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A comprehensive study on the influence of exogenously added electropositive metal salts as promoters/
secondary activators on preformed LVT species has resulted in the construction of highly efficient low-
valent titanium (LVT) reagents. These salt-activated LVT reagents while exhibiting enhanced chemo-
selectivity and diastereoselectivity accelerated the reductive olefination rates of aromatic and aliphatic
carbonyls under ambient temperature conditions and in much reduced reaction times. The versatility of
the salted reagent was further explored in other single electron transfer reactions, namely, imino-pinacol

fg{v stgﬁsr‘;t titanium couplings and one-pot synthesis of phenanthrenes from o-alkoxy aromatic carbonyls. We envisage that,
Activation in contrast to multiphase heterogeneous colloidal slurries, salt-activated LVT reagents afforded uniformly

viscous homogeneous slurries generating a highly reactive monomeric intermetallic LVT complex.
Continued judicious exploration of the emerging paradigms by studying the influence of external
ligands/auxiliaries/redox agents on LVT reagents, and organometallics in general, will be critical to widen
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the scope and utility of the classical McMurry reaction and other SET reactions.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Designing of reagents with appropriate reactivity or improving
the existing methodologies for selective organic transformations is
an important domain of organometallic chemistry. For the transi-
tion metal-based reagents in general, and for low-valent titanium
(LVT) in particular,'™* it is widely known that the reactivity, re-
producibility, and stereochemistry of reaction products vary greatly
with the source of the metal, its method of preparation, and the
experimental conditions. Due to the unique features of high oxo-
philicity (AH=-225.8 kcal/mol) and reducing power (Ti—Ti"?
+2e7; E%"=1.63 V), low-valent titanium (LVT) reagents have gained
widespread acceptance in organic synthesis.'~” In particular, the
remarkable scope of LVT reagents to effect reductive coupling of
carbonyls (McMurry reaction) has resulted in a variety of applica-
tions such as synthesis of strained olefins,! heterocyclic com-
pounds,” and macrocyclic ring systems® to complex natural
products including paclitaxel.”

The LVT-induced reductive deoxygenation of carbonyls to ole-
fins takes place in two successive steps! (Scheme 1): (i) reductive
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dimerization of the starting ketone or aldehyde via electron
transfer (ketyl anion radical) to form a carbon-carbon bond
(titanium pinacolates) and (ii) subsequent deoxygenation of the
1,2-diolate intermediate involving cleavage of the carbon-oxygen
bonds to give the alkene (rate determining step) along with the
thermodynamically stable Ti-oxides (TiO;). While the dimerization
of carbonyls to generate the pinacols (step 1) has been accom-
plished with a variety of reducing metals (Zr, Sn, Sm, Nb, Ce, In, V),
including LVT,'~7 deoxygenation of pinacols to olefins (step 2) is
rather unique to LVT reagents. The extrusion of oxygen by titanium
(oxophilic) from the pinacolates necessitates the use of solvent-
reflux temperatures and prolonged reaction times affording the
alkene. While many of the otherwise reducible functionalities
survive the McMurry reaction at low temperatures (which pre-
dominantly generates pinacols), the incompatibility of several
functionalities under the refluxing reaction conditions limits its
applications. These drawbacks apparently restrict the utility of LVT
reagents in the case of oxygenated complex natural products with
semicompatible functionalities, where the introduction of olefinic
double bonds is achieved in two steps via initial pinacolization at
lower temperatures followed by deoxygenation through indirect
milder methods.! For the synthesis of olefins at lower tempera-
tures, the ‘activation’ of LVT species therefore becomes imperative.
Moreover, the intrinsic tendency of the reactive metals toward
deactivation necessitates further depassivation or secondary acti-
vation.? Thus, the motivation to generate new LVT reagent(s) which
not only possesses enhanced reactivity (due to activation) but is
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Scheme 1. Classical mechanism of C-C bond formation in LVT-mediated reductive deoxygenation of aldehyde/ketone.

also capable of direct one-step olefination at ambient/low tem-
peratures would serve as ideal low-valent formulations in tita-
nium-induced single electron transfer (SET) reactions.

Besides the native state of the metal, the stability, tendency
for aggregation, and the reactivity of LVT reagents are highly
dependent on the coordinating solvents/auxiliaries and the stabil-
ity of the complexes formed in situ which in turn are influenced by
the steric and electronic factors. Consequently, the addition or
subtraction of electron(s) can dramatically alter the redox potential
of the native titanium species, and therefore, the type of chemistry
the generated active or passive metal center (Ti) might mediate.
To this end, in continuation of our earlier work® on the rational
design of organometallic reagents in electron transfer processes,
it has been shown by us® and others? that the reducing ability of
LVT-based reagents can be rationally tuned by the simple addition
of co-solvents, external ligands (-acid species such as pyridine,
triphenylphosphine, and fullerenes), and chemical redox agents
(arenes, I, salts).> While the surrounding electronic environment is
at the heart of LVT chemistry, the actual reactive metal species re-
sponsible for the chemical transformation and its genesis has been
put to considerable debate.

