

bond
rotation

OBocO

R H

N
R2

R1 H

O

N

R

R1

R2

BocO
trans product expected

for all (E) imines

cyclization



 

 38 

chiral trisubstituted benzylic amine, which is another privileged structure.52 Enantioselective 

ring-opening by a nucleophile at the hemiaminal position, followed by regioselective 

reduction would eventually lead to isoindoline or tetrahydroisoquinoline, which are another 

scaffolds of privileged structures.53 

 

Scheme 32. Future applications of chiral 3,4-dihydro-2H-1,3-benzoxazines 
 

2.8 Conclusion 

In conclusion, we have developed a straightforward one-pot method that delivers an 

assortment of 3,4-dihydro-2H-1,3-benzoxazines. It is our assertion that this method provides 

a greater range and scope compared to the previous described methods for construction of 

this structural motif. Our studies further show that this method can deliver very encumbered 

systems that cannot be prepared by current thermodynamic methods. While this reaction 

may appear to be an inverse demand Diels-Alder cycloaddition, we believe it instead to 

follow a stepwise mechanism. Lastly, our findings provide a road map for implementation of 

this method in future enantioselective applications, which we believe are needed for 

construction of a variety of privileged structures with great medicinal value.  
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Chapter 3 

A Review of Aza-ortho-Quinone Methide: 

Generation, Limitation and Applications 
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3.1 Introduction 

A 6-methylene-2,4-cyclohexadien-1-imine such as 57 (Figure 7) is referred as aza-ortho-

quinone methides (aza-o-QMs). Just like o-QMs, aza-o-QMs are also highly unstable and 

reactive intermediates due to the driving forcing of rearomatization.  

 

Figure 7. Structure of aza-ortho-quinone methides 
 

Aza-o-QMs were first proposed by Smolinsky in 1961.54 The cycloaddition product 

arising from aza-o-QM intermediates were experimentally observed by Burgess and 

McCullagh in 1966.55 However, despite the general knowledge of aza-o-QMs, these 

intermediates still lie outside the synthetic mainstream. Although their assorted functional 

groups suggest abundant synthetic potential, it was not until 1999, when Steinhagen and 

Corey employed these useful synthons to form a series of tetrahydroquinoline derivatives 

through inter- and intramolecular Diels-Alder reactions, that aza-o-QMs attracted extensive 

attention.56 Since then, aza-o-QMs have been playing a more important role in organic 

synthetic chemistry as powerful building blocks for tetrahydroquinolines and their 

derivatives. Nevertheless, fewer aza-o-QMs have been utilized as intermediates and applied 

than their oxygen-containing analogues o-QMs to various reactions in total syntheses. We 

speculate that this omission is a consequence of aza-o-QM reactivity, which mandates their 

in-situ formation and subsequent consumption. Therefore, their range of potential reactions 

were severely limited. In this review, we describe the methods by which aza-o-QMs are 

prepared, the benefits and limitations associated with each method. We will also propose a 

N
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possible novel method for preparation of aza-o-QMs that allow a more versatile reactions in 

the future. 

3.2 Scope of This Review 

Because of the transient nature of aza-o-QMs, it is more difficult to prepare a 

comprehensive review than we first expected. Conventional structure searching methods 

failed to produce a comprehensive overview of their chemistry as these intermediates are 

usually deduced rather than isolated. Therefore, we relied upon a combination of a word 

search for “aza-ortho-quinone methide”, “1-methylene-6-iminocyclohexa-2,4-diene”, “aza-

ortho-xylylene” and “ortho-quinone methylene imine” using the Scifinder® and the Web of 

Science® databases. Along with research into the reactivity of aza-o-QMs, many methods to 

prepare these intermediates have been developed over the past few decades, which have 

been reviewed by Wojciechowski57 and Gao et. al.58 Therefore, in this review, we describe 

the methods by which aza-o-QMs are prepared, the benefits and limitations associated with 

each method. These methods mainly include thermolysis,59-68 photolysis,69-73 metal-

catalyzed facilitation,75-88 1,4-elimination process (fluoride-induced,89 acid-promoted90-95 

and base-promoted96-103) (Figure 8). 
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Figure 8. Methods for aza-ortho-quinone methides generation 
 

3.3 Thermal Initiation 

Thermolysis has been the method of choice among synthetic chemists for generating 

aza-o-QMs before the 2000s. Scheme 33-39 shows the precursors that were utilized.59-68 It 

should be noted that all thermal generation techniques preclude the application of 

nucleophiles that are thermally unstable. In addition, most can result in corruption of 

stereochemistry in reactions that can lead to diastereomeric mixtures. With any given 

precursor, there is a substantial temperature range for initiation, which depends on the 

substituents. In general, if the process involves significant non-bonded interactions, then the 

temperature requirements are higher, while extended conjugation or other stabilizing factors 

lowers the overall temperature requirements. All of these precursors (58-72) prove highly 

successful when the aza-o-QM is consumed in a subsequent intramolecular reaction. 

Application of each towards intermolecular reactions, however, is significantly more 

challenging because of the tendency toward dimerization.57 
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In 1980, Boekelheide et. al. reported the first generation of aza-o-QMs under flash 

vacuum pyrolysis/thermolysis (FVP/T) condition.59 Precursors such as an ortho-amino 

benzylalcohol (58), its benzylic acid derivative (59), as well as its 1,3-benzoxazine 

derivatives (60) by the elimination of a water molecule (Scheme 33). Due to the available 

dienophile from the corresponding precursors, the highly reactive aza-o-QM can 

immediately undergo intramolecular IMDA and therefore form the heterocyclic structures 

with decent to good yield. Meanwhile, intermolecular IMDA reaction was unsuccessful due 

to aza-o-QMs tend to undergo dimerization or polymerization.57 Boekelheide’s work set the 

foundation of FVP/T condition for later-on development of aza-o-QM generation under 

thermolysis condition. 

 

 

 

Scheme 33. Boekelheide’s flash vacuum pyrolysis/thermolysis condition for generation of  
aza-ortho-quinone methides followed by intramolecular inverse-demand Diels Alder 

reactions 
 

Inspiring by Boekelheide’s work, Storr et. al. decided to explored other o-amino 

benzylalcohol derivatives (Scheme 34, 61-65).60 Storr found that in the absence of an 

available dienophile (61), aza-o-QM would undergo 1,5-hydride shift to result in an imine 

intermediate, which would undergo immediate trimerization.60a Acylated anilines (62) and 

enamines (63) were also tested. Interestingly, an electron-deficient carbonyl or an enone can 
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also undergo intramolecular IMDA with aza-o-QMs, though lower yields were observed 

from the carbonyl examples.60a The usage of 1,3-benzoxazinones (64) for generation of aza-

o-QMs lowers FVP/T condition by 100 °C due to the easier removal of a carbon dioxide 

molecule from precursors.60a In addition, 1,3-benzoxazinones (64) are much more stable 

than o-amino benzylalcohol derivatives. Subsequently, Storr also reported N-Boc-protected 

o-amino benzylalcohols (65) can further lower FVP/T condition by another 50 °C due to the 

easier remover of Boc-protecting and hydroxyl groups.60b A carbon dioxide and a t-BuOH 

molecules were proposed to be removed under FVP/T condition. All above mentioned 

conditions stay true that if an intramolecular dienophile available, then the reaction would 

undergo intramolecular IMDA reaction to form a [4+2] product. Otherwise, a 1,5-hydride 

shift product would form and followed by immediate trimerization of the corresponding 

imine formed in-situ. 
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Scheme 34. Storr’s flash vacuum pyrolysis/thermolysis condition for generation of  aza-
ortho-quinone methides from various ortho-amino benzylalcohol derivatives 

 
In 1987, Storr et. al. explored a different type of aza-o-QM precursor, N-phenyl imine 

derivatives with a leaving group on imine’s carbon-side (Scheme 35, 66).61 It was suspected 

that a carbene-like species was generated in-situ, which is first reported using FVP/T 

condition. 

 

Scheme 35. Storr’s flash vacuum pyrolysis/thermolysis condition for generation of  aza-
ortho-quinone methides from phenyl formimidoyl chloride or formamidine precursors 

 
Thus far, generation of aza-o-QMs can only be done using the technique of FVP/T, 

which requires low-pressure. Therefore, implementation of FVP/T for large-scale synthesis 

is problematic. For later research, scientists have been focusing on exploring a precursor that 

can generate aza-o-QMs at relatively lower temperature in the absence of low-pressure 

reaction condition. In 1989, Zanirato et. al. reported the thermal ring-opening of 2-azido-1-

methylindole (67) to generate aza-o-QMs in-situ (Scheme 36).62 Though this method indeed 

lower the reaction temperature to 25-60 °C, it’s known that azido compounds are explosive 

and therefore need to handle with extra precaution. 
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Scheme 36. Zanirato’s thermolysis condition for generation of  aza-ortho-quinone methides 
from 2-azido-1-methylindole 

 
Wojciechowski et. al. thermolysis condition contributed some good work to show the 

decrease of reaction temperature by using cheletropic SO2 extrusion of benzosultams 

(Scheme 37, 68).63 However, this thermolysis condition would only allow the introduction 

of other thermal-stable dienophiles to the system. 

 

Scheme 37. Wojciechowski’s thermolysis condition for generation of  aza-ortho-quinone 
methides using cheletropic SO2 extrusion 

 
In the meantime, Lau et. al. reported the usage of a Lewis acid, boronic acid, would 

allow the reduction of reaction temperature to 80-180 °C with o-amino benzylalcohol 

derivatives (Scheme 38, 69)64 comparing to above mentioned FVP/T conditions with similar 

o-amino benzylalcohol precursors (Scheme 33-34). Martín et. al. adapted Lau’s method and 

apply for intermolecular IMDA reaction between aza-o-QM and C60 in 1998.65 

 

Scheme 38. Lau’s thermolysis condition for generation of  aza-ortho-quinone methides 
using a Lewis acid to lower reaction temperature 

 
In addition to Lau’s thermolysis condition, Ferraccioli,66 Ohno67 and Wang68 

independently studied other aza-o-QM precursors that can reduce the reaction temperature. 

Ferraccioli et. al. reported the usage of an electron-withdrawing protecting group, a tosyl 

group, on o-amino benzylalcohols (70) can lower reaction temperature (Scheme 39a).66 

Ohno et. al. reported an N-electron-withdrawing-group substituted 1,3-benzoxazinone (71) 
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can also lower reaction temperature (Scheme 39b).67 In the meantime, Wang et. al. reported 

the usage of an enyne-carbodimmide precursor (72) that can undergo a thermo-initiated 

cascade reaction to generate aza-o-QM via radical mechanism (Scheme 39c) to promote 

reagent reactivities and subsequently lower reaction temperature.6 

 

 

 

Scheme 39. Other aza-ortho-quinone methide precursors that lead to lower reaction 
temperature 

 
3.4 Photochemical Facilitation 

Similar to thermolysis condition described in section 3.3, photolysis approaches can 

practically undergo in neutral conditions and often proceed with the release of small 

molecules. On the other hand, photolysis approaches significantly reduces the temperatures 

required for aza-o-QM generation for many of the precursors shown in section 3.3. Another 

major differences between thermolysis and photolysis is that aza-o-QMs generated by 

photolysis can undergo [2+2] cycloaddition to form benzoazetines in the absence of trapping 

reagents, while thermolysis cannot.57 In many cases, excitation with light can induce aza-o-

QMs to form at ambient or even lower temperatures. Therefore, in principle, photochemical 
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initiation allows the development of diastereoselective reactions for aza-o-QMs. In practice, 

however, photochemical generation is not widely used synthetically due to two problems. 

First, many precursors remain unstable and difficult to purify. Second, most precursors 

require high energy (short λ) to facilitate formation of aza-o-QMs. With high-energy light, 

many functional groups and nucleophilic partners can be excited into a reactive state in 

addition to aza-o-QM precursors. Therefore, undesired side reactions would occur and 

photolysis limit a wide range of substituents and solvents. 

In 1966, Burgess and McCullagh reported the first evidence of aza-o-QM formation by 

irradiating 3-phenyl-4H-benzo-1,2,3-triazine (73) in benzene solution with UV-light to form 

N-phenylbenzoazetine (Scheme 40, 75).55 Compound 75 suggests the formation of a 1,4-

biradical (74), which is a tautomer of aza-o-QM. Compound 75 was also tested for 

generation of aza-o-QM in the same report under photolysis condition and proved to be 

successful, which is a reversible reaction between 75 and 74. Later on, Smith et. al. 

discovered a previous-mentioned thermo-precursor benzosultams (68) can also lead to 

compound 75 formation under photolysis condition.69 

 

Scheme 40. First evidence of aza-ortho-quinone methide formation, discovered by Burgess 
and McCullagh 

 
Nevertheless, photolysis approaches for generation of aza-o-QMs remain unexplored for 

almost a decade until Ikeda et. al. discovered a different aza-o-QM precursor. They reported 

the usage of an ethyl 2-nitrile 1,2-dihydroquinoline-N-carboxylate (76) under photolysis 

condition to generate benzoazahexatriene intermediates (77), which is a derivative of aza-o-

QMs (Scheme 41).70 
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Scheme 41. Photolysis of ethyl 2-nitrile 1,2-dihydroquinoline-N-carboxylate for the 
generation of aza-ortho-quinone methide derivative, benzoazahexatriene 

 
Later on, inspired by the well documented generation of o-QMs via an excited-state 

intramolecular proton transfer (ESIPT),71 Kutaeladze et. al. studied photogeneration of aza-

o-QMs from ortho-ketone substituted aniline (78 & 79) or ortho-imine substituted aniline 

(80) via ESIPT (Scheme 41).72 Their methods demonstrated the first diastereoselective 

synthesis of a mixture of intramolecular [4+2] and [4+4] reactions under photolysis 

condition. Though the regioselective problem remains to be solved. 

 

 

 

 

 

Scheme 42. Kutaeladze’s method for generation of aza-ortho-quinone methide via excited-
state intramolecular proton transfer 
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Xiao, Chen and Rao collaboratively developed a photochemical-generation of aza-o-

QMs via single-electron transfer (SET), which allows a more benefit for synthetic potential. 

They use the Umemoto reagent (81) as CF3 radical sources and N-tosyl-2-vinylanilines (82) 

as aza-o-QMs photo-precursor (Scheme 43).73 In the presence of a base, like Cs2CO3, 

NaOAc or NaHPO4, an aza-o-QM intermediate is formed and can undergo various 

intermolecular reactions with coupling partners that are stable under photochemical 

condition and resulting into good regio- and diastereoselectivity. 

 

 

Scheme 43. Single-electron transfer approach for generation of aza-ortho-quinone methide 
 

3.5 Metal-Catalyzed Facilitation 

Metal-catalyzed generation of active zwitterionic intermediates, such as π-allylpalladium 

intermediates, copper-allenylidene intermediates and iron-enyl intermediates, under mild 

conditions have been reported in recent years.74-88 The zwitterionic intermediates can be 

conceived as a functionally equivalent of the aza-o-QMs. The analogues of highly reactive 

intermediate aza-o-QMs are generated from benzoxazinones, which were used in thermal 

cycloaddition reactions as mentioned in section 3.3. Thus far, only two benzoxazinones 

(Scheme 44, 83 & 84)74 are reported to well-tolerate metal-catalyzed condition for 

subsequent [4+n] cycloadditions (n=1-4) and 1,4 conjugated-addition.  
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Scheme 44. Synthesis of aza-ortho-quinone methide metal-catalyzed precursors 
 

In 2008, Tung et. al. first reported to use a benzoxazinone (83) in the presence of Pd(0) 

catalyst to generate a π-allylpalladium zwitterionic intermediate (Scheme 45).75a 

Subsequently, Tung,75 Lu, Xiao,76 Jørgensen,77 Glorius,78 Shi,79 Guo,80 Zhai,81 Ashfeld,82 

and Du83 have been using this π-allylpalladium zwitterionic intermediate for assortment of 

[4+n] cycloadditions (n = 1-4) and 1,4-conjugated addition with decent to good yield and 

diastereoselectivity. 

