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Abstract

1-Methylcyclopropene (1-MCP) is a gas at room temperature which makes it difficult to handle and limits its
application to use in closed environments. Open field application of 1-MCP can be a solution to protect crops
from environmental stresses like drought or water logging. Our previous studies showed that Boronized-MCP is
stable at ambient conditions and can gradually release 1-MCP when in contact with water. In this study the new
complexes, suitable for being used directly in open crop fields have been generated and analyzed and also the
effectiveness of the previously reported complexes in an open environment has been investigated. This new
generation of boron complexes releases 1-MCP in a controlled way upon water contact without emitting any
other volatile substances and thus expands their field of application.
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1. Introduction

Ethylene is a plant hormone which plays a role at different stages of plant physiological changes, such as in the
opening of flowers, the ripening of fruits or the yellowing of leaves. There are three groups of compounds that
bind to the ethylene receptors of plant tissue (Sisler & Serek, 2003). 1-MCP belongs to one of the three groups in
which a single exposure of plant tissue to these compounds is enough to prevent ethylene from binding even at
very high levels of ethylene concentration, although this action disappears after a certain time either due to
diffusion of the compounds from the binding sites or the development of new receptors (Bayer 1976a, 1976b,
1978; Sisler & Blankenship, 1993; Sisler et al., 1996a, 1996b, 1999; Sisler & Serek, 1997, 1999; Veen, 1983).
The tight binding characteristic of 1-MCP to the ethylene receptor in plants blocks the activities of ethylene
(Serek et al., 1995a, 1995b; Sister & Serek, 2003; Blankenship & Dole, 2003). Previous studies showed the
affinity of 1-MCP for the receptors is about 10 times greater than that for ethylene (Watkins, 2006). Under
environmental stresses like drought or waterlogging the level of endogenous ethylene is further increased in the
plant (Kapuya & Hall, 1984; El-beltagy & Hall, 1974) due partly to decreased diffusion and partly to increased
synthesis, which overall hampers agricultural yields around the world.

1-MCP is a bio-pesticide approved by the EPA for use on fruits and vegetables because of its nontoxic mode of
activity (EPA 2002), negligible residues and effectiveness at low concentrations (Serek et al., 1995; Sisler &
Blankenship, 1996; Feng et al., 2004). It is used commercially to keep fruit, flowers or vegetables fresh by
preventing or delaying the natural ripening process. It is also used to prevent premature wilting, leaf yellowing,
premature opening of flowers as well as premature death (Chow et al., 2006; De Paepe & Van der Straeten, 2005)
and can also reduce the effect of water stress level in plants by inhibiting the ethylene response (Kawakami et al.,
2010). However, because 1-MCP is a gas at ambient temperature it is difficult to handle and ship and to control
its release. Due to these difficulties, 1-MCP cannot be used in an open crop field which could have a positive
impact on increasing overall crop production.

