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Abstract

The research presented herein has been an endeavor to coalesce the two 

rich, neoteric fields of organoboron and photo-organic chemistry. The 

participation of alkenylboronate esters in the well established [2+2] enone- 

olefin photocycloadditons was studied. The scope of the project has 

included the synthesis of all unsaturated organoboron compounds needed, 

an examination of the conditions of reactivity, an examination of the regio- 

and stereochemical course of the photoreactions, and demonstration that 

synthetically interesting targets can be made available from the 

cycloadducts.



Chapter 1

Synthesis and Preparation

o f

Organoboron Compounds



Introduction

The main impetus for undertaking this research was to study the 

effects of using unsaturated boronate esters as the olefinic components in 

[2+2] enone-olefin photocycloadditions. The boronate esters were chosen 

not only for their novelty in synthesis but for the abilities of their boron 

components to be easily transformed into many different functional groups. 

Some of the more common transformations often performed with these 

organoboranes are illustrated below.1

t * o i * a c N - o t t

m l  at
m l  « m  ft*QH

••0

R -B '

1Figure 1

Therefore, by using these boronate esters in the well established [2+2] 

enone-olefin photocycloaddition, a new dimension of versatility was added 

to this, reaction.

As a logical first step in this endeavor, the following three esters have 

been synthesized and investigated photochemically: (E)-B-(l-hexenyl)-l,3- 

dioxaborolane, (Z)-B-(2-butenyl)-l,3-dioxaborolane, and (Z)-B-(3- 

hexenyl)-l,3-dioxaborolane. From this point onward, these esters will be
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respectively referred to as E-l-Hex, Z-2-But, and Z-3-Hex. Because these 

organoboranes were synthesized via the hydroboration process, some 

delineation of this reaction will follow.

Hydroboration

In 1956, Herbert C. Brown and Subba Rao discovered the 

hydroboration reaction while trying to develop a procedure to make 

trialkylboranes.56 This hydroboration process soon became -and still is- 

the preferred mode for synthesizing organoboranes. The reaction’s 

acclaim stems from its facile experimental procedure and its high degree of 

regio- and stereoselectivities.7’8 9 A typical hydroboration reaction 

proceeds as follows:

—h Ethyl Ether 
Hydroboration

O r' H

Boron Hydride 
(Catecholborane)

Alkyne
(1-Hexyne)

H
Organoborane

Figure 2

Notice that the boron hydride (any compound containing a hydrogen-boron 

bond) adds in syn, concerted, anti-Marknovnikov fashion to the 1- 

hexyne.710 This syn mode of addition is determined by the four centered 

transition state formed between the multiple bond and the boron 

hydride.1112 The transition state results from the filled k  orbital of the 

multiple bond donating electron density into the empty p orbital of the
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boron atom of the boron hydride. Diagrammatically this interaction is 

represented in Figure 3.

\Q_Q/   'Q Qs
H

h A '
H — B,

(J

q 7,10Figure 3

If the developing partial charges formed during the four centered 

transition state are exhibited, one can better comprehend why the anti- 

Marknovnikov addition is favored.

t s ♦

CHj — ►  c H r - ^ c i p = c i f e  — ►  chj—c h — O t

H— B - ^
I 1

Figure 413

Because the partial positive charge emerges on the substituted unsaturated 

carbon and the partial negative charge develops on the boron atom, 

augmentation of the preferred steric orientation results.13 Therefore, 

under normal diethyl ether or diglyme conditions, the boron atom would 

be expected to add to the least hindered, less substituted, unsaturated carbon 

and the hydrogen to the most hindered, more substituted unsaturated 

carbon.

If greater substitution is present in either the alkene or the boron 

hydride, a marked increase has been shown to occur in the regioselectivity 

of the hydroboration reaction.



4

CHf=C.
^CH(OEt)2t t

Reagent
BH3-THF

Sia2BH

9-BBN

A B
67 33 C H j )?C H l . .  f BH

92 8
BH

98 2

Figure 5 6,12,14

Although 9-BBN and Sia2BH give a preponderance of one regioisomer in 

the hydroboration of alkenes, they have been known to dihydroborate 

various alkynes.14 The hydroborating agent of choice when trying to 

monohydroborate alkynes is the dibromoborane-dimethylsulfide complex. 
The HBBr2 *SMe2  reagent has been shown to only undergo

monohydroboration with alkynes in a simple, general, stereospecific 
route.14 Moreover, Brown and Campbell14 report that HBBr2 *SMe2  not

only reacts faster with internal and terminal alkynes than the other 
comparable regioselective hydroborating agents like 9-BBN and Sia2 BH 

but much cleaner as well. Consequently, HBBr2 *SMe2  was chosen as the 

hydroborating agent used in the conversion of the three alkynes studied to 

their corresponding alkenyldibromoborane species.
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Lastly, the hydroboration reaction is known to be thermally reversible with 

some alkylboranes.

R R R H Ri i i i i  /
R —C —C H —C H j  ^  R - C = C H - C H j  ♦  R - C ~ C = C H 7 R - C -  CH2 - C H 2- B  

I | I I \
H d H H

'  N H —B H ~ B
^ \

Figure 6 7

Notice that migration along the carbon chain continues until the least 

substituted, most stable, terminal isomer is attained.

Hvdrolvsis

The literal meaning of hydrolysis is the "cleavage of something by 

water”. Alkenylhaloboranes (from the hydroboration reaction) can be 

hydrolyzed to their corresponding alkenylboronic acids if exposed to the 

proper conditions. In the case of alkynes being hydroborated with 
HBBr2 *SMe2 , treatment of the alkenyldibromoborane species with NaOH 

and H2O generates the corresponding alkenylboronic acids. The 

mechanism is thought to be one of substitution, where the two bromines on 

the boron atom are replaced by two hydroxyl groups. A typical hydrolysis 

of an alkenyldihaloborane is as follows:

.Br .OH

Y  Br — OH
11 Hydrolysis 11

R H Rx ^H

Figure 7
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Results, and Pissussion

(E)-l-Hexenyl Ester
The synthesis of E-l-Hex ester was accomplished by esterifying the E- 

1-Hex acid that resulted from the hydrolysis of the hydroboration products 

of 1-hexyne. Explicitly, 1-hexyne was hydroborated with dibromoborane- 
dimethyl sulfide complex(Br2BH*SMe2). The hydrolysis of the resulting

frans-dibromohexenylborane proceeded with the addition of NaOH and 

H2 O to produce the E-l-Hex acid in an 85% yield. The acid was then

esterified by heating a mixture of ethylene glycol and benzene to reflux for 

two to three hours while azeotropically removing water. After the 

’’protection" of the acid was complete, the crude ester was purified via a 

Kugel-Rohr distillation apparatus. The final product, E-l-Hex ester, was a 

colorless oil obtained in an 82% yield. Diagramatically, this process is 

exhibited in Figure 8.
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STEP 1: PREPARATION OF (E)-l-HEXENYLBORONlC ACID

R -G = C -H
1 -Hexyne 

R = CH3(CH2*3

Br2BH • SMe>2  1
CH2C12

H. JB
\ Br NaOH, H20  

Hydrolysis

S '
\

OH

OH

"H R H 

(White Solid)

STEP II: SYNTHESIS OF (E)-B-( 1 -HEXENYL)-1,3-DIOXABOROLANE

O----
H.

\

OH

OH HO.
+ OH

R H

UNWANTED SIDE REACTION:

\

OH

OH Dean-Stark
Reflux

Dean-Stark, Reflux 
Benzene

R*

<r'Bs,o

R.

R 'H

R H
(Colorless oil)

3 H20

H20

R’ = CH=CIF-(CH2)3CH3

Figure 8

If Figure 8 is examined one finds that the cyclic boronic acid anhydride is 

the predominant product if just boronic acid is heated in benzene without 

any ethylene glycol present. Represented in Figure 9 is the lH NMR of E- 

1-Hex anhydride.
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As we know, the anhydride is a trimer with the following structural 

formula:
R
i

O ' O E C A
t> t> Where R =

R ^ ^R  F d  B

Figure 10

After scrutinizing the anhydride's proton spectrum, it can be concluded 

that the triplet farthest upfield at 0.90 ppm results from the signals of the 

methyl (A) hydrogens. The multiplet at 1.4 ppm results from the 

overlapping signals of methylene hydrogens (B) and (C). These hydrogen 

signals overlap because each hydrogen experiences a similar alkyl 

environment. The multiplet signal at 2.1 ppm stems from the (D) 
methylene hydrogens, due to their a proximities to the 7C-systems of the 

alkenes. The doublet found at 5.5 ppm represents the vinylic hydrogen (F) 

that is closest to the electron-withdrawing boron group. The doublet of 

triplets observed at 7.0 ppm is due to the other vinylic (E) hydrogen.

After analytically examining the lH NMR of the pure anhydride, the 

lH NMR of the E-l-Hex boronic acid anhydride and E-l-Hex boronic acid 

mixture found in Figure 11 will be much more informative. Notice that 

Figure 11 and Figure 9 are almost identical, except for the extra doublet at 

5.42 ppm and the extra doublet of triplets at 6.5 ppm. The smaller, upfield 

doublet signal results from the vinylic hydrogen located a  to the boron 

group of the E-l-Hex acid. The upfield vinylic signal at 6.5 ppm 

represents the hydrogen located p to the boron group of the Hex acid. The 

rest of the hydrogen signals located on hydrocarbon tail of the acid have 

coalesced with the signals on the hydrocarbon tails of the anhydride,
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yielding the superimposed upfield methyl and methylene splittings. Shown 

in Figure 12 is a 13C NMR spectrum of a mixture predominantly composed 

of E-l-Hex anhydride with a concomitant amount of E-l-Hex boronic acid. 

Note the two methyl carbon peaks superimposed on one another at 14.9 

ppm. Note the two sets of three methylene carbon peaks between the 20-40 
ppm range. Ignore the dg-acetone solvent septet at 29.8 ppm. Note

particularly the broad peak at 123 ppm, it represents the vinylic carbons 

geminal to the boron group in both the anhydride and the acid. The reason 

for its broad appearance is due to the adjacent n B (I = 1.5) nuclei 

interfering with the carbons' relaxation times.15 Lastly, the two peaks at 

158.0 ppm and 151.9 ppm respectively represent the two vinylic carbon 

atoms p to the boron group on the anhydride and the acid. The main reason 

a pure lH NMR of the E-l-Hex acid could not be obtained was because of 

the equilibrium conditions that existed between the anhydride and the acid. 

In other words, all of the acid can be converted to anhydride, but in trying 

to purify the acid via rotary evaporation and/or under high vacuum 

(1 mmHg), anhydride always forms.