 

Scheme 45. Pd-catalyzed generation of π-allylpalladium zwitterionic intermediates, 
analogues of aza-ortho-quinone methides 

 
In 2016, Lu, Lan and Xiao reported an alternative iron catalyst for the generation of iron-

stabilized-enyl zwitterionic intermediate using aza-o-QM precursor (83) for subsequent 

[4+1] reaction with sulfur ylides (Scheme 46),84 which is a lower-cost version of previous 

mentioned Pd-catalyzed reaction.76a  
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Scheme 46. Fe-catalyzed generation of Fe-enyl zwitterionic intermediates, analogues of aza-
ortho-quinone methides 

 
In the same year, Lu and Xiao further developed an ethynyl derivative of benzoxazinone 

(84) that can form Cu-allenylidene intermediates, a formal copper-containing 1,4-dipole, 

under mild conditions by reacting with Cu catalysts (Scheme 47).85 This method was further 

developed by Gong,86 Wu87 and Deng88 for [4+2] cycloaddition reactions with proper 

synthons. 

 

Scheme 47. Cu-catalyzed generation of Cu-allenylidene zwitterionic intermediates, 
analogues of aza-ortho-quinone methides 

 
3.6 1,4-Elimination Process 
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process. There are three sub-category reactions under 1,4-elimination process, including 

fluoride-promoted, acid-promoted and base-promoted reaction.89-103 All three sub-category 

reactions require a suitable leaving group in order to generate aza-o-QMs in-situ. In 

addition, due to the readily-available aza-o-QM intermediates, these reactions can occur at 
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nucleophiles and dienophiles.  
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3.6.1 Fluoride-Promoted 1,4-Elimination 

For fluoride-promoted 1,4-elimination process, given the aza-o-QM precursors (85) 

proved to be unstable, limited syntheses were only reported by Saegusa et. al. (Scheme 

48).89  

 

Scheme 48. Fluoride-promoted 1,4-elimination process developed by Saegusa et. al. 
 

3.6.2 Acid-Promoted 1,4-Elimination 

Many of the thermal processes can be induced to occur at lower temperatures by the 

addition of a Lewis/Brønsted acid due to ortho-amino benzylalcohols are acid-labile. 

Nevertheless, acidic conditions reduce the range of nucleophiles that can be used due to 

nucleophilicity is diminished under this condition.90-95  

In 1996, Lau et. al. reported the first example harnessing a Lewis acid, BF3·Et2O, to 

induce 1,4-elimiantion of water molecule from ortho-amino benzyl alcohols (86) and 

generate aza-o-QMs in-situ for subsequent intermolecular reactions (Scheme 49).90 The 

same precursor was used in thermolysis and by addition of a Lewis acid, Lau et. al. showed 

that the reaction temperature is significantly reduced and therefore enhances reactions’ 

diastereoselectively. Since Lau’s report, many Lewis/Brønsted acids were tested, such as 

FeCl3, ZnCl2, 4 Å molecular sieves,91 TFA,92 phosphoric acid93 and In(OTf)3,94 result in 

competitive results. With the use of a chiral Brøsted acid, such as a chiral phosphoric acid, 

lead to enantioselective reactions.93 
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Scheme 49. First acid-promoted 1,4-elimination process developed by Lau et. al. 
 

Recently, Gharpure and Vishwakarma reported to use of a different aza-o-QM precursor 

(87, a derivative of a photolysis precursor) in the presence of TMSOTF, a Lewis acid, and 

resulted in intermolecular reactions with decent to good diastereoselectivity (Scheme 50).95 

 

Scheme 50. Acid-promoted aza-ortho-quinone methide generation from ortho-amino 
benzaldehyde derivatives 
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[4+2] cycloadditions. In addition, the above-mentioned 2-(trifluoromethyl)aniline 

derivatives (88 & 89) are easily hydrolyzed to the corresponding 2-aminobenzoic acids in 

basic media, which contributes to a higher level of difficulty when handling these 

precursors.57 

 

 

Scheme 51. Base-promoted 1,4-elimination of HF to generate aza-ortho-quinone methide 
reported by Strekowski et. al. 
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minor changes of bases and solvents for intermolecular and intramolecular cyclizations98-

101and nucleophilic additions.102 

 

Scheme 52. Base-promoted 1,4-elimination of HCl to generate aza-ortho-quinone methide 
reported by Steinhagen and Corey 
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3.7 Future Applications 

Although Steinhagen and Corey’s base-promoted 1,4-elimination method are well used 

for a variety of intra- and intermolecular cycloadditions and nucleophilic additions, one 

major problem still underlies. As mentioned before, benzylalcohol derivatives, such as 

benzylchloride (92), are not stable and ready for hydrolysis. In addition, for every benzylic 

substituted benzylchloride precursor, it requires the transformation from benzylic substituted 

benzylalcohol (Scheme 53, 91).103 Therefore, it is necessary to develop a precursor that is 

more stable and hopefully allows one-pot multicomponent synthesis. 

 

Scheme 53. General synthesis of benzylic-substituted benzylchloride 
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lithium reagent continues to intermediate D. A magnesium reagent facilitates the final 

conversion to E, an unfavorable event which is energetically offset by entropy, the Lewis 

acidity of Mg2+ and CO2 expulsion.25b 

 

Scheme 54. ortho-Quinone methides cascade 
 

Thus far, I have adapted our Grignard-promoted o-QM generation method on 

benzylchloride precursor (93) with promising results. In the presence of i-PrMgCl and 2,3-
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Scheme 55. Preliminary results 
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Scheme 56. Future directions for base-promoted aza-ortho-quinone methide generations 
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Experimental 

4.1 General Information 

In reactions where water was not present as a solvent, reagent, or byproduct, glassware 

was flame dried, and the reactions were carried out under an inert atmosphere of nitrogen. 

Reactions were monitored by analytical thin-layer chromatography on EMD silica gel 60 F254 

plates; visualization was effected by ultraviolet light (254 nm), p-anisaldehyde or potassium 

permanganate stains. Solvents were removed using a rotary evaporator. If the product was 

non-volatile, trace solvents were removed at a pressure of approximately 2 mmHg. 

All purchased chemicals were used without purification unless otherwise stated. 

Dichloromethane was distilled from CaH2. Diethyl ether, tetrahydrofuran, and toluene were 

distilled from sodium and benzophenone. Deuterated chloroform was stored over anhydrous 

potassium carbonate and 4Å molecular sieves before use. 

1H-NMR spectra were recorded at 400, 500, or 600 MHz instruments with the solvent 

resonance of CDCl3 (7.26 ppm). 13C-NMR spectra were recorded at 500 or 600 MHz 

instruments with a solvent resonance of CDCl3 (77.0 ppm). Infrared spectra were recorded on 

an FTIR-8300 Fourier transform infrared spectrometer with neat sample. High resolution mass 

spectra (HRMS) were obtained by electrospray ionization/time-of-flight experiments. 
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4.2 Synthesis of Boc-Protected Acetophenones 

4.2.1 General Procedure A 

 

35a 

To a 100 mL round-bottom flask, charged with acetophenone (2.7 g, 20 mmol) in THF 

(40 mL, 0.2 M) was added 60% NaH (0.53 g, 1.1 equivalent) at 0 °C, then di-tert-butyl 

dicarbonate (4.8 g, 1.1 equivalent) was added. The reaction was slowly warm to room 

temperature overnight. The completion of reaction is analyzed by TLC. The reaction 

mixture was quenched with 0.1 M HCl (40 mL) and extracted with EtOAc (3 x 10 mL). The 

combined organic fractions were washed with brine (40 mL), dried over Na2SO4, and 

concentrated in vacuo. The crude product was purified by flash silica gel chromatography 

(ethyl acetate–hexane, 1:9) to afford the corresponding Boc-protected acetophenone (35a, 

3.6 g, 86% isolated yield). 1H NMR (400 MHz, CDCl3) δ 7.36 (dd, J = 7.9, 1.5 Hz, 1H), 

7.25 (t, J = 8.0 Hz, 1H), 7.12 (dd, J = 8.2, 1.5 Hz, 1H), 3.88 (s, 3H), 2.57 (s, 3H), 1.57 (s, 

9H); 13C NMR (126 MHz, CDCl3) δ 197.76, 152.22, 151.04, 139.39, 132.43, 126.45, 

121.21, 116.15, 84.03, 56.50, 30.35, 27.79. HRMS (ESI+) m/z calculated for C14H18O5 

[M+Na]+: 289.1052; found 289.1051. 

O
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35b 

Compound 35b was synthesized according to general procedure A: (ethyl acetate–

hexane, 1:9), 80% isolated yield. 1H NMR (500 MHz, CDCl3): δ 7.83 (d, J = 8.8 Hz, 1H), 

6.82 (dd, J = 8.8, 2.5 Hz, 1H), 6.69 (d, J = 2.5 Hz, 1H), 3.85 (s, 3H), 2.53 (s, 3H), 1.58 (s, 

9H); 13C NMR (126 MHz, CDCl3) δ 195.91, 163.87, 151.73, 151.49, 132.51, 123.54, 

111.97, 109.17, 84.17, 55.87, 29.34, 27.87. HRMS (ESI+) m/z calculated for C14H18O5 

[M+Na]+: 289.1052; found 289.1051. 
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35c 

Compound 35c was synthesized according to general procedure A: (ethyl acetate–

hexane, 1:9), 80% isolated yield. 1H NMR (500 MHz, CDCl3): δ 7.29 (s, 1H), 7.11 (dd, J = 

8.9, 2.4 Hz, 1H), 7.05 (dd, J = 7.0, 4.2 Hz, 2H), 3.83 (s, 3H), 2.56 (s, 3H), 1.56 (s, 9H).13C 

NMR (126 MHz, CDCl3) δ 197.41, 157.30, 152.06, 143.31, 131.67, 124.65, 119.18, 114.56, 

84.11, 55.95, 29.85, 27.84. HRMS (ESI+) m/z calculated for C14H18O5 [M+Na]+: 289.1052; 

found 289.1048. 
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35d 

Compound 35d was synthesized according to general procedure A: (ethyl acetate–

hexane, 1:9), 80% isolated yield. 1H NMR (500 MHz, CDCl3): δ 7.90 (s, 1H), 7.84 (s, 1H), 

2.56 (s, 3H), 1.58 (s, 9H), 1.54 (s, 3H); 13C NMR (126 MHz, CDCl3) δ 195.30, 149.88, 

146.28, 139.19, 134.23, 132.22, 120.01, 119.78, 85.33, 29.73, 27.75. HRMS (ESI+) m/z 

calculated for C13H14Br2O4 [M+Na]+: 416.9137; found 416.9134. 

  

O
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SI-1 

To a Schlenk flask containing a magnetic stir bar was added 5’-bromo-2’-

hydroxyacetophenone (1.0 g, 4.8 mmol) and purged with N2. To the flask was added a 

solution of Pd(PPh3)4 (0.14 g, 0.12 mmol, 2.5 mol%) in N2-degassed dimethoxyethane (8 

mL, 0.015 M) and aqueous Na2CO3 (2.2 g, 21 mmol, 4.0 equivalent, 2 M in N2-degassed d.I. 

H2O solution), and purged with N2. The resultant solution was stirred at room temperature 

for 5 minutes, then a slurry of 3-pyridinylboronic acid (0.79 g, 6.4 mmol, 1.25 equivalent) in 

N2-degassed EtOH (8 mL, 0.81 M) was added. The flask was purged with N2 and the 

mixture was heated to 90 °C and stirred at 90 °C overnight. The completion of reaction is 

analyzed by TLC. The solution was cooled to room temperature and filtered through a pad 

of Celite, washed with DCM (30 mL). The filtrate was washed with brine (20 mL), dried 

over Na2SO4, and concentrated in vacuo. The crude product was purified by flash column 

chromatography (1% TEA in ethyl acetate-hexane, 1:3) to yield product SI-1 (0.80 g, 4.2 

mmol, 88% isolated yield). 1H NMR (500 MHz, CDCl3): δ 12.32 (s, 1H), 8.82 (dd, J = 2.5, 

0.9 Hz, 1H), 8.61 (dd, J = 4.8, 1.6 Hz, 1H), 7.91 (d, J = 2.3 Hz, 1H), 7.83 (ddd, J = 7.9, 2.4, 

1.6 Hz, 1H), 7.70 (dd, J = 8.6, 2.3 Hz, 1H), 7.38 (ddd, J = 7.9, 4.8, 0.9 Hz, 1H), 7.12 (d, J = 

8.6 Hz, 1H), 2.72 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 204.49, 162.47, 148.55, 148.00, 

135.56, 135.21, 133.99, 129.23, 128.95, 123.71, 120.06, 119.47, 26.82. HRMS (ESI+) m/z 

calculated for C13H11NO2 [M+H]+: 214.0868; found 214.0872.  
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35e 

The Boc-protection of SI-1 (0.80 g, 3.8 mmol) would follow General Procedure A to 

obtain Boc-protected product 35e. The crude product was purified by flash column 

chromatography (1% TEA in ethyl acetate-hexane, 1:1) to yield product 35e (1.13 g, 3.6 

mmol, 96% isolated yield). 1H NMR (400 MHz, CDCl3): δ 8.84 (d, J = 2.4 Hz, 1H), 8.64 

(dd, J = 4.9, 1.6 Hz, 1H), 7.98 (d, J = 2.3 Hz, 1H), 7.87 (dt, J = 7.9, 2.0 Hz, 1H), 7.73 (dd, J 

= 8.4, 2.3 Hz, 1H), 7.39 (dd, J = 7.9, 4.8 Hz, 1H), 7.33 (d, J = 8.3 Hz, 1H), 2.63 (s, 3H), 1.59 

(s, 9H); 13C NMR (126 MHz, CDCl3) δ 197.26, 151.45, 149.45, 149.15, 148.24, 136.06, 

135.05, 134.44, 131.86, 131.74, 128.92, 124.43, 123.73, 84.53, 29.85, 27.75. HRMS (ESI+) 

m/z calculated for C18H19NO4 [M+Na]+: 336.1212; found 336.1211.  
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SI-2 

To a 100 mL round bottom flask, charged with 2’,4’-dihydroxyacetophenone (3.5 g, 23 

mmol) in dry DCM (46 mL, 0.5 M) was added imidazole (3.5 g, 52 mmol, 2.2 equivalent), 

DMAP (0.28 g, 2.3 mmol, 0.1 equivalent) and TIPSCl (5.4 mL, 25.3 mmol, 1.1 equivalent) 

at room temperature. The reaction mixture was stirred at room temperature overnight. The 

completion of reaction is analyzed by TLC. The reaction mixture was diluted with DCM (50 

mL) and quenched with sat. NH4Cl solution (50 mL). The resulting solution was extracted 

with DCM (3 x 20 mL). The combined organic fractions were washed with brine (50 mL), 

dried over Na2SO4, and concentrated in vacuo. The crude product was purified by flash 

column chromatography (ethyl acetate-hexane, 1:9) to yield product SI-2 (7.44 g, 23 mmol, 

100% isolated yield). 1H NMR (400 MHz, CDCl3): δ 12.58 (s, 1H), 7.63-7.56 (m, 1H), 6.45-

6.37 (m, 2H), 2.55 (s, 3H), 1.31-1.25 (m, 3H), 1.10 (d, J = 7.3 Hz, 18H); 13C NMR (126 

MHz, CDCl3) δ 202.73, 165.04, 163.55, 132.51, 114.63, 112.28, 108.06, 26.38, 17.98, 

12.83. HRMS (ESI+) m/z calculated for C17H28O3Si [M+H]+: 309.1886; found 309.1890.  
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SI-3 

The Boc-protection of SI-2 (7.1 g, 23 mmol) would follow General Procedure A to 

obtain Boc-protected product SI-3. The crude product was purified by flash column 

chromatography (ethyl acetate-hexane, 1:20) to yield product SI-3 (8.0 g, 20 mmol, 86% 

isolated yield). 1H NMR (400 MHz, CDCl3): δ 7.76 (d, J = 8.7 Hz, 1H), 6.78 (dd, J = 8.6, 

2.4 Hz, 1H), 6.66 (d, J =2.4 Hz, 1H), 2.52 (s, 3H), 1.57 (s, 9H), 1.36-1.20 (m, 3H), 1.10 (d, J 

= 7.4 Hz, 18H); 13C NMR (101 MHz, CDCl3) δ 196.06, 160.97, 151.58, 151.33, 132.29, 

123.95, 117.47, 115.23, 84.05, 29.37, 27.87, 17.96, 12.78. HRMS (ESI+) m/z calculated for 

C17H28O3Si [M+Na]+: 431.2230; found 431.2226. 
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35f 

To a 25 mL round bottom flask, charged with SI-3 (0.98 g, 2.4 mmol) was added TBAF 

(2.7 mL, 2.7 mmol, 1.1 equivalent, 1 M solution in THF) at room temperature. The reaction 

mixture was stirred at room temperature overnight. The completion of reaction is analyzed 

by TLC. The reaction mixture was diluted with EtOAc (5 mL) and quenched with sat. 

