Relay Cross Metathesis for the Iterative Ascent of the Terpenoids

Karim A. Bahou,® D. Christopher Braddock,*® Adam G. Meyer,?! G. Paul Savage™ and Zhensheng
Shil@

Abstract: We report the design and implementation of a relay cross metathesis (ReXM) reaction for the ascent of the terpenoids in an iterative
protocol. The method features the reaction of naturally occurring terpenoid building blocks — with preexisting trisubstituted olefins — which
combine to construct a new trisubstituted olefin resulting in a five carbon unit homologation. Subsequent functional group manipulation allows
for the method to be repeated in an iterative fashion. The method is used for the synthesis of a diterpene-benzoate macrolide of biogenetic
relevance to the bromophycolide family of natural products.

Introduction

Terpenoids, consisting of ‘head-to-tail’ and ‘head-to-head’ arrangements of five-carbon isoprene units, are a diverse and very large
class of linear and (poly)cyclic naturally-occurring biomolecules with more than 40,000 distinct chemical structures, thereby accounting
for approximately 60% of known natural products.!* They mediate vital biological functions including light harvesting and photo-oxidative
protection, lipid membrane modulation, electron transport, intercellular signalling as hormones, and interspecies defence amongst
others.?! Traditional herbal remedies from plants have utilized the medicinal benefits of terpenoids for centuries,™ with the subsequent
development of terpenoid derivatives (e.g., steroidal medicines) as blockbuster drugs in the 20th century through to the present day.?!
While a comprehensive account of their biogenesis is beyond the scope of this document, it is important to note that (poly)cyclic
terpenoids all arise from their linear precursors.i! Nature assembles these linear precursors by sequential addition of Cs units of
isopentenyl pyrophosphate (IPP) to (Cs)n-terpenyl pyrophosphates in the mevalonate pathway.™ These linear terpenoids are important
in their own right, where polyprenols!® are constituents of nearly every living cell, and the related dolichols[™ play vital roles in peptide
glycosidation.!®l However, despite the long-term recognition that these linear compounds are essentially Cs-repeating isoprene units, a
general and iterative chemical protocol for their synthesis — using naturally-occurring, terpenoid building blocks — does not exist.[]
Herein, we report the design and execution of an olefin metathesis reaction to achieve the above aim.
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Figure 1. Ruthenium benzylidene-catalysed cross metathesis reactions to produce unfunctionalized trisubstituted olefins.
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The introduction of well-defined ruthenium benzylidene pre-catalysts for olefin metathesis has had a major impact on organic
synthesis.*® Such catalysts are widely used to accomplish the ring-closing metathesis of disubstituted, trisubstituted and even
tetrasubstituted olefins.*Y In contrast, and quite surprisingly, there are only three reports on the formation of unfunctionalized
trisubstituted olefins by cross metathesis using ruthenium benzylidene pre-catalysts.'? Grubbs and co-workers initially showed that
ruthenium pre-catalyst 1 was competent for the cross metathesis of (non-terpenoid) geminally disubstituted olefins with terminal olefins
(Figure 1a).*3-*4 Subsequently, Robinson and co-workers showed that the cross metathesis of sterically challenging allyl branched 1,1-
disubstituted olefins performed considerably better using a (terpenoid) prenyl rather than an allyl partner using pre-catalyst 2 (Figure
1b).1% Herein, we report an unprecedented olefin-olefin combination to form unfunctionalized trisubstituted olefins by cross metathesis
(Figure 1c). The method utilizes two different trisubstituted olefins, one of which is a trisubstituted allylic alcohol furnished with a relay!*6l
— allowing the synthetic convenience of using readily available and inexpensive terpenes such as geraniol as building blocks — while
the non-relay partner is an unfunctionalized trisubstituted olefin.!”] This relay cross metathesis reaction (which we have dubbed
“ReXM”) distinguishes itself from the very limited literature precedent for such reactions by being the first such example to form an
isolated, unconjugated, alkene where all previous reports have formed conjugated alkenes.*81°1 Moreover, by judicious selection of the
non-relay partner — in this case as another readily available terpene building block (vide infra) — an iterative ascent of the terpenoids
from monoterpene to sesquiterpene to diterpene is demonstrated.

