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DOI: 20.1039/x0xx00000% Abstract. A detailed experimental and theoretical study corroborates that the reductive

deoxygenation of activated (allylic or benzylic) alcohols with excess Ti(III) proceeds via
allyl(benzyl)-radical and allyl(benzyl)-Ti, which is protonated, regioselectively in the case of
allylic derivatives. The H atom of the newly formed C—H bond in the product originates from
the —OH group of the starting material. Deoxygenation of lithium alkoxides or alcohols by
using 1.0 mol of Ti(III) leads to the corresponding dimerization product in good yield. An
excellent agreement with the experimental data was obtained by using a reaction kinetics
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simulator to discriminate between competing reactions.

Introduction

Nugent’s reagent (Cp,TiCl, Fig. 1) is an excellent mediator in
many reactions of synthetic interest.'

@ C|Mn@ cb. @mp@ K -THF@ cl
T T I ©

TiV il
Cp,TiCl, (CpoTiCl), Cp,TiCITHF Cp,TiCl

Fig. 1. Preparation of Cp,TiCl by reaction of Cp,TiCl, and Mn.

Initially it behaves as a Lewis acid and forms complexes with
different functional groups that contain heteroatoms with non-
bonding electron pairs. Thus, an electron transfer takes place from
Ti(III), which leads to the homolytic cleavage of X-Ti bond and
subsequently to a C—centred radical. Various synthetic applications
deriving from the reactivity of these radicals, including allylic and
benzylic radicals, are already known.? For example, it has recently
been reported that activated alcohols give rise to deoxygenation-
reduction reactions via radicals in the presence of catalytic quantities
or an excess of Ti(Ill).> Furthermore, alcohol derivatives such as
allylic carbonates and acetates are reduced by the Pd(0)/Ti(Ill)
system and H,0.* Ti(IlT) and Zr(IV)/Mn have also been showed to
enable the efficient homocoupling of activated halogenated
derivates.” Homocoupling of vinylepoxides under catalytic
conditions, and reductions with an excess of Ti(Ill) have been
reported as well.®’” The underlying mechanisms have been
interpreted in terms of radical dimerization, H-atom transfer (HAT)
processes, couplings via organo—Ti, and the protonation of organo—
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Ti intermediates. However, much uncertainty regarding the detailed
mechanistic pathways persists. Herein, we describe the results of a
detailed experimental and theoretical study with the aim to clarify
the mechanistic nature of the Ti(Ill)-mediated deoxygenation of
activated alcohols. We also test the possibility of dimerizing
activated alcohols by using Ti(III).

Results and discussion

Besides the reported® homolysis of the C—O bond through the
formation of Ti—complex I (Scheme 1, Path-B), we analysed an
alternative route involving the homolysis of the O—H bond in I
(Scheme 1, Path—A).
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Scheme 1. Proposed mechanisms for the deoxygenation of activated alcohols

Path-A

Cp2T|”'CI

R = allylic or benzylic

This path produces the Ti(IV) alkoxide II, which is reduced with
Mn excess to the Ti(Ill) alkoxide III. The latter evolves upon
heating to the radical IV and titanocene oxide. Radical IV is the
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common key intermediate along the two pathways towards the final
products (R-H, Scheme 1) of the deoxygenation-reduction reaction,
with two possibilities of trapping the H atom: (i) a direct HAT
process, or (ii) a two-step transformation, with Cp,TiCl (SET)
forming first an alkyl or benzyl-Ti species (V) (Scheme 1, Path-B)
which can be protonated subsequently by Brensted acids H-Y
present in the medium or in the work-up.® Competitively radical IV
could dimerize to produce homocoupling products R—R (Scheme 1
and Scheme 4).

Experimental results

With the aim of verifying experimentally what type of mechanisms
are involved we tried first to identify the source of the H atom that
causes the reduction. To that end, we ran the first reaction with
farnesol (1, Table 1) excess Cp,TiCl, and Mn (powder 99,9%) using
reported experimental conditions,® adding in the work-up D,0
instead of H,O. However, no deuteration in the reduction products
(2-3) was observed (Table 1, entry 1). Neither did we observe
deuteration when we used deuterated THF as solvent (Table 1, entry
2).