Conventionally, LVT reagents have been prepared using Rieke’s
protocol involving reduction of titanium halides with an alkali
metal (lithium, sodium, or potassium) in an ethereal or hydrocar-
bon solvent.? Based on ESR studies involving stoichiometric re-
action of TiCls with various reducing agents (Li, Mg, LiAlH4) in THF
(Rieke type activation process), Geise et al. proposed the formation
of finely suspended Ti species in zero-valent state adsorbed on the
precipitated inorganic salt byproducts (LiCl, MgCl,).° However,
Bogdanovic et al. suggested that the actual scenario involving the
generation of activated LVT species in McMurry olefination is far
more complex and involves the stepwise formation of bimetallic
inorganic Grignard reagents as the active species highlighting
the crucial role of in situ released salts.'“*>1° For example, studies
involving Tyrlik’s reagent (TiCl3-Mg-THF) produced a highly sol-
uble, covalently bonded paramagnetic Ti-Mg species (Ti-Mg-Cly
bimetallic complex) coordinated to the solvent molecules. The
reaction involved the initial formation of [TiMgCl,-xTHF] which
further reacts with the excess Mg giving 1 mol of Ti(MgCl),THF (I),
the actual reducing species, along with 0.5 mol of free MgCl,
(Fig. 1). Analogous ESCA studies by Bogdanovic and his co-workers
on McMurry reagent (TiCl3-LiAlH4-THF) have revealed the for-
mation of Ti(II) chlorohydride [HTiCI(THF) ~o5] (I) as the active LVT
species.z>10
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Figure 1. Intermetallic (inorganic Grignard) and metal hydride species generated from
different LVT preparations.

These results strongly indicate that depending on the reducing
agent used, a significant proportion of the free salt produced in situ
during the generation of the active LVT species is consumed in the
formation of the reactive intermetallic species which is chemically
bound to the low-valent titanium nucleus (Ti-Mg/Ti-H/Ti-Li
bonded bimetallic complex). Significantly, the active titanium
species generated by each method may therefore differ not only in
its reducing and Lewis acid properties but also in the surface bound
ligands, morphology, aggregation and formal oxidation state (redox
state). The low-valent Ti metal center thus emerges as a tunable
functionality whose redox properties and reactivity could therefore
be modulated and/or controlled by the exogenous addition of metal
salts (salt tuning) and/or mixture of solvating ligands (solvent-
ligand tuning). Addition of neutral salts as promoters has been
known to enhance the Lewis acidity of active metal center and the
resultant ionic strength of the medium, thereby influencing the
rates of many organometallic electron transfer reactions (salt
effect).!’ All told, since single electron transfer is an elementary
reaction step in LVT-mediated reductive transformations, modula-
tion of the LVT-mediated redox process by judicious incorporation
of metal salts (as promoters) may not only dramatically augment
the reactivity and selectivity of the C-C bond formation in McMurry
olefination and other SET reactions, but may also provide an al-
ternative route to ‘activation’ of LVT reagents under redox potential
control. Despite the significance of in situ generated salts in LVT
preparations, the direct influence of electropositive metal salts
(mono-, bivalent) as promoters on the reactivity of LVT-based re-
agents has not received much attention, and is therefore, long
overdue. In continuation of our preliminary work on salted LVT
reagents,>” the present investigation is a comprehensive study on
the influence of exogenously added metal salts/solvents (redox
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agents) as ligand-tuning control elements in modulating and
enhancing the reactivity of LVT reagents. Significantly, the chemi-
cally engineered ‘salt-activated’ LVT reagent(s) performs the dia-
stereoselective C-C bond formation in McMurry’s carbonyl coupling
and other SET-induced reactions not only efficiently and at enhanced
reaction rates, but also at ambient temperatures and in improved
yields, thereby presenting an emerging paradigm critical to actual-
izing the preparative potential in LVT chemistry in SET reactions.

2. Results and discussion

2.1. ‘Salt-activated’3? LVT reagents: influence of metal salts on
the preparation and reactivity of activated LVT reagents and
the stereochemical outcome in McMurry olefination

In the present studies, TiCl3-Li-THF (McMurry reagent) and
TiCl3-Mg-THF (Tyrlik’s reagent) were selected as the LVT-source on
the grounds of their unique reactivity toward carbonyl coupling
reactions. A set of ‘activated’ LVT reagents were generated in situ
by external addition of alkali metal/alkaline earth metal salts/
amphoteric salts to the preformed low-valent titanium species
obtained from the above systems and the potential of these salted
LVT reagents in McMurry olefination was then investigated.
Reductive dimerization of acetophenone (1a) to 2,3-diphenyl-2-
butene (3a) (Scheme 2) was chosen as the model reaction to opti-
mize the influence of salted LVT reagent and the results are
summarized in Table 1.
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Scheme 2. McMurry olefination via salted LVT reagents.

Conventional McMurry olefination using TiCl3-Li-THF (reagent
A)'? and TiCl;-Mg-THF (reagent B)*!2 afforded only the pinacol 2a
(87-89% yield) at ambient temperatures, while the stilbene 3a was
isolated as the predominant product (>85% yield) only after pro-
longed (16 h) refluxing (Table 1, entries 1, 2, 10, 11).! In contrast,
reaction of 1a with reagent A-MgCl, (2 equiv) furnished the stil-
bene 3a (25%) along with the pinacol 2a (62%) even at ambient
temperature in 16 h (Table 1, entry 3), clearly indicating the positive
influence of external salt addition (MgCl,) on the activity of the
reagent A. Addition of excess amount of MgCl, (8 equiv) did not
show any significant change (Table 1, entry 4) on the diastereomeric
outcome of the products (2a/3a) formed. Based on these pre-
liminary observations, an extensive study on the conversion of 1a
to 3a was carried out using different electropositive mono-/divalent
metal salts with varying size/charge such as CsCl, KCI, Lil and ZnCl,.
Surprisingly, as indicated by the results in Table 1, the more elec-
tropositive metal salts KCl and CsCl enhanced the activity of reagent
A significantly. For example, addition of CsCl to the LVT preparation
(reagent A) led to the formation of 3a in appreciable yield (65%)
(Table 1, entry 6), while addition of KCI under identical conditions