Results and Discussion

To ascend the terpenoids, we envisioned the ReXM of a suitably derivatized O-allyl geraniol (or nerol) to a naturally occurring
monoterpene. Accordingly, O-allyl geraniol-derived®” epoxide 3a, diol 4 and acetonide 5a, and also O-allyl nerol-derived epoxide 3b
were prepared as potential relay partners (Figure 2). Des-allyl alcohol 5b and ‘truncated’ alkene 5c were also prepared as control
substrates. For preliminary studies, we elected to use readily available prenyl acetate (6) as a proof-of-principle cross metathesis
partner. It is well established that trisubstituted olefins — classified as Type Il olefins?! — do not homodimerize, and this prompted us
to use such olefins in excess with the expectation that this would facilitate the desired cross metathesis. Much to our delight, epoxide
3a underwent smooth ReXM using 10 mol% 1 with neat prenyl acetate (5 equiv.) at 50 °C to provide functionalized geranyl acetate 15
(Table 1, entry 1). A comparison of the use of trisubstituted olefin 7 versus terminal olefin 8 under the same conditions (entries 2-3)
with relay epoxide 3a demonstrated that the use of a trisubstituted olefin as the cross metathesis partner to produce the desired product
16 is beneficial under these conditions, in line with the observations of Robinson and co-workers.'S Whereas, B,B-dimethyl styrene 9
and prenyl benzene 10 were unreactive under the reaction conditions — leading only to truncated product 17 (entries 4-5) — homoprenyl
benzene 11 gave ReXM product 18 in high yield (entry 6). Sensitivity to a-branching was also observed using substrate 12 (entry 7).
Readily available prenylacetone 13 gave the ReXM product 19 (entry 8). Diol 4 unexpectedly failed to undergo ReXM (entry 9), resulting
in truncated compound 20a and isomerized product 20b (implicating catalyst decomposition to a ruthenium hydride species).???
Acetonide 5a however, participated cleanly in ReXM reactions (entries 10-11) to provide the desired products 21 and 22 without
complication. Control experiments with acetonides 5b and 5c (entries 12-13) verifies the vital role of the relay in this ReXM process,
and a comparison of the reactions of E-epoxide 3a and Z-epoxide 3b (entries 14-15) establish the olefin geometry in the relay partner
as unimportant. In all successful ReXM cases the products were obtained with moderate (ca. 2-3:1) and comparable E-olefin
selectivity® to trisubstituted olefins previously prepared by cross metathesis with ruthenium benzylidene pre-catalysts (c.f. Figure 1
a,b).[13'15]

A possible catalytic cycle for the ReXM process (Scheme 1) using representative epoxide 3a, invokes Diver!*®! for the conversion of A
to B with loss of dihydrofuran 24. The regioselective reactions of ruthenium species of type B with trisubstituted olefins have been
proposed by Robinson, % which would produce ReXM products, and ruthenium isopropylidene C. In this scenario, the catalytic cycle
would be closed by re-initiation of ruthenium isopropylidene CI* on the terminal olefin of relay partner 3a with concomitant loss of
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Figure 2. Structures of epoxides 3a-b, diol 4 and acetonides 5a-c.

Having demonstrated successful ReXM between derivatized O-allyl geraniols and nerols with trisubstituted olefins, we selected citral
(26) — a monoterpene with two electronically distinguished olefins — as a readily available and inexpensive monoterpene cross
metathesis partner?>-28l to allow for the ascent of the terpenoids.

Starting with the previously identified conditions, initial attempts at ReXM between relay (S)-3a and citral (26) were unsuccessful (Table
2, entry 1). Increasing to 10 equivalents of 26 (entry 2), at reduced temperature (entry 3) or reduced catalyst loading (entry 4) also
failed. In these attempts, truncated olefin 17 was observed by *H NMR of the crude reaction material, along with characteristic signals



corresponding to 2,3-dihydrofuranf?”l as the likely ruthenium hydride-induced isomerization of by-product 24, implicating catalyst
decomposition.