Table 1. Ti(1lI)-mediated reduction-homocoupling of farnesol (1)

Y
NS N NS NS N R A
e
1, Y=0OH 2, A"2
1a,y=0D  |LiBu 3 A28
5, Y=OLi:|Ti||| A ™ ™ X
6, Y=Ti"V ’ 4 2
7, Y=Br
. Cp.TiCl, Mn Time Product, Yield (%)
Entry . .
(equiv.) (equiv.) (hours) 1 2 3 4
1 2.0 8.0 2 - 78 8 9
2b 2.0 8.0 2 - 75 7 11
3¢ 2.0 8.0 5 - 877 10 -
4¢ - - 4 - 41 41 -
5/¢ 1.0 1.0 06 — — — 48
6" 1.0 0.5 0 - 4 - 67
1.0 8.0 6 15 42 3 23
1.0 1.0 4 - 24 4 36
9 1.0 0.5 4 2 10 <l 45

“General experimental conditions: 1 as starting material, 0.2 M THF
and THF reflux (oil bath at 100 °C). “Deuterated THF was employed.
“la was used. “80% deuteration was found. “Experiment run with 7 as
starting material and reacted with Bu;SnH. ’HCI was removed under Ar
flow. £0il bath at 150 °C. "Reaction via 5.

Then, we prepared deutero-farnesol (1a) which gave an 87% yield
of 2 with 80% deuteration (Table 1, entry 3). Besides under certain
experimental conditions, for example by increasing the heat-transfer
rate or by subjecting the reaction mixture to a high Ar flow, HCI gas
(potential source of H' at the reaction media) is seen to be given off
and its elimination from the reaction media led exclusively to the
formation of dimer (Table 1, entry 5). These initial experiments
suggest that the H of the reduction comes from the -OH group of the
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starting material.
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Scheme 2. Mechanism of selective y—position protonation

R-H

To clarify what class of mechanism may be responsible for
introducing the H atom into the final product we looked at the
regiochemistry of the reaction involving allylic substrates: under the
standard conditions the least-substituted olefin was formed with
good regioselectivity (Table 1, entries 1-3). This indicates that the
regio-modulated entry of the H takes place at the most substituted
C.? Within this context, the dehalogenation-reduction of halogenated
derivates via the use of Bu;SnH constitutes a good example of HAT-
mediated reduction. Consequently, when we reacted farnesyl
bromide (7) with Bu;SnH no regioselectivity was observed and a 1:1
mixture of compounds 2 and 3 (82% overall yield) was obtained as
the result of allylic radical scavenging by Bu;SnH (Table 1, entry 4).

These results rule out any HAT-type process during the reduction,
and reinforce the hypothesis of a mechanism via alkyl-Ti (V) and
protonation in the reaction media (thus an H" source is required).
According to Scheme 2, V must place the bulky Cp,TiCl mainly at
the C—1 position, which should then give rise to direct protonation
probably by Cp,TiCIOH at C—1, thus leading to a double bond (A*?).
In order to justify the observed highly regioselective formation of the
double bond (A'?), we propose that the Ti atom of V acts as Lewis
acid before protonation occurs and coordinates a Bronsted acid from
the medium originating the Ti—complex VI (Schemes 2 and 4).
Thus, protonation can undergo intramolecularly from VI via a 6—
membered cyclic transition state, preferably in the y—position
(Scheme 2). These results suggest that the H atom of the reduction
comes from the starting —OH group and that 2.0 mol of Ti(Ill) are
required if Cp,TiCIOH is the protonating agent. Consequently, when
the H atom of the —OH group of 1 was eliminated by using Li
derivative 5, the dimer 4 was obtained as main product by using 1.0
equiv. of Ti(Ill) (Table 1, entry 6). Furthermore, it is well known
that the dimerization rate of allylic radicals is higher if their molar
concentration is increased. Thus the reaction of 1 with only 1.0
equiv. of Ti(Ill) and various quantities of Mn led to a higher
proportion of 4 in comparison to 2 and 3 (Table 1, entries 7-9).