NH4Cl solution (5 mL). The resulting solution was extracted with EtOAc (3 x 5 mL). The 

combined organic fractions were washed with brine (10 mL), dried over Na2SO4, and 

concentrated in vacuo. The crude product was purified by flash column chromatography 

(ethyl acetate-hexane, 1:3) to yield product 35f (0.53 g, 2.1 mmol, 86% isolated yield). 1H 

NMR (500 MHz, CDCl3): δ 7.77 (d, J = 8.6 Hz, 1H), 6.73 (dd, J = 8.6, 2.5 Hz, 1H), 6.62 (d, 

J = 2.5 Hz, 1H), 5.74 (s, 1H), 2.53 (s, 3H), 1.58 (s, 9H); 13C NMR (126 MHz, CDCl3) δ 

196.51, 161.03, 151.90, 151.62, 132.94, 123.16, 113.54, 111.09, 84.63, 29.23, 27.87. HRMS 

(ESI+) m/z calculated for C13H16O5 [M+Na]+: 275.0895; found 275.0900.  
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SI-4 

To a 50 mL seal-tube, charged with 3-aminophenol (1 g, 9.2 mmol) in EtOAc (6.3 mL, 

1.47 M) was added NaOH pellets (0.91 g, 22.8 mmol, 2.49 equivalent) and acetic anhydride 

(3.1 mL, 32.5 mmol, 3.55 equivalent). The reaction mixture was sealed and refluxed at 80 

°C for 20 hours. The completion of reaction is analyzed by TLC. The resulting reaction 

mixture was filtered through Frit and the residue was washed with EtOAc (4 x 10 mL). The 

filtrate was concentrated in vacuo. The crude product was purified by flash column 

chromatography (ethyl acetate-hexane, 5:1) to yield product SI-4 (1.1 g, 5.8 mmol, 63% 

isolated yield). 1H NMR (500 MHz, CDCl3): δ 7.75 (s, NH), 7.46 (t, J = 2.2 Hz, 1H), 7.24 (t, 

J = 8.1 Hz, 1H), 7.13 (ddd, J = 8.2, 2.1, 1.0 Hz, 1H), 6.79 (ddd, J = 8.2, 2.3, 1.0 Hz, 1H), 

2.28 (s, 3H), 2.07 (s, 3H); 13C NMR (126 MHz, CDCl3) δ 170.00, 168.74, 151.03, 139.38, 

129.63, 117.09, 113.45, 24.54, 21.24. HRMS (ESI+) m/z calculated for C10H11NO3 

[M+Na]+: 216.0637; found 216.0636.  
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SI-5 

To a 100 mL seal-tube, charged with SI-4 (1.1 g, 5.8 mmol) and anhydrous AlCl3 (3.87 

g, 29 mmol, 5.0 equivalent). The reaction mixture was heated at 135 °C for 20 hours then 

cooled to room temperature. At 0 °C, cold d.I. H2O (50 mL) was added slowly to the 

reaction mixture and stirred at 50 °C until all solids disappeared. The resulting solution was 

extracted with EtOAc (4 x 20 mL). The combined organic fractions were washed with brine 

(40 mL), dried over Na2SO4, and concentrated in vacuo. 6 N aq. HCl (7.5 mL, 0.78 M) was 

added to above crude mixture and heated at 50 °C for 20 hours then cooled to room 

temperature. The reaction mixture was extracted with EtOAc (4 x 10 mL). The combined 

organic fractions were washed with brine (40 mL), dried over Na2SO4, and concentrated in 

vacuo. The crude product was purified by flash column chromatography (1% TEA in ethyl 

acetate-hexane, 1:3 à 1:1) to yield condensed product SI-5 (0.68 g, 4.5 mmol, 78% isolated 

yield). 1H NMR (400 MHz, CDCl3): δ 12.82 (s, OH), 7.51 (d, J = 8.5 Hz, 1H), 6.18 – 6.09 

(m, 2H), 4.21 (s, NH2), 2.50 (s, 3H); 13C NMR (126 MHz, CDCl3) δ 201.56, 165.32, 154.24, 

133.07, 112.17, 106.63, 100.72, 25.87. HRMS (EI+) m/z calculated for C8H9NO2 [M+]: 

151.0633; found 151.0627.  
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SI-6 

The Boc-protection of SI-5 (0.40 g, 2.7 mmol) would follow General Procedure A to 

obtain Boc-protected product SI-6. The crude product was purified by flash column 

chromatography (1% TEA in ethyl acetate-hexane, 1:3 à 1:1) to yield condensed product 

SI-6 (0.57 g, 2.3 mmol, 84% isolated yield). 1H NMR (500 MHz, CDCl3): δ 7.71 (d, J = 8.5 

Hz, 1H), 6.52 (dd, J = 8.5, 2.3 Hz, 1H), 6.39 (d, J = 2.3 Hz, 1H), 4.15 (s, NH2), 2.49 (s, 3H), 

1.58 (s, 9H); 13C NMR (126 MHz, CDCl3) δ 195.32, 152.13, 152.09, 151.64, 133.16, 

120.39, 111.58, 108.76, 83.83, 28.99, 27.86. HRMS (ESI+) m/z calculated for C13H17NO4 

[M+Na]+: 274.1055; found 274.1059.  
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35g 

To a 100 mL round bottom flask, charged with SI-6 (0.57 g, 2.3 mmol) in dry DCM (23 

mL, 0.1 M) was added dry triethylamine (0.64 mL, 4.6 mmol, 2.0 equivalent). At 0 °C, 

acetyl chloride (0.33 mL, 4.6 mmol, 2.0 equivalent) was added dropwise to the reaction 

solution. The reaction mixture was stirred at 0 °C and slowly warm to room temperature 

overnight. The completion of reaction is analyzed by TLC. At 0 °C, sat. NH4Cl solution (30 

mL) was added slowly to the reaction mixture. The resulting solution was extracted with 

DCM (3 x 10 mL). The combined organic fractions were washed with brine (40 mL), dried 

over Na2SO4, and concentrated in vacuo. The crude product was purified by flash column 

chromatography (ethyl acetate-hexane, 1:1) to yield product 35g (0.53 g, 1.8 mmol, 79% 

isolated yield). 1H NMR (400 MHz, CDCl3): δ 7.78 (d, J = 8.6 Hz, 1H), 7.47 (d, J = 2.1 Hz, 

AR-H & NH), 7.36 (dd, J = 8.6, 2.1 Hz, 1H), 2.54 (s, 3H), 2.15 (s, 3H), 1.58 (s, 9H); 13C 

NMR (126 MHz, CDCl3) δ 196.28, 168.89, 152.04, 150.55, 143.13, 131.63, 125.83, 116.47, 

114.24, 84.56, 29.36, 27.86, 24.62. HRMS (ESI+) m/z calculated for C15H19NO5 [M+Na]+: 

316.1161; found 316.1157.  
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35h 

Compound 35h was synthesized according to general procedure A:  (ethyl acetate–

hexane, 1:9), 80% isolated yield. 1H NMR (500 MHz, CDCl3): δ 8.11-8.05 (m, 1H), 7.91-

7.82 (m, 2H), 7.81-7.76 (m, 1H), 7.65-7.56 (m, 2H), 2.68 (s, 3H), 1.61 (s, 9H); 13C NMR 

(126 MHz, CDCl3) δ 197.78, 151.41, 146.62, 136.42, 128.68, 127.91, 127.56, 127.49, 

126.79, 126.12, 125.23, 122.89, 84.43, 30.07, 27.80. HRMS (ESI+) m/z calculated for 

C17H18O4 [M+Na]+: 309.1103; found 309.1102. 
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SI-7 

To a 100 mL round-bottom flask, charged with 2’,4’-dihydroxyacetophenone (8.4 g, 55 

mmol) in DMF (55 mL, 1 M) was added potassium carbonate (7.6 g, 1.0 equivalent) and 

bromoacetaldehyde diethyl acetal (11 g, 1.0 equivalent). The reaction mixture was refluxed 

at 160 °C for 6 hours. The completion of reaction is analyzed by TLC. The reaction mixture 

was quenched with d.I. H2O (40 mL) and extracted with Et2O (3 x 30 mL). The combined 

organic fractions were washed with brine (40 mL), dried over Na2SO4, and concentrated in 

vacuo. The crude product was purified by flash column chromatography (ethyl acetate-

hexane, 1:3) to yield alkylated product SI-7 (7.0 g, 26 mmol, 47% isolated yield). 1H NMR 

(500 MHz, CDCl3) δ 12.70 (s, OH), 7.63 (d, J = 8.9 Hz, 1H), 6.48 (dd, J = 8.9, 2.4 Hz, 1H), 

6.43 (d, J = 2.5 Hz, 1H), 4.83 (t, J = 5.2 Hz, 1H), 4.03 (d, J = 5.2 Hz, 2H), 3.76 (dq, J = 8.8, 

7.0 Hz, 2H), 3.63 (dq, J = 9.1, 7.0 Hz, 2H), 2.56 (s, 3H), 1.25 (t, J = 7.0 Hz, 6H);  13C NMR 

(126 MHz, CDCl3) δ 202.75, 165.27, 165.17, 132.48, 114.31, 107.95, 101.88, 100.27, 68.76, 

62.93, 26.40, 15.47. HRMS (EI+) m/z calculated for C14H20O5 [M+Na]+: 291.1208; found 

291.1204.  
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To a 100 mL round bottom flask, charged with SI-7 (6.4 g, 24 mmol) in dry toluene (48 

mL, 0.2 M) was added amberlyst-15 (0.8 g, 12.5% m/m). The reaction mixture was refluxed 

with a Dean-Stark at 120 °C for 8 hours. The completion of reaction is analyzed by TLC. 

The resulting reaction mixture was filtered through Frit and the resin was washed with Et2O. 

The filtrate was concentrated in vacuo. The crude product was purified by flash column 

chromatography (ethyl acetate-hexane, 1:10) to yield condensed product SI-8 (1.1 g, 6.0 

mmol, 25% isolated yield) and SI-9 (1.6 g, 8.9 mmol, 37% isolated yield).  

 

SI-8 

SI-8, 1H NMR (500 MHz, CDCl3) δ 12.41 (s, OH), 8.00 (s, 1H), 7.56 (d, J = 2.3 Hz, 

1H), 7.04 (s, 1H), 6.72 (dd, J = 2.3, 1.0 Hz, 1H), 2.70 (s, 3H); 13C NMR (126 MHz, CDCl3) 

δ 204.20, 161.21, 159.73, 145.88, 124.14, 120.32, 117.20, 106.75, 99.99, 27.00. HRMS 

(EI+) m/z calculated for C10H8O3 [M+]: 176.0473; found 176.0466.  
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SI-9 

SI-9, 1H NMR (600 MHz, CDCl3) δ 13.29 (s, OH), 7.66 (d, J = 8.8 Hz, 1H), 7.58 (d, J = 

2.1 Hz, 1H), 7.05 (dd, J = 8.9, 0.9 Hz, 1H), 7.00 (dd, J = 2.2, 0.9 Hz, 1H), 2.67 (s, 3H); 13C 

NMR (126 MHz, CDCl3) δ 204.30, 159.93, 159.02, 144.64, 127.17, 117.66, 114.43, 105.17, 

103.90, 27.10. HRMS (EI+) m/z calculated for C10H8O3 [M+]: 176.0473; found 176.0479. 
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The Boc-protection of SI-8 (0.88 g, 5 mmol) and SI-9 (0.88 g, 5 mmol) would follow 

General Procedure A to obtain Boc-protected product 35i (1.2 g, 90% isolated yield) and 

35j (1.2 g, 90% isolated yield).  

 

35i 

Compound 35i, 1H NMR (500 MHz, CDCl3): δ 8.09 (s, 1H), 7.69 (d, J =2.3 Hz, 1H), 

7.35 (d, J = 0.9 Hz, 1H), 6.84 (dd, J = 2.2, 1.0 Hz, 1H), 2.63 (s, 3H), 1.59 (s, 9H); 13C NMR 

(126 MHz, CDCl3) δ 197.33, 156.64, 151.97, 147.49, 147.23, 127.20, 125.41, 123.55, 

107.20, 107.12, 84.25, 29.68, 27.87. HRMS (EI+) m/z calculated for C15H16O5 [M+Na]+: 

299.0895; found 299.0898.  
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35j 

Compound 35j, 1H NMR (500 MHz, CDCl3): δ 7.84 (d, J = 8.7 Hz, 1H), 7.68 (d, J = 2.3 

Hz, 1H), 7.46 (dd, J = 8.7, 1.0 Hz, 1H), 6.85 (dd, J = 2.3, 1.0 Hz, 1H), 2.66 (s, 3H), 1.63 (s, 

9H); 13C NMR (126 MHz, CDCl3): δ 197.19, 158.25, 151.05, 146.40, 143.88, 126.67, 

125.65, 122.70, 109.62, 104.75, 84.57, 30.12, 27.83. HRMS (EI+) m/z calculated for 

C15H16O5 [M+Na]+: 299.0895; found 299.0894. 
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4.2.2 General Procedure B 

 

35k 

To a 100 mL round bottom flask, charged with 4,6-diacetylresorcinol (0.58 g, 3 mmol) 

in dry THF (30 mL, 0.1 M) was added 60% NaH (0.26 g, 6.6 mmol, 2.2 equivalent) at 0 °C. 

The reaction mixture was stirred at 0 °C for 30 min. Boc2O (1.44 g, 6.6 mmol, 2.2 

equivalent) was added to the reaction solution. The reaction mixture was stirred at 0 °C and 

slowly warm to room temperature overnight. The completion of reaction is analyzed by 

TLC. At 0 °C, 0.1 N HCl aqueous solution (30 mL) was added slowly to the reaction 

mixture. The resulting solution was extracted with EtOAc (3 x 10 mL). The combined 

organic fractions were washed with brine (40 mL), dried over Na2SO4, and concentrated in 

vacuo. The crude product was purified by flash column chromatography (ethyl acetate-

hexane, 1:3) to yield product 35k (1.14 g, 2.6 mmol, 86% isolated yield). 1H NMR (400 

MHz, CDCl3): δ 8.27 (s, 1H), 7.16 (s, 1H), 2.60 (s, 6H), 1.57 (s, 9H); 13C NMR (126 MHz, 

CDCl3) δ 196.02, 152.83, 150.44, 132.65, 128.74, 118.91, 85.17, 29.85, 27.79. HRMS 

(ESI+) m/z calculated for C20H26NO8 [M+Na]+: 417.1525; found 417.1530.  
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4.3 Synthesis of ortho-tert-Butyl Phenols 

4.3.1 General Procedure C 

 

36a 

A dry, nitrogen flushed, 10-mL Schlenk flask, equipped with a magnetic stir bar was 

charged with 35a (100 mg) in dry Et2O (3.8 mL, 0.1 M) was added MeMgCl (0.42 mL, 2.69 

M, 1.13 mmol, 3.0 equivalent) dropwise at -78 °C. The reaction was allowed to slowly 

warm to room temperature overnight. The reaction was quenched with 1 M aq. NH4Cl (3 

mL) and extracted with Et2O (4 x 1 mL). The combined organic fractions were washed with 

brine (5 mL), dried over Na2SO4, and concentrated in vacuo. The crude product was purified 

by flash chromatography (ethyl acetate–hexane, 1:9) to yield the t-butylated phenols 36a 

(56.9 mg, 84% isolated yield). 1H NMR (500 MHz, CDCl3): δ 6.91 (dd, J = 6.7, 2.8 Hz, 1H), 

6.82 – 6.74 (m, 2H), 6.01 (s, OH), 3.89 (s, 3H), 1.42 (s, 9H); 13C NMR (126 MHz, CDCl3) δ 

146.82, 144.43, 135.75, 119.19, 118.81, 108.58, 56.28, 34.78, 29.54. HRMS (EI+) m/z 

calculated for C11H16O2 [M+]: 180.1150; found 180.1149. 
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36b 

Compound 36b was synthesized according to general procedure C: (ethyl acetate–

hexane, 1:3), 53.0 mg, 84% isolated yield. 1H NMR (500 MHz, CDCl3): δ 7.23 (d, J = 8.6 

Hz, 1H), 6.50 (dd, J = 8.8, 2.6 Hz, 1H), 6.32 (d, J = 2.6 Hz, 1H), 5.35 (s, 1H), 3.79 (s, 3H), 

1.45 (s, 9H); 13C-NMR (126 MHz, CDCl3): δ 158.51, 155.25, 129.14, 127.69, 105.07, 

103.29, 55.37, 34.08, 29.92. HRMS (ESI-) m/z calculated for C11H16O2 [M]+: 180.1150; 

found 180.1143. 
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36c 

Compound 36c was synthesized according to general procedure C: (ethyl acetate–hexane, 

1:3), 53.0 mg, 85% isolated yield. 1H NMR (500 MHz, CDCl3): δ 6.89 – 6.85 (m, 1H), 6.61 

(s, 1H), 4.61 (s, 1H), 3.77 (s, 3H), 1.40 (s, 9H); 13C-NMR (126 MHz, CDCl3): δ 13C NMR 

(126 MHz, CDCl3) δ 153.79, 148.63, 137.98, 117.19, 114.55, 110.87, 56.10, 35.07, 29.86.	