Table 1
Influence of salts on the reactivity of LVT reagents and its outcome on the reductive
coupling of acetophenone (1a) to stilbene (3a)

Entry  Reagent®  Salt® Temp (°C)/ Product yields9 (%)

time (h) Pinacol 2a Stilbene 3a
(dl:meso) (E:z)32¢

1 A Nil 25/16.0 89 (75:25)  Trace

2 A Nil Reflux/16.0 = 87 (75:25)

3 A MgCl,  25/16.0 62 (70:30) 25 (65:35)

4 A MgClL,¢  25/16.0 64 (62:38) 22 (62:38)

5 A Lil 25/16.0 75 (80:20) Trace

6 A CsCl 25/2.0 = 65 (75:30)

7 A Kl 25/2.0 = 82 (85:15)

8 C KCl 25/2.0 No reaction

9 A ZnCl, 25/16.0 45 (74:26) 32 (32:68)

10 B Nil 25/16.0 85 =

1 B Nil Reflux/16.0 Trace 85 (76:24)

12 B Licl 25/16.0 25 52 (44:56)

13 B CsCl 25/16.0 55 36 (51:49)

14 B KCl 25/16.0 18 65 (40:60)

15 B ZnCl, 25/16.0 57 30 (20:80)

16 D Kl 25/2.0 = 86 (65:35)

@ Reagent A: TiCls-Li-THF; reagent B: TiCl3-Mg-THF (Tyrlik’s reagent); reagent C:
TiCl3-Li-DME; reagent D: TiCl4-Li-THF.

b Amount of salt used: 2 equiv.

¢ All yields refer to isolated products (purity >95%, analyzed by '"H NMR).

4 Stereochemical assignments (calculation of E:Z and dl:meso ratio) were made
by '"H NMR and by comparison of spectroscopic data to that reported in the liter-
ature.>*“# For 3a: '"H NMR 6 (ppm) 1.86 (E) and 2.16 (Z) (2s, 6H), 7.0-7.3 (m, 10H).

€ Amount of salt used: 8 equiv.

at ambient temperature resulted in a facile dimerization affording
3a within 2 h in very high yield (82%) (Table 1, entry 7) with no
trace of pinacol. Changing the titanium salt from trichloride to
tetrachloride (TiCly) in the salt-activated LVT preparation (TiCl4-Li-
THF-KCI, reagent D) had marginal influence on the pinacol to stil-
bene product balance with stilbene 3a obtained as the sole product
(Table 1, entry 16). Furthermore, the influence of divalent ampho-
teric salt like ZnCl; on the activation of LVT preparation was
observed to be less efficient with both pinacol 2a and stilbene 3a
being produced in moderate yields (Table 1, entry 9). While 2 equiv
of salt was sufficient for optimum LVT activation (cf. entries 3 and
4), the LVT reagent was insignificantly affected by the nature of the
anionic part (Lil) of the added salt (Table 1, entry 5). However, the
effect of the reaction medium was more dramatic on the product
outcome. For example, DME-solvated salted LVT (TiCl3-Li-DME-
KCl) rendered the reagent ineffective by completely suppressing
the C-C bond formation (pinacolization) even at room temperature
resulting in quantitative recovery of the unreacted substrate 1a
(Table 1, entry 8). Analogous reactions studying the influence of
salts on reagent B (TiCl3—Mg system) again indicated that the best
results were observed when KCl was used as the metal salt (Table 1,
entry 14), albeit less efficiently in comparison to reagent A-KCl
system. Thus, reaction of 1a with reagent B-KCl while exhibiting
pronounced reactivity furnished 3a (65%) at ambient temperature
(16 h) (Table 1, entry 14); the same reaction when carried out
without the addition of salt (reagent B) afforded solely the pinacol
2a (85%) over the same period of time (Table 1, entry 10).>!3 Based
on all the above observations, reagent A-KCl (2 equiv) was pri-
marily used as the reagent of choice for McMurry olefination and
other SET reactions. Moreover, the above results clearly demon-
strate the dramatic influence of exogenously added metal salts on
the preformed LVT reagents in enhancing their reactivity in
McMurry reaction (C-C bond formation).