Shown in Figure 13 is a lH NMR and a GC/Mass spectrum of the E-

1-Hex ester. Upon inspection of the mass spectrum, the correct 154 

molecular ion peak is found. Note also that the loss of a methyl, ethyl, and 

propyl group from the ester's hydrocarbon chain rationalizes the respective 

139, 125, and 112 fragment ion peaks in the mass spectrum. The 112 base 

peak stems from the very stable allylic fragment that forms once the propyl 

fragment has been lost. Two other important points to note about the 

fragments in this mass spectrum are the M+l and the M-l molecular ion 

peaks. All the M+l peaks are the result of the 1% abundance of i3C in the 

naturally occurring form of carbon. The M-l peaks are the result of the
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20% abundance of 10B in the naturally occurring form of boron. If the 

NMRs in Figure 13 and Figure 14 (an enlarged, integrated lH NMR of the 

ester) are inspected, one can see that they correctly correlate the integrated 

number of hydrogens with the number of hydrogens expected for each 

peak. Thus, the only salient difference between the lH NMRs of the esters 

and those of the acids is the broad singlet observed at 4.2 ppm. This peak 

is only observed in the ester because it represents the 4 indistinguishable 

hydrogens present on the dioxaborolane species. Upon examination of the 

ester’s spectrum (Figure 15), one can conclude unequivocably that the 

ester has indeed formed. The four respective ascending signals from 13 

ppm to 36 ppm are due to the following carbons: the terminal methyl 
carbon, the y-carbon, the p-carbon, and the a -carbon off of the alkene.

The singlet found at 65.53 ppm represents both carbons of the 
dioxaborolane group. Ignore the d6-acetone solvent septet at 29.8 ppm.

Because the UB(I=1.5) and 1 OB(1=3) atoms are capable of coupling with 

carbon signals, the signal of the vinylic carbon closest in proximity to the 

boron group shows up as a very broad singlet around 117.67 ppm. The 

other vinylic carbon, which is once removed from the boron group, shows 

up downfield at 156.9 ppm as a sharp singlet.

Shown in Figure 16 is a UV/Vis absorption spectrum of the pure ester 

and its corresponding GC/Mass spectrum. Note the expected k-k* 

absorption at 226 nm. Presented in Figure 17 is the UV/Vis absorption and 

the GC/MS spectra of the "tainted" ester, i.e. ester having been recovered 

from a photoreaction. Notice that the two 154 peaks in the GC/MS as well 

as the two n-n* absorptions in the UV/Vis spectrum indicate the presence 

of two distinct alkenyl species. Hence, it is surmised that upon irradiation 

the E-l-Hex ester equilibrates between its trans and cis isomers.
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(Z)-2-ButenyI Ester
The synthesis of the Z-2-But ester was very similar in procedure to 

the synthesis of the E-l-Hex ester. In a representative preparation, the Z-

2-But acid and ester were respectively produced in 80 and 11% yields.

This ester is thought to be especially unstable, since it develops a pink hue 

from the clear, colorless product oil upon standing over a week’s period of 

time. The observed color change is assumed to be an oxidative 

degradation, but this is still under scrutiny. The most important difference 

between the Z-2-But and the E-l-Hex ester is that the Z-2-But is capable of 

facile rearrangement during its hydroboration reaction. For instance,

Notice that the rearrangement leads to the more stable, less substituted, 

terminal regioisomer. The GC/Mass spectrum found in Figure 19 helps to 

support the existence of this equilibration by showing the presence of two 

126 peaks in the "naive" Z-2-But ester, i.e. any ester that has never been 

irradiated. After exposing the ester to radiation, four peaks should 

theoretically be found to form. The four peaks would arise during the 

irradiation when the equilibrations between the E isomers of regioisomers 

A and B and their corresponding Z isomers would be occurring. Upon 

inspection of the GC/Mass spectrum of the ester following irradiation

H

/  \
H B

Regioisomer A Regioisomer B

Figure 18
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Figure 19
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(Figure 20), only three 126 peaks are perceived. These results can be 

rationalized if one notes that the ratio between regioisomers A and B 

before irradiation is 6.6 : 1. Therefore, it is reasonable to expect only 

three out of the four 126 regioisomeric ester peaks to be detected, due to 

the miniscule amounts of E regioisomer B that would be expected to form. 

This hypothesis is still under investigation. One current experiment 

involves cooling the mixture during the hydroboration phase, in order to 

negate the equilibration between the two regioisomers and produce just the 

non-terminal regioisomer.

After examining the l^C spectrum of the Z-2-But acid (Figure 21) 

prepared at -20 °C, one concludes that only the Z isomer of the Z-2-But 

acid and the boronic acid anhydride are present. Note the four coalesced 

methyl signals at 14.07, 14.13, 14.25, and 14.31 ppm and the two 

characteristic vinylic (3-carbons to the boron group at 136.36 and 136.28 
ppm. Ignore the d6-DMSO septet peak at 39.7 ppm. The corresponding

lH NMR of the Z-2-But ester (Figure 22) formed from this -20 °C acid 

gave the same indication that only the non-terminal or regioisomeric A 

form of the ester was present. The structural formula of the regioisomeric 

A form of the Z-2-But ester is as follows:

A D
\ B _ C /

F

Figure 23

Recognize that the peaks from 1.5-2.0 ppm correspond to the two methyl 

signals A and D, signal A appearing as a doublet and signal D appearing as
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Figure 20
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a singlet. The four indistinguishable F hydrogens show up as the expected 

broad singlet at 4.2 ppm. Ignore the singlet methylene chloride peak at 

5.32 ppm and the chloroform singlet at 7.24 ppm. Lastly, the broad 

quartet signal from the vinylic E hydrogen at 6.44 ppm also supports the 

conclusion that this spectrum is just of the regioisomer drawn above. If the 

13C of this Z-2-But ester is examined (Figure 24), further evidence for the 

preponderance of regioisomer A can be found. Note the two methyl 

carbons at 13.25 and 14.17 ppm and the two vinylic carbons at 141.32 and 

126 ppm. The two carbons of the dioxaborolane species can also be found 

in their characteristic range of 65.29-65.53 ppm. The GC/MS of this 

species gave only one peak with the correct molecular ion peak of 126 and 

the expected fragmentation. When the Z-2-But ester fragments, it first 

loses each terminal methyl group yielding the respective 111 and 97 

fragments, then it loses an oxygen methylene pair on the dioxaborolane 

group producing the 67 base peak allylic fragment(see Figures 19 & 20 for 

fragmentation).
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(Z)-3-Hexenyl Ester
The preparation of the Z-3-Hex proceeded in the same manner as the 

other two esters synthesized above. Like the Z-2-But, the Z-3-Hex ester is 

capable of rearrangement in the hydroboration process. However, unlike 

the Z-2-But, the Z-3-Hex can rearrange between three different 

dibromohexenylborane species rather than just two.

H H H

—  ^ > = H t h ^ > r  H r H
H HB A Br «  h  H % r

Br Br

Regioisomer A Regioisomer B Regioisomer C

Figure 25

Therefore, in the GC/Mass spectmm of the Z-3-Hex ester three 154 peaks 

should be observed, correlating to the presence of regioisomer A, 

regioisomer B, and regioisomer C. Figure 26 illustrates these three 

regioisomer peaks. Tentatively, regioisomer A can be assumed to be the 

compound giving rise to the first peak, regioisomer B to the second, and 

regioisomer C to the third. The percentages of the three peaks relative to 

one another are as follows: peak 1, 11.79%; peak 2, 17.68%; peak 3, 

70.53%. Assuming the regioisomers had time to equilibrate, these 

percentages correlate well with the regioisomeric peak assignments because 

based on stability, peak 3 or regioisomer C should be the most abundant, 

then B, then A. If the 1H NMR and the 13C of this regioisomeric mixture 

are examined (Figures 27 and 28), evidence for the presence of 

regioisomers A and B can be identified. However, the objective of this 

research was to make the desired products in the most specific fashion as
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possible. Consequently, the hydroboration step in the Z-3-Hex ester 

synthesis was performed at -20 °C, in hopes of eliminating any 

rearrangement between the three dibromohexenylborane species. Looking 

at the 1H NMR of the Z-3-Hex ester resulting from the hydroboration at 

-20 °C (Figure 29), one can see evidence for the formation of just one 

ester, regioisomer A. Note the two methyl peaks at the expected 1.0 ppm 

and the four methylene hydrogens overlapping at 2.1 ppm. The conclusive 

evidence for the presence of just one regioisomer can be ascertained by 

looking at the sole vinylic triplet located at 6.3 ppm. Inspecting the 13c 

NMR spectrum of this Z-3-Hex ester (Figure 30) also indictates the 

presence of just one regioisomer. Note the two methyl carbons at the 

expected upfield 13-14 ppm range and the two methylene carbons 

superimposed on one another at 21 ppm. The peak at 65 ppm represents 

both carbons of the dioxaborolane group. Finally, the peak at 148 ppm 

represents the vinylic carbon (3 to the boron group and the broad peak at 

132 ppm comes from the adjacent a-carbon of the boron group. If the 

GC/Mass spectmm of this sample is examined (Figure 31), peak 1 is found 

to be 99.02 % preponderant over the 0.52% of peak 2 and the 0.42% of 

peak 3. This singularity correlates well with the data put forth by the 

NMR. What is thought to be the proper GC/MS fragmentation data for the 

Z-3-Hex regioisomer A can be also be found within Figure 31. Notice the 

correct 154 molecular ion peak. If the two ethyl groups on either end of 

the chain get cleaved off one methyl then methylene at a time, one can see 

how the following 139, 125, 112, and 96 fragments are formed. The 

observed base peak then results from the cleavage of the oxygen methylene 

pair on the dioxaborolane group to produce the stable 67 allylic fragment. 

Because the three Z-3-Hex regioisomers can not be assigned to the three
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peaks in Figures 26 and 31 with absolute certainty, the interpretations of 

the GC/MS fragmentations are not without questions. However, if it is 

as summed that peak three in Figure 26 represents regioisomer C then the 

mass spectral data in Figure 26 can be understood. Cleavage of the methyl 

and methylene on the ethyl substituent gives the usual 139 and 125 

fragment peaks. The large 112 peak could result from the cleavage of just 

one of the methylene carbons(w/hydrogens) located on the dioxaborolane 

group. Logically, cleavage of the adjacent oxygen to the cleaved methylene 

and to the boron atom would then yield the 96 fragment peak. The 81 and 

67 fragment peaks would then respectively arise from the cleavage of the 

other methylene carbon(w/hydrogens) and the oxygen adjacent to it.