HRMS (ESI-) m/z calculated for C11H16O2 [M]+: 180.1150; found 180.1144.	
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36d 

Compound 36d was synthesized according to general procedure C: (ethyl acetate–

hexane, 1:3), 63.3 mg, 81% isolated yield. 1H NMR (500 MHz, CDCl3): δ 7.48 (dd, J = 2.4, 

0.7 Hz, 1H), 7.32 (dd, J = 2.3, 0.7 Hz, 1H), 5.78 (s, OH), 1.38 (s, 9H); 13C-NMR (126 MHz, 

CDCl3): δ 149.90, 139.54, 131.61, 129.93, 112.60, 112.38, 35.75, 29.26. HRMS (ESI-) m/z 

calculated for C10H12Br2O [M-H]-: 306.9156; found 306.9150. 

  

OH

Br

Br
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36f 

Compound 36f was synthesized according to general procedure C: (ethyl acetate–

hexane, 1:3), 78.3 mg, 78% isolated yield. 1H NMR (500 MHz, CDCl3): δ 7.10 (d, J = 8.4 

Hz, 1H), 6.33 (dd, J = 8.5, 2.6 Hz, 1H), 6.22 (d, J = 2.6 Hz, 1H), 1.37 (s, 9H).; 13C NMR 

(126 MHz, CDCl3): δ 155.36, 154.28, 129.23, 127.96, 107.12, 104.30, 34.10, 29.95. HRMS 

(ESI+) m/z calculated for C10H14O2 [M]+: 166.0994; found 166.0994. 

  

OHHO
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36g 

Compound 36g was synthesized according to general procedure C: (ethyl acetate–

hexane, 1:1), 65.8 mg, 93% isolated yield. 1H NMR (500 MHz, CDCl3): δ 7.85 (d, J = 2.3 

Hz, 1H), 7.80 (s, 1H), 7.17 (s, 1H), 7.13 (d, J = 8.4 Hz, 1H), 6.40 (dd, J = 8.3, 2.3 Hz, 1H), 

2.20 (s, 3H), 1.39 (s, 9H). 13C NMR (126 MHz, CDCl3) δ 169.25, 156.20, 136.41, 132.81, 

126.82, 109.87, 108.86, 34.51, 29.64, 24.67. HRMS (ESI+) m/z calculated for C12H17NO2 

[M+Na]+: 230.1157; found 230.1154. 

  

OHN
H

O
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36h 

Compound 36h was synthesized according to general procedure C: (ethyl acetate–

hexane, 1:3), 69.2 mg, 99% isolated yield. 1H NMR (500 MHz, CDCl3): δ 8.05 – 7.99 (m, 

1H), 7.82 – 7.76 (m, 1H), 7.51 – 7.39 (m, 4H), 5.47 (s, OH), 1.54 (s, 9H); 13C NMR (126 

MHz, CDCl3): δ 148.98, 133.30, 129.59, 127.87, 125.59, 125.49, 125.42, 125.21, 120.21, 

120.00, 34.50, 30.49. HRMS (EI+) m/z calculated for C14H16O [M+]: 200.1201; found 

200.1203. 

  

OH
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36j 

Compound 36j was synthesized according to general procedure C: (ethyl acetate–

hexane, 1:3), 60.6 mg, 88% isolated yield. 1H NMR (500 MHz, CDCl3): δ 7.52 (d, J = 2.3 

Hz, 1H), 7.28 – 7.22 (m, 1H, overlap with NMR solvent), 7.05 (dt, J = 8.7, 0.9 Hz, 1H), 6.74 

(dt, J = 2.0, 0.9 Hz, 1H), 4.96 (s, OH), 1.47 (s, 9H); 13C NMR (126 MHz, CDCl3): δ 154.92, 

147.26, 144.06, 128.85, 123.62, 117.75, 103.62, 102.45, 34.43, 30.42. HRMS (EI+) m/z 

calculated for C12H14O2 [M+]: 190.0994; found 190.0995. 

  

OHO
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4.3.2 General Procedure D 

 

36e 

A dry, nitrogen flushed, 10-mL Schlenk flask, equipped with a magnetic stir bar was 

charged with 35e (0.2 mL, 0.5 M in dry toluene, 0.1 mmol) in dry Et2O (1 mL, 0.1 M) was 

added MeMgCl (0.16 mL, 2.74 M, 0.44 mmol, 2.2 equivalent) dropwise at -78 °C. The 

reaction was stirred and allowed to slowly warm to room temperature overnight. The 

reaction was quenched with 1 M aq. NH4Cl (1 mL) and extracted with Et2O (3 x 1 mL). The 

combined organic fractions were washed with brine (5 mL), dried over Na2SO4, and 

concentrated in vacuo. The crude product was purified by flash chromatography (1% TEA 

in ethyl acetate–hexane, 1:3), 49.3 mg, 68% isolated yield. 1H NMR (400 MHz, CDCl3): δ 

8.82 (d, J = 2.3 Hz, 1H), 8.56 – 8.52 (m, 1H), 7.92 – 7.84 (m, 1H), 7.49 (d, J = 2.3 Hz, 1H), 

7.37 (dd, J = 7.9, 5.0 Hz, 1H), 7.29 (dd, J = 8.2, 2.3 Hz, 1H), 6.87 (dd, J = 8.2, 4.1 Hz, 1H), 

1.49 (s, 9H); 13C NMR (126 MHz, CDCl3): δ 155.68, 147.77, 147.24, 137.53, 137.29, 

134.51, 129.43, 126.22, 125.78, 123.85, 117.41, 34.97, 29.67. HRMS (ESI+) m/z calculated 

for C15H17NO [M+H]+: 228.1388; found 228.1389. 

OH

N
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36i 

Compound 36i was synthesized according to general procedure D: (ethyl acetate–

hexane, 1:3) to yield the t-butylated phenols 36i (17.1 mg, 90% isolated yield). 1H NMR 

(500 MHz, CDCl3): δ = 7.48 (m, 2H), 6.86 (s, 1H), 6.68 (d, J = 2.2 Hz, 1H), 4.96 (s, OH), 

1.47 (s, 9H); 13C NMR (126 MHz, CDCl3) δ 153.93, 152.67, 143.86, 132.90, 120.53, 

118.63, 106.74, 99.27, 34.87, 30.09. HRMS (EI+) m/z calculated for C12H14O2 [M+]: 

190.0994; found 190.0986. 

  

OHO
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4.3.3 General Procedure E 

 

36k 

A dry, nitrogen flushed, 10-mL Schlenk flask, equipped with a magnetic stir bar was 

charged with 35k (0.7 mL, 0.72 M in dry toluene, 0.50 mmol) in dry Et2O (5 mL, 0.1 M) 

was added MeMgCl (0.94 mL, 2.69 M, 2.5 mmol, 5.0 equivalent) dropwise at -78 °C. The 

reaction was stirred and allowed to slowly warm to room temperature overnight. The 

reaction was quenched with 1 M aq. NH4Cl (5 mL) and extracted with Et2O (3 x 5 mL). The 

combined organic fractions were washed with brine (20 mL), dried over Na2SO4, and 

concentrated in vacuo. The crude product was purified by flash chromatography (ethyl 

acetate–hexane, 1:3) to yield the t-butylated phenols 36k (72.6 mg, 65% isolated yield). 1H 

NMR (400 MHz, CDCl3): δ 7.13 (s, 1H), 6.08 (s, 1H), 4.55 (s, 2H, OH), 1.38 (s, 17H); 13C 

NMR (126 MHz, CDCl3) δ 152.64, 127.60, 125.85, 105.67, 77.41, 77.16, 76.91, 34.30, 

30.16. HRMS (EI+) m/z calculated for C10H22O2 [M+]: 222.1620; found 222.1627. 

HO OH
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4.4 Synthesis of Acyclic (E)-Imines 

4.4.1 General Procedure E 

 

At room temperature, aldehyde (20 mmol) and amine (20 mmol) were dissolved in 

dichloromethane (60 mL). Trimethyl orthoacetate (20 mmol, 2.4 mL) was added. The mixture 

was stirred overnight. The mixture was then concentrated in vacuo, and finally purified by 

vacuum distillation (2 torr) to afford pure imines. 

4.4.2 General Procedure F 

 

At room temperature, aldehyde (20 mmol) and amine (20 mmol) were dissolved in 

dichloromethane (60 mL). Anhydrous magnesium sulfate (4 g) was added, and the suspension 

was stirred overnight. Magnesium sulfate was removed by filtration, and solvents were 

removed in vacuo. The residue left was purified by either recrystallization or vacuum 

distillation to afford pure imines. 

4.4.3 General Procedure G 

 

Amine (20 mmol) was placed in a round-bottom flask equipped with an addition funnel. 

The flask was cooled to 0 °C using an ice-water bath. With stirring, aldehyde (24 mmol) was 

added dropwise through addition funnel over 2 hours. The mixture was then warmed to room 

temperature. Several pellets of KOH were added. Stirring was continued for 30 minutes. 

Aqueous layer formed at bottom was removed using a pipette. Several additional pellets of 

O

R1 H
H2N R2

DCM, r.t., o/n R1

N R2

H

MeO
OMe

MeO

O
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KOH were added, and the mixture was left overnight. Finally, the liquid was purified by 

vacuum distillation to afford pure imines. 

 

37 

(E)-N-benzyl-3-phenylpropan-1-imine (37) was synthesized according to general 

procedure C as colorless oil (b.p. = 122 oC under 2 torr). 1H-NMR (600 MHz, CDCl3): δ 

7.84 (tt, J = 4.6, 1.3 Hz, 1H), 7.33-7.27 (m, 4H), 7.26-7.23 (m, 2H), 7.22-7.19 (m, 4H), 4.57 

(s, 2H), 2.92 (t, J = 7.9 Hz, 2H), 2.67-2.64 (m, 2H). Imine 37 has been reported. Our 

characterization data match the literature data.1 

 

  

 
1 Tian, H.; Yu, X.; Li, Q.; Wang, J.; Xu, Q. Adv. Synth. Catal. 2012, 354, 2671-2677. 

N
Bn

Ph
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38 

(E)-N-benzyl-2-methylpropan-1-imine (38) was synthesized according to general 

procedure A as colorless oil (b.p. = 59 oC under 2 torr). 1H-NMR (600 MHz, CDCl3): δ 7.66 

(dt, J = 5.5, 1.5 Hz, 1H), 7.34-7.31 (m, 2H), 7.26-7.23 (m, 3H), 4.56 (s, 2H), 2.50 (sept d, J 

= 6.5, 5.5 Hz, 1H), 1.12 (d, J = 6.5 Hz, 6H). Imine 38 has been reported. Our 

characterization data match the literature data.2 

 

  

 
2 Chen, M. Z.; McLaughlin, M.; Takahashi, M.; Tarselli, M. A.; Yang, D.; Umemura, S.; 

Micalizio, G. C. J. Org. Chem. 2010, 75, 8048-8059. 

i-Pr

N
Bn
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39 

(E)-2-methyl-N-(propan-2-yl)propan-1-imine (39) was synthesized according to 

general procedure A as colorless oil (b.p. = 100 oC under 760 torr). 1H-NMR (400 MHz, 

CDCl3): δ 7.47 (d, J = 5.7 Hz, 1H), 3.23 (sept, J = 6.4 Hz, 1H), 2.39 (sept d, J = 6.8, 5.7 Hz, 

1H), 1.13 (d, J = 6.4 Hz, 6H), 1.05 (d, J = 6.8 Hz, 6H). Imine 39 has been reported. Our 

characterization data match the literature data.3 

 

 

  

 
3 Mandal, D.; Dolai, R.; Chrysochos, N.; Kalita, P.; Kumar, R.; Dhara, D.; Maiti, A.; 

Narayanan, R. S.; Rajaraman, G.; Schulzke, C.; Chandrasekhar, V.; Jana, A. Org. Lett. 2017, 
19, 5605-5608. 

i-Pr

N
i-Pr
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40 

(E)-N-(4-methoxyphenyl)-2-methylpropan-1-imine (40) was synthesized according to 

general procedure A as yellow oil (b.p. = 122 oC under 2 torr). 1H-NMR (600 MHz, 

CDCl3): δ 7.73 (d, J = 5.0 Hz, 1H), 7.02 (d, J = 9 Hz, 2H), 6.87 (d, J = 9 Hz, 2H), 3.81 (s, 

3H), 2.61 (sept, J = 6.9 Hz, 1H), 1.18 (d, J = 6.9 Hz, 6H). Imine 40 has been reported. Our 

characterization data match the literature data.4 

 

  

 
4 Anderson, J. C.; Kalogirou, A. S.; Porter M. J.; Tizzard. G. J. Beilstein J. Org. Chem. 

2013, 9, 1737-1744. 
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41 

(E)-N-(4-fluorophenyl)-2-methylpropan-1-imine (41) was synthesized according to 

general procedure B as colorless oil (b.p. = 37 °C under 2 torr). 1H-NMR (600 MHz, CDCl3): 

δ 7.72 (d, J = 4.8 Hz, 1H), 7.04-6.96 (m, 4H), 2.62 (heptd, J = 6.9, 4.8 Hz, 1H), 1.19 (d, J = 

6.9 Hz, 7H). 13C NMR (100 MHz, CDCl3): δ 171.1, 161.0 (d, JC-F = 241 Hz), 148.5, 122.1 (d, 

JC-F = 6.5 Hz), 115.8 (d, JC-F = 22.3 Hz), 34.8, 19.2. HRMS (ESI) Unstable under HRMS 

conditions. 

  

i-Pr

N

F
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42 

(E)-N,1-diphenylmethanimine (42) was synthesized according to general procedure B. 

Purified by recrystallization from hot hexanes. Yellow solid. 1H-NMR (500 MHz, CDCl3): 

δ 8.47 (s, 1H), 7.92-7.91 (m, 2H), 7.50-7.47 (m, 3H), 7.42-7.39 (m, 2H), 7.26-7.21 (m, 3H). 

Imine 42 has been reported. Our characterization data match the literature data.5 

 

  

 
5 Schaufelberger, F.; Timmer, B. J. J.; Ramström, O. Chem. Eur. J. 2018, 24, 101-104. 

Ph

N
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43 

(E)-N-(4-methoxyphenyl)-1-phenylmethanimine (43) was synthesized according to 

general procedure B. Purified by recrystallization from hot hexanes. White solid. 1H-NMR 

(500 MHz, CDCl3): δ 8.51 (s, 1H), 7.93-7.91 (m, 2H), 7.50-7.48 (m, 3H), 7.27 (d, J = 9.0 

Hz, 2H), 6.69 (d, J = 9.0 Hz, 2H), 3.86 (s, 3H). Imine 43 has been reported. Our 

characterization data match the literature data.6 

 

  

 
6 Monopoli, A.; Cotugno, P.; Iannone, F.; Ciminale, F.; Dell’Anna, M. M.; Mastrorilli, 

P.; Nacci, A. Eur. J. Org. Chem. 2014, 27, 5925-5931. 