2.1.1. Diastereoselectivity and steric course of stilbene formation
The stereoselectivity during McMurry olefination is a function of
the number of interdependent variables, such as solvent, the nature
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of the active reagent (valences etc.), external auxiliaries, tempera-
ture, and steric bulk of the groups.!”> The study of the stereo-
chemical outcome (E/Z) of the olefination with the above salted LVT
reagents (Table 1) was revealing. In general, use of the salted
reagent A and reagent D (alkali metal Li-based reductant) led to
preferential formation of E-3a isomer as the major product (Table 1,
entries 3, 4, 6, 7, and 16). Surprisingly, a complete reversal in ster-
eoselectivity was observed on addition of a divalent ampholyte
ZnCl, (reagent A-ZnCl, combination), affording Z-3a as the pre-
dominant product (Table 1, entry 9). Moreover, the preponderance
of E-3a olefination was augmented in case of reagent A-KCI
(E:Z 85:15) by carrying out the reaction at ambient temperature
(Table 1, entry 7) in comparison to the conversion of 1a to 3a under
prolonged reflux (16 h) when reagent A was solely used (E:Z 75:25)
(Table 1, entry 2). Subtle variation in the preparation of LVT reagent
(TiCl3 replaced TiCl4) although resulted in comparable stilbene
formation, ~24% loss in E:Z stereoselectivity (E:Z 85:15 to
E:Z 65:35) was observed in the case of KCl-activated TiCl4 reagent
(Table 1, see entries 7 and 16). In contrast, when the salt-modified
LVT reagents derived from Tyrlik’s reagent (TiCl3-Mg-THF, alkali
earth metal-based reductant) were employed, the Z-3a isomer was
preferentially obtained over the E-3a isomer (Table 1, entries 12-
15). The influence of salts on the diastereoselectivity bias of 3a
when reacted with reagent A (Li as reductant) and reagent B (Mg as
reductant) is consistent with our earlier finding involving genera-
tion of reactive LVT species obtained by reducing TiCl3 with in
situ formed chemically redox metal-arene systems acting as the
soluble organic reductants.3® Specifically, while the LVT reagents
derived from TiCl3—-Mg-arenes-THF (bivalent akaline earth metal
reductant) showed similar bias toward the formation of the
Z-3a stilbene, a complete reversal in stereoselectivity (E-3a dia-
stereomer) was observed by switching over to monovalent alkali
metal-arene-based reductants (TiCls-Li-arenes-THF). Our results
summarized in Table 1 demonstrate that the stereochemical out-
come of the products is amenable to tuning by judicious design of
reagents and reaction conditions (salts, ligands/auxiliaries). The
ratio of E- and Z-3a stilbene was determined by '"H NMR spec-
troscopy,>*“14 where the NMR spectrum showed two characteristic
peaks at 1.86 and 2.16 ppm corresponding to the E- and Z-stilbene
stereoisomers,>*¢ respectively (m/z=M" 208.09).

2.1.2. Generality and selectivity

To explore the generality and scope of the reagent A-KCI,
experiments were carried out using a variety of substituted aryl
carbonyls, such as aryl alkyl ketones (Table 2, entries 1-4), aryl
aldehydes (Table 2, entries 6-9), and a diaryl ketone (Table 2, entry
5) (Scheme 2). In all the cases, the respective olefins were obtained
smoothly at room temperature and in good yields (65-85%) as
the exclusive products (see Table 2). Significantly, functional groups
such as halogen, aryl-OMe, and methylenedioxy (Table 2, entries

Table 2
Reagent A-KCl (2 equiv) induced facile McMurry olefination of aromatic carbonyls

Entry Substrate Temp (°C)/time (h) Product><14 Product yields
(%) (E:2)*®
1 1b 25/60 3b 68 (72:28)
2 1c 25/3.0 3c 82 (65:35)
3 1d 25/10.0 3d 75 (80:20)
4 1e 25/10.0 3e 78 (75:25)
5 1f 25/5.0 3f 75
6 1g 25/2.0 3g 85 (90:10)
7 1h 25/2.5 3h 65 (92:8)
8 1i 25/14.0 3i 64 (85:15)
9 1j 25/12.0 3 65 (100 E)

3 Isolated yields of pure products, fully characterized by IR and 'H NMR spectra.
P Diastereoisomeric ratios of olefins were determined by 200 MHz NMR and
comparing with literature data. 3¢

7-9), which are otherwise cleaved under refluxing conditions,3*1

remained unaffected during olefination at ambient (low) tem-
peratures, ensuring excellent chemoselectivity in the McMurry
olefination. Moreover, the activated reagent A-KCl exhibited
diastereoselective bias toward the predominant formation of the
respective E-stilbenes as the major product based on 'H NMR
spectroscopy.3*¢14

One of the striking limitations of the McMurry reaction has been
its inability to effectively couple aliphatic carbonyls to olefins.!® The
relatively strong alkyl-oxygen bonds in the intermediate pinaco-
lates'® require prolonged refluxing for the required deoxygenation
to occur. Even then, the yields of the product olefins are often
unsatisfactory. However, the low propensity of alicyclic ketones
(1K, 11) and aliphatic aldehydes (1m, 1n) (Table 3, entries 1-4) to
couple was greatly augmented using reagent A-KCl combination.
As such, reductive dimerization of alicyclic ketones (1k, 11) and
aldehydes (1m, 1n) to their respective olefins (3k-n) was accom-
plished at ambient temperature in yields almost comparable to
olefins obtained from aromatic substrates (see Scheme 2, Table 3).

2.2. One-pot synthesis of phenanthrenes

Previously, a short one-step synthesis of phenanthrenes (6a)
from o-alkoxy aromatic aldehydes/ketones (4a) was developed in
our laboratory, albeit in poor yield and after prolonged heating
(36%,16 h reﬂux).3fMechanistically, the synthesis involves multiple
steps in tandem, viz., (i) preferential formation of the Z-stilbene
(an apriori condition for phenanthrene formation) followed by
(ii) ortho dealkoxylation (determining factor) of the aryl alkyl ether
functionality in Z-stilbene to generate the aryl radical and its sub-
sequent C-C coupling leading to ring cyclization (Scheme 3). In the
present work, the applicability and efficiency of the various salt-
activated LVT preparations in the synthesis of phenanthrenes were
explored.

