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The development of techniques for the efficient synthesis of
custom fuels and chemicals from sustainable natural feed-
stocks is of fundamental importance to society as the direct
and indirect costs of petroleum use continue to increase.[1] For
general transportation fuels, complex mixtures of molecules
that have somewhat lower utility than petroleum-based ana-
logs may be sufficient; however, for specific applications, such
as jet and missile propulsion, a more selective model that pro-
duces molecules with defined and specialized properties is re-
quired. Well-characterized, single-site catalysis is the basis of el-
egant synthetic strategies for the production of pure com-
pounds. In particular, ruthenium-based olefin metathesis cata-
lysts are known to catalyze a number of reactions, including
self-metathesis, cross-metathesis, ring-closing metathesis
(RCM), and ring-opening metathesis polymerization (ROMP).[2]

This family of catalysts is ubiquitous in the literature and has
been applied in many fields of chemistry, ranging from natural
product synthesis[3] to polymer chemistry.[4] The transition of
these catalysts to large-scale industrial processes has in the
past been hindered by their modest turnover numbers and
high cost.[5] To overcome these difficulties, catalytic systems
that can efficiently yield pure products while maintaining low
catalyst concentrations need to be developed. In this report,
we detail a ruthenium-catalyzed method for the synthesis of
dimethyldicyclopentadiene from linalool, a linear terpene alco-
hol.

Recent work in our laboratory has focused on the conver-
sion of terpenes into high-density fuel surrogates.[6] Although
terpenes are naturally produced by pine trees and a variety of
plants, a truly sustainable method may require the utilization
of bioengineered microbes to produce specific molecules or
families of molecules from waste cellulose.[7] Within the ter-
pene family, linalool is a particularly intriguing feedstock for
fuels because of its molecular structure. Although RCM of lina-
lool must proceed through a sterically hindered transition
state, the reaction is facilitated by coordination of the allylic al-
cohol.[8] This results in an efficient method for the synthesis of
1-methylcyclopent-2-enol (1) and isobutylene (Scheme 1). Both
products are of significant interest as they can be converted to

renewable fuel and polymer products. Isobutylene is a valuable
side-product that can be selectively trimerized to produce jet
fuel,[9] dimerized or alkylated with C4 raffinate to produce
high-octane gasoline,[10] or polymerized to polyisobutylene.[11]

Meanwhile, 1 is a promising precursor for the synthesis of
methylcyclopentadiene dimer, which can be hydrogenated and
isomerized to produce the high-density missile fuel RJ-4[12]

(Scheme 1).
NMR-scale conversions of linalool to 1 under dilute condi-

tions and at elevated temperatures have been reported in the
literature. Catalysts used for this reaction (Figure 1) have in-
cluded the first-generation Grubbs catalyst (2),[8] both a
second-generation Grubbs (5) and Grubbs–Hoveyda catalyst
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Scheme 1. Catalytic conversion of linalool to well-defined, renewable fuels.

Figure 1. Structures of selected ruthenium metathesis catalysts that have
been studied for the RCM of linalool.
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(4),[13] as well as catalysts with electron-withdrawing alkoxides
and labile pyridine ligands (6, 7).[14] More recently the RCM of li-
nalool and several other substrates has been studied with
ruthenium catalysts functionalized with N-napthyl-substituted
heterocyclic carbene ligands.[15] Among these examples, the
alkoxide-functionalized catalysts are particularly notable as
they were able to achieve 100 % conversion in 15 min at
0.5 mol % loading and in some cases, full conversion in 1 h at
0.05 mol % loading in refluxing chloroform. This is in contrast
to the other catalyst studies, which utilized relatively high cata-
lyst loadings (1–5 %) to achieve high conversion efficiencies
(Table 1). Although these preliminary studies are intriguing, the

work in our laboratory focused on maximizing the turnover
number (TON) for the RCM of linalool while reducing the use
of extraneous solvents and the energy footprint of the process
(a key requirement for the synthesis of renewable fuels). To
help accomplish this, all of the reactions were run neat, a con-
dition that has been shown to be effective in promoting high
TONs for certain substrates.[16]

As the first step in the development of a large-scale synthe-
sis of the high-density fuel RJ-4 from a renewable source, the
solvent-free, preparative-scale RCM of linalool with three com-
mercial catalysts was studied. The first-generation Grubbs cata-
lyst 2, a second-generation Grubbs catalyst with a sterically
open N-heterocyclic carbene ligand 3, and a second genera-
tion Grubbs–Hoveyda catalyst 4 were screened for activity. For
catalyst 2, attempts to decrease the loading to 0.1 mol % re-
sulted in incomplete conversion to the alcohol. No reaction
was observed at room temperature, while reaction at 45 8C re-
sulted in 55 % conversion after 1 h. Increasing the reaction
time did not lead to further reaction. Catalyst 3, which was
chosen based on its well-established activity in the RCM of
sterically hindered substrates, produced no discernible product
after 16 h at ambient temperature with either 0.1 or
0.01 mol % loading, however at 60 8C, yields of 36 and 18 %
were obtained, respectively. Unfortunately, catalyst 3 deactivat-
ed within 30 min at this temperature, a result that was not sur-
prising given the reported modest thermal stability of this cat-