Ph

N

OMe
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44 

(E)-1-(4-methoxyphenyl)-N-phenylmethanimine (44) was synthesized according to 

general procedure B. Purified by recrystallization from hot hexanes. Yellow solid. 1H-NMR 

(400 MHz, CDCl3): δ 8.39 (s, 1H), 7.85 (d, J = 9.2, 2H), 7.38 (t, J = 7.7 Hz, 2H), 7.23-7.18 

(m, 3H), 6.99 (d, J = 9.2, 2H), 3.88 (s, 3H). Imine 44 has been reported. Our characterization 

data match the literature data.7 

 

  

 
7 Vayer, M.; Morcillo, S. P.; Dupont, J.; Gandon, V.; Bour, C. Angew. Chem. Int. Ed. 

2018, 57, 3228-3232. 

N Ph

MeO



 

 151 

 

45 

(E)-N-benzyl-1-phenylmethanimine (45) was synthesized according to general 

procedure A as colorless oil (b.p. = 105 oC under 2 torr). 1H-NMR (600 MHz, CDCl3): δ 

8.41 (s, 1H), 7.80-7.78 (m, 2H), 7.44-7.40 (m, 3H), 7.34 (t, J = 4.5 Hz, 4H), 7.28-7.25 (m, 

1H), 4.84 (s, 2H). Imine 45 has been reported. Our characterization data match the literature 

data.8 

 

  

 
8 Lawson, J. R.; Wilkins, L. C.; Melen, R. L.; Chem. Eur. J. 2017, 23, 10997-11000. 
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46 

(E)-N-[(4-methoxyphenyl)methyl]-1-phenylmethanimine (46) was synthesized 

according to general procedure A as colorless oil (b.p. = 148 oC under 2 torr). 1H-NMR (400 

MHz, CDCl3): δ 8.37 (s, 1H), 7.79-7.76 (m, 2H), 7.43-7.40 (m, 3H), 7.26 (d, J = 8.4 Hz, 

2H), 6.89 (d, J = 8.4 Hz, 2H), 4.77 (s, 2H), 3.80 (s, 3H). Imine 46 has been reported. Our 

characterization data match the literature data.9 

 

  

 
9 Guimond, N.; Fagnou, K.; J. Am. Chem. Soc. 2009, 131, 12050-12051. 
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N
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47 

(E)-N-benzyl-1-(4-methoxyphenyl)methanimine (47) was synthesized according to 

general procedure A as colorless oil that solidified upon storage (b.p. = 135 oC under 2 torr). 

1H-NMR (600 MHz, CDCl3): δ 8.33 (s, 1H), 7.73 (d, J = 9 Hz, 2H), 7.36-7.33 (m, 4H), 

7.27-7.24 (m, 1H), 6.93 (d, J = 9 Hz, 2H), 4.80 (s, 2H), 3.85 (s, 3H). Imine 47 has been 

reported. Our characterization data match the literature data.10 

 

  

 
10 Appel, R.; Chelli, S.; Tokuyasu, T.; Troshin, K.; Mayr, H. J. Am. Chem. Soc. 2013, 

135, 6579-6587. 
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48 

(E)-N-benzyl-1-(furan-2-yl)methanimine (48) was synthesized according to general 

procedure A as yellow oil (b.p. = 116 oC under 2 torr). 1H-NMR (600 MHz, CDCl3): δ 8.17 

(s, 1H), 7.52 (d, J = 0.9 Hz, 1H), 7.35-7.32 (m, 3H), 7.28-7.25 (m, 2H), 6.78 (d, J = 3.4 Hz, 

1H), 6.48 (dd, J = 3.4, 1.7 Hz, 1H), 4.79 (s, 2H). Imine 48 has been reported. Our 

characterization data match the literature data.7 

 

  

N Bn

O
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49 

(E)-N-benzyl-1-(4-nitrophenyl)methanimine (49) was synthesized according to 

general procedure B. Purified by recrystallization from a mixture of hexanes, 

dichloromethane, diethyl ether and ethyl acetate. Yellow solid. 1H-NMR (600 MHz, 

CDCl3): δ 8.47 (s, 1H), 8.27 (d, J = 8.4 Hz, 2H), 7.95 (d, J = 8.4 Hz, 2H), 7.39-7.34 (m, 4H), 

7.31-7.28 (m, 1H), 4.89 (s, 2H). Imine 49 has been reported. Our characterization data 

match the literature data.8 

 

  

N Bn

O2N
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50 

(E)-1-(4-methoxyphenyl)-N-(propan-2-yl)methanimine (50) was synthesized 

according to general procedure A as colorless oil (b.p. = 68 oC under 2 torr). 1H-NMR (600 

MHz, CDCl3): δ 8.24 (s, 1H), 7.67 (d, J = 9 Hz, 2H), 6.91 (d, J = 9 Hz, 2H), 3.84 (s, 3H), 

3.50 (sept, J = 6.3 Hz, 1H), 1.25 (d, J = 6.3 Hz, 6H). Imine 50 has been reported. Our 

characterization data match the literature data.11 

 

  

 
11 Koyama, Y.; Gudeangadi, P. G. Chem. Commun. 2017, 53, 3846-3849 

N i-Pr

MeO
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51 

(E)-N-(propan-2-yl)-1-(2,4,6-trimethylphenyl)methanimine (51) was synthesized 

according to general procedure A as colorless oil (b.p. = 60 oC under 2 torr). 1H-NMR (600 

MHz, CDCl3): δ 8.55 (s, 1H), 6.84 (s, 2H), 3.51 (sept, J = 6.3 Hz, 1H), 2.34 (s, 6H), 2.26 (s, 

3H), 1.28 (d, J = 6.0 Hz, 6H). 13C NMR (126 MHz, CDCl3): δ 158.3, 138.3, 136.9, 131.9, 

129.1, 62.8, 24.6, 21.2, 20.3. HRMS (ESI) m/z calculated for C13H20N [M+H]+: 190.1596; 

found 190.1605. 

  

N
i-Pr
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52 

(E)-N-(2-methoxyethyl)-1-phenylmethanimine (52) was synthesized according to 

general procedure A as colorless oil (b.p. = 60 oC under 2 torr). 1H-NMR (600 MHz, 

CDCl3): δ 8.32 (s, 1H), 7.75-7.73 (m, 2H), 7.42-7.39 (m, 3H), 3.80 (t, J = 6.0 Hz, 2H), 3.71 

(t, J = 6.0 Hz, 2H), 3.38 (s, 3H). Imine 52 has been reported. Our characterization data 

match the literature data.12 

 

  

 
12 Pelletier, G.; Bechara, W. S.; Charette, A. B. J. Am. Chem. Soc. 2010, 132, 12817-

12819. 
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54 

N-benzylpropan-2-imine (54) was synthesized according to general procedure B as 

colorless oil (b.p. = 68 oC under 2 torr). 1H-NMR (600 MHz, CDCl3): δ 8.24 (s, 1H), 7.67 

(d, J = 9 Hz, 2H), 6.91 (d, J = 9 Hz, 2H), 3.84 (s, 3H), 3.50 (sept, J = 6.3 Hz, 1H), 1.25 (d, J 

= 6.3 Hz, 6H). Imine 54 has been reported. Our characterization data match the literature 

data.13 

  

 
13 Paul, B.; Chakrabarti, K.; Kundu, S. Dalton Trans. 2016, 45, 11162-11171. 

N Ph
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4.5 Synthesis of Cyclic (Z)-Imines 

 

At room temperature, 1,2,3,4-tetrahydroisoquinoline (2.66 g, 20 mmol) was dissolved in 

dichloromethane (100 mL). Freshly recrystallized N-bromosuccinimide (3.92 g, 1.1 equiv) 

was added portionwise over 20 minutes. The solution was stirred at room temperature for 45 

minutes. 30% NaOH solution was added, and the two-phase mixture was stirred for 

additional one hour. The organic layer was separated and washed with water (50 mL), and 

then extracted by 1M HCl (100 mL). The acidic aqueous layer was washed with 

dichloromethane (50 mL), and then carefully neutralized by 28% ammonium hydroxide 

solution until pH was close to 9. The oil precipitated out was extracted by dichloromethane 

(100 mL x 2), dried over anhydrous sodium sulfate, and concentrated in vacuo. The residue 

was purified by vacuum distillation (b.p. = 58 oC under 2 torr) to afford pure imine 24 as 

colorless oil. 1H-NMR (600 MHz, CDCl3): δ 8.34 (t, J = 2.1 Hz, 1H), 7.36 (td, J = 7.3, 1.7 

Hz, 1H), 7.31-7.29 (m, 1H), 7.27 (dd, J = 7.4, 1.6 Hz, 1H), 7.16 (d, J = 7.4 Hz, 1H), 3.79-

3.76 (m, 2H), 2.76 (t, J = 7.7 Hz, 2H). Imine 53 has been reported. Our characterization data 

match the literature data.14 

 
14 Huang, B.; Tian, H.; Lin, S.; Xie, M.; Yu, X.; Xu, Q. Tet. Lett. 2013, 54, 2861-2864 

NNHN
NBS 30% NaOH
DCM,

r.t., 45 mins

Br

r.t., 1 hr

53
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4.6 Preparation of Imines and Aldehydes Substrate Solutions 

All the imines synthesized in part II were diluted as 1.0 M solution in toluene as follows: 

A flame-dried round-bottomed flask was charged with pure imine under nitrogen 

atmosphere. The imine was dissolved in appropriate amount of dry toluene to make up a 1.0 

M of solution. Trimethyl orthoacetate (5% by mass of imine) were added, followed by 4Å 

molecular sieves. The solution was stored in desiccator overnight before use. 

The aldehyde substrate, bis-(2,4-tert-butoxycarbonyloxy)-benzaldehyde, was prepared 

according to our previous report.15 The pure aldehyde was diluted as 1.0 M solution in dry 

toluene under nitrogen similarly. 

4.7 Three-Component Assembly of 3,4-Dihydro-2H-1,3-benzoxazines 

 

4.7.1 General Procedure H 

Imine (0.1 mL, 0.1 mmol, 1.0 M in toluene, 1 equiv. unless otherwise specified) was added 

to a stirred solution of bis-(2,4-tert-butoxycarbonyloxy)-benzaldehyde (0.1 mL, 0.1 mmol, 1.0 

M in toluene, 1 equiv.) in Et2O (1 mL) at room temperature. Grignard reagent (PhMgCl or 

MeMgCl solutions in THF, 1.05 equiv.) was added to the mixture at -78 ºC. The reaction 

mixture was allowed to warm to room temperature over six hours then quenched with pH 2.6 

buffer solution (1mL) and stirred for 2 hours at room temperature. The aqueous solution was 

extracted with Et2O (3 x 1mL) then the combined organic solution was washed with saturated 

sodium bicarbonate solution (3 x 1mL). Saturated sodium bisulfite solution (1mL) was added 

to the combined organic solution and stirred for 1.5 hours at room temperature.* The aqueous 

 
15 Jones, R. M.; Van De Water, R. W.; Lindsey, C. C.; Hoarau, C.; Ung, T.; Pettus, T. R. 

R. J. Org. Chem. 2001, 66, 3435-3441. 
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solution was extracted with Et2O (3 x 1mL), then the combined organic solution was washed 

with brine (1mL), dried over anhydrous sodium sulfate, filtered, and concentrated in vacuo to 

afford crude product. Crude NMR yields were determined by adding 5	𝜇L of dibromomethane 

as internal standard to this crude product. Purification by flash column chromatography (SiO2, 

eluent: 1% triethylamine in hexane) was performed to afford pure product when specified. 

*This step is not necessary for compounds 38a-b, 39a-b, 40a-b, 41a-b and 12, as the 

aldehydes can be removed easily by vacuum (2 torr). 
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37a-Me 

(±)-trans-3-benzyl-4-methyl-2-phenethyl-3,4-dihydro-2H-benzo[e][1,3]oxazin-7-yl 

tert-butyl carbonate (37a-Me). Prepared according to the general procedure H. 83% Hcrude 

NMR yield. The residue was purified by flash column chromatography as a yellow oil (32 

mg, 70% isolated yield). 1H NMR (600 MHz, CDCl3): δ 7.34-7.23 (m, 9H), 7.17-7.12 (m, 

2H), 6.86 (d, J = 7.9 Hz, 1H), 6.64 (s, 1H), 4.88 (t, J = 6.6 Hz), 4.14 (d, J = 14.9 Hz, 1H), 3.68 

(q, J = 7.1 Hz), 3.34 (d, J = 14.8 Hz, 1H), 2.87-2.74 (m, 2H), 2.24 (m, J = 8.9, 6.7 Hz, 1H), 

2.15 (m, J = 13.7, 8.7, 6.5 Hz, 1H), 1.52 (s, 9H), 1.29 (d, J = 7.0 Hz, 3H). 13C NMR (126 

MHz, CDCl3): δ 155.3, 152.3, 150.2, 141.5, 139.7, 129.3, 128.8, 128.7, 128.7, 128.3, 127.2, 

126.3, 122.8, 113.7, 109.8, 85.7, 83.7, 53.4, 49.6, 33.7, 31.7, 30.0, 28.0, 24.0. HRMS (ESI) 

m/z calculated for C29H34NO4 [M+H]+: 460.2488; found 460.2473. Rf = 0.5 (90% hexane 10% 

ethyl acetate). 
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37b-Ph 

(±)-trans-3-benzyl-2-phenethyl-4-phenyl-3,4-dihydro-2H-benzo[e][1,3]oxazin-7-yl 

tert-butyl carbonate (37b-Ph). Prepared according to the general procedure H. 81% crude 

NMR yield. The residue was purified by flash column chromatography as a yellow oil 

(48.61 mg, 78% isolated yield). 1H NMR (600 MHz, CDCl3): δ 7.38 (d, J = 7.3 Hz, 2H), 

7.32 (t, J = 7.5 Hz, 2H), 7.25-7.22 (m, 1H), 7.16-7.15 (m, 3H), 7.06-7.02 (m, 3H), 6.99 (d, J 

= 6.3 Hz, 2H), 6.88 (d, J = 7.1 Hz, 2H), 6.83 (d, J = 8.3 Hz, 1H), 6.70 (d, J = 2.1 Hz, 1H), 

6.66 (dd, J = 8.2, 2.2 Hz, 1H), 4.73 (s, 1H), 4.68 (t, J = 6.6 Hz, 1H), 4.17 (d, J = 14.0 Hz, 

1H), 3.38 (d, J = 14.0 Hz, 1H), 2.62-2.58 (m, 2H), 2.12-2.02 (m, 2H), 1.50 (s, 9H). 13C 

NMR (126 MHz, CDCl3): δ 156.0, 152.2, 150.9, 143.3, 141.4, 139.3, 131.0, 129.4, 129.3, 

128.7, 128.6, 128.5, 128.2, 127.5, 127.3, 126.0, 117.3, 113.5, 109.8, 85.7, 83.8, 60.6, 49.7, 

33.7, 31.3, 27.9. HRMS (ESI) m/z calculated for C34H35NO4Na [M+Na]+: 544.2464; 

found 544.2460. Rf = 0.6 (90% hexane 10% ethyl acetate). 
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38a-Me 

(±)-trans-3-benzyl-2-isopropyl-4-methyl-3,4-dihydro-2H-benzo[e][1,3]oxazin-7-yl 

tert-butyl carbonate (38a-Me). Prepared according to the general procedure H. 82% crude 

NMR yield. The residue was purified by flash column chromatography as a yellow oil (25 

mg, 72% isolated yield). 1H NMR (400 MHz, CDCl3): δ 7.37-7.29 (m, 4H), 7.25 (d, J = 5.2 

Hz, 1H), 6.90 (d, J = 8.2 Hz, 1H), 6.70 (d, J = 2.4 Hz, 1H), 6.66 (dd, J = 8.2, 2.4 Hz, 1H), 

4.44 (d, J = 9.3 Hz, 1H), 4.09 (d, J = 15.0 Hz, 1H), 3.69 (q, J = 7.0 Hz, 1H), 3.37 (d, J = 15.0 

Hz, 1H), 2.21 (dp, J = 9.4, 6.6 Hz, 1H), 1.56 (s, 9H), 1.39 (d, J = 7.0 Hz, 3H), 1.19 (d, J = 6.5 

Hz,), 1.05 (d, J = 6.7 Hz). 13C NMR (126 MHz, CDCl3): δ 155.5, 152.3, 150.2, 129.3, 128.6, 

128.2, 127.1, 122.8, 113.6, 109.8, 91.9, 83.7, 52.9, 49.5, 29.7, 28.0, 23.9, 20.1, 18.6. HRMS 

(ESI) m/z calculated for C24H32NO4 [M+H]+: 398.2331; found 398.2336. Rf = 0.4 (90% 

hexane 10% ethyl acetate).  