2’-Methoxypropiophenone (4a) was chosen as the model sub-
strate to investigate the influence of salted LVT reagents. When 4a
was subjected to coupling with Tyrlik’s reagent TiCls-Mg-THF
(reagent B), stilbene 5a [2,3-bis-(2’-methoxyphenyl)-hex-3-ene]
was isolated as the sole product obtained under refluxing condi-
tions (Table 4, entry 1).3f However, coupling of 4a using a salted
TiCl3;-Mg-THF (reagent B-LiCl), afforded 9,10-diethyl phenan-
threne 6a in 17-20% yield along with the stilbene 5a (65%) (Table 4,
entries 3 and 4). Interestingly, addition of sub-stoichiometric
amount of Li metal as a co-reductant with Mg (Table 4, entry 5) in
reagent B furnished 6a in 30% yield (TiCls/Li=1:1.65, TiCls/
Mg=1:0.85). This implies that the McMurry salt component in the
form of the more electropositive Li either as a co-reductant or in its
salt form (LiCl) drives the dealkoxylation-ring cyclization process
post E-/Z-stilbene formation generating phenanthrene 6a. The
proposed hypothesis was corroborated when substituting the re-
ducing metal Mg in reagent B by the more electropositive reductant
Li (reagent A) afforded the phenanthrene 6a as the sole product in
36% yield (Table 4, entry 2).>f Consequently, the salted reagent A, in
comparison to Mg-based LVT reagents, showed more pronounced
effect on the phenanthrene synthesis. Thus, while the ketone 4a

Table 3

Low temperature reductive duplication of aliphatic carbonyls with reagent A-KCl
Entry Substrate Temp (°C)/time (h) Product>*¢ Yield?® (%)
1 1k 25/2.0 3k 70

2 11 25/2.0 31 68

3 1m 25/6.0 3m 76

4 1n 25/18.0 3n 52

2 Isolated yields of pure products, fully characterized by IR and 'H NMR (200 MHz)
spectra.>a¢
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Scheme 3. LVT-mediated one-pot synthesis of phenanthrenes.

Table 4
Reductive deoxygenation-reductive dealkoxylation-cyclization of o-alkoxy aro-
matic aldehyde-ketone by salt/solvating ligand-activated low-valent titanium

Entry Reagent Salt/metal/solvent Product (yield %)*

E:Z° Phenanthrene>f

1 B Nil 5a, 85 =

2 A Nil — 6a, 36
3 B LiCl 5a, 65 (80:20) 6a, 17
4 B LiClI¢ 5a, 60 (68:22) 6a, 20
5 B Lid 5a, 65 (55:45) 6a, 35
6 A KCl — 6a, 81
7 A CsCl — 6a, 84
8 C Nil 5a,75

9 C THF® 6a, 75
10 A I 5a, 35 (60:40) 6a, 25
11 A Naphthalene 5a, 33 (58:42) 6a, 30
12 A CsCl = 6b, 82
13 A KCl — 6¢, 75
14 A KCl — 6d, 73

2 All yields refer to isolated products purified by preparative thin layer or column
chromatography (purity >95%, analyzed by 'H NMR).

b Stereochemical assignments (E:Z) were made by 'H NMR and by comparison of
spectroscopic data to that reported in the literature.>’ For 5a* '"H NMR 6 (ppm)
(200 MHz, CDCl5) 1.76 (t, 6H, CHs), 2.36 (q, 4H, CH,), 3.66 and 3.73 (s, 6H, OCH3),
6.46-8.1 (m, 8H). For 6a' '"H NMR 6 ppm (200 MHz, CDCls) 1.32 (t, 6H, CHs), 3.21 (q,
4H, CH,), 7.36-8.6 (m, 8H).

€ Amount of salt used: 8 equiv.

4 Sub-stoichiometric amounts of Li and Mg were used as co-reductant (TiCls/
Li=1:1.65, TiCl3/Mg=1:0.85).

€ 1:1 v/v ratio of anhydrous THF and DME.

yielded 6a in 36% yield (Table 4, entry 2) with reagent A alone,*f in
combination with either KCl or CsCl, a 2.5-3.0-fold jump in re-
activity of the LVT reagent was observed furnishing 6a in vastly
improved yields of 81 and 84%, respectively (Table 4, entries 6 and
7) with no trace of 5a or dealkoxylated alkene. Characterization of
6a by proton NMR showed the clear disappearance of the methoxy
signals (3.66 and 3.73 ppm for E-5a:Z-5a) with distinct resonance
signals for CHs (1.32 ppm, triplet) and CH, (3.21 ppm, quartet)
along with Ar peaks corresponding to 9,10-diethyl phenanthrene
skeleton (m/z M+ 234.12).

From the above results, it is evident that metal salts exert not
only a dramatic influence on modulating the coordination sphere
and the reactivity of the LVT reagents but also on the