alyst.[17] To improve the conversion efficiency, the more stable
catalyst 4 was evaluated at a loading of 0.1 mol %. At room
temperature the reaction proceeded rapidly (Figure 2) with co-

pious production of isobutylene. By this method linalool was
converted quantitatively to 1 in 45 min at ambient tempera-
ture. At 0.01 mol % loading, a 44 % conversion to the alcohol
was achieved in 1 h, representing a remarkable TON of 4400.
Reaction for longer periods of time resulted in no improve-
ment in yield. Based on the catalyst screening, 4 was utilized
in preparative-scale (30 g) syntheses of 1. Isobutylene was
either collected with a dry-ice condenser or allowed to escape
through a bubbler. At the conclusion of the reaction, the prod-
uct was isolated by vacuum distillation at room temperature;
yields of >95 % were routinely achieved.

In an attempt to improve the TON for catalysts 2 and 4, the
effect of increasing the temperature was studied. Interestingly,
when either 2 or 4 were used as the catalyst, a reaction tem-
perature of 60 8C resulted in partial conversion of 1 to methyl-
cyclopentadiene (MCPD). GC/MS analysis of the reaction mix-
ture showed that linalool had been converted to a complex
mixture of 1, cyclopentenol ethers, MCPD, and methylcyclo-
pentadiene dimers (Scheme 2). In effect, it appeared that 2

Table 1. Reaction conditions and yield of 1 for a series of ruthenium
metathesis catalysts.

Catalyst Loading
[mol %]

Temp
[8C]

Time Solvent Yield [%]

2 5 ambient minutes CDCl3 100[a]

2 0.1 ambient 16 h neat 0
2 0.1 45 1 h neat 55
3 0.1 60 30 min neat 36
3 0.01 ambient 16 h neat 0
3 0.01 60 30 min neat 18
4 0.1 ambient 45 min neat 100
4 0.01 ambient 1 h neat 44
5, 6, 7a, 7b, 7c 0.5 60 15 min CDCl3 100[b]

5, 6, 7a, 7b, 7c 0.05 60 1 h CDCl3 24, 29, 100,
17, 34[b]

[a] Reference [8] . [b] Reference [14].

Figure 2. Photograph of the room temperature, solvent-free reaction of lina-
lool with catalyst 4 at five minutes after addition. Vigorous bubbling is due
to production of isobutylene.

Scheme 2. Mechanism for the acid catalyzed dehydration of 2-methyl-1-cy-
clopentenol.
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and 4 were acting as dehydration catalysts.[18] Interestingly, for
4, this same effect was not observed when sufficient linalool
was present in solution. As a control, a 0.01 mol % solution of
catalyst 4 in linalool was prepared. After the reaction had pro-
ceeded to 44 % conversion, the mixture was heated to 60 8C
for 16 h. No dehydration of the product was observed. It is
also important to note that catalyst decomposed through air
exposure was not active for the dehydration of the alcohol.
After complete conversion of linalool to 1, rapid stirring of the
reaction mixture in open air or, alternatively, active bubbling of
air into the reaction flask resulted in a color change from
green to brown–black. This oxidized mixture was much less
prone to dehydration reactions.

Although the dehydration reaction appeared to be mediated
by the ruthenium catalyst, another possibility is that the cata-
lyst reacted with linalool, 1, or water to exchange alkoxide or
hydroxide ligands with the chloride ligands. This process
would release catalytic amounts of HCl, which could then lead
to dehydration of the alcohol. To investigate the extent to
which a Lewis acid would dehydrate 1, the alcohol was al-
lowed to react with the Lewis acids PdCl2(PhCN)2 and [Ru-
(COD)Cl2]n at room temperature in CDCl3. As a control, Pd0 (5 %
Pd/C) was also evaluated as a catalyst for the dehydration of 1.
Interestingly, all of the catalysts converted 1 to similar mixtures
of dehydrated products comparable to those observed with
the metathesis catalysts. Further observation revealed that al-
though neat samples of 1 were stable indefinitely in closed
flasks at room temperature, NMR samples in CDCl3 slowly con-
verted to dehydrated mixtures, albeit at a much slower rate
than for the Lewis-acid-catalyzed reactions. Given the known
decomposition of chloroform to produce HCl and phosgene, it
seems likely that even this small amount of acid was sufficient
to promote the dehydration of the alcohol.

