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Abstract

Synthesis of various highly functionalized caged systems suitable for high energy
density materials was accomplished by utilization olefin cross metathesis strategy.
Here we observed 100% E selectivity during cross-metathesis by using Grubbs Il and
N-tolyl Grubbs catalyst. The stereochemistry of olefin formed by cross-metathesis has

been determined unambiguously by single-crystal X-ray diffraction study.
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Introduction

Cross metathesis (CM) is a useful tool to construct carbon-carbon double bonds [1].
CM provide access to functionalized olefins such as unsaturated silanes, boronates,
phosphonates starting with terminal olefins. Traditional methods available to generate
such compounds is not an easy task. Cyclic or acyclic alkenes can be obtained in a
regio and stereoselective manner by the use of transition metal catalysts involving
cross-coupling reactions. Due to wide functional group tolerance, mild reaction
conditions employed, olefin metathesis has gained a widespread application in

synthetic chemistry. CM proved to be a useful method to assemble functionalized
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olefins in organic synthesis including heterocycles, carbocycles and provide access to
modified compounds suitable for further synthetic manipulation. Two olefinic moieties
with similar reactivities can yield an equilibrium distribution of several metathesis
products (Figure 1). Also, using olefins of different steric environment, one can get
good vyields of newly functionalized olefins. Moreover, CM has the ability to provide

highly functionalized reagents suitable for further synthetic manipulation.
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Figure 1. General representation of Cross-metathesis

Several theoretically interesting cage molecules such as cubane 1 [2], trinorbornane 2
[3], trishomocubane 3 [4] and oxa-cage compounds 4 [5], 5 [6] and 6 [7] are being

synthesized and these molecules are interesting substrate for further exploration.
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Figure 2. Theoretically interesting molecules

This work involves expanding the library of cage polycycles by synthesizing highly
functionalized derivatives which are useful candidates for further synthetic
manupilation. Cage compounds are known to be useful as high energy density
materials [8], pharmaceutical products [9], supramolecular chemistry [10],
thermostable oils [11], polymers and ligands for asymmetric synthesis [12] and

precursors to intricate naturals as well as non-natural products [13].



In CM, selectivity depends on the steric and electronic factors of the olefins involved in
the metathesis strategy. When sterically bulky olefins and commercially available non-
bulky olefins are coupled by CM, interesting products are produced that are
inaccessible by traditional methods. High energy density materials are useful as fuels.
Therefore, we are interested in designing new cage systems by CM sequence and
understand their density behavior. Here, Cookson’s dione was utilized as a starting
material for designing highly functionalized high-density materials by exploring CM
sequence with different olefinic partners such as Type | (fast homodimerization, dimers
are consumed) olefins like allyltrimethylsilane, allyltriisopropylsilane, cis-1,4-diacetoxy-
2-butene which are electron rich species and Type Il (slow homodimerization, dimers
are sparingly consumed) olefins such as methyl vinyl ketone which is electron deficient
[14]. Various metal catalysts such as Grubbs-Hoveyda first generation catalyst 7,
Grubbs-Hoveyda second generation catalyst 8, Grubbs first generation catalyst 9,
Grubbs second generation catalyst 10 and N-tolyl Grubbs catalyst 11 have been
screened. But Grubbs second generation 10 and N-Tolyl Grubbs catalyst 11 proved to

be suitable for cross metathesis sequence.
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Figure 3. Commonly used transition metal-based catalysts for metathesis

N-Tolyl Grubbs catalyst show better efficiency in CM towards sterically congested
olefins. With the availability of advances in catalyst development, the range of
substrates suitable for CM are expanded gradually with time.

We plan to assemble various functionalized cage compounds using Diels—Alder (DA)

reaction, [2+2] cycloaddition, Grignard addition and cross metathesis as key steps. The
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two allyl and vinyl moieties present in the cage systems serve as a useful handle to

incorporate new functional groups in these molecular frameworks.