Experim ental
All the lH and l^C NMR spectra were obtained with a General 

Electric QE-300 spectrometer. All mass spectra data were obtained on 

Hewlett-Packard’s 5890 Series II Gas Chromatograph equipped with a 

12.5m fused silica capillary column of crosslinked methyl silicone coated 

with methyl silicate, and Hewlett-Packard's 5971A Mass Selectivity 

Detector coordinated with Vectra’s 386/25 computer software. Infrared 

spectra were obtained on a Perkin-Elmer FT 1600 Series 

spectrophotometer.

Boronic Acids:

(E)-l-Hexenyl Boronic Acid

A dry, 1L, three-necked round bottom flask was equipped with a 250 
ml side-arm addition funnel (w/septum), a N2(g) line, magnetic stir bar,
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and a ground glass stopper. Dichloromethane (100 ml) and 1-hexyne (23 

ml, 0.20 mol) were added via addition funnel with the subsequent chilling 

of the solution to ^20 °C via an acetone/liquid nitrogen bath. A 1.0M 
solution of HBBr2 -Me2 S in dichloromethane(200ml, 0.2 mol) was

dispensed into the addition funnel via syringe and added slowly to the 
solution over a 15-20 minute period. After the addition of the HBBr2- 

Me2 S solution was completed, the mixture was allowed to warm to room

temperature and stir for 3 hours. Again cooling the system to 0 °C, slow 
addition of sodium hydroxide solution (0.44 mol in 140 ml of H2 O (2.2

equiv.)) proceeded by use of the addition funnel. White crystals began to 

precipitate, and the solution was stirred for another hour. The solution 

was placed in a separatory funnel where three extractions with 5:1 diethyl 

ether/dichloromethane were performed. The organic layer was saved and 

dried using anhydrous sodium sulfate. The drying agent was removed via 

filtration and the solvent under reduced pressure. The product was a white 
crystalline solid (11.012 g, 0.085 mol, 85% yield). lH NMR(CDCl3-

TMS): 5 6.52(1H, dt, J=17.8Hz), 5.42(1H, d, J=17.4Hz), 4.45(2H, s), 2.15- 
2.25(2H, m), 1.20-1.49(4H, m), 0.80-0.98 (3H, t). 13c NMR(CDCl3>

TMS): 8 152.2, 123.3, 37.4, 32.5, 23.0, 14.9.

(Z)-2-ButenyI Boronic Acid
Prepared in the same manner and proportions as (E)-l-hexenyl 

boronic acid, but 2-butyne was used in the hydroboration step. 13C 
NMR(CDCl3-TMS): 8 136.36, 136.28, 132.34, 131.98, 52.65, 14.31,

14.25, 14.13, 14.07. Remember, this 13C was taken of the mixture of Z-2- 

But boronic acid and the Z-2-But boronic acid anhydride.
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(Z)-3-Hexenyl Boronic Acid
Prepared in the same manner and proportions as (E)-l-hexenyl 

boronic acid and (Z)-2-butenyl boronic acid, but 3-hexyne was used in the 

hydroboration step.

(E)-l-Hexenyl boronic acid anhydride
Produced either as a by-product of the (E)-l-hexenyl boronic acid 

synthesis or in the same manner as the (E)-l-hex ester synthesis, except that 

no ethylene glycol was added to the Dean-Stark apparatus. *H 
NMR(CDCl3-TMS): 8 6.95(1H, dt, J=6.45 Hz, J= 6.45), 5.56QH, d,

J=17.4Hz), 2.15-2.25(2H, m), 1.20-1.49(4H, m), 0.80-0.98 (3H, t). 13C 
NMR(CDCl3-TMS): 6 157.96, 123.13, 36.02, 31.61, 22.92, 14.26.

Boronate Esters:

(E)-l-Hexenyl Ester
In a 1L, single neck round bottom flask equipped with a magnetic 

stir bar was placed 11.012g (0.085 mol.) of hexenylboronic acid in 650 ml 

of benzene. Ethylene glycol (5.1 ml, 0.091 mol.) was also placed in the 

solution and a Dean-Stark apparatus equipped with a condenser was placed 

in the neck of the flask. The solution was brought to reflux in which the 

water was azeotropically removed with the benzene. When the distillate 

became clear, an indication that the water had been removed, the flask was 

cooled and the remaining benzene was removed under reduced pressure. A 

brown oil remained and was distilled at 60 °C using a high vacuum Kugel- 

Rohr distillation apparatus. The final product was 10.73g (0.067 mol) of 
clear, colorless oil in an 82% yield. NMR(CDCl3 -TMS): 5 6.70(1H,
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dt, J=6.50 Hz, 6.47 Hz), 5.40(1H, d, J=17.68 Hz), 4.19(4H, s), 2.18(2H, 
m), 1.23-1.44(4H, m), 0.89(3H, t, J=7.02 Hz). 13C NMR(CDCl3 -TMS): 6

155.50, 117.67, 65.53, 35.63, 30.50, 22.28, 13.92. MS: m/z 154(M+), 139, 

125, 112(base), 97, 81, 67, 55.

(Z)-2-Butenyl Ester
Prepared in the same manner and proportions as (E)-l-hex ester, 

but (Z)-2-butenyl boronic acid underwent the esterification reaction. 1H 
NMR(CDCl3 -TMS): 8 6.45(1H, q, J=6.71 Hz), 4.20(4H, s), 1.70(3H, d, 

J=6.7 Hz), 1.67(3H, s). 13C NMR(CDCl3 -TMS): 8 141.32,125.01- 

127.55, 65.53, 14.17, 13.25. MS: m/z 126(M+), 83, 67(base), 54.

(Z)-3-Hexenyl Ester
Prepared in the same manner and proportions as (E)-l-hex ester, 

but (Z)-3-Hexenyl boronic acid underwent the esterification process. 1H 
NMR(CDCl3 -TMS): 8 6.32(1H, t, J=7.0 Hz), 4.20(4H, s), 2.19(4H, m), 

1.01(3H, t, J=7.6 Hz), 0.95(3H, t, J=7.5 Hz). 13C NMR(CDCl3 -TMS): 8 

147.95, 130.05-133.95, 65.46, 21.57, 21.41, 14.63, 13.63. MS: m/z 

154(M+), 139, 125, 112(base), 97, 81, 67, 55.



Chapter 2

Photochemistry
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Historical

Although the photodimerization of anthracene was observed by 

Fritzsche in 18666’1617,it was not until the early 1900s when the first 

example of an enone-olefin photochemical cycloaddition reaction was 

reported.618 Apparently, Ciamician and Silber, two Italian scientists, 

reported that carvone would intramolecularly isomerize to form carvone 

camphor upon prolonged exposure to sunlight.19-22

Although Ciamician and Silber gave enone-olefin photochemistry an 

auspicious start, the next fifty to sixty years showed that the majority of 

scientists still tended to rely on thermal rather than photochemical 

methodologies for organic synthesis.618 Finally in the early 1960’s, when 

Bryce and colleagues refuted the age-old presumption that benzene and its 

derivatives were stable to ultraviolet radiation 23*24, scientists began 

evaluating the efficacy of incorporating photochemical reaction steps into 

their syntheses. Moreover, once Woodward and Hoffman had formulated 

their rules governing cycloadditions and Frontier Molecular Orbital 

Theory had successfully emerged6, scientists were able to understand (now, 

more than ever before) the mechanisms by which their photoadducts 

formed and predict the outcomes of reactions not yet attempted. 

Consequently, the number of scientists doing research in the photochemical 

field increased dramatically from the 1960’s until today.

Figure 32
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Photochemical Cvcloaddition Reactions

There are many types of photochemical cycloadditions. The "Patemo- 

Buchi" reaction25 27, or the [2+2] photocycloaddition of carbonyl 

compounds to ethylenes, yields cyclic ethers or "oxetanes". Aromatic 

compounds like benzene, naphthalene, or anthracene also undergo a variety 

of photocycloadditions or photocyclodimerizations upon excitation.23’24’28 

Benzene, a molecule known for its exceptional stability, undergoes [2+2], 

[2+4], [3+2], and [4+4] photocycloadditions in its excited state with various 

ethylenes.28 29 It is also well established that unsaturated nitrogen 

compounds and thioketones photochemically react with ethylenes to form 

various cycloadducts.30
Conjugated enones, i.e. a,p-unsaturated ketones, are also known to 

add upon excitation via [2+2] photocycloaddition to ethylenes yielding 

cyclobutane rings.31-37 The novel area of research elucidated herein 

pertains to this [2+2] enone-olefin photocycloaddition reaction.

The T2+21 Enone-Qlefin 
Photocycloaddition Reaction

In a general [2+2] enone-alkene photocycloaddition30-37, a ground state 

enone absorbs a photon of the appropriate frequency exciting it to a more 

reactive state. Having been excited, the enone will now react with a ground 

state alkene to produce two regioisomeric products. Typically, the enone is 

an a,p-unsaturated ketone or an extended rc-system conjugated with a 

carbonyl. Structurally, the enone functionality must be contained within a
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four, five, or six-membered ring for the successful intermolecular 

formation of the cyclobutane ring.38-40 If the enone is either acyclic or in a 

ring with more than six members, it will rotationally deactivate upon 

excitation via energy wasting cis/trans isomerization, thereby preventing 

the formation of cycloadducts. Although acyclic enones and rings with 

more than six members do not effectively undergo intermolecular 

photocycloaddition, they will undergo intramolecular cycloaddition if the 

enone and olefinic components are properly oriented within the 

molecule.38-40

The olefinic specie that possesses a radical stabilizing group will 

more readily form photoadduct than that which does not, because unlike 

the name implies [2+2] photocycloaddition reactions proceed through a 

diradical intermediate, not through a concerted pathway.33 41 The factor 

that governs the mechanism of reaction is the preferred electronic state of 

the enone upon irradiation. Most cyclic enones prefer to react with the 

ground state olefins from their triplet states via a diradical mechanism. 