In 2010, about $161.6 billion worth of food was discarded in the USA alone (Buzby et al., 2014), most of which
was rotting fruits and vegetables. So the ability to keep fruits and vegetables fresher for a longer period of time
could reduce food waste. Among all other factors, drought is the main environmental constraint to crop
productivity worldwide. About 45% of the total agricultural lands worldwide (Bot et al., 2000) are subjected to
continuous or frequent drought conditions which reduce the overall crop yields substantially. It has been reported
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that (Kawakami & Oosterhuis, 2006; Wang & Asiimwe, 2010) 1-MCP has good impact on crop yield during the
dry seasons. For this purpose, investigations have been conducted for last two decades on 1-MCP particularly to
address handling the volatile 1-MCP so that it could be used directly in open crop fields. A number of
encapsulation agents have been developed to incorporate 1-MCP like molecular sieves (Daly & Kourelis, 2001),
saw dust (Sisler & Blankenship, 1996), Cucurbit[6]uril (Zhang et al., 2011), modified starch (Gao, 2005) or
a-cyclodextrin (0-CD) (Basel & Kostansek, 2009; Chong et al., 2002; Jacobson & Wehemyer, 2005). Among
them o-CD is the most preferred one as it can easily release 1-MCP as a gas when the 1-MCP capsulated
complex (1-MCP/a-CD) is dissolved in water. The 1-MCP/a-CD complex powder is commercially available
under the trade name SmartFresh. However, o-CD would be expensive for widespread use and encapsulation
does not allow for a controlled release of 1-MCP. Therefore, it can only be used in enclosed sites, such as coolers,
truck trailers, greenhouses, storage facilities and shipping containers. Another challenge of using uncontrolled
I-MCP is the treatment dose as it relates to the maturity stage of the agricultural product. For example, if
immature fruit is treated with 1-MCP it might not mature or ripen. On the other hand 1-MCP may not have any
influence on matured fruit and in this case there is no justification for the expense in relation to shelf-life
extension. To overcome this limitation, a non-volatile 1-MCP derivative named N,N-dipropyl
(1-cycloproperrylmethyl) amine (DPCA) has been developed (Sisler et al., 2009). Less effective results have
been reported even after 24 hours treatment and physical contact of the liquid chemical with food is required
which is undesirable.

The objective of our research is to develop a complex which can release 1-MCP gradually so that it can be used
in an open environment to protect crops from drought conditions or any other environmental stresses. To meet
this goal we have realized that encapsulation of 1-MCP is not enough but a chemical reaction should be involved
in this phenomenon which will liberate 1-MCP as the reaction moves forward. In this case the releasing rate of
1-MCP will depend on the kinetics of the particular chemical reaction. To design such a complex, a number of
characteristic properties should be taken under consideration. (a) Sensitivity: The complex should be sensitive to
environmentally friendly elements such as air or water to initiate the reaction. (b) Stability and volatility: The
complex should be stable under ambient conditions and have a high boiling point. (c) Reaction properties: The
1-MCP releasing reaction should be carried out at ambient conditions without generating any volatiles or low
boiling point products except for 1-MCP itself. (d) Toxicity: All products or byproducts should be non-toxic

including the complex itself.
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Figure 1. Structure of Boron complexes 1-3

In our previous study (Sarker et al., 2015), the reported synthesized Boron complexes (Figure 1, 1-3) have shown
encouraging results toward the gradual release of 1-MCP when reacting with water. The releasing rate of 1-MCP
depends on the kinetics of the particular hydrolysis reaction which gives the advantage of selective application.
The most encouraging fact about these complexes is that they have the potential of releasing 1-MCP over a long
period. The effectiveness of the complexes (1 and 3) has been proved by applying on green tomatoes in a closed
environment. However, those compounds also released other compounds such as cyclohexane and cyclohexanol
from complex 1 or hexane and hexanol from complex 2 and benzene from complex 3 due to the breakage of
other Boron-Carbon bonds. Although these released compounds have much higher boiling points than that of
1-MCP (~ 12 °C), but they are volatile and some are toxic. Boric acid is also produced as the final product which
is practically nontoxic to birds, fish and aquatic invertebrates. Boric acid and its sodium borate salts are active
ingredients in pesticide products used as insecticides, acaricides, algaecides, herbicides, fungicides and as wood
preservatives (Boric acid, EPA report 2006). In addition to pesticidal uses, boric acid and borate salts may be
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used as soil amendments in boron-deficient soils (OMRI Generic Material List 2013).

As our reported complexes show a strong potential for use in an open environment as a source of 1-MCP in a
controlled way, we are encouraged to analyze their effectiveness in an open environment at the first place and
secondly, to address the associated limitations of release of volatile chemicals generated by the hydrolysis
reactions. This goal is achieved by synthetic structural modification of the complexes. A modification with poly
aromatic hydrocarbons (PAH) (Figure 2, 4-10) for the side chains can result in complexes that can be used in
dual purposes, gradually releasing 1-MCP and also acting as a pesticide. In this article, we have reported the
synthesis and analysis of the complex modified by biphenyl group, BPMB (11) because, biphenyl is solid and
prevents the growth of molds and fungus, and is therefore used as a preservative. It can be degraded biologically
by conversion into nontoxic compounds (Linden and Sun 2014; Lee et al. 2011; Sakai et al. 2005), some bacteria
are able to hydroxylate biphenyl and its polychlorinated biphenyls. Modification with other poly aromatic
hydrocarbons will generate the options for particular applications.