Although the ruthenium catalysts showed some modest ac-
tivity for the partial dehydration of 1, more efficient and selec-
tive methods were sought to convert 1 to MCPD. Given the
rapid room-temperature conversion of MCPD to dimer, particu-
larly in the presence of acid catalysts, two distinct routes to
the dimer were conceived. In the first route, a solid acid cata-
lyst would be employed and the dehydration and dimerization
would occur in the same flask. In the second route, a dehydra-
tion catalyst of much lower acidity would be employed and
the reaction carried out under reduced pressure allowing the
volatile MCPD to be easily separated from the reaction mix-
ture. For the first route, heterogeneous solid acid catalysts
were employed to allow for easy isolation of the product.
Montmorillonite K10 (MMT-K10), an acid clay, and Nafion SAC-
13, a silica-supported perfluorinated cation exchange resin,
were screened for activity. Although both catalysts resulted in
high conversions (95 % conversion in 1 h at ambient tempera-
ture), both yielded complex mixtures consisting of ether,
dimer, significant amounts of trimer, and other heavier oligo-
mers (Table 2). To try and trap MCPD prior to oligomerization,
the reaction was conducted with Nafion SAC-13 at 40 8C under
reduced pressure (40 torr). Although the isolated MCPD was
>90 % pure, the yield was low and the reaction mixture rapid-
ly oligomerized to a thick orange oil composed of heavy oligo-

mers. From this result it was clear that in the case of strong
heterogeneous acid catalysts, oligomerization occurred more
rapidly than MCPD could be removed from the reaction flask.

To further investigate optimal dehydration conditions, a
series of weak Bronsted- and Lewis-acid catalysts were
screened to determine their activity in the selective dehydra-
tion of 1 (Table 2). Benzoic acid and dilute HCl were unselec-
tive and produced primarily ether, along with dimer and
trimer. Surprisingly, Pd(COD)Cl2 reacted almost quantitatively
and produced 66 % dimer along with significant amounts of
trimer and tetramer. In the search for a milder dehydrating
agent, magnesium sulfate was employed as a catalyst and pro-
duced only ethers. In contrast to the other dehydration cata-
lysts that produced primarily one ether isomer, MgSO4 pro-
duced the two distinguishable ether isomers in nearly equal
amounts. This difference in isomer distribution is attributed to
the lack of suitable acid sites on the catalyst. In the absence of
these sites the reaction is driven by the coordination of water
to magnesium cations and is dependent on the auto-ionization
of the alcohol. Based on these initial screening results, an alu-
minum phosphate catalyst was prepared[19] and evaluated as a
dehydration catalyst. Under a variety of conditions, this catalyst
was selective for the production of only ethers, MCPD, and
dimers; no heavier oligomers were formed. Despite the favora-
ble product distribution, the conversion efficiency of this cata-
lyst was limited by the production of water in the dehydration
reaction. To overcome this hurdle, mixtures of AlPO4 with a
suitable drying agent were employed. An AlPO4/molecular
sieve catalyst resulted in a low overall yield of MCPD with for-
mation of an oligomeric mixture. In contrast, an AlPO4/MgSO4

catalyst permitted the direct conversion to MCPD. The opti-
mized catalyst allowed for a 78 % isolated yield of isomeric
MCPD from 1.

The dimer product distribution resulting from the room tem-
perature Diels–Alder cycloaddition of MCPD (Figure 3) is of sig-
nificant interest and is in part controlled by the starting com-
position of MCPD isomers. Dehydration of the alcohol with
AlPO4 at 60 8C yields 84 % 2-methylcyclopentadiene (8) and
16 % 1-methylcyclopentadiene (9), while 5-methylcyclopenta-
diene was not observed. This preference for 8 results from the
formation of a more stable tertiary carbocation compared to

Table 2. Catalysts for the dehydration of 1.

Catalyst Temp.
[8C]

Time
[h]

Products
1:ether :dimer:oligomer

MMT-K10 25 1 5:41:22:32
Nafion Sac-13 25 1 6:35:23:36
Pd(COD)Cl2 25 16 <1:14:66:23
2 m HCl 25 1 0:(86):13[a]

MgSO4 25 16 16:84:0:0
Benzoic acid 25 16 8:66:21:4
AlPO4 25 16 19:76:5:0[b]