Trans-stereochemistry assignment was confirmed by nOe analysis. 
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38b-Ph 

(±)-trans-3-benzyl-2-isopropyl-4-phenyl-3,4-dihydro-2H-benzo[e][1,3]oxazin-7-yl 

tert-butyl carbonate (38b-Ph). Prepared according to the general procedure H. 95% crude 

NMR yield. The residue was purified by flash column chromatography as a yellow oil 

(43.38 mg, 94% isolated yield). 1H NMR (600 MHz, CDCl3): δ 7.37 (d, J = 7.4 Hz, 2H), 

7.30 (t, J = 7.6 Hz, 2H), 7.22 (t, J = 7.3 Hz, 1H), 7.16 (t, J = 7.3 Hz, 2H), 7.12 (d, J = 7.2 

Hz, 1H), 7.07 (d, J = 7.7 Hz, 2H), 6.85 (d, J = 8.3 Hz, 1H), 6.72 (d, J = 2.4 Hz, 1H), 6.66 

(dd, J = 8.2, 2.4 Hz, 1H), 4.68 (s, 1H), 4.13 (d, J = 9.5 Hz, 1H), 4.09 (d, J = 13.9 Hz, 1H), 

3.35 (d, J = 13.9 Hz, 1H), 2.16-2.09 (m, 1H), 1.51 (s, 9H), 0.98 (d, J = 6.5 Hz, 3H), 0.86 (d, 

J = 6.7 Hz, 3H). 13C NMR (126 MHz, CDCl3): δ 156.0, 152.3, 150.9, 143.4, 139.2, 131.1, 

129.3, 129.0, 128.7, 128.1, 127.5, 127.2, 117.2, 113.3, 109.9, 91.7, 83.7, 59.9, 49.4, 29.5, 

28.0, 19.7, 18.3. HRMS (ESI) m/z calculated for C29H33NO4Na [M+Na]+: 482.2307; found 

482.2316. Rf = 0.6 (90% hexane 10% ethyl acetate).  

Trans-stereochemistry assignment was confirmed by nOe analysis. 
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39a-Me 

(±)-tert-butyl (trans-2,3-diisopropyl-4-methyl-3,4-dihydro-2H-benzo[e][1,3]oxazin-

7-yl) carbonate (39a-Me). Prepared according to the general procedure H using two 

equivalents of imines. 72% crude NMR yield. The residue was purified by flash column 

chromatography as a yellow oil (22 mg, 63% isolated yield, inseparable mixture of 

diastereomers, dr = 5:1). 1H NMR (400 MHz, CDCl3) cis-isomer: δ7.05 (d, J = 8.4 Hz, 1H), 

6.68 (dd, J = 8.4, 1.2 Hz, 1H), 6.59 (d, J = 1.2 Hz, 1H), 4.37 (d, J = 10.4 Hz, 1H), 3.83 (q, J 

= 7.1 Hz, 1H), 3.11 (p, J = 6.6 Hz, 1H), 2.04 (dp, J = 10.3, 6.5 Hz, 1H), 1.57 (d, J = 5.8 Hz, 

3H), 1.55 (s, 9H), 1.47 (d, J = 7.1 Hz, 3H), 0.95 (d, J = 6.7 Hz, 3H). trans-isomer: 7.00 (d, J 

= 8.3 Hz, 1H), 6.63 (dd, J = 8.3, 2.4 Hz, 1H), 6.58 (d, J = 2.4 Hz, 1H), 4.33 (d, J = 9.5 Hz, 

1H), 3.98 (q, J = 6.9 Hz, 1H), 3.39 (p, J = 6.7 Hz, 1H), 2.22 (dp, J = 9.4, 6.6 Hz, 1H), 1.54 (s, 

9H), 1.38 (d, J = 6.9 Hz, 3H), 1.15 (d, J = 6.4 Hz, 3H), 1.10 (d, J = 6.8 Hz, 3H), 0.92 (d, J = 

6.7 Hz, 3H), 0.81 (d, J = 6.5 Hz, 3H). 13C NMR (100 MHz, CDCl3) cis-isomer: δ (3 

unresolved quaternary carbons) 127.3, 124.8, 113.0, 110.3, 95.6, 77.4, 57.3, 47.6, 30.6, 27.8, 

25.2, 21.7, 21.0, 19.9, 19.7. trans-isomer: δ 156.8, 152.3, 149.8, 127.8, 126.3, 112.9, 109.9, 

92.9, 83.5, 46.7, 45.7, 29.2, 27.9, 24.8, 22.9, 20.4, 20.3, 18.8. HRMS (ESI) m/z calculated 

for C20H32NO4 [M+H]+: 350.2331; found 350.2343. Rf = 0.4 (90% hexane 10% ethyl acetate).  

Trans-stereochemistry of major isomer was confirmed by nOe analysis. 
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39b-Ph 

(±)-tert-butyl (trans-2,3-diisopropyl-4-phenyl-3,4-dihydro-2H-benzo[e][1,3]oxazin-

7-yl) carbonate (39b-Ph). Prepared according to the general procedure H using two 

equivalents of imines. 63% crude NMR yield. The residue was purified by flash column 

chromatography as a yellow oil (30.43 mg, 61% isolated yield). 1H NMR (600 MHz, 

CDCl3): δ 7.21-7.18 (m, 4H), 7.13 (t, J = 6.6 Hz, 1H), 6.94 (d, J = 8.2 Hz, 1H), 6.63-6.60 

(m, 2H), 4.94 (s, 1H), 4.04 (d, J = 9.5 Hz, 1H), 3.51-3.44 (m, 1H), 2.15-2.09 (m, 1H), 1.49 

(s, 9H), 1.28 (d, J = 6.7 Hz, 3H), 0.96 (d, J = 6.4 Hz, 3H), 0.81 (d, J = 6.6 Hz, 3H), 0.68 (d, 

J = 6.7 Hz, 3H). 13C NMR (126 MHz, CDCl3): δ 157.3, 152.2, 150.6, 144.6, 129.5, 128.9, 

128.1, 126.8, 121.0, 112.6, 110.1, 92.8, 83.6, 54.6, 45.7, 29.3, 27.9, 23.4, 21.3, 20.0, 18.5. 

HRMS (ESI) m/z calculated for C25H33NO4Na [M+Na]+: 434.2307; found 434.2310. Rf = 

0.6 (90% hexane 10% ethyl acetate). 
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40a-Me 

(±)-tert-butyl(trans-2-isopropyl-3-(4-methoxyphenyl)-4-methyl-3,4-dihydro-2H-

benzo[e][1,3]oxazin-7-yl) carbonate (40a-Me). Prepared according to the general 

procedure H. 71% crude NMR yield. Rf = 0.4 (90% hexane 10% ethyl acetate). 
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40b-Ph 

(±)-tert-butyl(trans-2-isopropyl-3-(4-methoxyphenyl)-4-phenyl-3,4-dihydro-2H-

benzo[e][1,3]oxazin-7-yl) carbonate (40b-Ph). Prepared according to the general 

procedure H. 61% crude NMR yield. Rf = 0.5 (90% hexane 10% ethyl acetate). 

Trans-stereochemistry assignment was confirmed by nOe analysis. 
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41a-Me 

(±)-tert-butyl((2R,4S)-3-(4-fluorophenyl)-2-isopropyl-4-methyl-3,4-dihydro-2H-

benzo[e][1,3]oxazin-7-yl) carbonate (41a-Me). Prepared according to the general 

procedure H. 65% crude NMR yield. Rf = 0.4 (90% hexane 10% ethyl acetate). 

Trans-stereochemistry assignment was confirmed by nOe analysis. 
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41b-Ph 

(±)-tert-butyl(trans-3-(4-fluorophenyl)-2-isopropyl-4-phenyl-3,4-dihydro-2H-

benzo[e][1,3]oxazin-7-yl) carbonate (41b-Ph). Prepared according to the general 

procedure H. 67% crude NMR yield. Rf = 0.6 (90% hexane 10% ethyl acetate). 

 

  

OBocO

Ph

N

i-Pr

F



 

 185 

 

45a-Me 

(±)-trans-3-benzyl-4-methyl-2-phenyl-3,4-dihydro-2H-benzo[e][1,3]oxazin-7-yl tert-

butyl carbonate (45a-Me). Prepared according to the general procedure H. 83% crude NMR 

yield. The residue was purified by flash column chromatography as a yellow oil (37 mg, 85% 

isolated yield). 1H NMR (600 MHz, CDCl3): δ 7.72 (d, J = 7.6 Hz, 1H), 7.39 (t, J = 7.3 Hz, 

1H), 7.33-7.10 (m, 6.84H), 6.96 (d, J = 8.1 Hz, 1H), 6.86-6.85 (m, 1H), 6.72 (dt, J = 8.3, 1.7 

Hz, 1H), 6.05 (s, 1H), 3.82 (q, J =7.0 Hz, 1H), 3.78 (d, J = 14.9 Hz, 1H), 3.30 (d, J = 14.8 Hz, 

1H), 1.55 (s, 9H), 1.51 (d, J = 7.0 Hz, 3H). 13C NMR (100 MHz, CDCl3): δ 154.8, 152.3, 

150.3, 139.6, 138.3, 129.3, 128.6, 128.5, 128.3, 128.2, 127.1, 126.7, 123.0, 114.2, 110.3, 86.1, 

83.8, 52.5, 49.9, 28.0, 24.2. HRMS (ESI) m/z calculated for C27H30NO4 [M+H]+: 432.2175; 

found 432.2189. Rf = 0.5 (90% hexane 10% ethyl acetate). 

Trans-stereochemistry assignment was confirmed by nOe analysis. 
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45b-Ph 

(±)-trans-3-benzyl-2,4-diphenyl-3,4-dihydro-2H-benzo[e][1,3]oxazin-7-yl tert-butyl 

carbonate (45b-Ph). Prepared according to the general procedure H. 83% crude NMR 

yield. The residue was purified by flash column chromatography as a yellow oil (34.97 mg, 

71% isolated yield). 1H NMR (600 MHz, CDCl3): δ 7.54 (d, J = 8.1 Hz, 2H), 7.29 (t, J = 7.8 

Hz, 2H), 7.26-7.25 (m, 3H), 7.24-7.16 (m, 5H), 7.13-7.12 (m, 3H), 6.93 (d, J = 8.3 Hz, 1H), 

6.91 (d, J = 2.4 Hz, 1H), 6.73 (dd, J = 8.3, 2.4 Hz, 1H), 5.75 (s, 1H), 4.82 (s, 1H), 3.77 (d, J 

= 14.0 Hz, 1H), 3.28 (d, J = 14.0 Hz, 1H), 1.52 (s, 9H). 13C NMR (126 MHz, CDCl3): δ 

155.5, 152.2, 151.1, 143.5, 139.2, 138.0, 131.2, 129.3, 129.2, 128.6, 128.4, 128.3, 128.2, 

127.4 (2C), 126.6, 117.4, 113.9, 110.3, 85.9, 83.7, 59.7, 49.7, 28.0. HRMS (ESI) m/z 

calculated for C32H31NO4Na [M+Na]+: 516.2151; found 516.2164. Rf = 0.6 (90% hexane 

10% ethyl acetate). 
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46a-Me 

(±)-tert-butyl(trans-3-(4-methoxybenzyl)-4-methyl-2-phenyl-3,4-dihydro-2H-

benzo[e][1,3]oxazin-7-yl) carbonate (46a-Me). Prepared according to the general procedure 

H. 78% crude NMR yield. The residue was purified by flash column chromatography as a 

yellow oil (34 mg, 73% isolated yield). 1H NMR (600 MHz, CDCl3): δ 7.74 (d, J = 7.7 Hz, 

2H), 7.42 (t, J = 7.6 Hz, 1H), 7.19 (d, J = 8.3 Hz, 2H), 6.99 (d, J = 8.3 Hz, 1H), 6.88 (d, J = 

2.4 Hz, 1H), 6.83 (d, J = 8.6 Hz, 2H), 6.75 (dd, J = 8.3, 2.4 Hz, 1H), 6.07 (s, 1H), 3.85 (q, J = 

7.0 Hz, 1H), 3.79 (s, 3H), 3.73 (d, J = 14.4 Hz, 1H), 3.26 (d, J = 14.5 Hz, 1H), 1.58 (s, 9H), 

1.52 (d, J = 7.0 Hz, 3H). 13C NMR (125 MHz, CDCl3): δ 158.8, 154.8, 152.3, 150.3, 138.4, 

131.5, 129.4, 129.3, 128.5, 128.2, 126.7, 123.1, 114.1, 113.9, 110.2, 86.7, 83.8, 55.5, 52.1, 

49.1, 28.0, 24.1. HRMS (ESI) m/z calculated for C28H32NO5 [M+H]+: 462.2281; found 

462.2276. Rf = 0.5 (90% hexane 10% ethyl acetate). 
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46b-Ph 

(±)-tert-butyl(trans-3-(4-methoxybenzyl)-2,4-diphenyl-3,4-dihydro-2H-

benzo[e][1,3]oxazin-7-yl) carbonate (46b-Ph). Prepared according to the general 

procedure H. 78% crude NMR yield. The residue was purified by flash column 

chromatography as a yellow oil (40.03 mg, 76% isolated yield). 1H NMR (600 MHz, 

CDCl3): δ 7.60 (d, J = 8.0 Hz, 2H), 7.37 (t, J = 7.7 Hz, 2H), 7.28 (m 2H), 7.25-7.23 (m, 3H), 

7.21-7.18 (m, 3H), 7.00 (d, J = 8.3 Hz, 1H), 6.97 (d, J = 2.4 Hz, 1H), 6.87 (d, J = 8.6 Hz, 

2H), 6.81 (dd, J = 8.2, 2.4 Hz, 1H), 5.80 (s, 1H), 4.89 (s, 1H), 3.79-3.76 (m, 4H), 3.29 (d, J 

= 13.7 Hz, 1H), 1.59 (s, 9H). 13C NMR (126 MHz, CDCl3): δ 159.1, 155.5, 152.2, 151.1, 

143.6, 138.1, 131.1, 130.4, 129.1, 128.4, 128.3, 128.1, 127.4, 126.6, 117.5, 114.0, 113.9, 

110.3 (2C), 85.9, 83.9, 59.4, 55.5, 49.0, 28.0. HRMS (ESI) m/z calculated for C33H34NO5 

[M+H]+: 524.2437; found 524.2427. Rf = 0.5 (90% hexane 10% ethyl acetate). 
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47a-Me 

(±)-tert-butyl(trans-3-(4-methoxybenzyl)-4-methyl-2-phenyl-3,4-dihydro-2H-

benzo[e][1,3]oxazin-7-yl) carbonate (47a-Me). Prepared according to the general procedure 

H. 78% crude NMR yield. The residue was purified by flash column chromatography as a 

yellow oil (34 mg, 73% isolated yield). 1H NMR (600 MHz, CDCl3): δ 7.74 (d, J = 7.7 Hz, 

2H), 7.42 (t, J = 7.6 Hz, 1H), 7.19 (d, J = 8.3 Hz, 2H), 6.99 (d, J = 8.3 Hz, 1H), 6.88 (d, J = 

2.4 Hz, 1H), 6.83 (d, J = 8.6 Hz, 2H), 6.75 (dd, J = 8.3, 2.4 Hz, 1H), 6.07 (s, 1H), 3.85 (q, J = 

7.0 Hz, 1H), 3.79 (s, 3H), 3.73 (d, J = 14.4 Hz, 1H), 3.26 (d, J = 14.5 Hz, 1H), 1.58 (s, 9H), 

1.52 (d, J = 7.0 Hz, 3H). 13C NMR (125 MHz, CDCl3): δ 158.8, 154.8, 152.3, 150.3, 138.4, 

131.5, 129.4, 129.3, 128.5, 128.2, 126.7, 123.1, 114.1, 113.9, 110.2, 86.7, 83.8, 55.5, 52.1, 

49.1, 28.0, 24.1. HRMS (ESI) m/z calculated for C28H32NO5 [M+H]+: 462.2281; found 

462.2276. Rf = 0.5 (90% hexane 10% ethyl acetate). 
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47b-Ph 

(±)-tert-butyl(trans-3-(4-methoxybenzyl)-2,4-diphenyl-3,4-dihydro-2H-

benzo[e][1,3]oxazin-7-yl) carbonate (47b-Ph). Prepared according to the general 

procedure H. 78% crude NMR yield. The residue was purified by flash column 

chromatography as a yellow oil (40.03 mg, 76% isolated yield). 1H NMR (600 MHz, 

CDCl3): δ 7.60 (d, J = 8.0 Hz, 2H), 7.37 (t, J = 7.7 Hz, 2H), 7.28 (m 2H), 7.25-7.23 (m, 3H), 

7.21-7.18 (m, 3H), 7.00 (d, J = 8.3 Hz, 1H), 6.97 (d, J = 2.4 Hz, 1H), 6.87 (d, J = 8.6 Hz, 

2H), 6.81 (dd, J = 8.2, 2.4 Hz, 1H), 5.80 (s, 1H), 4.89 (s, 1H), 3.79-3.76 (m, 4H), 3.29 (d, J 

= 13.7 Hz, 1H), 1.59 (s, 9H). 13C NMR (126 MHz, CDCl3): δ 159.1, 155.5, 152.2, 151.1, 

143.6, 138.1, 131.1, 130.4, 129.1, 128.4, 128.3, 128.1, 127.4, 126.6, 117.5, 114.0, 113.9, 

110.3 (2C), 85.9, 83.9, 59.4, 55.5, 49.0, 28.0. HRMS (ESI) m/z calculated for C33H34NO5 

[M+H]+: 524.2437; found 524.2427. Rf = 0.5 (90% hexane 10% ethyl acetate). 