Flgure 2. A list of polycyclic aromatic hydrocarbons (PAH)

2. Materials and Methods

All the chemicals and solvents used for the synthetic purposes were purchased from Sigma-Aldrich unless
otherwise stated. All solvents used were of HPLC grade and moisture dry.

2.1 Synthesis of Complex BPMB (11) (Figure 3)
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Figure 3. Synthetic scheme of complex BPMB (11)

12 chhlorodlmethylstannane

BPMB (11) has been prepared by the reaction of Bis-biphenyl-4-yl-chloro-borane (14) with lithiated
methylenecyclopropane (15), whereas, bis-biphenyl-4-yl-chloro-borane (14) was previously made from the
reaction between Bis-biphenyl-4-yl-dimethyl-stannane (13) and boron tricloride in heptane.
Bis-biphenyl-4-yl-dimethyl-stannane (13) was synthesized by the reaction of dichlorodimethylstannane with
Grignard reagent of 4-bromo-biphenyl (12). Dichlorodimethylstannane and 4-Bromo-biphenyl were purchased
from Sigma Aldrich. Methylene cyclopropane (MCP) was prepared from the reaction between
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potassium-[bis(trimethylsilyl)]Jamide and methallyl chloride (Binger et al., 2002).
2.1.1 Synthetic Procedure of Bis-biphenyl-4-yl-dimethyl-stannane (13)

An oven-dried 200 mL Schlenk flask cooled under argon was charged with 2.4 g Mg turnings (100 mmol) and
40 mL of anhydrous THF. To the mixture, 16.6 g (71.2 mmol) of 4-bromo-biphenyl dissolved in 30 mL of
anhydrous THF was slowly added via a cannula. The reaction mixture was refluxed for 2 h and cooled at room
temperature. The freshly prepared Grignard reagent was transferred via cannula in to a 200 mL 3-neck flask
equipped with a condenser and cooled at 0 °C. A solution of dichlorodimethylstannane (5 g, 22.8 mmol) in 10
mL of dry THF was added in to the 3-neck flask via a cannula. The mixture was stirred for 30 minutes at room
temperature before it was refluxed for 3 h. The reaction mixture was stirred at room temperature for 16 h. After
the reaction the solution was cooled at 0 °C, treated little by little with total 10 mL of saturated NH,CI solution
and extracted with dichloromethane in a separating funnel. The organic layer was washed three times with total
of 150 mL water, concentrated in vacuo to give crude product mixed with biphenyl. The crude product was
mixed with 25 mL of hexane and filtered under vacuum to obtain 9.6 g (89 % yield) of 13 as white powder.
'H-NMR (400 MHz, CDCl3): § 0.56 (3H, s), 7.33 (1H, t, ] = 7.5 Hz), 7.42 (2H, t, ] = 7.5 Hz), 7.54-7.64 (6H, m);
C NMR (100 MHz, CDCl5) § -9.98, 126.9, 127.1, 127.3, 128.7, 136.6, 139.3, 141.1, 141 .4.