Results and Discussion

We started our journey with the preparation of Diels-Alder adduct 12 by using p-
hydroquinone as a starting material for this purpose, p-hydroquinone was subjected to
oxidation using KBrOs to produce 1,4-benzoquinone, which was then treated with a
freshly cracked cyclopentadiene to generate the DA adduct 12, which was subjected
to [2+2] photocycloaddition under UV irradiation to afford the Cookson’s dione 13 [15].
Treatment of the dione 13 with allyl Grignard reagent and vinyl Grignard reagent
generated the unsaturated starting materials 14 and 15 in 75% and 70% yields
respectively [16]. These diols were identified as suitable substrates for CM sequence.
Due to their bulky nature, these two diols 14 and 15 may not undergo self-metathesis
(i.e. homodimerization). For CM purpose, we selected type | olefins and type Il olefins
which can participate readily in CM sequence with hindered olefins. Since the olefinic

moieties are exo face of the cage system, we expect them to participate in CM

sequence.
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Scheme 1. Synthesis of diols 14 and 15

In view of these speculations, the unsaturated compounds 14 and 15 were subjected
to CM sequence with different olefinic partners such as allyltrimethylsilane,
allyltriisopropylsilane, cis-1,4-diacetoxy-2-butene and methyl vinyl ketone in the
presence of metathesis catalysts like Grubbs second generation catalyst 10 and N-
tolyl Grubbs catalyst 11 using DCM or toluene as a solvent under reflux conditions.
Some of these catalysts are known to be useful in CM sequence. For example N-tolyl

catalyst is useful in Z selective olefin formation with sterically hindered substrates.
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Scheme 2. Synthesis of cross products 16 and 17.
We successfully obtained mono CM product 16 as well as di CM product 17 with

allyltrimethylsilane in presence of a G-Il catalyst in good yield.

Table 1. List of Cross metathesis compounds prepared from diol 15

Olefinic
15 M mono cross  di cross
catalyst product product
S.No Olefinic Cross monoproduct Cross diproduct
Partner |l
0
1. )Jm
OH HO
0 o OH HO ‘\fo
18 (45%) 19(30%)
OAc
2. |
OH HO OH HO
OAc
OAc OAc OAc
20 (45%) 21 (25%)
3. |
| oH HO
Si(en3 Si(pr)s
22 (40%)

The CM products (18, 19 and 22) obtained using G-Il catalyst (10 mol%) and products (20 and 21)

obtained using N-tolyl Grubbs catalyst (10 mol%) under DCM and toluene reflux conditions respectively.
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So, we attempted to prepare other CM products with alternate olefinic partners. To
study the stereochemistry of new double bond formed we had crystallized
allyltrimethylsilane CM product 16. Here also we obtained mono as well as bicapped
CM products with olefinic partners such as methyl vinyl ketone and cis-1,4-diacetoxy-
2-butene. The bicapped CM product was not obtained with allyltriisopropylsilane
because of the steric nature of isopropyl groups attached to silicon. List of cross
metathesis products prepared from the diol 15 are shown in Table 1.

Later, single-crystal X-ray diffraction studies confirmed the stereochemistry of the
double bond present in the compound 16 and established as E selectivity of double

bond. X-Ray crystal structure of the compound 16 is shown in Figure 4.

“ CCDC No 2176337

Figure 4. Single crystal X-ray diffraction of Compound 16

Along similar lines, we had prepared CM products with dihydroxy allyl Grignard product
14 derived from the Cookson’s dione 13. Later, the diallyl diol 14 was subjected to CM

with allyltrimethylsilane to obtain CM product 23 as a solid.

/\/SiMe\g
—_—
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OH HO
X
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Scheme 3. Synthesis of cross products 23.

Then, the compound 14 was also treated with other olefinic partners to produce diverse
CM products. In this regard methyl vinyl ketone and cis-1,4-diacetoxy-2-butene were
used as a CM partners. The catalysts used here are G-Il and N-tolyl Grubbs catalysts
and they are employed under high dilution conditions to minimize the polymerization
of the starting olefins. The list of compounds prepared by CM sequence in this context

are included in Table 2.