Trans-stereochemistry assignment was confirmed by nOe analysis. 
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48a-Me 

(±)-trans-3-benzyl-2-(furan-2-yl)-4-methyl-3,4-dihydro-2H-benzo[e][1,3]oxazin-7-yl 

tert-butyl carbonate (48a-Me). Prepared according to the general procedure H. 86% crude 

NMR yield. 1H NMR (400 MHz, CDCl3): δ 7.46 (s, 1H), 7.34-7.28 (m, 4H), 7.23 (t, J = 7.1 

Hz, 1H), 6.98 (d, J = 8.3 Hz, 1H), 6.83 (d, J = 2.4 Hz, 1H), 6.75 (dd, J = 8.4, 2.4 Hz, 1H), 

6.60 (d, J = 3.2 Hz, 1H), 6.41 (dd, J = 3.3, 1.8 Hz, 1H), 6.09 (s, 1H), 4.00 (d, J = 14.8 Hz, 1H), 

3.83, (q, J = 6.9 Hz, 1H), 3.40 (d, J = 14.7 Hz, 1H), 1.57 (s, 9H), 1.51 (d, J = 7.0 Hz, 3H). 13C 

NMR (125 MHz, CDCl3): δ 154.4, 152.2, 150.4, 150.4, 142.8, 139.4, 129.3, 128.5, 128.4, 

127.2, 122.7, 114.4, 110.6, 110.2, 109.2, 83.8, 82.8, 52.4, 50.9, 27.9, 23.9. HRMS (ESI) m/z 

calculated for C25H28NO5 [M+H]+: 422.1967; found 422.1964. Rf = 0.5 (90% hexane 10% 

ethyl acetate). 
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48b-Ph 

(±)-trans-3-benzyl-2-(furan-2-yl)-4-phenyl-3,4-dihydro-2H-benzo[e][1,3]oxazin-7-yl 

tert-butyl carbonate (48b-Ph). Prepared according to the general procedure H. 73% crude 

NMR yield. The residue was purified by flash column chromatography as a yellow oil 

(33.45 mg, 69% isolated yield). 1H NMR (600 MHz, CDCl3): δ 7.35-7.33 (m, 3H), 7.29 (t, J 

= 7.6 Hz, 2H), 7.22-7.21 (m, 3H), 7.15 (d, J = 7.2 Hz, 1H), 7.11 (d, J = 7.5 Hz, 2H), 6.91 (d, 

J = 8.3 Hz, 1H), 6.86 (d, J = 2.3 Hz, 1H), 6.73 (dd, J = 8.3, 2.4 Hz, 1H), 6.49 (d, J = 3.3 Hz, 

1H), 6.30 (dd, J = 3.2, 1.8 Hz, 1H), 5.79 (s, 1H), 4.79 (s, 1H), 3.99 (d, J = 14.1 Hz, 1H), 

3.39 (d, J = 14.1 Hz, 1H), 1.52 (s, 9H). 13C NMR (126 MHz, CDCl3): δ 155.0, 152.1, 151.1, 

150.3, 142.8, 139.1, 131.1 (2C), 129.3, 129.2, 128.6, 128.4, 127.6, 127.5, 117.5, 114.1, 

110.5, 110.3, 109.2, 83.9, 82.7, 59.7, 50.9, 28.0. HRMS (ESI) m/z calculated for 

C30H30NO5 [M+H]+: 484.2124; found 484.2126. Rf = 0.6 (90% hexane 10% ethyl acetate). 

OBocO

Ph

N Bn

O



 

 202 

 

 

  



 

 203 

 

49a-Me 

(±)-trans-3-benzyl-4-methyl-2-(4-nitrophenyl)-3,4-dihydro-2H-benzo[e][1,3]oxazin-

7-yl tert-butyl carbonate (49a-Me). Prepared according to the general procedure H. 40% 

crude NMR yield. Rf = 0.5 (90% hexane 10% ethyl acetate). 
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49b-Ph 

(±)-trans-3-benzyl-2-(4-nitrophenyl)-4-phenyl-3,4-dihydro-2H-benzo[e][1,3]oxazin-

7-yl tert-butyl carbonate (49b-Ph). Prepared according to the general procedure H using 

two equivalents of imines. 61% crude NMR yield.  1H NMR (600 MHz, CDCl3): δ 8.16 (d, 

J = 8.9 Hz, 2H), 7.73 (d, J = 8.4 Hz, 2H), 7.27-7.26 (m, 2H), 7.24-7.22 (m, 4H), 7.18-7.16 

(m, 2H), 7.11 (d, J = 7.6 Hz, 2H), 6.95-6.94 (m, 2H), 6.78 (dd, J = 8.3, 2.3 Hz, 1H), 5.78 (s, 

1H), 4.86 (s, 1H), 3.62 (d, J = 14.0 Hz, 1H), 3.33 (d, J = 13.9 Hz, 1H), 1.53 (s, 9H). Rf = 0.6 

(90% hexane 10% ethyl acetate). 
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50a-Me 

(±)-tert-butyl(trans-3-isopropyl-2-(4-methoxyphenyl)-4-methyl-3,4-dihydro-2H-

benzo[e][1,3]oxazin-7-yl) carbonate (50a-Me). Prepared according to the general 

procedure H. 47% crude NMR yield. Rf = 0.4 (90% hexane 10% ethyl acetate). 

 

 
50b-Ph 

(±)-tert-butyl (trans-3-isopropyl-2-(4-methoxyphenyl)-4- phenyl-3,4-dihydro-2H-

benzo[e][1,3]oxazin-7-yl) carbonate (50b-Ph). Prepared according to the general 

procedure H. <10% crude NMR yield. Rf = 0.4 (90% hexane 10% ethyl acetate).  
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51a-Me 

(±)-tert-butyl (trans-3-isopropyl-2-mesityl-4-methyl-3,4-dihydro-2H-

benzo[e][1,3]oxazin-7-yl) carbonate (51a-Me). Prepared according to the general 

procedure H. 43% crude NMR yield. Rf = 0.4 (90% hexane 10% ethyl acetate). 
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51b-Ph 

(±)-tert-butyl (trans-3-isopropyl-2-mesityl-4-phenyl-3,4-dihydro-2H-

benzo[e][1,3]oxazin-7-yl) carbonate (51b-Ph). Prepared according to the general 

procedure H. 35% crude NMR yield. Rf = 0.5 (90% hexane 10% ethyl acetate). 
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52a-Me 

(±)-tert-butyl (trans-3-(2-methoxyethyl)-4-methyl-2-phenyl-3,4-dihydro-2H-

benzo[e][1,3]oxazin-7-yl) carbonate (52a-Me). Prepared according to the general 

procedure H using two equivalents of imine. 71% crude NMR yield. 1H NMR (500 MHz, 

CDCl3): δ 7.63 (d, J = 1.4 Hz, 1H), 7.40 (t, J = 7.7 Hz, 2H), 7.32 (t, J = 7.3 Hz, 1H), 7.06 (d, 

J = 8.3 Hz, 1H), 6.82 (d, J = 2.4 Hz, 1H), 6.74 (dd, J = 8.3, 2.4 Hz, 1H), 5.92 (s, 1H), 4.09 

(q, J = 7.0 Hz, 1H), 3.32 (t, J = 6.1 Hz, 2H), 3.19 (s, 3H), 2.76 (dt, J = 14.1, 6.3 Hz, 1H), 

2.41 (dt, J = 14.1, 5.9 Hz, 1H), 1.58 (d, J = 7.1 Hz, 3H), 1.57 (s, 9H). 13C NMR (125 MHz, 

CDCl3): δ 155.0, 152.2, 150.3, 138.3, 129.1, 128.4, 128.1, 126.9, 123.5, 114.0, 110.2, 86.2, 

83.7, 72.7, 58.9, 54.7, 46.0, 28.0, 24.2. HRMS (ESI) m/z calculated for C23H30NO5 

[M+H]+: 400.2124; found 400.2133. Rf = 0.4 (90% hexane 10% ethyl acetate). 
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52b-Ph 

(±)-tert-butyl (trans-3-(2-methoxyethyl)-2,4-diphenyl-3,4-dihydro-2H-

benzo[e][1,3]oxazin-7-yl) carbonate (52b-Ph). Prepared according to the general 

procedure H using two equivalents of imine. 73% crude NMR yield. The residue was 

purified by flash column chromatography as a yellow oil (35.99 mg, 65% isolated yield). 1H 

NMR (600 MHz, CDCl3): δ 7.43 (d, J = 8.0 Hz, 2H), 7.34 (d, J = 7.7 Hz, 2H), 7.26 (t, J = 

7.6 Hz, 4H), 7.21-7.17 (m, 2H), 7.03 (d, J = 8.3 Hz, 1H), 6.86 (d, J = 2.4 Hz, 1H), 6.74 (dd, 

J = 8.3, 2.4 Hz, 1H), 5.56 (s, 1H), 5.21 (s, 1H), 3.44 (m 1H), 3.40-3.37 (m, 1H), 3.20 (s, 

3H), 2.75 (dt, J = 14.2, 5.7 Hz, 1H), 2.54-2.49 (m, 1H), 1.51 (s, 9H). 13C NMR (126 MHz, 

CDCl3): δ 155.7, 152.1, 151.0, 143.8, 138.0, 131.1, 129.2, 128.4, 128.3, 128.0, 127.4, 126.7, 

117.9, 113.7, 110.4, 86.1, 83.8, 73.2, 62.5, 58.9, 45.1, 28.0. HRMS (ESI) m/z calculated for 

C28H31NO5Na [M+Na]+: 484.2100; found 484.2107. Rf = 0.4 (90% hexane 10% ethyl 

acetate). 
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53a-Me 

(±)-tert-butyl (cis-8-methyl-5,13a-dihydro-6H,8H-benzo[5,6][1,3]oxazino[2,3-

a]isoquinolin-11-yl) carbonate (53a-Me). Prepared according to the general procedure H. 

53% crude NMR yield (dr = 5:1). 1H NMR (500 MHz, CDCl3): δ 7.40 (d, J = 7.4 Hz, 1H), 

7.34-7.27 (m, 2H), 7.21-7.09 (m, 2H), 7.05 (d, J = 8.3 Hz, 1H), 6.71 (dd, J = 8.4, 2.4 Hz, 

1H), 6.65 (d, J = 2.3 Hz), 5.81 (s,1H), 3.85 (q, J = 7.0 Hz, 1H), 3.29 (td, J = 11.7, 4.1 Hz, 

1H), 3.15 (ddd, J = 14.6, 12.5, 6.4 Hz, 1H), 2.89-2.72 (m, 2H), 1.58 (d, J = 4.7 Hz, 3H), 1.54 

(s, 9H). Rf = 0.4 (90% hexane 10% ethyl acetate). 

Cis-stereochemistry of major product was confirmed by nOe analysis. 
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53b-Ph 

(±)-tert-butyl (cis-8-phenyl-5,6,8,13a-tetrahydrobenzo[5,6][1,3]oxazino[2,3-

a]isoquinolin-11-yl) carbonate (53b-Ph). Prepared according to the general procedure H. 

81% crude NMR yield (inseparable diastereomers, cis/trans = 5:1). The residue was purified 

by flash column chromatography as a yellow oil (34.89 mg, 81% isolated yield of two 

isomers). 1H NMR (500 MHz, CDCl3): δ7.22 (d, J = 4.3 Hz, 4H), 7.20-7.17 (m, 3H), 7.13 

(d, J = 7.1 Hz, 1H), 7.10 (d, J = 7.7 Hz, 1H), 6.98 (d, J = 8.3 Hz, 1H), 6.68 (dd, J = 8.2, 2.4 

Hz, 1H), 6.65 (d, J = 2.4 Hz, 1H), 5.44 (s, 1H), 4.87 (s, 1H), 3.27 (td, J = 11.6, 3.8 Hz, 1H), 

3.16 (td, J = 14.2, 6.2 Hz, 1H), 2.95 (dt, J = 11.0, 5.5 Hz, 1H), 2.80 (dd, J = 16.0, 3.1 Hz, 

1H), 1.48 (s, 9H). 13C NMR (126 MHz, CDCl3): δ 155.0, 152.1, 151.1, 142.9, 135.1, 133.0, 

130.1, 129.2, 129.0, 129.0, 128.9, 128.4, 127.6, 126.3, 116.8, 113.3, 110.1, 83.7, 82.8, 64.6, 

45.4, 29.5, 27.9. HRMS (ESI) m/z calculated for C27H27NO4  [M]+: 430.2018; found ??. Rf 

= 0.4 (90% hexane 10% ethyl acetate). 

Cis-stereochemistry of major product was confirmed by nOe analysis. 
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4.8 Thermodynamic Method of Synthesizing 3,4-Dihydro-2H-1,3-benzoxazines  

 

4.8.1 General Procedure I 

Amine (8 mmol, 2.0 equiv) was added to a stirred solution of SI-1 (4 mmol, 1.0 equiv) 

in dry MeOH (10 mL) at room temperature and stirred at the same temperature overnight. 

Yellow solids formed were collected by filtration and rinsed with cold MeOH. Crude 

product, imine, was dried under reduced pressure and directly used for the next step without 

purification. NaBH4 (1 mmol, 1.0 equiv) was added to a stirred solution of imine (4 mmol, 

1.0 equivalence) in dry MeOH (10 mL) at 0ºC. The reaction mixture was allowed to slowly 

warm to room temperature, then quenched with deionized water (10 mL) and extracted with 

DCM (3 X 5 mL). The combined organic solution was washed with brine (5 mL), dried over 

anhydrous sodium sulfate, filtered, and concentrated in vacuo. Purification by flash column 

chromatography was performed to afford pure benzylic amine SI-2 to SI-4. 

 

In a sealed-tube, aldehyde (0.2 mmol, 2.0 equiv) was added to a stirred solution of 

benzylic amine (SI-2 to SI-4, 0.1 mmol, 1.0 equiv) in benzene (1 mL) at room temperature. 

Then pTSA (15 mol%) was added to the mixture. The reaction mixture was refluxed 

overnight and allowed to cool to room temperature then quenched with saturated sodium 

bisulfite solution. Organic layer was washed with saturated sodium bisulfite solution (10 x 1 

mL). The aqueous solution was extracted with Et2O (3 x 1 mL), then the combined organic 

solution was washed with brine (5 mL), dried over anhydrous sodium sulfate, filtered, and 

concentrated in vacuo to afford crude product. Crude NMR yields were determined by 

N
H

Me
R2

OHBocO
R1 H

O
cat. pTSA

benzene, reflux
N

Me
R2

OBocO R1

O

OHHO

O

OHBocO

Boc2O
cat. DMAP

DCM

1. amine
dry MeOH
2. NaBH4
dry MeOH

SI-10 SI-11 to SI-13

+



 

 218 

dibromomethane (3.5	𝜇L for adducts) as internal standard for crude product. No purification 

was needed since these are known compounds by general procedure H. 