There are, however, some a,p-unsaturated esters that will add to alkenes 

from their singlet excited state in a supra/supra ([2tcs/27Cs ]) concerted 

manner6 42 43; but these concerted reactions are the exception rather than 

the rule in [2+2] photocycloadditions. A common photocycloaddition 

between a generic olefin and an enone proceeds as follows:

+ _Jru__
Solvent +

HH HT

Figure 33
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Note that the carbonyl end of the cyclic enone is considered the "head" and 

the antithetical part the "tail", but in the alkene the more substituted part is 

the "head” and the least the "tail". These two species unite via the 

formation of a cyclobutane ring upon irradiation with ultraviolet light to 

form two regioisomeric products, a head-to-head cycloadduct and a head- 

to-tail cycloadduct. The following energy state diagram outlines all the 

possible energy transitions of an excitable enone.18

CA <si

Figure 3418

Once a photon of the appropriate frequency has been absorbed, the enone 
proceeds from its S0 ground state to its excited singlet state, Sj. From the 

Si state the molecule can either revert back to the ground state via 

radiationless decay, react from its singlet state to form product, or proceed 

via intersystem crossing to its triplet state. If the molecule deexcites to its 
S0 ground state, it will either fluoresce or internally convert, i.e. give off

light or heat.18 44 45 If the molecule reacts from the singlet state to form
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cycloadduct, its mechanistic pathway will have occurred via a concerted 

fashion.18 44 45 According to quantum mechanical selection rules, the 

molecule can only intersystem cross to its triplet state if spin-orbit coupling 

is present in the molecule.18 46 Although fluorescence and internal 

conversion are both "allowed" and intersystem crossing is "forbidden" by 

quantum mechanical slection mles, intersytem crossing to the triplet state 

does occur to a marked extent in the [2+2] enone-olefin photocycloaddition.

This is due to the small energy gap between the singlet and triplet states as 

compared to the large energy gap between the excited singlet and the 

singlet ground states. Most molecules that have attained the excited singlet 

state do not react from this state to form cycloadducts. The reason is 
linked to the very short lifetimes, on the order of nanoseconds, of the S\

singlet state. Consequently, after excitation, it is assumed that the enone 

attains its triplet state and reacts to form cycloadduct. This premise 

becomes clear when the reactive pathways available to the triplet state 

molecules are scrutinized. Triplet enones can either revert to the ground 

state via "forbidden" phosphorescence or intersystem crossing, or they can 

react in an "allowed" diradical fashion to form cycloadduct. Futhermore, 

the lifetime of the triplet states are on the order of milliseconds, allowing 

plenty of time for the two species to come together and react. The singular 

point to remember about excited state species is that each state can have its 

own characteristic bond lengths, bond angles, dipole moments, vibrational 

frequencies, and range of chemical reactions that are typically 

uncharacteristic of the ground state species.718 The geometry of most 

photoexcited enones is pyramidal in nature.18 For example, 

formaldehyde's ground state structure is planar, but formaldehyde’s n,7C* 

excited structure is pyramidal.18
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H.
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Figure 35

The Participation of Alkenvlboronate Esters 

in T2+21 Enone-Olefin Photocycloadditions

In recent years, many solutions to a wide array of synthetic problems 

have come from the fields of organoboron and photoorganic chemistry. 

Surprisingly, however, few researchers have attempted to unite these two 

rich fields and utilize them in concert in their exploration of new systems. 

The research presented herein tries, as all research does, to add to the 

chemist’s toolbox; to equip him with another tool through which he can 

manipulate reactions to find a desired pathway, precursor, drug, or needed 

compound. As was mentioned in Chapter 1, the boron substituent allows 

for very diverse functionalization; it can easily be converted into alcohols, 

alkenes, alkynes, ethers, esters, alkanes, amines, carboxylic acids, thiols, 

and many other functional groups.1-4 The main impetus for this research 

was to determine whether unsaturated boronate esters could be used as the 

olefinic components in the [2+2] photocycloaddition.

The following boronate esters were reacted with 2-cyclopenten-l-one 

in hopes of achieving successful [2+2] photocycloadditions: (E)-B-(l- 

hexenyl)-! ,3-dioxaborolane, (Z)-B-(3-hexenyl)-l ,3-dioxaborolane, and



(Z)-B-(2-butenyl)-l,3-dioxaborolane. A typical enone-ester reaction 

would be as follows:

$ hv
cyclohexane

Figure 36

In the following schematic, the valence shell molecular orbitals and the 

electronic transitions possible for 2-cyclopenten-l-one have been shown.

MOLECULAR ORBITALS INVOLVED
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Figure 37

Notice that the enone resides in the excited singlet n,rc* state upon the 

absorption of light.47 48 This n,7t* transition is thought to arise by the
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donation of one of the non-bonded electrons around the oxygen of the 

carbonyl into the conjugated n system of the enone. This S\ state will be

higher in energy, shorter lived, and consequently unreactive to the 

boronate esters relative to its triplet state.18 The lifetime of 2- 

cyclopentenone's triplet state has been reported as 2 x 10“8 seconds and its 

approximate energy as 70 kcal/mol.6,49’50

Below is the photochemical mechanism for the [2+2] enone-olefin 

cycloaddition put forth by Loutfy and de Mayo in 1977.51

3E + 0 [3EO] [E+OT

EE PEE]
hv

E + O -

EO

E = Enone 
O = Olefin

3E = Triplet state of enone 
pEO] = Exiplex
[•EO»] = Diradical Intermediate

EO = Photoadduct
PEE] = Enone-Enone Complex
EE = Enone dimer

Figure 3851

Notice that once the enone has reached its triplet state it can either 

preferentially react with another cyclopentenone molecule and dimerize or 

it can form sequentially an intermediate rc-complex, a diradical, then 

photoadduct. According to E.J. Corey, it is this 7C-complex or exciplex that 

determines the regioselectivity of the products.52 The crux of Corey's tc-
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complex theory rests on the reversed polarization that results in the enone 

upon excitation.

dipolar interactions between the excited state enone and the ground state 

alkene.33*52 Applying Corey’s theory to the [2+2] photocycloadditions 

between the various boronate esters and 2-cyclopentenone yields a 

preference for the formation of the head-to-head regioisomer over the 

head-to-tail isomer in the photoadducts. This selectivity can be understood 

when it is recognized that boron, because of its empty p-orbital, is acting 

through resonance like an electron withdrawing carbonyl group.

Singlet
Ground
State

Triplet
Excited
State

Figure 39

This polarization supposedly influences cycloadduct formation by inducing

Solvent

y — HH 

b —' Major

HT
Minoi

Figure 40
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The head-to-tail regioisomer is found to predominate, when an electron- 

donating group is present.

Minor Major

Figure 41

Another theory reported by Ian Fleming uses molecular orbitals to 

describe the regioselectivity found in [2+2] photocycloadditions.53 

Although FMO theory is usually used to describe concerted reactions, 

according to Fleming, ’’Regardless of whether both bonds are formed at 

once, or whether they are formed one at a time, the orientation should be 

determined by the large-large interaction in the frontier orbitals”.53 The 

following diagram describes the frontier orbital interactions between a 

photochemically excited molecule and a ground state molecule.

SOMO

SOMO

E xcited molecule

LUMO

HOMO

Ground-state molecule

SOMO LUMO 

Cyclopentenone Boronate Ester

Figure 4253
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Note also that the large-large interaction between the SOMO/LUMO of the 

triplet enone and the ester leads to the formation of the head-to-head 

regioisomer.

Results and Discussion

E-l-Hexenyl Photoadduct
Typically, the E-l-Hex photoadduct was prepared by irradiating a 

mixture of E-l-Hex ester with 2-cyclopentenone in cyclohexane for 8-10 

hours at room temperature. It was not uncommon for the photoadduct to 

be generated in greater than 90% yields. The most frequently used 

ester/enone ratio during the photolyses was 12:1. By varying this ratio 

from 4:1 to 15:1, the 12:1 ratio was determined to give the optimal 

production of photoadduct. Ratios below 9:1 have yielded photoadduct 

tainted with substantial amounts of enone dimer. The temperatures at 

which these reactions were carried out varied from 0 to 60 °C.

Cycloadduct formation occurred more readily at the higher temperatures, 

suggesting that a higher quantum yield was obtained. Typically most 

irradiations were performed at room temperature (23 °C), where 7-8 

hours of irradation was sufficient for the complete reaction of all 2- 

cyclopentenone present. However, 15-16 hours of irradiation were 

required when the photoreaction was carried out at 0 °C and 3-4 hours at 

50 °C and higher. Before irradiation was begun, gaseous nitrogen was 

bubbled through the reactant mixture for approximately one hour to purge 

any oxygen from the system. This flushing precluded the formation of any 

singlet oxygen. If singlet oxygen had been allowed to form, it would have 

reacted with some of the 2-cyclopentenone present, thereby retarding the
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formation of the cycloadducts. Removal of the cyclohexane and excess 

boronate ester from the crude cycloadduct mixture was accomplished via 

Kugel Rohr distillation (75 °C/ 0.5 mm Hg). Although the technique of 

forming photoadduct has been mastered, often a small incidental amount of 

protected photoadduct was present in the reaction flask after irradiation. 

Upon careful scrutiny, it was determined that this premature formation of 

protected photoadduct resulted from the presence of ethylene glycol still 

present in the boronate ester. Logically, the ethylene glycol was protecting 

the carbonyl once the photoadduct had already formed. The problem was 

resolved using either of three different purifying techniques. The first step 

in all of the procedures required the removal of as much visible ethylene 

glycol droplets as possible from the boronate ester liquid before irradiation 

was initiated. Since ethylene glycol adheres to glass, the first purifying 

method involved rinsing the ester typically into four or five oven-dried 

Erlenmeyer flasks, whereupon in the last flask pure ester was obtained.

The second method employed a Celite-sodium sulfate filter, which was 

designed to absorb the traces of ethylene glycol still present in the ester. 

Although this method gave the purified ester most easily, some product loss 

was observed. The last method required only that the ester be used over 

and over again in the photoreactions. Essentially, once no more protected 

photoadduct peaks were found to be detectable by the GC/MS, it was 

assumed that all of the minute amounts of ethylene glycol had reacted, and 

the ester was left pure. The disadvantage to this last method was the large 

amounts of crude photoadduct that had to be produced in order to obtain 

the purified ester. However, when the cmde photoadduct mixture was 

formed, a preparative GC was employed to separate the cycloadducts from 

the undesirables, i.e. the protected photoadduct, the enone dimer, and often
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a minute amount of inextricable boronate ester. An 8' x 1/4”, stainless 

steel preparative column with 15% OV-7 on 100/120 Supelcort support 

was used with the following temperature ramping program:

Start Temperature = 150 °C 
Hold time at Start Temp. = 10 min.

Ramp (°C/min) = 5 °C/min
End Temperature = 250 °C 

Hold time at End Temp. = 40 min.
Injector Temp. = 280 °C 
Detector Temp. = 270 °C 

Current (MA) = 190 
Carrier gas = Helium 

attenuation = 4 
sample injected = 80 jil

Using this method, pure samples of E-l-Hex photoadducts were obtained at 

a 22 minute retention time.