As with allylic compounds, deoxygenation-reduction and
dimerization products were obtained when primary benzylic alcohols
reacted with excess Ti(IlT). Thus, if 3,4,5—trimethoxybenzyl alcohol
(8) is reacted under standard conditions up to 90% yield of toluene
derivate (9) is obtained, with the 5% yield of the starting material (8)
being recovered (Table 2, entry 1). If smaller proportions of Ti and
Mn as 1.0 equiv. of Ti(IV) and 1.0 or 0.5 equiv. of Mn are used, the
yield of 9 decreases to 80% and 46% respectively (Table 2, entries
3—4). When the molar concentration was increased to 0.8 M a 14%
yield of dibenzyl derivative (10) is obtained, that is, the dimerization
process competes with the homocoupling one (Table 2, entry 5). On
the other hand, the reaction of lithium alcoxide (11) obtained from 8
with 1.2 equiv. of Ti(IIl) also increased the proportion of dimer (10)
to 60% as opposed to 7% of reduction product (9) (Table 2, entry 6).

This journal is © The Royal Society of Chemistry 2012
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Table 2. Ti(IlI)-mediated reduction-homocoupling of 3,4,5-
trimethoxybenzyl alcohol (8)

MeO MeO

Y H
— MeO
MeO MeO * 2
OMe OMe MeO
8, Y=0H 9 OMe 10
8a,Y=0D |LiBu
11,Y = OLi ,
12,y =iV 1A
. Cp.TiCl, Mn Time Product, Yield (%)
Entry . .
(equiv.) (equiv.) (hours) 8 9 10
1 2.0 8.0 1 5 91 -
2b 2.0 8.0 1 3 88 -
3 2.0 1.0 2 15 8 -
4 1.0 0.5 6 50 46 @ —
54 1.0 0.5 1 38 40 14
6° 1.2 0.6 24 19 7 60

“General experimental conditions: 8 as starting material, 0.2 M THF
and THF reflux (oil bath at 100 °C). “8a was used. ‘82% deuteration
was found. “0.8 M of molar concentration for this experiment. “Reaction
via 11 and subsequent refluxing.

Theoretical results

Theoretical calculations with Gaussian’ have been undertaken to
corroborate the above outlined mechanistic proposal. We performed
the calculations of 1b (R = dimethylallyl in Scheme 1) as
representative species of the study with DFT using the B3LYP/6-
31+G(d,p)'™"" as recommended method for reaction barrier
calculations in general (see SI, section 3.5. for a comparative
study on the performance of several computation models). To
perform the calculations of the large number of reactions involved
(Table 3) with this accurate method we simplified the model, using
TiCl; instead of Nugent’s reagent (Cp,TiCl) which is employed in
experimental studies. This is mainly due both to the complexity
of simulating some intermediates possessing two titanocene
moieties but also to their increasing computational cost.
Experimentally it is well established that both compounds have
shown similar chemical behaviour.'> We have verified that this
similarity is also true from the theoretical approach, by
comparing the results obtained with Cp,TiCl for a similar
radical system,"® and the predictions that we obtain with TiCls
(See SI, section 3.6).We found that the species of type II
(R-OTi", Scheme 1) resulted in a much higher energy than the
initial complex I. In addition, when the H bonded to the O atom is
abstracted through a relaxed scan, the transition state'* is a saddle-
point which shows an activation energy (AE) of 28.9 Kcal/mol. This
AE is considerably higher than that of the C—O homolysis (12.2
Kcal/mol; r05 in Table 3 and Scheme 4; in SI: 3.4.6). Hence, the
latter proposed pathway (Scheme 1, Path-B) is inferred to be the
mechanism of deoxygenation via the radical R* (IV in Scheme 1).