[a] The number in parentheses is the mass % of ethers and dimers com-
bined. [b] The use of a mixed AlPO4/MgSO4 catalyst (60 8C, 5 h, 40 torr ;
1 torr = 1.333 � 102 Pa) allowed for isolation of MCPD in 78 % yield. The
pot residue from this reaction consisted of 10 % 1 and 90 % ethers.
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the secondary carbocation intermediate required for 9
(Scheme 2). In commercial methylcyclopentadiene dimer,
seven peaks are observed in the gas chromatogram.[20] The dis-
tribution contains four major peaks representing various iso-
mers resulting from the cycloaddition of 2-methyl and 1-
methyl cyclopentadiene. The dimers are present almost exclu-
sively as the endo isomers. In the current work, seven peaks
are observed, however the distribution is significantly different
than for the commercial product, with two peaks representing
88 % of the dimers. The largest peak (56 %) is observed for 3,9-
dimethyl-endo-tricyclo[5.2.1.02, 6] deca-3,8-diene (10), while the
other main peak (33 %) is observed for 4,9-dimethyl-endo-tricy-
clo[5.2.1.02, 6] deca-3,8-diene (11) (Scheme 3). In comparison,

the commercial product is 36 % 10 and 29 % 11.[21] Coupling of
two molecules of 8 yields 10, while coupling of 8 and 9 yields
11. The distribution of isomers is also dependent on both the
relative dimerization rates of 8 and 9 as well as concomittant
monomer isomerization. Previous studies have shown that 2-
methylcyclopentadiene dimerizes faster than 1-methylcyclo-
pentadiene ostensibly due to less steric crowding at the site of
cycloaddition;[22] this effect further influences the final distribu-
tion. Interestingly, dimer 12 which represents roughly 10 % of
commercial dimer is only 3 % of the current mixture. This is

likely the result of the known [3,3]-sigmatropic Woodward-Katz
rearrangement to 11[21] being catalyzed by the dehydration
conditions.

In order to convert the dimer mixture to RJ-4, it must first
be hydrogenated. This was accomplished under mild condi-
tions (40 psi, PtO2 catalyst) and resulted in six distinguishable
isomers. The four major peaks representing 91 % of the prod-
uct are the four sets of diasteriomers arising from the non-ste-
reospecific hydrogenation of 10 and 11.[23] After hydrogena-
tion, these mixtures can be isomerized with strong Lewis acid
catalysts to fuels rich in exo-isomers. Although this final step
improves the low temperature fluidity of the fuel, it was not
explored in the current work.

In summary, a highly efficient and selective synthesis for the
conversion of linalool to specialized fuel products has been de-
veloped. The optimized approach offers a high catalyst turn-
over number, solvent free conditions, low external energy de-
mands, and an exceptionally well defined product distribution.
Another key finding of this work is the unexpected capacity of
ruthenium metathesis catalysts to dehydrate a tertiary alcohol.
Further work to effectively reduce catalyst loadings and to es-
tablish how the distribution of dimers will affect the perfor-
mance of high density fuel mixtures is ongoing.

Experimental Section

General Procedure for RCM reaction: Typically reactions were run
with 0.1 mol % of the Grubbs–Hoveyda second–generation catalyst
(4). The catalyst was transferred to a flask in a glove box, fitted
with a septum, and then removed from the inert atmosphere.
Freshly distilled linalool was then slowly added via a syringe
through the septum. The flask was vented through an oil bubbler
along with a slow flow of nitrogen. Within 30 s vigorous bubbling
began while stirring at room temperature. The bubbling continued
for 30–45 min and then ceased. Once bubbling had stopped air
was bubbled into the reaction mixture for 15 min to oxidize the
catalyst. 1H NMR of the crude reaction mixture showed 100 % con-
version of starting linalool. The product was immediately vacuum
distilled (1 torr) to a receiving flask cooled in a dry ice bath. After
the transfer, the product was sealed under nitrogen and stored at
room temperature. The product was analyzed via NMR.[24] 1H NMR
(CDCl3): d= 1.29 (s, 3 H), 1.84 (m, 2 H), 2.23 (m, 1 H), 2.37 (m, 1 H),
2.57 (broad s, 1 H), 5.65 ppm (m, 2 H).

Dehydration with AlPO4/MgSO4 : Aluminum phosphate (1.34 g,
11 mmol) and magnesium sulfate (1.63 g, 13 mmol) were placed in
a 50 mL round-bottom flask charged with a stirbar. To this flask 2-
methylcyclopentenol (1) (13.01 g, 0.13 mol) from the RCM reaction
was added, and the flask was fit with a small distillation head. The
receiving flask was placed in a dry ice bath and the reaction was
placed under vacuum (40 torr). The reaction flask was heated at
60 8C for 5 h. Total yield of the distillate was 78 %. 1H NMR for
major product 2-methylcyclopentadiene[25] (CDCl3): d= 2.06 (s, 3 H),
2.98 (s, 2 H), 6.04 (s, 1 H), 6.44 ppm (s, 2 H).
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Figure 3. GC chromatogram of MCPD dimers derived from dehydration of 1
with AlPO4/MgSO4 followed by ambient temperature dimerization.

Scheme 3. Prominent endo-isomers produced from the thermal dimerization
of MCPD isomers derived from 2-methyl-1-cyclopentenol. The first number
of a pair represents the % composition produced in this work, while the
numbers in brackets refer to % composition of the commercial product.
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