Looking closely at the cycloadducts produced from the 

photocycloaddition of E-l-Hex ester with 2-cyclopentenone, one perceives 

four asymmetric centers located on each regiosiomeric product. The 

presence of these four stereocenters affords a theoretical product mixture 

of 32 possible stereoisomers, or 24 stereoisomers per regioisomer. In 

order for the entire 32 stereoisomers to be produced, the enone and alkene 

must bond together in both a cis and trans fused fashion. Cyclopentenone, 

the enone of interest, is known to add to alkenes only in a cis-fused fashion.

When an alkene attempts to add to cyclopentenone in a trans fashion, an 

overwhelming amount of strain develops in the bicyclo [3.2.0] heptan-2- 

one ring system, that precludes the formation of the twisted cyclobutane 

products.4748 Cyclohexenone, however, can effectively twist with its 

additional degree of mobility and accommodate the more highly strained
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trans cyclobutane ring, thereby producing the full complement of 32 

stereoisomers. Knowing that 2-cyclopenten-l-one only adds via czs-fusion, 

one would expect a total of 16 stereoisomers, 8 d,l pairs, or more 

precisely, 4 d,l pairs per regioisomer:

Major Products (Head-to-Head):

&
V""R

H

H
&

H K

H 7

H

Minor Products (Head-to-Tail):

& ,R

H

r M
R

H V ”'*H ^

Figure 43

Where the Z represents the electron-withdrawing boron group and the R 

represents the alkyl butyl group. If the GC/Mass spectrum of the 

photoadducts is inspected (Figure 44), 7 peaks from 12.40 minutes to 13.40 

minutes are observed. The reason these 16 stereoisomeric cycloadducts 

show up as only 8 peaks in the GC/Mass spectrum is due to the achirality of 

the column installed in the Gas Chromatograph of the GC/MS. Essentially, 

the column is unable to distinguish between the enantiomeric pairs of the 

sixteen stereoisomers. Consequently, the 7 peaks really represent 7 d,l pair 

peaks, and an eighth peak (d,l pair) is assumed to.be buried somewhere in 

the spectrum; most likely under the largest peak at 13.02 minutes. The 

percentages of each d,l pair in the adduct mixture are listed in Table 1.
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Table 1: Percent Report Sorted bv Signal

Retention Time(min.) Percentage of Mixture(%)
12.395
12.489
12.803
13.019
13.115
13.272
13.290

21.03
2.06
9.60
48.41
9.86
7.88
1.15

Notice that there are four dominant d,l pair peaks: 12.803, 13.019, 13.115, 

and 13.272 minutes. The *H NMR of the cycloadduct mixture (Figure 45) 

presents evidence of at least four different compounds being present. If the 

4.2 ppm range is inspected, one finds not one but 4 distinct singlet peaks. 

This means that, at the least, four different photoadduct d,l pairs are 

present in the mixture. The other signals in this spectrum will be identified 

using the letters on the structure in Figure 46.

After extensively researching the literature for chemical shifts observed 

for simliar photoadducts formed from the photocycloadditions of 2- 

cyclopentenone with various alkenes155254'59, the following table was 

compiled to show the expected 6 ranges for the E-l-Hex photoadducts.

F H

Figure 46
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Table 2: lH Chemical Shifts of the E-l-Hex Photoadduct

Hydrogen Letter
A
B
C

8 (ppm) 
2.40-3.24

2.35
1.55

D & E 
F,G, & H

1.95-2.30

I
J
K

1.28
0.88
2.00

4.0-4.3

If the 13C of this cycloadduct mixture (Figure 47) is examined, one 

concludes with assurance that there are at least four d,l pairs in this 

mixture.

Having obtained a pure photoadduct mixture, it was then injected onto 

a preparatory column in hopes of separating each stereoisomer and 

characterizing it fully using NMR techniques. Unfortunately, the eight d,l 

pairs could not be isolated cleanly. Consequently, in an attempt to convert 

the cycloadducts to a more readily separable species, the adducts were 

treated with H2 O2  and NaOH in an ether-water bilayer. Upon completion 

of the oxidation, a complex mixture of alcohols, photoadducts, and cyclic 

esters resulted. In thoughts of circumventing these competitive reactions, 

the cycloadducts were hydrated to their acid counterparts and then 

subjected to the oxidative conditions. This procedure came to no avail 

when the same complex mixture resulted. In both cases, the by-products 

are thought to have arisen from either a retroaldol or a Baeyer-Villiger 

reaction taking place after the addition of the hydrogen peroxide. 

Schematically, these problems are presented in Figure 48.
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Complex Mixture

OH

W  NaOH

Complex Mixture Results From:

1. The Possibility of a Retroaldol: 2. The Possibility of Baeyer-Villiger Complications:

To Negate the Complications:

NaOH

Figure 48

As seen above, a possible remedy to the retroaldol and/or Baeyer-Villiger 

complications was to "protect” the carbonyls of the cycloadducts. Once 

these protected photoadducts were subjected to the oxidative conditions, the 

expected alcoholic and aldehydic products formed. Before going into the 

specifics of the oxidation process, the protected photoadducts (P.P.A.S) that 

resulted from the protection of the E-l-Hex photoadducts will be 

examined.

E-l-Hexenyl Protected Photoadduct

E-l-Hex protected photoadduct was prepared by heating a mixture of 

photoadduct, benzene, ethylene glycol, and a small amount of para-

NaOH
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toluenesulfonic acid-monohydrate to reflux in a Dean-Stark apparatus.

This mixture was typically at reflux for 3 to 4 hours while the benzene- 

water azeotrope was removed. The remaining liquid was then poured into 

four or five oven-dried Erlenmeyers, whereupon in the last flask pure 

protected photoadduct was obtained. When smaller scaled reactions were 

carried out, the contents were often transferred to a flat-bottomed test tube 

where the top protected photoadduct layer was drawn off from the bottom 

layer of excess ethylene glycol. The purity of the protected photoadducts, 

i.e. the % conversion of photoadducts to protected photoadducts, relied 

heavily on the extent to which the benzene was azeotropically removed. 

Conversion of 100% could only be obtained if 90% of the initial milliliter 

amount of benzene were removed. If less azeotrope was removed, less 

conversion was noted. When purification of the protected photoadducts 

was needed, a preparative GC and the temperature program mentioned 

previously were employed. Although pure samples of protected 

photoadduct could be obtained at approximately a 22 minute retention time, 

the task was extremely arduous. The main problem was collecting that 

small amount of protected photoadduct that did not revert back to 

photoadduct when exposed to the high temperatures of the preparatory 

injector and column. The structure of an E-l-Hex protected photoadduct is 

as follows:
B B

G

Figure 49
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After extensive research into previous literature15’52 54'59, the expected 1H 8 

values for the E-l-Hex protected photoadducts have been compiled in the 

table below.

Table 3: 1H Chemical Shifts for the Protected E-l-Hex Photoadducts

ydrogen Letter 8 (ppm)
A 2.52-3.00
B 3.65-3.90
C 2.10
D 1.55

E & F 1.95-2.30
G,H, & I 1.28

J 0.88
K 2.00
L 4.0-4.3

Inspection of the 1H NMR of the protected P. A. mixture (Figure 50), 

convinces one that there are at least three different compounds in this 

mixture. Notice the three methyl peaks at 0.88 ppm, and the three separate 

dioxaborolane peaks at 4.2 ppm. An examination of Figure 51, a GC/Mass 

spectrum of the E-l-Hex protected photoadduct mixture, reveals four 

prominent peaks. The retention times and percentages of each d,l pair 

relative to the mixture are presented in the Table 4.

Table 4: Percent Report Sorted bv Signal

Retention Time(min) Percentage of Mixture(%)
13.450 5.59
13.781 39.01
13.893 39.22
13.945 16.18
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Notice that there are only 4 protected photoadduct peaks and not 7, 

contrary to the number of starting cycloadduct peaks. If one looks back at 

the different percentages of cycloadducts in the adduct mixture, one finds 

four peaks that have substantially higher percentages than the rest.

E-l-Hexenyl Alcohol to Aldehyde to Protected Aldehyde
Having obtained a pure protected photoadduct mixture, the oxidation 

reaction produced three prominent alcoholic products from the following 

compounds listed below:

p i“A 
H O - J

I---- 1
° > < g .

\V]
H 0 - »

Figure 52

Notice that compounds 1-3 are the favored head-to-head products, and 

compounds 4 & 5 are the result of head-to-tail addition. The oxidative 

mechanism used to convert the protected cycloadducts to their 

corresponding alcohols is the same as the one illustrated on the next page 

for the simple trialkylborane.



64

R R

R ,B  + H OO* R-B-p-OH  - >  R - B - O R  + "OH

R

R - O  RO
I- O I

R2BOR + H O O -  - ♦  R - B - O - O - H  - ♦  R - B  + OH
1-  ̂ I

R RO

(RO)2BR + H OO" - *  (RO)2B —O - 0 > —H —► (RO)3B + OH

(RO)3B + H20  ROH + B(OH)3

Figure 53?

Even though four protected photoadducts were detected by the GC/MS, 

only three were present in any substantial amounts. Consequently, only 

three alcoholic products should be expected to form in detectable amounts 

after completion of the oxidation. Of the five protected products listed in 

Figure 52, only 1-3 are capable of undergoing the oxidative fragmentation 

necessary to produce the aldehydic compounds shown below:

=o =0
H
=o

Figure 54

If the GC/MS data of the crude mixture resulting from the oxidation of the 

protected photoadducts is examined (Figure 55), 6 peaks between 11.50 and 

13.50 minutes become evident. The structures 6 through 9 shown below
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Figure 55
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refer to the compounds thought to be giving rise to each of the six peaks in 

the GC/MS.

Peaks 1&2 Peak 3 Peaks 4&5

9

Figure 56

Presented in Figure 57 is the infrared spectrum of the above mixture. As 

expected two strong aldehydic carbonyl stretches are observed between 

1721-1724 cm"l and two free O-H stretches at 3678 and 3599 cm“l. After 

injection of this mixture onto a preparative GC column, peaks 1 & 2 were 

extricated. The *H NMR of the isolated material (Figure 58) confirmed 

that at least one of the two compounds was aldehydic in nature, due to the 

appearance of a characteristic aldehydic triplet signal at 9.61 ppm. The 

GC/MS of the isolated material (Figure 59) revealed three peaks, but only 

two of which had the correct molecular ion peaks and fragmentation 

patterns expected for the E-l-Hex aldehydes. If the fragmentation pattern 

in Figure 59 is inspected, one observes the correct molecular ion peak of
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226 for the E-l-Hex aldehyde. Note also, that a loss of an ethyl then a 

butyl group from the aldehyde’s hydrocarbon chain makes the existence of 

the respective 197 and 169 fragment peaks easily understood. The 

explanation of how the 86 and 141 peaks arise is more complicated. If the 

weight of the cleaved butyl group(57) is combined with the weight of 

cleaving the carbonyl and its asssociated hydrogen(29), the resultant 

fragment weight is 86. Hence, the weight of the remaining molecule(now 

also a fragment) must be 141, or 226-85=141. The presence of the 127 

and 99 fragment peaks can also be rationalized if one cleaves the carbon- 

carbon bond connecting the five-membered ring to the carbon attached to 

both the aldehyde and the butyl functionalities. In short, the structure of 

the 99 fragment peak is composed of the secondary (formerly, tertiaiy) 

carbon and both the aldehyde and the butyl functionalities that connect to it. 