This journal is © The Royal Society of Chemistry 2012
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Table 3. Reaction set and energy barriers (Kcal/mol) in the reaction of
dimethylallyl alcohol (1b) and Ti(1II).

Reaction” Barrier G? Opt¢
00 Mn +2 TiCl; — MnCl, + 2 TiCl;  b00 - 178
) ) b01 0.0 0.0
t01 TiCl; + THF < TiCl,THF p
bo1r 24.6 24.6
) ) b02 0.0 0.0
r02 2 T1C13 <> (T1C13)2
b02r 13.2  13.8
03 R-OH+ TiCL,THF < b03 129 123
™ TiCI,ROH + THF b3 131 114
04 R-OH + TiCl; — TiCl;ROH b04 0.0 0.0
) L b05 122 125
r05 TiCl3ROH — R™ + TiCl;0H 9
b05r 11.3 113
06 2R —RR b06 0.0 0.0
07 R+ TiCl; — TiCL,R b07 0.0 0.0
L ) b08 0.0 0.0
t08 R+ TiCL,THF < TiCL4R + THF y
bO8r 42 57
TiCL,R + TiCl,0H —
109 o (TICL)0 b09 10.0 10.0
r10 TiCLLR + HCl — R-H + TiCl, b10 129 129
) ) ) b1l 0.0 0.0
rll T1C13OH + T1C13 > (T1C13)2OH J
bllr 53 85
-1, TiCLOH + TiCl,THF « b12 0.0 0.0
(TiCl3),OH + THF b12r? 37 0.7
13 (TiCl3),OH « HCI + Ti,Cls0 b13 10386
T 1 > 1
2 S b13r? 14 1.0

“R = dimethylallyl. *Gaussian values B3LYP/6-31+G(d,p) scrf = (smd,
solvent = THF) // B3LYP/6-31+G(d,p). “Values optimized with Copasi.
“Data corresponding to reverse process.

Kinetics Modelling Simulation

To study pathway B in detail the reaction set listed in Table 3,
simplified Scheme 3'° and Scheme 4 were modelled computationally
with the kinetics modelling simulator Copasi,'®!” taking into account
explicitly the influence of the solvent molecules.

According to the simulation (using the barriers calculated
first with Gaussian and then optimized with Copasi to better fit
the experimental data) the overall reactions proceed as follows.
Initially there are only TiCl,; and Mn in the THF medium. Each
TiCl; radical generated (Table 3, reaction r00 with barrier b00
estimated to fit the experimental time) is immediately solvated
with THF (r01) instead of forming its dimer through the
competing r02, because of the concentration of THF is much
higher than that of the generated TiCl;.'> (TiCl;), has been
proposed to be one of the major reducing agents in THF,'® but
the kinetics results presented herein establish that the reducing
agent is the competing solvated species (TiCl; THF) which, is in
a much higher concentration than the dimer. Subsequently, R—
OH is added and forms the TiC3ROH complex I (through r03
rather than r04), which slowly releases the radical R* (IV) (r05,
b05 = 12.5 Kcal/mol) (Table 3 and Scheme 4). R" can dimerize

J. Name., 2014, 00, 1-3 | 3



Organic & Biomolecular Chemistry Page 4 of 8
ARTICLE Journal Name

(r06) or reacts mainly with TiCl;THF complex (r08) instead of
interacting with free TiCl; (r07). Reaction r08 competes [ simplified Diagram ]
favourably with r06 due to the high TiCl;THF/R" concentration

ratio. Finally, the product R—H is mostly formed through r09,

rather than by the alternative rl0, because the TiCl;0H
concentration is higher than that of HCl. According to the o
simulation (Table 1, entry 5 conditions) the formation of HCI is

energetically feasible through a (TiCl;),OH complex (r12, r13,
Table 3) and HCIl removal favours the forward flux through
these two reversible sequential reactions, thus switching the
TiCI;THF flux from rO8 to rl12. Then, R™ cannot proceed

ro1
O
through r08 and it all ends up as its dimer. \

[ :Til3}20 ] ( (Ticl3};0H ]

Scheme 3. Simplified reaction set simulated with COPASI.