 

SI-10 

4-Acetyl-3-hydroxyphenyl tert-butyl carbonate (SI-1) To a suspension of 2,4-

dihydroxyacetophenone (10 mmol, 1.0 equiv) in DCM (20 mL) was added Boc2O (15 

mmol, 1.5 equiv) and DMAP (1 mmol, 10 mol%) at room temperature. The suspended 

solids eventually went into solution over an 18 h period and the resulting mixture was 

concentrated in vacuo. The residue was purified by flash chromatography (90% hexane 10% 

ethyl acetate) to give ketone SI-1 (2.5 g, 78%) as a colorless oil. 1H NMR (400 MHz, 

CDCl3): δ 12.43 (s, OH), 7.74 (d, J = 8.8 Hz, 1H), 6.82 (d, J = 2.3 Hz, 1H), 6.75 (dd, J = 

8.7, 2.3 Hz, 1H), 2.62 (s, 3H), 1.56 (s, 9H). 13C NMR (75 MHz, CDCl3) δ 203.45, 163.86, 

156.80, 150.56, 131.89, 117.50, 112.34, 110.58, 84.30, 67.66, 29.09, 27.60, 26.64. HRMS 

(ESI) m/z calculated for C13H16O5 [M+Na+MeOH]+: 307.1158; found 307.1158. Rf = 0.4 

(90% hexane 10% ethyl acetate). 
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SI-11 

Tert-butyl (3-hydroxy-4-(1-(isopropylamino)ethyl)phenyl) carbonate (SI-2) was 

synthesized according to general procedure I as brown solid (m.p. = 99.4-99.9 OC).  1H-NMR 

(400 MHz, CDCl3): δ 6.90 (d, J = 8.2 Hz, 1H), 6.59 (d, J = 2.4 Hz, 1H), 6.56 (dd, J = 8.2, 2.4 

Hz, 1H), 4.06 (q, J = 6.7 Hz, 1H), 2.84 (sep, J = 6.3 Hz, 1H), 2.53 (q, J = 7.2 Hz, 1H), 1.55 

(s, 9H), 1.40 (d, J = 6.7 Hz, 3H), 1.11 (d, J = 6.2 Hz, 3H), 1.08 (d, J = 6.5 Hz, 3H). 13C NMR 

(75 MHz, CDCl3) δ 158.64, 151.95, 151.01, 128.01, 124.70, 111.47, 109.88, 83.24, 55.64, 

46.44, 27.66, 23.25, 22.93, 21.71. HRMS (ESI) m/z calculated for C16H25NO4 [M+H]+: 

296.1862; found 296.1860. Rf = 0.35 (75% hexane 25% ethyl acetate). 

  

N
H

Me
i-Pr

OHBocO



 

 221 

 

 



 

 222 

 

SI-12 

Tert-butyl (3-hydroxy-4-(1-((4-methoxyphenyl)amino)ethyl)phenyl) carbonate (SI-

3) was synthesized according to general procedure I as light brown solid (m.p. = 149.1-

149.4 OC).  1H NMR (400 MHz, CDCl3): δ 10.36 (bs, OH), 7.06 (d, J = 8.3 Hz, 1H), 6.76 (s, 

4H), 6.68 (dd, J = 8.3, 2.4 Hz, 1H), 6.64 (d, J = 2.4 Hz, 1H), 4.43 (q, J = 6.7 Hz, 1H), 3.73 

(s, 3H), 3.56 (bs, NH), 1.57 (d, J = 6.8 Hz, 3H), 1.55 (s, 9H). 13C NMR (75 MHz, CDCl3) δ 

157.59, 154.79, 151.83, 151.17, 139.40, 127.62, 124.90, 118.66, 114.63, 112.44, 110.12, 

83.42, 56.79, 55.51, 27.67, 22.44. HRMS (ESI) m/z calculated for C20H25NO5 [M+Na]+: 

382.1631; found 382.1640. Rf = 0.30 (75% hexane 25% ethyl acetate). 
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SI-13 

4-(1-(benzylamino)ethyl)-3-hydroxyphenyl tert-butyl carbonate (SI-4) was 

synthesized according to general procedure I as colorless liquid.  1H NMR (400 MHz, 

CDCl3): δ 7.37-7.31 (m, 2H), 7.31-7.27 (m, 3H), 6.94 (d, J = 8.2 Hz, 1H), 6.69 (d, J = 2.7 

Hz), 6.62 (dd, J = 8.2, 2.3 Hz, 1H), 4.00 (q, J = 6.7 Hz, 1H), 3.84 (d, J = 13.1 Hz), 3.66 (d, J 

= 12.9 Hz, 1H), 1.56 (s, 9H), 1.45 (d, J = 6.5 Hz, 3H). 13C NMR (75 MHz, CDCl3) δ 

158.39, 152.11, 151.42, 138.49, 128.86, 128.73, 128.57, 128.48, 127.74, 123.99, 112.02, 

110.16, 110.12, 83.52, 58.19, 51.71, 27.86, 22.68. HRMS (ESI) m/z calculated for 

C20H25NO4 [M+H]+: 344.1862; found 344.1868. Rf = 0.30 (75% hexane 25% ethyl acetate). 
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4.9 Trisubstituted Imine Studies 

 

(±)-4-(1-(benzylamino)ethyl)-3-hydroxyphenyl tert-butyl carbonate (55). 

Imine 54 (0.1 mL, 0.1 mmol, 1.0 M in toluene, 1 equiv.) was added to a stirred solution of 

bis-(2,4-tert-butoxycarbonyloxy)-benzaldehyde (0.1 mL, 0.1 mmol, 1.0 M in toluene, 1 

equiv.) in Et2O (1 mL) at room temperature. MeMgCl (3.0 M solution in THF, 0.03 mL, 1.0 

equiv.) was added to the mixture at -78 ºC. The reaction mixture was allowed to warm to room 

temperature over six hours then quenched with aqueous NaHCO3 solution (1 mL). The 

aqueous solution was extracted with Et2O (3 x 1mL), then the combined organic solution was 

washed with brine (1mL), dried over anhydrous sodium sulfate, filtered, and concentrated in 

vacuo, and purified by flash column chromatography (SiO2, eluent: hexanes/EtOAc = 3:1) to 

afford pure 55 as yellow oil (23.01 mg, 67% yield). 1H NMR (600 MHz, CDCl3): δ 7.35-7.33 

(m, 2H), 7.30-7.27 (m, 3H), 6.94 (d, J = 8.3 Hz, 1H), 6.68 (d, J = 2.3 Hz, 1H), 6.62 (dd, J = 

8.2, 2.4 Hz, 1H), 3.99 (q, J = 6.7 Hz, 1H), 3.84 (d, J = 13.0 Hz, 1H), 3.65 (d, J = 13.0 Hz, 

1H), 1.56 (s, 9H), 1.44 (d, J = 6.8 Hz, 3H). 13C NMR (126 MHz, CDCl3): δ 158.3, 152.1, 

151.6, 138.2, 128.9, 128.8, 128.7, 127.9, 123.8, 112.2, 110.2, 83.6, 58.2, 51.7, 27.9, 22.5. 

HRMS (ESI) m/z calculated for C20H26NO4 [M+H]+: 344.1842; found 344.1856. Rf = 0.4 

(75% hexane 25% ethyl acetate). 
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(±)-4-(1-(benzyl(isopropyl)amino)ethyl)-3-hydroxyphenyl tert-butyl carbonate (56). 

Imine 54 (0.1 mL, 0.1 mmol, 1.0 M in toluene, 1 equiv.) was added to a stirred solution of 

bis-(2,4-tert-butoxycarbonyloxy)-benzaldehyde (0.1 mL, 0.1 mmol, 1.0 M in toluene, 1 

equiv.) in Et2O (1 mL) at room temperature. MeMgCl (3.0 M solution in THF, 0.03 mL, 1.0 

equiv.) was added to the mixture at -78 ºC. The reaction mixture was allowed to warm to 0 oC 

over four hours. LiBH4 (2.0 M solution in THF, 0.1 mL, 2.0 equiv.) was added at 0 oC. The 

mixture was then allowed to warm to room temperature over two hours. The reaction was 

quenched carefully with aqueous NH4Cl solution (2 mL), stirred for one hour until gas 

evolution ceased. The aqueous solution was extracted with Et2O (3 x 1mL), then the combined 

organic solution was washed with brine (1mL), dried over anhydrous sodium sulfate, filtered, 

and concentrated in vacuo, and purified by flash column chromatography (SiO2, eluent: 

hexanes/EtOAc = 9:1) to afford pure 56 as yellow oil (23.01 mg, 46% yield). 1H NMR (600 

MHz, CDCl3) major diastereomer: δ 7.38-7.23 (m, 5H), 6.97 (d, J = 7.8 Hz, 1H), 6.59-6.58 

(m, 2H), 4.10 (q, J = 7.2 Hz, 1H), 3.77-3.74 (m, 2H), 3.14 (sept, J = 7.2 Hz, 1H), 1.53 (s, 9H), 

1.23 (d, J = 6.6 Hz, 3H), 1.15 (d, J = 6.6 Hz, 3H), 1.08 (d, J = 6.6 Hz, 3H). 13C NMR (126 

MHz, CDCl3) major diastereomer: δ 158.6, 152.1, 151.5, 129.4, 129.3, 128.94, 128.86, 127.6, 

127.5, 111.8, 109.5, 83.5, 56.7, 51.5, 49.7, 28.6, 27.9, 20.5, 16.2. HRMS (ESI) m/z calculated 

for C23H32NO4 [M+H]+: 386.2331; found 386.2337. Rf = 0.3 (90% hexane 10% ethyl acetate). 
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4.8 Preliminary Results of Base-Promoted Aza-ortho-Quinone Methide Method 

 

 

SI-15 

To a 100 mL round-bottom flask, charged with 2-amino benzylic alcohol (1.9 g, 15.4 

mmol) in THF (31 mL, 0.5 M) was added di-tert-butyl dicarbonate (3.5 g, 1.04 equivalent). 

The reaction was stirred at 40 °C under nitrogen atmosphere overnight. The completion of 

reaction is analyzed by TLC. The reaction mixture was quenched with 0.1 M HCl (40 mL) 

and extracted with EtOAc (3 x 10 mL). The combined organic fractions were washed with 

brine (40 mL), dried over Na2SO4, and concentrated in vacuo. The crude product was 

purified by flash silica gel chromatography (ethyl acetate–hexane, 1:3) to afford the 

corresponding SI-15 (3.3 g, 97% isolated yield). 1H NMR (400 MHz, CDCl3) δ 7.91 (d, J = 

8.2 Hz, 1H), 7.62 (s, 1H), 7.31 (td, J = 7.8, 1.7 Hz, 1H), 7.17 (dd, J = 7.5, 1.6 Hz, 1H), 7.02 

(td, J = 7.5, 1.2 Hz, 1H), 4.69 (s, 2H), 1.52 (s, 9H). 
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SI-16 

To a 250 mL round-bottom flask, charged with SI-15 (3.3 g, 14.9 mmol) in DCM (50 

mL, 0.3 M) was added pyridinium chlorochromate (4.8 g, 1.5 equivalent). The reaction was 

stirred at room temperature over 4 hours. The completion of reaction is analyzed by TLC. 

The reaction mixture was filtered through Celite and washed with DCM. The combined 

organic solutions were concentrated in vacuo. The crude product was purified by flash silica 

gel chromatography (ethyl acetate–hexane, 1:3) to afford the corresponding SI-16 (3 g, 91% 

isolated yield). 1H NMR (400 MHz, CDCl3) δ 10.39 (s, 1H), 9.90 (s, 1H), 8.46 (d, J = 8.5 

Hz, 1H), 7.63 (dd, J = 7.7, 1.7 Hz, 1H), 7.60 – 7.54 (m, 1H), 7.14 (td, J = 7.5, 1.0 Hz, 1H), 

1.54 (s, 9H). 
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SI-17	

To a 100 mL round-bottom flask, charged with SI-16 (3.0 g, 13.6 mmol) in dry THF (28 

mL, 0.5 M) at 0 °C was added 3 M ethyl magnesium chloride (10 mL, 2.2 equivalent). The 

reaction was stirred at 0 °C under nitrogen atmosphere and slowly warmed to room 

temperature overnight. The completion of reaction is analyzed by TLC. The reaction 

mixture was quenched with 0.1 M HCl (30 mL) and extracted with EtOAc (3 x 10 mL). The 

combined organic fractions were washed with brine (40 mL), dried over Na2SO4, and 

concentrated in vacuo. The crude product was purified by flash silica gel chromatography 

(ethyl acetate–hexane, 1:3) to afford the corresponding SI-17 (2.3 g, 66% isolated yield). 1H 

NMR (400 MHz, CDCl3) δ 8.02 (s, 1H), 7.96 (d, J = 8.2 Hz, 1H), 7.10 (dd, J = 7.6, 1.6 Hz, 

1H), 7.00 (td, J = 7.5, 1.2 Hz, 1H), 4.64 (td, J = 7.0, 3.4 Hz, 1H), 2.20 (d, J = 3.7 Hz, OH), 

1.90 (qt, J = 13.8, 7.2 Hz, 2H), 1.52 (s, 9H), 0.94 (t, J = 7.4 Hz, 1H). 
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93 

To a 100 mL round-bottom flask, charged with SI-17 (2.3 g, 9.0 mmol) in dry DCM 

(18mL, 0.5 M) at 0 °C was added distilled pyridine (0.8 mL, 1.1 equivalent) and thionyl 

chloride (0.69 mL, 1.05 equivalent). The reaction was stirred at 0 °C for 3 hours. The 

completion of reaction is analyzed by TLC. The reaction mixture was quenched with sat. 

NaHCO3 solution (30 mL) and extracted with DCM (3 x 10 mL). The combined organic 

fractions were washed with brine (40 mL), dried over Na2SO4, and concentrated in vacuo. 

The crude product was purified by flash silica gel chromatography (ethyl acetate–hexane, 

1:7) to afford the corresponding 93 (1.6 g, 64% isolated yield). 1H NMR (400 MHz, CDCl3) 

1H NMR (400 MHz, CDCl3) δ 7.74 (d, J = 8.1 Hz, 1H), 7.32 (m, 2H), 7.12 (td, J = 7.6, 1.3 

Hz, 1H), 6.74 (s, 1H), 4.93 (dd, J = 8.5, 6.1 Hz, 1H), 2.34 – 2.12 (m, 2H), 1.53 (s, 9H), 1.08 

(t, J = 7.3 Hz, 3H). 
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94 

To a 10 mL Schlenk tube, charged with distilled 2,3-dihydrofuran (0.25 mL, 10.0 

equivalent) in dry Et2O (3.3 mL, 0.1 M) at -78 °C was added iPrMgCl (1.1 equivalent) and 

93 (0.328 mmol, 0.5 M in dry toluene with 5% TMOA). The reaction was stirred at -78 °C 

and slowly warm to room temperature over 6 hours. The reaction mixture was quenched 

with sat. NaHCO3 solution (1 mL) and extracted with EtOAc (3 x 1 mL). The combined 

organic fractions were washed with brine (5 mL), dried over Na2SO4, and concentrated in 

vacuo. The crude product was purified by flash silica gel chromatography (ethyl acetate–

hexane, 1:9) to afford the corresponding 94 (53.7 mg, 54% isolated yield). 1H NMR (400 

MHz, CDCl3) 1H NMR (400 MHz, CDCl3) δ 7.39 (d, J = 7.1 Hz, 1H), 7.24 – 7.17 (m, 2H), 

7.12 (td, J = 7.4, 1.3 Hz, 1H), 6.21 (d, J = 8.7 Hz, 1H), 3.5 (m, 2H), 3.07 (qd, J = 9.0, 4.2 

Hz, 1H), 2.60 (dt, J = 9.6, 5.0 Hz, 1H), 2.13 – 2.05 (m, 1H), 1.67 (dddd, J = 12.6, 9.5, 6.1, 

3.9 Hz, 1H), 1.52 (s, 9H), 1.13 (t, J = 7.3 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 153.86, 

137.23, 134.52, 126.28, 125.44, 124.84, 124.60, 87.33, 81.30, 67.16, 60.40, 43.87, 37.76, 

28.34, 25.18, 22.00, 14.21, 11.89.	
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