Consequently, the 127 fragment ion peak is then composed of the five 

membered ring and its attached acetal group. The last thing to be gleaned 

from the GC/MS in Figure 59 is that the two suspected aldehydes at 11.818 

and 11.781 minutes were present in a respective 53:47% mixture. The 13C 

NMR spectrum of this isolated material (Figure 60) also supported the 

existence of two aldehydic structures with the appearance of two carbonyl 

carbon signals at 204.58, 204.54 ppm.

If the crude alcoholic mixture mentioned in Figure 56 were 

subjected to the esterification conditions (i.e. benzene, ethylene glycol, and 

reflux in a Dean-Stark apparatus), the suspected aldehydic compounds 

(peaks 1&2) should transform into compound 9 that gives rise to peak 6. 

Shown in Figure 61 are the products resulting from the protection of the 

crude alcoholic mixture, not only have peaks 1 & 2 disappeared but the 

area under the sixth peak has markedly increased. Thus, peaks 1&2 have
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Figure 61
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been identified as being aldehydes, and at the least two of the possible four 

stereoisomers have been made of compound 6. Logically then, the 270 

peak at 13.409 minutes can also be identified as one of the possible 

stereoisomers of compound 9. Found in Figure 55 is the mass spectrum of 

compound 9. The fragmentation in the mass spectrum of compound 9 is 

exactly the same as the fragmentation of the E-l-Hex aldehyde from the 

225-226 fragment peak and lower. As one can infer from the molecular 

structure, the only dissimilar aspect of this compound compared to the E-l- 

Hex aldehyde is the acetal protecting group on what was the E-l-Hex’s 

aldehyde functionality. Hence, once the protecting group gets cleaved open 

through the loss of an oxygen methylene pair a 241 fragment peak becomes 

evident. This is followed up by loss of the other methylene group and 

eventually the carbon-oxygen system with its associated hydrogen to give 

you the same fragmentation observed for the E-l-Hex aldehyde.

Shown in Figure 61 is the GC/Mass spectrum of the third peak 

located at 12.3 minutes. Notice the 226 molecular ion peak and the 

similarity in the fragmentation pattern to the identified E-l-Hex aldehydes. 

Therefore, one might expected that the structure giving rise to the third 

peak might also be aldehydic in nature as were the first two. The singular 

event which concretely elucidated the alcoholic structure of peak 3 

occurred when the mixture was exposed to the esterification conditions.

The alcoholic peak at 12.3 minutes did not decrease in area nor did any 

tranfoim into the protected aldehydic structure at 13.409 minutes. Hence, 

only the alcoholic structure given by compound 7 could have given a 226 

molecular ion peak and not changed when exposed to the protection 

conditions. The research of isolating, collecting, and characterizing these 

oxidative products continues.
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Z-2-ButenyI Photoadduct
Typically, the Z-2-But photoadduct was prepared by irradiating a 

mixture of Z-2-But ester with 2-cyclopentenone in cyclohexane for 8-10 

hours. It was not uncommon for the photoadduct to be generated in 

greater than 89% yields. The most frequently used ester/enone ratio 

during the photolyses was 12:1. This 12:1 ratio was chosen because the 

optimal production of photoadducts was achieved when employing this 

ratio in the E-l-Hex ester/cyclopentenone photocycloaddition. Currently, 

the photoreaction using the Z-2-But ester and 2-cyclopentenone has only 

been undertaken at room temperature (23 °C). Before irradiation was 

begun, gaseous nitrogen was bubbled through the reactant mixture for 

approximately one hour to purge any oxygen from the system. Removal of 

the cyclohexane and excess boronate ester from the cycloadduct mixture 

was accomplished via Kugel Rohr distillation (75°C/ 0.5 mmHg). If the 

crude photoadduct mixture is examined (Figure 62), an excess ester peak 

appears at 3.25 minutes, and a plethora of photoadduct, dimer, doubly 

protected dimer, and protected photoadduct peaks appear between 10.278 

and 13.232 minutes. This resultant photoadduct mixture is quite common, 

when "naive" esters or esters that have been photolyzed only once or twice 

are utilized in the photoreactions. The doubly protected dimer and the 

protected photoadduct form by reacting with the trace amounts of ethylene 

glycol still present in the ester after its purification by Kugel-Rohr 

distillation. Hence, this crude mixture had to be injected onto a preparative 

GC column in order to separate the cycloadducts from the undesirables.

The GC/MS of the purified cycloadducts can be found in Figure 63. Notice 

that there are eight 208 photoadduct peaks located between 10.09 and 11.23
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Crude Z-2-Butenyl Photoadduct Mixture

Figure 62
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minutes on the GC/MS. Due to traces of ethylene gylcol still being present 

in the Z-2-But ester, two 252 photoadduct peaks are also found in the 

mixture at 11.53 and 11.66 minutes. Table 5 elucidates the percentages of 

each d,l pair relative to the photoadduct mixture according to their 

retention times.

Table 5: Percent Report Sorted by Signal 

Retention Time(min) Percentage of Mixture(%)
10.09 8.20
10.45 5.08
10.81 22.67
10.87 10.11
10.97 33.05
11.07 19.08
11.23 1.80

If the *H NMR of this purified photoadduct is examined (Figure 64), 

evidence suggesting that there are at least six different compounds in this 

mixture becomes apparent. Look at the myriad hydrogen signals at 4.2 

ppm from the dioxaborolane group as well as the numerous methyl signals 

around 1.0 ppm. Moreover, conclusive evidence supporting the GC/MS 

data that there is a small amount of protected photoadduct present in the 

mixture can be found if the 3.8 ppm range is examined. The signals 

occurring from 3.70-3.85 ppm are the characteristic hydrogen signals 

resulting only from the acetal protecting groups attached to the carbonyls 

of protected photoadduct material. Lastly, if the 13C of this mixture is 

inspected (Figure 65 ), one can be assured by the numerous methyl, 

methylene, and methine peaks located between 10-51 ppm that there are at 

least 6 different compounds in this mixture.
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Z-2-Butenyl Protected Photoadduct
The Z-2-But protected photoadduct data were not obtained in the 

urgent acquisition of the Z-2-But alcoholic and aldehydic data.

Z-2-Butenyl Alcohol to Ketone
Having obtained a pure protected photoadduct mixture of 

stereoisomers, the oxidation reaction produced the crude alcoholic mixture 

found in Figure 66. The peaks located at 9.220 and 10.110 minutes were 

identified as the expected ketone products, and the peaks located at 12.930 

and 13.190 were identified as doubly protected dimer molecules. Hence, 

the crude mixture was injected onto a preparative GC column in order to 

extricate and characterize fully the ketonic compounds giving rise to the 

peaks at 9.220 and 10.110 minutes. Unfortunately, only the peak at 10.110 

minutes was collected and its corresponding GC/Mass spectrum resides in 

Figure 67. All the possible ketonic and alcoholic structures that could have 

given rise to molecular ion peaks of 198 are represented below:

Figure 68

Although all the products give fragmentation patterns that could explain the 

observed fragmentation present in the mass spectmm of peak 10.110, only 

the ketonic products would show a carbonyl stretch in an infrared 

spectrum. Shown in Figure 69 is the infrared spectrum of the isolated
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Figure 67
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10.110 minute material. Note the two characteristic normal ketone 

carbonyl stretchs at 1704.6 and 1726.6 cm“l and the two free O-H stretchs 

present at 3671.8 and 3586.8 cm-1. Consequently, it is recognized that 

there are at least two compounds present within the 10.110 peak. This 

leaves two possible solutions, either one peak is a ketone and the other an 

alcohol, or both peaks are ketones and the following rearrangement is 

occurring with the acetal protecting groups of the carbonyls.

If the 1H NMR of the purified ketonic material is examined (Figure 71), 

one perceives at least 3 peaks at 3.88 ppm, indicating the presence of more 

than just two compounds. Still, all the signals and integrations correlate 

well with the proposed structure of the ketone. For example, note the two 

distinct methyl peaks at 0.95 and 1.14 ppm. The 13C NMR of this mixture 

(Figure 72) further supports the supposition that at least three compounds 

are present in the purified material. Note the three separate carbon peaks 

of the acetal protecting group of the carbonyl at 64.46, 65.01, and 65.04 

ppm. Note also the three carbonyl peaks of the ketone located at 184.46, 

190.81, and 193.81 ppm. In order to prove conclusively that the peaks 

giving rise to the signal at 10.110 minutes came only from ketones, the 

isolated material was subjected to the esterification conditions; whereupon, 

the 198 peak at 10.110 minutes disappeared and the corresponding

OH

Figure 70
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protected ketone peak appeared with the expected molecular ion peak of 

242. The collection, isolation, and characterization of these Z-2-But 

ketones continues.

Z-3-Hexenyl Photoadduct, Protected Photoadduct, and Ketone
The Z-3-Hex photoadduct was prepared using two different 

regioisomeric mixtures of the Z-3-Hex ester; an ester mixture prepared at 

23°C composed of three regioisomers in the ratio of 1: 1.5: 6.0, and an 

ester mixture prepared at 0°C where one regioisomer had a greater than 

99% preponderance over the other two regioisomeric forms. Basically, 

these two mixtures were combined with 2-cyclopentenone in cyclohexane 

and irradiated for 8-10 hours. It was not uncommon for the photoadducts 

to be generated in greater than 90% yields. The most frequently used 

ester/enone ratio during the photolyses was 12:1. Shown in Figures 73 and 

74 are the GC/Mass spectrums of the photoadducts produced from the 

photolysis of the room temperature and -20°C ester mixtures. As can be 

seen, there are many more photoadduct peaks present in Figure 73. 

Theoretically, 24 different detectable photoadducts could result from the 

photocycloaddition of 2-cyclopentenone with the three regioisomeric ester 

mixture. Notice that when the single ester regioisomer is utilized in the 

photoreaction, only eight photoadduct peaks appear in Figure 74.