“ U s '
g5 ¢
gt B iy

TiCl:ROH _. - ~.._R% TiCLOH ‘.‘?"?e;
0.0 .2.0 T

3 Ti2ClsO
+9.0

“Relative energies B3LYP/6-31+G(d,p) scrf = (smd, solvent = THF) // B3LYP/6-31+G(d,p) in Kcal/mol. Selected distances in TS’s are shown in A; R =
dimethylallyl.

Scheme 4. Simplified reaction diagram showing the key steps in the mechanism involved in the Ti(IlI)-mediated deoxygenation of dimethylallyl alcohol (1b).

4| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012
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Regarding the correlation of experimental and theoretical
results, Fig. 2 shows a comparison between the experimental
and simulated yields of R—H versus R—R for entries 1, 7, 8, 9
and 5 of Table 1. These entries are ordered by decreasing
proportions of TiCly and Mn, except for entry 5 which has the
same concentrations as entry 8 but the HCI gas generated is
removed from the reaction media. As it can be seen, the
agreement between the experimental and theoretical data is
remarkable.

Besides, the parameter optimization with Copasi was done
using only entries 1, 7, 8 and 9 with the complete reaction
diagram.'* Subsequently, the behaviour for entry 5 (HCI
removal) is correctly predicted by the simulator, accounting for
the mechanisms described before. This reinforces the
consistency of the mechanistic proposals presented herein.

90 - —— RH
80 3 = @ = RH-Simul.
—8— RR
70 - = 4 = RR-Simul.
— 60 4
3 FR-entr5 =y RR-entryS-
— 50 - Simul.
.
S 40 A
£
© 39 -
20 -
10 A - :
RH_entrS Ll _enlryS
Simul.
0 L
1 7 8 9
Table entry

Fig. 2. Experimental and theoretical yields for entries 1, 5, 7, 8 and 9 of
Table 1. Entry 5 corresponds to the same experimental conditions as
entry 8, but with HCI gas removal.

The complete system of differential equations (Table 3) is
solved numerically by Copasi using the optimized barriers
listed in it, and the TiCl, Mn initial concentrations (per mol of
R—-OH) given in Table 1. Thus, for example for entry 7 of Table
1, we get the time evolution for some representative species as
represented in Fig. 3. Species not plotted are below 0.02 mol
except for THF, Mn, (TiCl3),0 (almost equal to R-H) and
TiCl;0H (almost equal to R—R). Bearing in mind Scheme 3
(Simplified Reaction Diagram) and Fig. 3, it is noticeable that
when the process stars and before R-OH is added (first 30
minutes), TiCl; and Mn concentration decrease while forming
MnCl, and TiCl;. However, TiCl; is immediately solvated to
TiC, THF (Fig. 3, green solid line). After 30 minutes of
reaction, R—OH is added and interacts slowly (non-negligible
forward and reverse barriers b03, b03r, Table 3) with TiCl;THF
to release R and TiCl;0H. R’ proceeds immediately through
r08, r09 to form R-H while TiCl;OH is partially spent to
protonate R’ through r09. For this particular conditions (Table
1, entry 7; Fig. 3) the reaction stops because all the TiCl,THF
(and TiCly) available has been consumed. Reactions r12 and
r13 have a negligible contribution and can also be deleted from
the Simplified Reaction Diagram (Scheme 3) except when the
generated HCl is removed from the media (Table 1, entry 5).

This journal is © The Royal Society of Chemistry 2013
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Table 1, Entry 7 ===Mnci2
TiCl4
——TiCI3THF
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Fig. 3. Simulation of the process for entry 7 of Table 1.