Table 2. List of Cross metathesis compounds prepared from diol 14

Olefinic
partner Il mono cross di cross
T +
catalyst product product
S.No Olefinic Cross monoproduct Cross diproduct
Partner |l
0
1 )ﬁ
OH HO
OH HO
-z X Z \Al\
(0] (6]
(@)
25 (30%
24 (45%) (30%)
OAc
2. |
OH HO OH HO I
OAc z X Z
AcO AcO OAc
26 (45%) 27 (25%)

The cross- metathesis products (24 and 25) obtained using G-Il catalyst (10 mol%) and products (26
and 27) obtained using N-tolyl Grubbs catalyst (10 mol%) under DCM and toulene reflux conditions

respectively.

Next, to expand the library of CM products it was decided to synthesize cyclic ethers
28 and 33 [17] and study their CM behaviour. To this end, we treated the diols 14 and
15 with p-toluenesulphonic acid to generate cyclic ethers 28 and 33 (Scheme 4).
Subsequently, they were subjected to CM sequence with Type | and Type Il olefins

using different catalysts under diverse conditions.

TsOH
benzene
OH HO reflté)é,OZSh o)
14 7 N\ 28 /

Scheme 4. Synthesis of allyl ether compound 28.



Table 3 include list of the cross products formed with compound 28.

Table 3. List of Cross metathesis compounds prepared from cyclic ether 28

Olefinic
partner Il mono cross di cross
28 —  — » +
catalyst product product
S.No Olefinic Cross monoproduct Cross diproduct
Partner Il
0
. 2
o) (6]
X :\l\ z X
o o o)
29(30%) 30 (30%)
OAc
2. |
o 0
OAc z N Z \L
AcO AcO OAc
31(25%) 32 (30%)

The cross- metathesis products (29 and 30) obtained using G-Il catalyst (10 mol%) and products (31
and 32) obtained using N-tolyl Grubbs catalyst (10 mol%) under DCM and toulene reflux conditions
respectively.

Also, to expand metathesis [18-19] strategy in general and CM specifically the diol 15
was treated with p-toluene sulphonic acid to produce vinyl ether 33. It was further
subjected to CM sequence with different olefinic partners such as methyl vinyl ketone
and cis-1,4-diacetoxy-2-butene. The successful results are shown in Scheme 5.
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Scheme 5. Synthesis of cross products 34 and 35.

Allyl and vinyl ethers 28 and 33 were subjected to CM with allyltrimethyl silane and
allyltriisopropyl silane to produce the CM products under different reaction conditions
(Scheme 6). Unfortunately, we failed to get the cross products with these two
substrates and the starting materials were recovered. It may be due to large size of the

substituents present in silane group and also steric hindrance associated with the cage
olefinic partners such as 28 and 33.
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Scheme 6. Synthesis of cross products 36, 37, 38 and 39.

Table 4. Attempted conditions for CM of compound 28 and 33 with cross coupling
partners A and B.

Entry Catalyst (10 mol%) Solvent Temp (°C), Time
1. G-l DCM rt, 24 h
2. G-l Toluene reflux, 48 h
3. N-tolyl Grubbs Toluene reflux, 48 h



4. G-l Toulene reflux, 48 h

Conclusion

We have developed a simple synthetic strategy to highly functionalized polycyclic cage
compounds by CM sequence using G-Il and N-tolyl Grubbs catalysts. Various products
obtained here are characterized by spectroscopic data. In one case, we have
established the stereochemistry of the double bond present in product as E by single
crystal X-ray diffraction data. When the diols (14 and 15) were converted to ether, the
CM with allyltrimethylsilane and allyltriisopropylsilane as olefinic partners did not occur.
This is due to the steric crowding created during the ether formation and also the Type
| olefin used here contain bulky substituents. Moreover, olefinic bonds in ether are less
accessible as compared to olefinic bonds present in diol derivatives. For the first time,
we have demonstrated that cage diols containing olefins are useful substrates for CM
sequence and they did not undergo homodimerization (i.e. self-metathesis). In
essence, we have used CM to increase the diversity and chemical space of cage
compounds. This is an excellent method for chain elongation with readily available type
| and Il alkenes by late-stage CM process. The convergent nature of CM and mild
reaction conditions makes it as a useful synthetic tool in cage systems. The density of

the CM product 16 as determined from X-ray data is 1.202 g/cm?.