However, only the photoadduct mixture made from the ester at room 

temperature has been injected onto a preparative GC column, therefore all 

the spectral data that follows are of this purified photoadduct 

conglomeration. If the *H NMR of the purified photoadducts (Figure 75) 

is scrutinized all the expected signals are found; the hydrogens of the 

dioxaborolane appear at 4.20 ppm, the methylene and methine signals
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appear between 1.00-3.00 ppm, and the methyl triplets and doublets appear 

at 0.90 ppm. The i3C NMR of this mixture (Figure 76) also purports 

evidence for the formation of all three types of photoadducts. Note 

especially, the three different carbonyl carbon peaks located at 222.69, 

222.65, and 221.65 ppm.

The GC/MS of the protected cycloadducts resulting from the 

protection of these mixed photoadducts is presented in Figure 77. Note 

that there are a total of fourteen 280 protected cycloadduct peaks that have 

been detected, but only 4 or 5 are present in any significant amounts. 

Hence, upon exposing this mixture to the oxidative conditions, only 4 or 5 

alcoholic and/or ketonic species would be expected to form. Presented in 

Figure 78 are the four suspected ketone products, each with the expected 

molecular ion peak of 226.

Summary

The postulate that unsaturated boronate esters can be used as olefinic 

components in [2+2] enone-olefin photocycloadditions has been verified 

experimentally. The photoadduct mixtures have been successfully 

characterized by mass spectrometry, NMR (1H and 13C), and combustion 

analyses. Conversion of the cycloadduct boronate ester moieties into 

alcohols, aldehydes, and ketones has been accomplished. The complete 

isolation and characterization of each isomer in the product mixtures, 

through the use of 2D-NMR techniques and X-ray crystallography are the 

future considerations of this project.
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Figure 78
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The following table summarizes the molecular weights of the photoadducts 

(P.A.s), protected photoadducts (P.P.A.s), and the oxidation products 

(O.P.s) expected for each of the three photocycloadditions.

Table 6: Molecular Weights (g/mol)

Esters: P.A. P.P.A. P.P.
E-l-Hex 236 280 226
Z-2-But 208 252 198
Z-3-Hex 236 280 226

Experim ental
All proton and carbon spectra were obtained with a General Electric 

QE-300 spectrometer. All mass spectra data were obtained on Hewlett- 

Packard's 5890 Series II Gas Chromatograph equipped with a 12.5m fused 

silica capillary column of crosslinked methyl silicone coated with methyl 

silicate and Hewlett-Packard's 5971A Mass Selectivity Detector coordinated 

with Vectra’s 386/25 computer software. Infrared spectra were obtained 

on a Perkin-Elmer FT 1600 Series spectrophotometer.

The 2-cyclopenten-l-one used was purchased from Aldrich and 

distilled upon opening to insure purity. This enone was discovered to 

dimerize at room temperature, therefore after every use, it was purged 

with nitrogen and placed under refrigeration. The photochemical reactions 

were run in Pyrex flasks with irradiation from a 450W Hanovia medium- 

pressure mercury arc lamp. The spectral energy distribution from this 

lamp was very broad, the emitted light ranged from 1367 nm (infrared) 

down to 222 nm (ultraviolet). Since cyclopentenone's n,7C* excitations are 

known to occur at 308, 313, 334, and at 366 nanometers4748 (Figure 79), a 

borosilicate (Pyrex) filter was used to occlude all light with wavelengths
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less than 290 nanometers. By prohibiting this high energy radiation, the 

possibility of developing competitive Patemo-Buchi reactions became null. 

The most commonly used filters and solvents in isolating different 

wavelengths of light are listed below.

Table 7: Filters Used in Photochemical Reactions 6 60

GLASS TYPE CUT-OFF REGION (rnn)
Quartz (Suprasil) <200
Vycor 7910 210-240
Corex D 270-310
Pyrex 7740(chemical) 290-330
Crown glass(optical) 300-335
Nonex 7720 320-360
Wood’s Glass 235-285; 405-380

SOLVENT CUT-OFF WAVELENGTH (rnn)
Water <190
Acetonitrile 190
Hexane 195
Ethanol 205
Propan-2-ol 205
Methanol 205
Cyclohexane 205
Diethyl ether 215
Di-isopropyl ether 220
1,2-Dichloroethane 225
T etrahydrofuran 233
Ethyl acetate 255
Carbon Tetrachloride 265
Benzene 280
Toluene 285
Pyridine 305
Acetone 330

The first number in the cut-off regions and cut-off wavelengths of Table 7, 

represents a 10% transmission of the incident wavelength of light listed.



98

The second number represents an 80% transmission of the incident light of 

the wavelength given.

E-l-H exenyl Photoadduct

In a dry, 250 ml, quartz round bottom flask, equipped with a septum 
and a N2 (g) inlet and outlet syringe needle was placed 6 .0 g (38 mmol) of

(E)-B-(l-hexenyl)-l,3-dioxaborolane with 3 ml of cyclohexane and 0.25g 

(3.1 mmol) of 2-cyclopenten-l-one. The solution was degassed for 1 hour 
by immersing the N2 (g) inlet needle into the reactant mixture. After 

degassing was complete, the N2 (g) inlet needle was retracted from the 

solution and irradiation of the mixture was commenced following a 

GC/Mass spectrum of the "naive” solution. At room temperature, 

irradiation continued for 8  hours or until the GC/MS showed that no more 

2 -cyclopentenone was present. The contents of the flask were transferred 

with dichloromethane to a 250 ml round bottom flask where the 
cyclohexane and CH2 CI2  solvents were removed under reduced pressure.

The excess hexenylboronate ester was then separated from the desired 

photoadducts via a Kugel-Rohr distillation apparatus (75°C/0.5 mm Hg). 

The final product was 0.66g (2.8 mmol) of dark brownish oil in a 90% 
yield. lH NMR(CDCl3 -TMS): 5 4.15-4.22(4H, s), 1.09-3.08(14H, m), 

0.88(3H, t, J=6.74Hz.). 13c NMR(CDCl3 -TMS): 5 204.55, (2x)65.6,

51.50, 50.90, 48.96, 46.55, 42.97, 40.09, 38.76, 38.15, 37.87, 36.57,

33.91, 29.09, 28.65, 28.26, 22.42, 20.64, 13.98, 13.93. Mass Spectrum: 

236(M+), 207, 179(b.p), 165, 153, 125, 111, 83. (Found: C, 65.24 or 
64.54; H, 9.04 or 8.77; B, 4.68; O, 21.04 or 22.01%. C1 3H2 1 BO3 requires

C, 66.13; H, 8.96; B, 4.58; O, 20.33%)
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Z-2-Butenyl Photoadduct
Prepared in the same manner and proportions as E-l-Hex 

photoadduct, but (Z)-2-butenyl ethylene glycol boronate ester was used in 
the photoreaction. *H NMR(CDCl3 -TMS): 6 4.16-4.29(4H, s), 1.60- 

3.08(7H, m), 1.02-1.25(6H, m). 13C NMR(CDCl3 -TMS): 5 ?, (2x)65.83, 

(2x) 65.70, 50.95, 50.68, 49.44, 47.71, 43.80, 40.09, 39.32, 36.65, 35.56,

28.11, 27.27, 26.11, 20.51, 19.12, 15.13, 15.02, 14.98, 14.94, 12.00.

Please note, the reason that the carbonyl peak of the Z-2-Butenyl 

photoadduct did not show up in the *3c NMR was because the spectral 

width of the NMR was not set to a large enough scale (see Figure 65).

Mass Spectrum: 208(M+), 193, 178, 139, 69(b.p.).

Z-3-Hexenyl Photoadduct
Prepared in the same manner and proportions as E-l-Hex 

photoadduct, but (Z)-3-hexenyl ethylene glycol boronate ester was used in 
the photoreaction. NMR(CDCl3 -TMS): 5 4.15-4.25(4H, s), 0.78- 

3.03(17H, m). 13c NMR(CDCl3-TMS): 6 222.69, 222.65, 221.65, 65.83, 

65.71, 50.95, 50.77, 49.78, 47.72, 42.56, 41.42, 39.44, 38.09, 35.57,

28.12, 27.27, 26.12, 20.53, 19.82, 15.02, 14.99, 14.95, 12.01, 11.62. Mass 

Spectrum: 236(M+), 221, 207, 192, 179(b.p.), 154, 82.

E-l-Hexenyl Protected Photoadduct

In a 1L, single neck, round bottom flask, equipped with a magnetic 

stir bar was placed 0.66g (2.8 mmol) of photoadduct, 3 ml (54 mmol) of 

ethylene glycol, 0.10 g of para-toluenesulfonic acid-monohydrate, and 650 

ml of benzene. Fitted to the round bottom was a Dean-Stark apparatus 
equipped with a condenser and N2  line. The solution was brought to reflux
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in which the water was azeotropically removed with the benzene. When 

the benzene became clear, an indication that the water had been removed, 

the flask was allowed to cool and any remaining ethylene glycol was 

removed from the flask with a disposable pipet. The solution was then 

transferred in succession to four oven dried 250 ml Erlenmeyer flasks, 

whereupon in the last Erlenmeyer ethylene glycol-free protected 

photoadduct was obtained. The final product 0.63g (80.1% yield) of dark 

orange-brownish color was obtained after the excess benzene was removed 
under reduced pressure. *H NMR(CDCl3 -TMS): 6  4.07-4.26 (4H, s),

3.69-4.00 (4H, s), 1.17-3.04(14H, m), 0.81-0.93(3H, t). Mass Specrtum: 

280(M+), 251, 237, 223, 195, 169, 155, 126, 99(b.p), 8 6 .

Z-3-Hexenyl Protected Photoadduct
Mass Spectrum: 280(M+), 252, 211, 99(b.p).

E-l-Hexenyl Alcohol and Aldehyde
In a 100ml, single neck, round bottom flask, equipped with a stir 

bar was placed 0.728g (2.8 mmol) of protected photoadduct with 20 ml of 
diethyl ether and 20 ml of H2 O. Added to the solution in a contiguous 

fashion was 1.7 ml of 30% H2 O2  followed by 1.7 ml of 3M NaOH. The 

solution was stirred at room temperature for 4.5 hours and the oxidation 

was followed using Hewlett-Packard's 386/25 5890 Series II GC/Mass 

Spectrometer. Once the GC/Mass spectra showed that all of the protected 

photoadduct present in the organic layer had been oxidized, approximately 
3 grams of K2 CO3 was added and the solution was stirred for another 15

minutes. In order to dissolve any excess potassium carbonate, another 20 
ml of H2 O was added to the solution, and the solution was transferred to a
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200ml separatory funnel. The lower aqueous layer was drawn off from 

the upper organic layer, and the organic layer was dried via sodium 

sulfate, frit filtered, and its solvent removed under reduced pressure. The 

final product was 0.32g (50.1% yield) of clear, colorless liquid. *H 
NMR(CDCl3 -TMS): 8 9.56(1H, t, J=3.50 Hz.), 3.87-3.91 (4H, br s), 1.15- 

2.33(14H, m), 0.84-0.92(3H, t, J = 6.72 Hz.) ppm. 13c NMR(CDCl3- 

TMS): 8 204.55, 117.49, 117.18, 64.57, 64.53, 64.42, 57.44, 57.36, 57.44,

52.03, 40.91, 40,70, 37.51, 37.30, 36.04, 35.70, 29.80, 29.56, 28.48,
27.92, 22.99, 22.83, 14.05. IR (CH2 CI2 ): 3678.0, 3599.2, 2950-2800,

1721.6, 1603.0, 1117.0, 1020.6 cm-l. Mass Spectrum: 197, 169, 141, 127, 

86(b.p.).