Regarding the role of the kinetics simulator in this ab-initio
plus kinetics simulation approach, the Gaussian calculation is
used to provide the set of initial guesses for the barriers. Then
the kinetics simulator Copasi is used to fine tune them (within
the parameter basins provided by Gaussian) by optimizing the
fit to experimental data. It should be stressed that, in this
methodology, Copasi is not being used to find the parameter set
(which is heavily underdetermined in the present case). This
task is assigned to Gaussian, which provides guidance as to
whether a reaction path should be considered or not, discarding
those with high reaction barriers. Then, the reaction kinetics
simulator verifies the feasibility of the presumed outcomes,
taking into account not only the barriers but also the
concentrations available for each reaction at any given time.
For instance, TiCl; can be consumed through r01 and r02, both
with zero forward barrier, but the simulation shows a negligible
flow through r02 due to concentration effects, as discussed
before. In addition, since the model is built on physically-based
mechanisms, it is likely to have more robust prediction
capabilities, like the HCI gas removal effect, which was not
considered as input in the parameter optimization and yet is
correctly predicted as a result of the proposed mechanisms.

Reaction barriers

30

25 -1
20

—&— Optimized

—@— Gaussian

°
E
= 15
I r ;
o
10 ]' 2
5
0 -
o =N = = N - - L
2282282382223 22383z=233983
2 2 2 a2 2 2 a a

Fig 4. Graph showing a comparison between the barrier values obtained
with Gaussian09 and optimized with COPASI.
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Conclusion

In conclusion, in this work strong evidence is provided to
support that activated (allylic or benzylic) alcohols give rise to
deoxygenation-reduction reactions with excess Ti(IIl) in
refluxing THF via homolysis to radicals. These key
intermediates develop into organo—Ti species which are
subsequently protonated by the Bronsted acids originated in the
reaction medium from the H atom of the —OH group.
Furthermore it was shown that the corresponding lithium
alkoxides and the alcohols themselves can be involved in
dimerization reactions by using equimolecular quantities of
Ti(IIT). An ab-initio plus kinetics simulation approach was used
to model and analyse the intervening set of reactions, where the
ab-initio calculation provides the reaction barriers and the
kinetics simulation reveals the feasibility of the outcomes
taking into account the effect of concentrations available for
each reaction at any given time. The combined approach seems
to be especially useful when there are competing reactions, like
the cases presented here. In addition, since the model is built on
physically-based mechanisms, it is likely to have more robust
prediction capabilities that could allow help design further
experiments.

Experimental

General Experimental

The solvents used were purified according to standard
literature techniques and stored under Argon. THF was freshly
distilled immediately prior to use from sodium/benzophenone
and strictly deoxygenated for 30 min under Argon for each of
the Cp,TiCl,/Mn reactions. Reagents were purchased at the

higher commercial quality and wused without further
purification, unless otherwise stated. Yields refer to
chromatographically and  spectroscopically (‘H NMR)

homogeneous materials, unless otherwise stated. NMR spectra
were performed on either a Bruker AV400 or Bruker AV600
spectrometer operating at 400 and 500 MHz respectively for
proton and 100 and 125 MHz respectively for carbon nuclei.
Chemical shifts (d) are expressed in parts per million (ppm) and
are referenced to residual solvent signal as the internal standard.
The accurate mass determination was carried out with an
AutoSpec—Q mass spectrometer arranged in an EBE geometry
and equipped with a FAB (LSIMS) source. The instrument was
operated at 8 KV of accelerating voltage and Cs" were used as
primary ions. Silica gel (35-70 um) was used for flash column
chromatography. Reactions were monitored by thin layer
chromatography (TLC) carried out on 0.25 mm silica gel plates
(60F—254) using UV light as the visualizing agent and solutions
of phosphomolybdic acid in ethanol or acidic mixture of
anisaldehyde and heat as developing agents. All air- and water-
sensitive reactions were performed in flaks flame-dried under a
positive flow of Argon and conducted under an Argon
atmosphere.