Supporting Information

File 1:
General information, characterization data, copies of NMR spectra, X-ray data and

refinement parameters.

File 2: CIF Files (Compound 16)

Acknowledgements

We thank University Grants Commission (UGC), New Delhi, India for the financial

assistance. We thank Dr Satyanarayana Chava, Laurus Labs for financial support.

10



Funding

Defense Research and Development Organization (DRDO, NO.
ARDB/01/1041849/M/1), New Delhi-India.

References

1. (a) Morrill, C.; Funk, T. W.; Grubbs, R. H. Tetrahedron lett. 2004, 45, 7733-7736.
doi.org/10.1016/j.tetlet.2004.08.069; (b) Choi, T. L.; Chatterjee, A. K.; Grubbs,
R. H. Angew. Chem., Int. Ed. Engl. 2001, 40, 1277-1279. doi.org/10.1002/1521-
3773(20010401)40:7%3C1277::aid-aniel1l277%3E3.0.co;2-e; (c) Chatterjee, A.
K.; Sanders, D. P.; Grubbs, R. H. Org. Lett. 2002, 4, 1939-1942.
doi.org/10.1021/0l10259793

. Eaton, P. E.; Cole, T. W. J. Am. Chem. Soc. 1964, 86, 962-964.
doi.org/10.1021/ja01059a0724

3. Delarue Bizzini, L.; Mintener, T.; Haussinger, D.; Neuburger, M.; Mayor, M.

Chem. Commun. 2017, 53, 11399-11402. doi.org/10.1039/c7cc06273g

4. Levandovsky, I. A.; Sharapa, D. I.; Cherenkova, O. A.; Gaidai, A. V.; Shubina, T.
E. Russ. Chem. Rev. 2010, 79, 10051026.
doi.org/10.1070/RC2010v079n11ABEH004119

. (@) Kotha, S.; Cheekatla, S.; Mhatre, D. Synthesis 2017, 49, 5339-5350. DOI:
10.1055/s-0036-1591726; (b) Swager, T. M.; Romero, N. A. Synfacts. 2018, 14,
0247. doi: 10.1055/s-0037-1609244

6. Kotha, S.; Ansari, S.; Cheekatla, S. R.; Dipak, M. K. Tetrahedron. 2020, 76,

130856. doi.org/10.1016/j.tet.2019.130856

7. Kotha, S.; Cheekatla, S. R.; Chaurasia, U. N. Tetrahedron 2020, 76, 13169.
doi.org/10.1016/j.tet.2020.131694

. (@) Marchand, A. P.; Dave, P. R.; Rajapaksa, D.; Arney, Jr., B. E.; Flipppen
Anderson, J. L.; Gilardi, R.; George, C. J. Org. Chem. 1989, 54, 1769-1771.
doi.org/10.1021%2Fjo00268a056 (b) Marchand, A. P.; Dave, P. R.; Rajapaksa,
D.; Arney, Jr., B. E. J. Org. Chem. 1988, 53, 443-446.
doi.org/10.1021%2Fjo00237a046 (c) Lal, S.; Mallick, L.; Rajkumar, S.;

N

(62}

(o]

11



Oommen, O. P.; Reshmi, S.; Kumbhakarna, N.; Chowdhury, A.; Namboothiri, I.
N. N. J. Mater. Chem. 2015, 3, 22118-22128. doi.org/10.1039/C5TA05380C

9. (a) Michalson, E. T.; Szmuszkovics, J.; Prog. Drug Res. 1989, 33, 135-149. doi:

10.

11.

12.

13.

14.

15.

16.