Z-2-ButenyI Ketone
Prepared in the same manner and proportions as E-l-Hex aldehyde, 

but (Z)-2-But protected photoadduct was used in the oxidation reaction. 1H 
NMR(CDCl3 -TMS): 8 3.89(4H, s), 1.45-2.50(8H, m), 0.78-1.43(6H, m). 

13C NMR(CDCl3-TMS): 8 193.31, 190.81, 184.46, 153.25, 119.01, 68.24,

65.04, 65.01, 64.46, 64.40, 64.19, 53.65, 52.85, 46.98, 46.21, 41.53,

35.50, 34.58, 30.70, 27.94, 24.26, 22.44, 14.94, 14.13, 13.58. IR 
(CH2 CI2 ): 3671.8, 3586.8, 2965.8, 2880.8, 1721.6, 1704.6, 1451.9,

1355.9, 1100.7 cm_l. Mass Spectrum: 198(M+), 183, 169, 127(b.p.), 99.

Z-3-Hexenyl Ketone

Mass Spectrum: 197,169, 141, 127(b.p.), 99, 86.



102

References

1) Brown, H.C. H y d r o b o r a t io n , Benjamin: New York, 1963.

2) Brown, H.C.; Kramer, G.W.; Levy, A.B.; Midland, M.M. O r g a n ic  S y n th e s is  

v ia  B o r a n e s  ; Wiley-Interscience: New York, 1975.

3) Srebnik, M.; Ramachandran, P.V. A ld r ic h im ic a  A c ta ,  vol. 20, no. 1, 1987.

4) Pelter, H.A.; Smith, K.; Brown, H.C. B o r a n e  R e a g e n ts ; Academic Press,

New York, 1988.

5) Brown, H.C.; Subba, B.C. J .  A m . C h e m . S o c . 1956, 78, 2582.

6) Horspool, W.M. S y n th e t ic  O r g a n ic  P h o to c h e m is tr y  ; Plenum Press, New 

York, 1984.

7) Carey, F.A.; Sundberg, R.J. A d v a n c e d  O r g a n ic  C h e m is tr y  [ P a r t  B :  R e a c t io n s  

a n d  S y n th e s is ]  ; Plenum Press, New York, 1990.

8) Brown, H.C.; Gupta, S.K. J .  A m . C h e m . S o c . 1975, 97, 5249.

9) Brown, H.C.; Gupta, S.K. J .  A m . C h e m . S o c . 1971, 93,1816.

10) Pasto, D.J.; Lepeska, B.; Cheng, T.C. J . A m . C h e m . S o c . 1972, 94, 6083.

11) Brown, H.C.; Ravindran, N.; Kulkami, S.U. J . O rg . C h e m . 1980, 45, 384.

12) Brown, H.C.; Liotta, R.; Scouten, C.G. J .  A m . C h e m . S o c . 1976, 98, 5297.

13) Solomons, T.W. O r g a n ic  C h e m is tr y [ 4 th  e d it io n ]  ; John Wiley &

Sons, New York, 1988.

14) Brown, H.C.; Chen, J.C. J .  O rg . C h e m . 1981, 46, 3978; Brown, H.C.; 

Campbell, J.B. J .  O rg . C h e m . 1980, 45, 389.

15) Silverstein, R.M.; Bassler, G.C.; Morill, T.C. S p e c tr o m e tr ic  I d e n t i f i c a t io n  o f  

O r g a n ic  C o m p o u n d s [ 5 th  E d i t io n ]  , John Wiley & Sons, New York, 1991.

16) Desvergne, J.P.; Chekpo, F.; Laurent, H.B. J . C h e m . S o c . P e r k in  

T r a n s . I I  1978, 84-87.

17) Laurent, H.B.; Catellan, A.; Desvergne, J.P. P u r e  A p p l .  C h e m . 1980, 52, 

2633-2648.

18) Turro, N.J. M o d e r n  M o le c u la r  P h o to c h e m is tr y ; The Benjamin/Cummings



103

Publishings Co., Inc.: CA, 1978.

19) Ciamician, C.; Silber, P. C h e m . B e r . 1928, 41.

20) Buchi, G.; Goldman, I.M. J .  A m . C h e m . S o c . 1957, 79, 4741.

21) Meinwald, J.; Schneider, R.A. J .  A m . C h e m . S o c . 1965, 87, 5218.

22) Zandomeneghi, M.; Cavazza, M.; Moi, L.; Pietra, F. T e tr a h e d r o n  L e t t .  1980, 

21, 213.

23) Smith, B.D. P u r e  A p p l . C h e m . 1968,16, 47.

24) Smith, B.D. P u r e  A p p l .  C h e m . 1973, 34, 193.

25) Patemo, E.; Chieffi, G. G a zz . C h im . I ta l . 1909, 39, 341.

26) Buchi, G.; Inman, C.G.; Lipinsky, E.S. J .  A m . C h e m . S o c . 1954, 76, 4327.

27) Arnold, D.R. A d v a n c e s  in  P h o to c h e m is tr y  [ v o l .6 ] ; Interscience Publishers, 

New York, 1968.

28) Wilzbach, W.E.; Kaplan, L. J .  A m . C h e m . S o c . 1971, 93, 2073.

29) Wilzbach, W.E.; Kaplan, L. J . A m . C h e m . S o c . 1968, 90, 3291.

30) Charlton, J.L.; Liao, C.C.; de Mayo, P. J .  A m . C h e m . S o c . 1971, 93, 2403.

31) Chapman, O.L.; Lenz, G. O r g a n ic  P h o to c h e m is tr y  1967, 1, 283.

32) Eaton, P.E. A c c o u n ts  C h e m . R e s . 1968, 1, 50.

33) Bauslaugh, P.G. S y n th e s is  1970, 287.

34) Sammes, P.G. S y n th e s is  1970, 630.

35) de Mayo, P. A c c o u n ts  C h e m . R e s . 1971, 4, 41.

36) Chapman, O.L.; Weiss, D.S. O r g a n ic  P h o to c h e m is tr y  1973, 3, 197.

37) Coxon, J.M.; Halton, B. O r g a n ic  P h o to c h e m is tr y  ; Cambridge University 

Press, London, 1974.

38) Baldwin, S.W. O r g a n ic  P h o to c h e m is tr y ; Marcel Dekker, Inc.: New york, 
1981.

39) Eaton. P.E.; Lin, K. J . A m . C h e m . S o c . 1965, 87, 2052.

40) Corey, E.J.; Tada, M.; LaMahieu, R.; Libit, L. J .  A m . C h e m . S o c .  1965, 87, 

2051.

41) Bartlett, P.D. S c ie n c e  1968, 159, 833.

42) Caldwell, R.A.; Creed, D. A c c . C h e m . R e s . 1980, 13, 45-50.

43) Wells, P.P.; Morrison, H. J . A m . C h e m . S o c . 1975, 97, 154-159.



104

44) Barltrop, J.A.; Coyle, J.D.; E x c i te d  S ta te  in  O r g a n ic  C h e m is tr y ; New 

York : John Wiley, 1975.

45) Cowan, D.O.; Drisko, R.L. E le m e n ts  o f  O r g a n ic  P h o to c h e m is tr y  ; New 

York : Plenum, 1976.

46) Atkins, P.W. P h y s ic a l  C h e m is tr y [ 4 th  E d itio n ]  ; W.H. Freeman and Company, 

New York, 1990.

47) Eaton, P.E. J . A m e r . C h e m . S o c . 1962, 84, 2454.

48) de Mayo, P.; Pete, J.P.; TCHIR, M. C a n . J .  C h e m . 1968, 46, 2535-2547.

49) de Mayo, P.; Pete, J.P.; TCHIR, M. C a n . J .  C h e m . 1969, 47, 711-712.

50) Wagner, P.J.; Bucheck, D.J. J .  A m . C h e m . S o c . 1967, 91, 5090-5097.

51) Loutfy, R.O.; de Mayo, P. J .  A m . C h e m . S o c . 1977, 99, 3559.

52) Corey, E.J.; Bass, J.D.; LE Mathieu, R.; Mitra, R.B. J .  A m e r . C h e m . S o c . 

1964, 86, 5570.

53) Fleming, I. F r o n t ie r  O r b ita ls  a n d  O r g a n ic  C h e m ic a l R e a c tio n s  ; Wiley- 

Interscience: New York, 1976.

54) Van Audenhove,M.; Termont, D.; de Keukeleire, D.; Vandewalle, M. 

T e tr a h e d r o n  L e t t .  1978, 2057.

55) Thi, G.V.; Margaretha, P. H e lv .  C h im . A c ta  1976, 59, 2236.

56) Altmeyer, I.; Margaretha, P. H e lv .  C h im . A c ta  1977, 60, 874.

57) Mori, K.; Sasakie, M. T e tr a h e d r o n  L e t t . 1978, 15, 1329-1332.

58) Crowley, K J.; Erickson, K.L.; Eckell, A.; Meinwald, J. J . C . S . P e r k in  I  

1973, 2671.

59) Corey, E.J.; Mitra, R.B.; Uda, H. J .  A m e r . C h e m . S o c . 1964, 86, 485.

60) Coyle, J.D. P h o to c h e m is tr y  in  O r g a n ic  S y n th e s is  ; Whitstable Litho Ltd.:
New York, 1986.



Vita

105

William Charles Lappenbusch was bom on October 14, 1970 in Rockville, 
Maryland. Will grew up and spent most of his aldolescent years in 
Annandale, Virginia. He matriculated to William and Mary as an 
undergraduate in 1988 and graduated in 1992 with a B.S. in Chemistry. 
Promptly thereafter, Will entered the Master's program in Chemistry at 
William and Mary in June of 1992 and graduated in August of 1993. 
Presently, Will is living in Horsham, Pennsylvania and working for a large 
specialty chemical company called Rohm and Haas.