General reduction/homocoupling procedure: Rigorously
dry and deoxygenated THF (4.0 mL) was added to a mixture of
Cp,TiCl, (2.0 mmol), and Mn dust (8.0 mmol) under an Ar
atmosphere and the suspension was stirred at RT until it turned
dark green (about 15 min). A solution of 1 (1.0 mmol) in THF
(1.0 mL) was then added and the complete reaction mixture
refluxed. The mixture was stirred for 2 h and then diluted with
t-BuOMe and washed with 10% aqueous HCI solution and
brine. The organic phase was dried over anhydrous Na,SO, and
the solvent was removed in vacuo. The resulting crude was

6 | J. Name., 2012, 00, 1-3

purified by flash chromatography (~BuOMe/hexane, 4:1) on
silica gel to afford a fraction corresponding to pure 4 (9% yield,
for entry 1 of Table 1) and a second corresponding to the
mixture of 2 and 3 (86% yield, for entry 1 of Table 1). At this
point, the compounds 2 and 3 could be separated by column
chromatography on AgNO; (20%)-Si gel using hexane as
eluent (78% and 8% yield of 2 and 3 respectively, for entry 1 of
Table 1).

(E)-3,7,11-trimethyldodeca-1,6,10-triene (2).” 'H NMR
(CDCls, 500 MHz) § 5.71 (dd, J = 6.9 Hz, 9.7 Hz, 1H)%, 5.70
(ddd, J = 7.2 Hz, 10.0 Hz, 17.4 Hz, 1H), 5.08-5.14 (m, 2H),
4.98 (bs, 1H)*, 4.96 (br d, J = 17.4 Hz, 1H), 4.95 (br d, J = 9.7
Hz, 1H)*, 4.92 (br d, J=10.0 Hz, 1H), 2.19 (s, 1H)*, 2.13 (sept,
J=17.2 Hz, 1H), 2.05-2.10 (m, 4H), 1.96-2.01 (m, 2H), 1.69 (s,
3H), 1.61 (s, 3H), 1.59 (s, 3H), 1.30-1.36 (m, 2H), 1.00 (d, J =
7.0 Hz, 3H), 0.98 (s, 3H)! ppm."*C NMR (CDCl;, 125 MHz) &
144.7, 134.8, 131.2, 124.5, 124.4, 112.4, 39.7, 37.3, 36.7, 26.6,
25.7, 25.6, 20.1, 17.6, 159 ppm. HRFABMS calcd. for
CsHyNa [M + Na]™ 229.1932, found 229.1930. (¢ Signals
corresponding to deuterated derivative).

(6E,10E)-2,6,10-trimethyldodeca-2,6,10-triene (3).” 'H
NMR (CDCls, 400 MHz) 6 5.22 (q, J = 7.0 Hz, 1 H), 5.11 (m,
2H), 2.15-2.04 (m, 4H), 2.10-1.95 (m, 4H), 1.68 (s, 3H), 1.61
(s, 9H), 1.57 (d, J = 7.0 Hz, 3H) ppm. *C NMR (CDCl;, 100
MHz) § 135.7, 134.9, 131.2, 124.4, 124.3, 118.2, 39.7, 39.7,
26.7, 26.6, 25.7, 17.7, 15.9, 15.6, 13.3 ppm. HRFABMS calcd.
for C sHyNa [M + Na]” 229.1932, found 229.1928.

(6E,10E,14E,18E)-2,6,10,15,19,23-hexamethyltetracosa-
2,6,10,14,18,22-hexaene (4).” '"H NMR (CDCl;, 400 MHz) &
5.17-5.03 (m, 6H), 2.10-1.90 (m, 20H), 1.67 (s, 6H), 1.58 (s,
18H) ppm. *C NMR (CDCl;, 100 MHz) 6 135.2, 135.0, 131.3,
124.5, 124.4, 124.3, 39.8, 28.3, 26.8, 26.7, 25.8, 17.8, 16.1
ppm. HRFABMS caled. for C30HsoNa [M + Na]® 433.3811,
found 433.3813.