stereoselectivity and final product outcome. Notably, the ability of
reagent A-KCl to cleave o-methoxy group in the resultant stilbene
under prolonged refluxing conditions to generate phenanthrenes
6a is in contrast to the reductive coupling of p-methoxy aceto-
phenone using the same reagent (see Table 2, entry 8) where the
methoxy group was retained under milder ambient conditions.
Similarly, the reduction potential of several other LVT formulations
(data not shown) was also screened for different LVT preparations
such as TiCl3-ZnCu-THF, TiCls-Zn-Li-THF which essentially pro-
duced stilbene 5a as the major product. This was expected con-
sidering the lower reduction potential of Zn (E°*=—0.71V) in
comparison to that of Li (E*=—3.047 V) and Mg (E®*=—2.37 V).
In order to examine the influence of solvating medium (ligand
exchange effect) in modulating the reactivity of the LVT prepara-
tions, an unusual solvent/ligand effect was observed. Substituting
the solvating ligand THF in reagent A with slightly stronger elec-
tron-pair donor coordinating solvent DME (reagent C) proceeded
only up to the stilbene stage without any dealkoxylation under
prolonged heating (Table 4, entry 8).3f Surprisingly, the same
reaction when carried out using equimolar amounts of THF as co-
solvent with DME (1:1, v/v) ([Ti*]-(DME)x_,(THF)y) furnished the
phenanthrene 6a as the sole product in a significantly high yield of
75% (Table 4, entry 9). While the influence of coordinated ligand
exchange effect on the reactivity of the resultant LVT species and
the formation of 6a is inexplicable at this juncture, an observation
reported by Matsubara et al. suggests that addition of THF as a co-
solvent to an inert (TiCl3),—(amine),, cluster afforded monomeric
[TiCls(amine);_»(THF);_2] particles augmenting its reactivity in
enantioselective pinacol coupling reactions from 40% to 58%.!7
Similar reactions using various 1:1 combinations of ethereal and
aprotic solvents like THF/dioxan, THF/CH3CN either resulted in
quantitative recovery of substrate (complete arrest) or afforded
the pinacol as was observed in case of THF/CH,Cl, (unpublished
results). The efficacy of the salted reagents vis-a-vis those of
I>-activated LVT and naphthalene-activated LVT reagents developed
earlier from our laboratory was also explored.>*¢ As compared to
the present salted LVT formulation (reagent A-KCl), the reactivity of
these two LVT preparations (reagent A-I,, reagent A-naphthalene)
in the synthesis of 6a was less pronounced (25% and 30%) which
also afforded the stilbene 5a in 33% and 38% yield, respectively
(Table 4, entries 10 and 11). Application of this methodology to
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other o-alkoxy aromatic ketones and aldehydes (4b-d) as sub-
strates expectedly furnished the corresponding phenanthrenes
6b-d (Table 4, entries 12-14), thereby demonstrating the generality
of the reaction. All the above observations clearly demonstrate the
chemoselective nature of salted/solvated LVT reagents where small
differences in the steric environment (electron density) around the
native titanium can tip the balance in favor of less shielded reaction
site and an energetically favorable product leading to enhanced
selectivities under redox potential control.

2.3. Imino-pinacol coupling

Vicinal diamines find extensive applications in radiopharma-
ceuticals and as complexing agents and chiral auxiliaries.'® In view
of their frequent occurrence in natural products and medicinal
compounds, we have earlier developed an LVT-mediated synthesis
of them via an imino-pinacol coupling reaction.'” In principle, the
intermediate can undergo dimerization to diamines 8a by bi-
molecular process (path a) or can be quenched by hydrogen from
the medium to give unimolecularly reduced amines 9a (path b). In
this study, the utility of the KCl-activated reagent A for the coupling
of imino substrates was also explored (Scheme 4).

R R
H
_ patha ;\JH
C-C coupling \
_Ph ee_ph|® Ph Ph
N reagent A-KClI N ] 8 o
I —_— . a-d (meso:dl)
)\ SET /]\
R™ TH R™ H W R
path b _
7a-d L N
H- abstraction H
a: R=Ph Ph)<H
b: R =2-HO-C¢H,
9a-d

¢: R =4-Me-CcHy
d: R=e-CgHy

Scheme 4. Reagent A-KCl-mediated imino-pinacol coupling.

The effect of the reagent A-KCI*? on the imino-pinacol reaction
was noteworthy as coupling of the imine 7a with the salted reagent
was complete in just 20 min at ambient temperature affording the
vicinal diamine 8a (dl:meso=80:20) in 65% yield. However, com-
petitive unimolecular reduction also produced N-benzyl aniline
(9a) in an appreciable amount (30%) (Table 5, entry 3). A compa-
rable yield (~62-68%) of 8a was obtained with reagent A or re-
agent B alone albeit after a much longer reaction time (~2.5-3.5 h)
(Table 5, entries 1 and 2).!° In comparison, the same reaction when

Table 5
Reagent A-KCl-mediated dimerization of aldimines at 25°C to generate vicinal
diamines

Entry Reagent Time? (h)  Product(s)'® (% yields, dl:meso)®
1 TiCl;-Mg—THF (B) 35 8a (62)

2 TiCls-Li—THF (A) 25 8a (68, 75:25)

3 A-KCl 033 8a (65%, 80:20), 9a (30%)

4 A-naphthalene (0.25 equiv) 0.5 8a (45%), 9a (30%)

5 A-KCl 10 8b (70%), 9b (18%)

6 A-KCl 15 8c (68%, 78:22), 9¢ (20%)

7 A-KCl 20 8d (72%), 9d (15%)

2 All the reactions were carried out at ambient temperature (25 °C).

b All yields refer to isolated products (preparative thin layer or column chroma-
tography), analyzed by 'H NMR, IR, and MS. Stereochemical assignments (dl:meso)
were made by 'H NMR and by comparison of spectroscopic data to that reported
in the literature.'” For 8a'®: '"H NMR (200 MHz, CDCl3) é (ppm) 4.12 (br s, D,O
exchangeable), 4.72 (s, 1H, dl), 5.12 (s, 1H, meso), 6.64-7.31 (m, 20H).

carried out using naphthalene-activated LVT reagent developed in
our laboratory afforded the imino-pinacol coupling product 8a,
albeit less efficiently than the salt-activated LVT reagent (Table 5,
entry 4).3% The ratio of di- and meso-8a isomers was calculated
on the basis of 'H NMR which clearly indicated the presence of
singlet resonance signals at 4.72 and 5.12 ppm corresponding to the
methine (-CH) protons in addition to the aromatic peaks at
6.7-7.3 ppm (20H). Likewise, coupling of the imines 7b, 7c and 7d
in the presence of reagent A-KCl proceeded smoothly producing
the vicinal diamines 8b, 8c and 8d, respectively, in appreciable
yields along with their respective monoamines as byproducts
(Table 5, entries 5, 6, and 7). Thus, while the salted reagent A ac-
celerated the imino-pinacol coupling to vicinal diamines, the high
reactivity of the LVT reagent also resulted in competitive uni-
molecular reductions.