2.1.2 Synthetic Procedure of Bis-biphenyl-4-yl-chloro-borane (14)

An oven dried 100 mL thick-walled flask with Teflon screw cap cooled under argon was charged with 5 g (11
mmol) of bis-biphenyl-4-yl-dimethyl-stannane (13), 11 mL of 1M borontrichloride solution (11 mmol) in
heptane and 50 mL of anhydrous heptane in a nitrogen saturated glove box. The mixture was stirred for 30
minutes at room temperature and then heated at 110 °C for 48 h. After the reaction, the solution was cooled and
subjected to vacuum filtration under nitrogen in the glove box. The solid was washed three times with a total 15
mL of dry dichloromethane to remove dichlorodimethylstannane. The rest of dichlorodimethylstannane was
removed by sublimation technique to obtain 1.6 g of 14 (41.3 % yield) as a white powder. ''B NMR (CDCl;): 8
63.2; 'TH-NMR (400 MHz, CDCls): § 7.40 (1H, t, J = 7.6 Hz), 7.48 (1H, t, ] = 7.6 Hz), 7.68 (1H, d, ] = 7.6 Hz),
7.74 (1H, d, ] = 7.6 Hz), 8.12 (1H, d, J = 8.4 Hz); *C NMR (100 MHz, CDCl3) & 126.5, 127.3, 128.0, 128.9,
136.4, 137.6, 140.3, 145.5.

2.1.3 Synthetic Procedure of bis-biphenyl-4-yl-(2-methylene-cyclopropyl)-borane, BPMB (11)

An oven-dried 100 mL Schlenk flask cooled at -78 °C was charged with MCP (0.44 g, 8.2 mmol) in 15 mL of
anhydrous THF. To the solution, 2.5 mL of 2.5 M n-BuLi in hexane (6.2 mmol) was added slowly and stirred at
room temperature for 3 h. The mixture was cooled at -50 °C and 2 g (5.7 mmol) of
bis-biphenyl-4-yl-chloro-borane (14) dissolved in 20 mL of dry THF was added slowly over 15 min via a
cannula. The reaction mixture was stirred at room temperature for 24 h. The solution was filtered to remove salt
and concentrated in vacuo. The solid is dissolved in 15 mL of dichloromethane and filtered with a syringe filter
to get a clear solution. The solution was concentrated in vacuo and dried under vacuum to obtain 1.6 g (76%
yield) of BPMB (11) as a solid. "'B NMR (CDCl;): & 33.0.

2.2 Sample Preparation of BPMB (11) for the GC Analysis

GC analysis was conducted to study the controlled release capability of 1-MCP. For BPMB (11), 248 mg of
sample was mixed with 0.5 mL of H,O in a 1.5 mL air tight vial. The vapor collected from the head space of the
solution was injected in a GC.

For quantitative GC analysis, a Hewlett-Packard 5890 GC with capillary column (30 m x 0.25 mm i.d.) coated
with a 0.25 pm film of 5% phenyl methyl silicon and a flame ionization detector was used. The temperature of
GC was programmed at 30 °C isothermal with an injection point temperature of 50 °C. The detector was
operated at 230 °C and sample was injected under split less condition. Helium was used as carrier gas with a 1.5
mL/min column flow.

2.3 Comparative Study of Release of 1-MCP from DCMB (1) and BPMB (11) in Closed Environment at Different
Time Segments

Two air tight 1 liter flasks were separately charged with equivalent amount (1.6 mmol) of DCMB (378 mg) and
BPMB (595 mg) respectively and 2.5 mL of water in each flask. The mixtures in both flasks were kept under
vigorous stirring. The vapor collected from the head space of the flasks was injected in a GC to quantify the
accumulated 1-MCP for three different time segments, 0-24 h, 25-48 h and 49-94 h. After each segment the
flasks were kept under vacuum for 20 minutes and flashed with nitrogen.
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2.4 Treatment of Tomatoes for Quality Analysis in an Open Environment.