Known hydride scavengers 1,4-benzoquinone (pBQ, entry 5) and AcOH (entry 6) were therefore explored as possible additives for the
reaction.l?®! Pleasingly, the use of AcOH was beneficial, and Co-monoterpene epoxide (S)-3a and Cio-monoterpene acetonide 5a now
underwent smooth ReXM with C;o-monoterpene citral (26) to provide Cis-sesquiterpenes 27 and 28 in good yields (entries 6-7).
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Scheme 1. Possible catalytic cycle for the ReXM reaction.



Table 1. Reaction scope for the ReXM of O-allyl geraniol-derived epoxide 3a, diol 4 and acetonide 5a, and O-allyl nerol-derived epoxide 3b as potential relay
partners with trisubstituted olefins 6-14 using Gl (1).

Entry Relay Olefin # Product(s) # Yield (%) E/Zlc]
1 3a )\/\OAC 6 M\OAC 15 52 n.d.
2 3a 7 M\/\/\ 16 92 70:30
(@)
RSN 16
3 3a 8 /))>/\/k’fﬂ (+17)l 45[d n.d.

17 n.d. n/a

M
o)
10 M 17 n.d.g n/a
0
M
0

\/@ 18 84 73:27
12 M 17 n.d. nla

11

7 3a
O
(e}
8 3a 13 M\)J\ 19 64 73:27
O
HM
9 4 11 Y 20a 24 n/a
OH
Ho)k/VK/\
; o 20b trace 67:330
OH
10 5a 11 o N 21 68 70:30

. LLRLb]

o}
11 5a )\/\/IJ\ 13 Q 22 69 73:27
4’0
M\/@
12 5b . 11 o 21 0 nla
4’0
M\/@
13 5c S 11 [OR 21 trace n.d.
4’0
OMe \/©/0Me
14 3 :
a M@/ 14 M 23 66 66:34
o}
OMe \/@/OMe
1 14 2 7:
5 3b w M 3 60 67:33

[a] 0.25 mmol scale, conditions: olefin (5 equiv.), GlI (1) (10 mol%), neat, 50 °C, 1 h; [b] Isolated yields after chromatography; [c] E/Z ratio determined by *H NMR
and assigned on the basis of characteristic **C NMR shielded methyl resonances for E-isomers (See Sl); [d] Yield determined by *H NMR using mesitylene as an
internal standard; [e] ‘Truncated’ compound 17 was not isolated due to its volatility but assigned on the basis of a characteristic *H resonance at § 4.72 (m, 2H)
ppm; [f] E/Z ratio determined by *H NMR and assigned on the basis of characteristic 3Ju.1 coupling constants.



The effect of temperature (entries 8-9), equivalents of citral (26) (entry 10) and catalyst loading (entry 11) were also explored, with
lower yields obtained. The further addition of Cul?! (entry 12) was found to be beneficial, as was increasing the catalyst loading
(20 mol%, entry 13). Increasing quantities of added Cul and AcOH (entries 14-15) resulted in a higher yield, providing a final optimized
yield of 88% (entry 15) for this challenging transformation. The use of the Hoveyda-Grubbs catalyst (2) (entry 16) under conditions that
worked well (c.f., entry 7) for catalyst 1 surprisingly gave a complex and inseparable product mixture. To the best of our knowledge,
this is the first protocol that allows for the ascent of the terpenes using naturally occurring terpene building blocks. We then turned our
attention to demonstrating that the protocol is suitable for iteration (Scheme 2). Accordingly, aldehyde 27 was reduced®® and O-allylated
to provide Cjs-relay metathesis substrate 29. A second ReXM with citral (26) now produced Cao-diterpene 30, which could be readily
reduced to the Cxo-alcohol 31 as the first step of another iteration.