2.4. Mechanistic aspects

A mechanistic hypothesis for the high reactivity exhibited by the
salted LVT formulations described herein is mainly based on the
rational assessment and interpretation of the results obtained by
judicious incorporation of various salts as auxiliaries into the LVT
reagent prepared from TiCl3/1.5 Mg/THF (Tyrlik’s reagent) and
TiCl3/3.3 Li/THF (McMurry’s reagent), during a series of C-C bond
forming SET-induced reactions. Due to the labile nature of Ti spe-
cies, McMurry reagents may exist in structurally different forms
and subtle changes in the reagent preparation of LVT can have
a significant impact on its reactivity, selectivity, and performance.
The ambiguity which surrounds the mechanistic interpretation and
molecular level characterization of the active Ti species, including
its oxidation state, is mainly due to the oxophilic and in situ gen-
erated multiphase and heterogeneous nature of these reagents, and
therefore, still under debate. Conventionally, heterogeneous sus-
pended colloidal slurries of activated Ti are obtained by refluxing
TiCl3/TiCly with reductants (Li/Mg/LiALH4/Zn) in an ethereal sol-
vent (THF, DME, dioxan)."?* Studies by Bogdanovic et al. on some
of these systems suggests the formation of bimetallic Ti-metal
bond surrounded by solvent ligands as the active species (I).>1°
Addition of metal salt to this preformed intermetallic LVT suspen-
sion resulted in a slight effervescence indicating the exothermic
nature of the reaction and the possible ligand displacement from
the coordination site of Ti. It is important to note that on reflux
(1 h), the resultant salt-activated LVT system afforded black, uni-
form, and viscous slurries (homogeneous but not transparent),
unlike traditional LVT reagents. While the nature and morphology
of the salted LVT active species present in the intermetallic cocktail
are unknown, the enhanced reactivity of the salted LVT reagent
prepared could be rationalized on the basis of a soluble/homoge-
neous model due to the possible electronic modification and
monomerization of the LVT species.

Owing to the existence of a definite Ti-Mg/Ti-Li bond (as seen
in I), Ti is likely to assume higher electron density (compared to
metallic Ti) when one considers the more electropositive character
of Mg/Li. Exchanging the existing bound MgCl,/LiCl salt component
in the bimetallic Ti-Mg/Ti-Li species by the more electropositive
metal salts with larger ionic size (KCl, CsCl) further augments the
electron density on the active titanium center in Ti-KCl/CsCl re-
agents while exhibiting varying reducing activities. Consequently,
by virtue of their larger ionic size, we anticipate that K*/Cs* ions in
comparison to Li*/Mg*? are likely to inhibit the uniform dimeric
intermetallic cluster formation in LVT preparations (as seen in I)
affording the monomeric LVT species (like III) with greater
reactivity and selectivity. Presumably, the formation of highly re-
active, viscous, and more homogeneously soluble LVT slurries
observed could therefore be a direct manifestation of the mono-
merization and electronic modification of the LVT center caused
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due to the exogenous addition of salts which possibly segregates/
breaks the bimetallic LVT clusters formed (Scheme 5) to generate
a highly reactive electron rich ‘monomeric ate’ complexes (III). The
following explanation is further reinforced by analogous ‘salt effect’
on activation and solubility of Grignard reagents?®?! and chro-
mium(ll) species.??> Furthermore, a recent example involving the
reaction of Fe(II) salt (FeCly) in THF with inorganic Grignard species
I derived from TiCl3-Mg-THF system resulting in the in situ for-
mation of a highly active intermetallic phase of Ti-Fe validates our
proposed theory.!¢ While the reactivity and stability of transition
metal complexes are mutually exclusive, these aspects vary con-
siderably in various low-valent metal-ligand/auxiliary systems
depending on the ability of the metal center to accept (activation)
or donate (passive) electrons.3 %4 In principle, the apparent lack
of vacant d orbitals in alkali/alkaline earth metal ions restricts
the synergistic ability of electron rich low-valent titanium (more
reactive) to back-donate the excess electrons, as was observed in
case of N-heterocycles such as pyridine (Chatt-Dewar-Duncunson
model),>> wherein the pyridine-deactivated LVT complex com-
pletely suppressed the deoxygenation of the pinacolate inter-
mediate.3%8 Simply put, incorporation of electropositive metal salts
while enhancing the electron density/Lewis acid character of the
native Ti center also alters its redox potential thereby augmenting
the reactivity and accelerating the reaction rates of LVT-mediated
stereoselective C-C bond formation in electron transfer processes.
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Scheme 5. Monomerization of clustered bimetallic LVT species (inorganic Grignard)
on external addition of metal salts.