Mature green tomatoes were purchased through a major fruit company (Gargiulo, Inc., Naples, FL.) and stored at
10 °C before analysis. For the experiment three 1-gal glass jars without lids were used to treat six green tomatoes
each. The tomatoes in two jars were treated with 1-MCP released from 1.14 g (4.9 mmol) of DCMB (1) and 1.13
g (3.0 mmol) of BPMB (11) respectively. The hydrolysis reaction was initiated with 4.0 mL of water and carried
out in a 14 mL vial with continuous stirring for both cases. The vial was placed at the bottom of the jars. The
third jar was kept in an identical condition without placing any boron complex inside. The treatment was carried
out for 7 days at 22 °C. Theoretically, the total of 4.9 mmol and 3.0 mmol of 1-MCP gas are released in DCMB
(1) and BPMB (11) jars respectively as one mole 1-MCP is liberated from every equivalent mole of these boron
derivatives during hydrolysis reaction. Quality analysis (color and firmness) was performed at 22 + 2 'C. Color
was measured with a Hunter UltraScan® VIS colorimeter (Hunter Associates Lab, Reston, VA) and firmness was
evaluated with a TA-XT2i Texture Analyzer (Texture Technologies Corp., Scarsdale, NY). Four measurements
were taken for each tomato for color and firmness. The color of the tomatoes was measured six times during the
monitoring period and the firmness was determined in the beginning and at the end of investigation.

3. Results and Discussion

The capability of gradual release of 1-MCP from boron complexes encouraged us to perform further research on
these compounds. The major limitation associated with the reported complexes (1-3) of our previous study
(Sarker et al., 2015) was the generation of volatile solvents as byproducts due to the breakage of additional two
B-C bonds other than the desired B-MCP bond in hydrolysis reaction. This problem mainly generates
cyclohexane, hexane and benzene as by products from 1, 2 and 3 complexes respectively after reacting with
water along with boric acid in common. Although the boiling point of these compounds are much higher
(68-81 °C) than that of released 1-MCP (12 °C) making these complexes useful in practical application but the
volatility of the released compounds from these complexes limits the extension of their application especially in
hot environment. To deal with this challenge we have modified the structure of the complex. Our first effort was
to introduce biphenyl, a polycyclic aromatic hydrocarbon (PAH) as it is a solid with pesticidal properties and is
also bio-degradable. We have also suggested a series (Figure 2, 4-10) of PAH which have potential to be used as
a replacement to generate more complexes suitable for open field application. In synthetic aspect, BPMB (11)
includes a four steps synthetic scheme (Figure 3) with a good yield at every step. An important part of this
synthetic route is the recovery of dichlorodimethylstannane in the following step that can be reused reducing the
synthetic cost of BPMB (11).

120 1
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Figure 4. Controlled release of 1-MCP from BPMB (11)

3.1 Control Release of 1-MCP from BPMB (11)

From Figures 4 it is clear that BPMB (11) is capable of gradual release of 1-MCP when in contact with water.
BPMB (11) requires 48 h to reach its highest point of release which is long enough to treat the agricultural
products either in closed or open environments. After 48 hours, the descending curve indicates the finish line of
releasing 1-MCP from the complex. But as we took more 1-MCP out for continued analysis the concentration of

5
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accumulated 1-MCP was reduced. It shows better resistance in releasing 1-MCP than DCMB, where 21 hours
were needed (Sarker et al., 2015) to reach the highest point. Capability of sustained release of 1-MCP makes
BPMB (11) a better choice for the application where longer treatment is necessary.

3.2 Comparative Study of Releasing 1-MCP from DCMB (1) and BPMB (11)

90 1 A
80 -
70 -
60 -
50 -
40
30 -
20
101 -~

= DCMB (1)

= BPMB (11)

% of accumulated 1-MCP

i

0-24h 25-48h 49-94h
Figure 5. Accumulation of 1-MCP from DCMB (1) and BPMB (11) at different time segments at 22+2 °C

Comparative study at individual time segment shows that (Figure 5) the releasing pattern of 1-MCP from both
complexes is same as they released the major portion in first 24 hours. However, there is a significant difference
in releasing rate because DCMB (1) accumulated 86% of released 1-MCP in 0-24 hours whereas, BPMB (11)
accumulated only 59%. In between 25-48 hours, DCMB (1) and BPMB (11) accumulated 12% and 27% of
released 1-MCP respectively, whereas, the rest of 2% and 13% of released 1-MCP were accumulated by DCMB
(1) and BPMB (11) respectively in next 49-94 h. This unique characteristic of releasing 1-MCP over a long
period from these complexes would be useful for selective application and also for multi batch treatment in a
closed environment, which will substantially reduce the cost of treatment.