Reduction/homocoupling procedure for S: To a
rigorously dry and deoxygenated THF (1.0 mL) solution of 1
(1.0mmol) was added tert-butyllithium in heptane (1.7 M,
0.8mL) at —78 °C in a two-neck flask, and the mixture was
stirred for 20 minutes at room temperature. The solution was
turned intense yellow and was evaporated under vacuum. At
this point the residue was diluted in THF (5.0 mL) and was
added to a green solution of Cp,TiCl, (2.0 mmol) and Mn (8.0
mmol) and refluxed. The reaction mixture was stirred for 2
hours and subsequently diluted with ~-BuOMe and washed with
ag. IN HCI, saturated NaHCO; and brine. The organic phase
was dried over anhydrous Na,SO, and the solvent was removed
in vacuo. The residue was purified by flash chromatography as
described above.

1,2,3-trimethoxy-5-methylbenzene 9).¢ According to the
general experimental procedure described above, a 91% yield
of 9 was obtained after purification of the reaction crude by
column chromatography (hexane/t-BuOMe, 3:1). 'H NMR
(CDCl;, 500 MHz) ¢ 6.37 (s, 2H), 3.82 (s, 6H), 3.80 (s, 3H),
2.29 (s, 3H), 2.27 (m, 2H)* ppm. *C NMR (CDCl;, 125 MHz)
5 153.0, 137.3, 133.5, 106.0, 60.8, 56.0, 21.5 ppm. HRFABMS
calcd. for C;(H;,05Na [M + Na]* 205.0841, found 205.0835.(i
Signals corresponding to deuterated derivative).

1,2-bis(3,4,5-trimethoxyphenyl)ethane (10).>° 'H NMR
(CDCls, 500 MHz) & 6.37 (s, 4H), 3.82 (s, 9H), 2.85 (s, 4H)
ppm. *C NMR (CDCl;, 125 MHz) ¢ 153.1, 137.4, 136.3,
105.5, 61.0, 56.1, 38.6 ppm. HRFABMS calcd. for C,yH,s04Na
[M + Na]" 385.1627, found 385.1629.

Reduction/homocoupling procedure for 11. Lithium
derivative 11 was prepared, reacted and the resulting crude
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purified following similar experimental procedure as for
compound 5.

Results corresponding to experiments carried out for the
study and optimization of the reduction/homocoupling
methodology (Tables 1-2) were calculated by reaction yields
and 'H NMR integrals in the case of the mixture of 2—3 or 9-10
obtained from the first silica gel flash chromatography.

Theoretical Calculations

Geometry optimizations and energy calculations were
performed with GAUSSIAN 09 using DFT at the B3LYP/6-
31+G(d,p) level of theory in vacuo. To simulate the solvent
effect used in the experimental reactions (THF), a single point
calculation was performed at the same level described before,
using the SMD continuum model. Transition state structures
were optimized as saddle points at the same level of
calculation. A vibrational analysis was performed at the same
level of theory in order to determine the zero-point vibrational
energy and to characterize each stationary point as a minimum
or transition state structure. Transition states were identified by
the presence of a single imaginary frequency that corresponds
to the expected motion along the reaction coordinate. The
reported energies are expressed in Hartrees (au) and include
zero-point energy corrections. The same energies expressed in
Kcal/mol as relative energies appear in the Scheme 4 in the
paper. To verify that the TSs correspond to the expected
reactant and product wells, intrinsic reaction coordinate (IRC)
calculations were performed at the same level b3lyp/6-
31+g(d,p). In the IRC plots, energies do not include zero point
energy corrections. Structural drawings were produced by
Spartan’08. Conformational studies were performed using
MMFF94 force-field with Spartan 08 previous to quantum
mechanical optimization.

The reaction set listed in Table 3 and shown in the Reaction
Diagram above was implemented in Copasi (Complex Pathway
Silmulator). The kinetics of a chemical species is determined
by the rate law associated with individual reactions. For
example, the concentration of R—H evolves with time as (see
Reaction Diagram and r09, r10 in Table 3):

d[RH]/dt = k09*[TiCL;R]*[TiCI;0H] + k10*[ TiCl;R]*[HCI]
with k09 = A*exp(-b09/RT), k10= A*exp(-b10/RT) and
A=4*10"M's™".
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