With the ability to synthesize enantiopure, A5 regioselectively functionalized geranylgeraniol 31, we now targeted macrocycle 35 (P
= Et) — pertinent as a putative biogenetic precursor of the bromophycolide halogenated natural product family (Scheme 2).B4 Thus
alcohol 31 was activated as its bromide and coupled to an aryl iodide (see Sl) to give diterpene benzoate 33. Alternatively, taking
advantage of our previous observation that prenylbenzene was unreactive to the ReXM conditions (Table 1, entry 5), geranyl benzoate
32 was combined with relay sesquiterpenoid 29 to provide 33 in good yield. Subsequent ester hydrolysis and regioselective epoxide
ring-opening with bromide gave bromohydrin 34. With the scene now set for macrocyclization, we anticipated that the inseparable E/Z
alkene isomers that had built up in the ReXM iteration sequence,®3 would become chromatographically distinguishable upon
conversion to conformationally constrained rings. Much to our delight, Shiina macrolactonization®* proceeded with excellent efficiency
(91%) and provided (E,E,E)-macrocycle 35 (P = Et) as

the major macrocyclic component which was readily separable from the other Z-olefin containing macrocycles (see Sl).

Table 2. Optimization of the ReXM reaction of allyl ethers (S)-3a and 5a with citral (26).1

(S)-3aor 5a /’}/\/Kw\)\wc”o
)\/\/KFNCHO s © 27 (from (S)-3a)

or

. . neat, 1 h.
Citral 26 (5 equiv)
E/Z =21 AN X CHO

Q :
4’0 28 (from 5a)
Entry 26 (equiv) Relay Ru cat. (mol%) T(°C) Additive(s) Yield(%o)®!
3a or 5a (mol%)

1 5 3a 1(10) 50 - o
2 10 3a 1(10) 50 - o
3 5 3a 1 (10) RT ; ol
4 5 3a 1(2) 50 - o
5 5 3a 1(10) 50 pBQ (20) o
6 5 3a 1(10) 50 ACOH (20) 64
7 5 5a 1(10) 50 ACOH (20) 64
8 5 3a 1(10) 70 ACOH (20) 19
9 5 3a 1(10) RT ACOH (20) o
10 10 3a 1 (10) 50 AcOH (20) 30
11 5 3a 1(2) 50 AcOH (20) 4
12 5 3a 1 (10) 50 ACOH (20), Cul 68

(15)
13 5 3a 1(20) 50 ACOH (20) 80
14 5 3a 1(20) 50 ACOH (20), Cul 84

(30)
15 5 3a 1 (20) 50 ACOH (40), Cul 88

(30)
16 5 5a 2 (10) 50 ACOH (20) ot

[a] Reactions conducted on a 0.25 mmol scale; [b] Isolated yields after chromatography, E/Z ratio determined as ca. 3:1 at the newly formed olefin (A%7) and
unchanged as ca. 2:1 at the o,f-unsaturated aldehyde by 'H NMR and assigned on the basis of characteristic **C NMR shielded methyl resonances for E-
isomers (See Sl); [c] Purification not attempted due to complex mixtures of products.
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Scheme 2. ReXM for the ascent of a monoterpene to a sesquiterpene to a diterpene and subsequent synthesis of a diterpene-benzoate macrolide pertinent to the
bromophycolide family of natural products. TBAI = tetra-n-butylammonium iodide; TBAB = tetra-n-butylammonium bromide; MNBA = 2-methyl-6-nitrobenzoic
anhydride; DMAP = 4-dimethylaminopyridine.



Conclusion

In conclusion, we have designed and demonstrated an unprecedented olefin-olefin combination to form unfunctionalized
trisubstituted olefins by cross metathesis. This novel relay cross metathesis (“ReXM”) reaction, utilizes two different
trisubstituted olefins, one of which is a trisubstituted allylic alcohol furnished with a relay, while the non-relay partner is an
unfunctionalized trisubstituted olefin. This methodology allows for the relay to be directly incorporated on inexpensive
terpenoid building blocks such as geraniol. Moreover, by using the readily available, inexpensive and naturally occurring
terpenoid citral as the non-relay partner, this methodology allows the further unprecedented ascent of terpenoids (from a
monoterpene, to a sesquiterpene, to a diterpene) via an iterative ReXM-reduction-relay installation sequence. We have
used the method to construct an enantiomerically and geometrically pure diterpene benzoate macrolide of relevance to
bioactive substances from marine organisms. The method reported should allow for the synthesis of myriad bespoke
terpenes and facilitate the ability to valorize terpene biomass.?
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