3.3 Quality Analysis of Tomatoes Treated with DCMB (1) and BPMB (11) in an Open Environment

NT BPMB DCMB NT BPMB DCMB NT BPMB DCMB NT BPMB DCMB NT BPMB DCMB NT BPMB DCMB

Figure 6. Comparative color changes of treated (DCMB & BPMB) and non-treated (NT) tomatoes in an open
environment

Before claiming efficacy of any of the complexes for use in an open field, it is essential to demonstrate the idea
in a practical setting. The result shows that both DCMB (1) and BPMB (11) have the capability to retard the
ethylene response on tomatoes even in an open environment. Distinctive color differences were observed after 4
days; where 1-MCP (released from BPMB and DCMB) treated tomatoes remained green but some of the
untreated tomatoes (NT) turned yellow or red (Figure 6). At the end of 7™ day of investigation, all of the
non-treated tomatoes (NT) became red or yellow whereas, 66% of the BPMB treated tomatoes and all of the
DCMB treated tomatoes were still green. No injuries were observed on the surfaces of the treated tomatoes.
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Figure 7. Comparative changes in L* (A), a*/b* (B) and firmness (C) of treated (DCMB and BPMB) and
non-treated (NT) tomatoes during storage time in an open environment

For quality analysis, L* values indicate the darkness of the tomato surface color (Figure 7A). L* values of the
tomatoes which were treated with Boron complex, DCMB (1) and BPMB (11) in open jars were not significantly
changed at the end of the 5™ day, but the L* value of the non-treated tomatoes (NT) began decrease significantly
from day 5 as some of them became dark red in color. At the end of the 7" day the differences in L* values were
observed by 4 and 5 points between NT-BPMB and NT-DCMB treated tomatoes respectively.

On the other hand, the a* and b* values represent the redness and yellowness of tomatoes respectively. The
higher the a* values, the redder the tomatoes were. Over 7 days of the experiment, the a*/b* value of the treated
tomatoes (BPMB and DCMB) increased slowly or remained constant, where, the a*/b* value for the non-treated
(NT) tomatoes increased rapidly (Figure 7B). These results suggested that the treated tomatoes were less red in
comparison to the non-treated tomatoes (NT) even after 7 days of investigation which is apparent as shown in
Figure 6.

The tomatoes which were treated with boron complexes BPMB (11) and DCMB (1) were firmer than the
non-treated tomatoes (NT) (Figure 7C) at the end of 7 days. The values of firmness were 5.5, 4.1 and 3.2 kg for
the DCMB (DCMB-7D), BPMB (BPMB-7D) and non-treated (NT-7D) tomatoes respectively, which is a
decrease of 5%, 29% and 45% respectively from the initial value of 5.8 Kg (NT-0D) at day 0. From overall
quality analysis it is evident that both complexes are able to retard the ripening process of tomatoes in an open
environment. However, DCMB (1) shows better protection over BPMB (11) which is simply because more
equivalent amount of DCMB (4.9 mmol) was used than the equivalent amount of BPMB (3.0 mmol) in this
experiment. The different equivalent amounts were taken intentionally to have an idea which level of
concentration of released 1-MCP is required to block the ethylene receptor successfully.
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4. Conclusion

In this study we have shown that previously reported boron complex DCMB (1) and newly synthesized BPMB
(11) can work on tomato fruits even in open environment to retard their ripening process, although a certain
concentration level of released 1-MCP is required for better performance. BPMB (11) has the potential to be
used directly in open crop field as it gradually releases 1-MCP over a long period so the vicinity of the crop field
will have 1-MCP continuously released by boron derivative. It is also important not to produce volatile
byproducts due to hydrolysis reaction of the complex like BPMB (11), which generates solid biphenyl as
byproduct. These complexes can also be used in close environment for multi batch operation or selective
application. Replacement with other Poly Aromatic Hydrocarbons (PAH) can results better complex to be used in
open crop field.
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