10.1007/978-3-0348-9146-2_6; (b) Joubert, J.; Geldenhuys, W. J.; Van der
Schyf, C. J.; Oliver, D. W.; Kruger, H. G.; Govender, T.; Malan, S. F. Chem.
Med. Chem. 2012, 7, 375; (c) Gante, J. Angew. Chem. Int. Ed. 1994, 33, 1699-
1720. doi.org/10.1002/anie.199416991 (d) Govender, T.; Kruger, H. G.;
Makatini, M.; Onajole, O. K. Struct Chem 2008, 19, 719-726.
doil10.1007/s11224-008-9339-2
(a) Bartsch, R. A.; Eley, M.; Marchand, A. P.; Shukla, R.; Kumar, K. A.
Tetrahedron, 1996, 52, 8979-8988. doi.org/10.1016/0040-4020(96)00446-2;
(b) Williams, S. M.; Brodbelt, J.S.; A. P. Marchand, A. P.; Cal, D.; Mlinarie-
Majerski, K. Anal. Chem. 2002, 74, 4423-4433. doi: 10.1021/ac011227v; (c)
Kotha, S.; Cheekatla, S. R. J. Org. Chem. 2018, 83, 6315-6324.
doi.org/10.1021/acs.joc.8b00449; (d) Marchand, A. P.; Chong, H. S.; Ganguly,
B. Tetrahedron: Asymmetry, 1999, 10, 4695-4700. doi.org/10.1016/S0957-
4166(99)00549-2
(a) Hattori, Y.; T. Miyajima, T.; Sakai, M.; Nagase, Y.; Nemoto, N. Polymer,
2008, 49, 2825-2831. doi.org/10.1016/j.polymer.2008.04.053; (b) Khardin, A.
P.; Radchenko, S. S. Russ. Chem. Rev. 1982, 51, 272;
doi.org/10.1070/RC1982v051n03ABEH002840; (c) Kotha, S. Tetrahedron.
1994, 50, 3639-3662. doi.org/10.1016/S0040-4020(01)90388-6
Kaszynski, P.; Friedli, A. C.; Michl, J. J. Am. Chem. Soc. 1992, 114, 601-620.
doi.org/10.1021/ja00028a029
Mehta, G.; Srikrishna, A. Chem. Rev. 1997, 97, 671-720.
doi.org/10.1021/cr940365019
Chatterjee, A. K.; Choi, T. L.; Sanders, D. P.; Robert H. Grubbs, R. H. J. Am.
Chem. Soc. 2003, 125, 11360-11370. doi.org/10.1021/ja0214882
(a) Cookson, R. C.; Crundwell, E.; Hill, R. R.; Hudec, J. J. Chem. Soc. 1964,
3062-3075. doi.org/10.1039/JR9640003062 (b) Geldenhuys, W. J.; Malan, S.
F.; Murugesan, T. Bioorg. Med. Chem. 2004, 12, 1799-1806.
doi.org/10.1016/j.bmc.2003.12.045.
Marchand, A. P.; Kumar, K. A.; McKim, A. S.; Mlinarié-Majerski, K.; Kragol, G.
Tetrahedron 1997, 53, 3467-3474. doi.org/10.1016/S0040-4020(97)00075-6
12



17. Govender, T.; Hariprakasha, H. K.; Kruger, H. G.; Marchand, A. P. Tetrahedron:
Asymmetry 2003, 14, 1553-1557. doi.org/10.1016/S0957-4166(03)00272-6

18. (a) Kotha, S.; Sreenivasachary, N.; Mohanraja, K.; Durani, S. Bioorg. Med.
Chem. Lett. 2001, 11, 1421-1423. doi: 10.1016/s0960-894x(01)00227-x; (b)
Kotha, S.; Chavan, A. S.; Shaikh, M. J. Org. Chem. 2012, 77, 482-4809.
doi.org/10.1021/j02020714 (c) Kotha, S.; Khedkar, P. J. Org. Chem. 2009, 74,
5667-5670. doi.org/10.1021/j0900658z (d) Kotha, S.; Chavan, S. A. J. Org.
Chem. 2010, 75, 4319-4322. doi.org/10.1021/jo100655¢c (e) Kotha, S.;
Shirbhate, M. E.; Waghule, G. T. Beilstein J. Org. Chem. 2015, 11, 1274-1331
doi.org/10.3762/bjoc.11.142

19. Kotha, S.; Krishna, G. K.; Halder, S.; Misra, S. Org. Biomol. Chem. 2011, 9,
5597-5624. doi: 10.1039/C10B05413A

13



	Cover
	Manuscript