This clearly suggests that important structural differences likely
exist between the mechanism of action of salt-activated uniformly
homogeneous LVT complexes and conventional heterogeneous LVT
suspensions. The smooth accelerated stereoselective dimerization
of carbonyls/imines under facile conditions to the respective ole-
fins/vicinal diamines (3a-n/8a-d) even at ambient temperatures or
formation of phenanthrenes (6a-d) in high yield could only pos-
sibly be explained by considering activation of the LVT species
through monomerization and ligation with the metal salts as pro-
posed above. This argument is also substantiated by the fact that
the conventional McMurry reagents (reagents A and B) produce
only the 1,2-diols at room temperature. Moreover, the diaster-
eoselectivity bias toward a particular product (E/Z or dl/meso) in
titanium-mediated SET reactions is greatly influenced by modifi-
cation of steric and electronic properties of ancillary ligands/
auxiliaries. Specifically, while reagent A predominantly produced
E-stilbene (electropositive alkali metal reductant, Li), a complete
reversal in diastereoselectivity (Z-stilbene as major product) was
observed when reagent B (bivalent alkaline earth metal reductant,
Mg) was employed (Tables 1 and 2). This pronounced diaster-
eoselectivity bias observed in case of reductive deoxygenation of
aromatic ketones/aldehydes could be a direct result of combined
ligand exchange effect of auxiliary (salt), reductant, and solvent
coordinated to the metal center. Additionally, the high phenan-
threne yield obtained from these salted reagents is directly related
to the stereochemical outcome of the most favored (sterically and
energetically) intermediate Z-stilbene (over E-stilbene) thereby
promoting the process of demethoxylation and subsequent ring

cyclization. To this end, metal salts as promoters perform the
dual role of not only modulating the activity of the LVT reagents
but also effecting the electron transfer interactions between sub-
strate and the active LVT species thereby governing the product
diastereoisomeric ratio under redox potential control.

3. Conclusion

Discovering new reagents for old reactions is crucial to the de-
velopment of sustainable chemical processes as well as for broad-
ening the spectrum of synthetic methodologies. In situ regulation
of the LVT-mediated electron transfer process allows selective
generation of radicals which have a significant influence on the
reactivity/passivity of these reagents facilitating stereoselective
product formation under redox control. Significantly, the McMurry
reaction when conducted using the salt-activated LVT reagents
augmented the reductive dimerization of carbonyls (aromatic/
aliphatic substrates) to olefins at ambient (low) temperatures. In
addition, one-pot synthesis of biologically relevant vicinal diamines
and phenanthrenes in good yields enhanced the scope and utility
of the protocol. The accelerated reaction rates observed in the
various SET transformations unequivocally establish the profound
influence of metal salts as one of the critical parameters for the
‘activation’ of LVT reagents under redox conditions. Mechanisti-
cally, we envisage that the reaction of metal salts with the LVT re-
agents possibly results in the formation of highly reactive and
homogeneous monomeric intermetallic Ti complex. The synergism
between the additives, along with the unique properties exhibited
by LVT species has thus culminated in the strategical design and
development of new titanium formulations possessing varying
degrees of reducing activity. The exceptional performance of some
of the salt-activated LVT reagents while facilitating significant im-
provement in the old McMurry reaction and other C-C bond
forming SET transformations provides new impetus for organo-
metallic preparative chemistry. This work may therefore redefine
the rationale for fine-tuning the reactivity of LVT reagents (and
organometallic reagents, in general) to generate soluble reductant
systems with well-defined oxidation states, thereby enhancing the
scope of the SET reactions leading to the discovery of new and
selective synthetic transformations.

4. Experimental section
4.1. General methods

General information regarding instruments, techniques, and
source of chemicals used is the same as mentioned in our previous
publications.>**1% Lithium rods cut into small pieces were used
for the reduction of titanium chlorides. All the products 3a-n, 6a-d,
8a-d, 2a, 5a, 9a-d are known compounds and all yields refer to
isolated products purified by preparative thin layer or column
chromatography (purity >95%) analyzed by mp, 'H NMR, IR in
comparison with known literature data (for product details see
Supplementary data).

4.2. McMurry olefination via reductive deoxygenation

4.2.1. General procedure for metal salt-activated LVT-induced
reductive deoxygenation of aromatic and aliphatic carbonyls (1a-n)
to corresponding olefins (3a-n)

To a mixture of anhydrous TiCl3 (10 mmol, 1.55 g) in dry THF or
DME (50 ml) in a three-necked flask, reducing metal (Li: 33 mmol,
0.231 g/Mg: 17 mmol, 0.408 g) was added and refluxed (3 h) under
Ar. With time, the violet color of the reaction suspension changed
and gradually got converted to a black colloidal slurry. (Note: in
case of Mg as reducing agent, a brownish black homogeneous slurry
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of the LVT reagent was obtained. With Li, black, finely particulated
heterogeneous slurry of LVT was produced along with a few sus-
pended pieces of unreacted Li on the surface of the slurry.) After
attaining room temperature, addition of annhydrous metal halide
(2.0-8.0 equiv of TiCl3) to this preformed LVT reagent resulted
in slow effervescence indicating the exothermic nature of the re-
action. The resultant formulation was then refluxed for an addi-
tional 1 h and then cooled to room temperature affording viscous,
non-transparent homogeneous slurry. (With anhydrous MgCly,
LiCl, CsCl, KCl, black slurries were obtained, while annhydrous Lil
and ZnCl, provide brownish black slurry. Use of anhydrous LiCl,
MgCly, ZnCl; resulted in brisk effervescence in comparison to CsCl
and KCl salts.) Carbonyl substrates 1a-n (2.5 mmol) in dry THF or
DME (5 ml) were added to activated LVT reagent with continued
stirring at room temperature. The reaction was monitored at reg-
ular intervals (TLC) and on completion; the reaction was quenched
with water and diluted with hexane. The mixture was thoroughly
extracted with hexane/ethylacetate (70:30) mixture and the extract
passed through Celite. After repeated washings (five times), the
organic portion was pooled together, washed with water and brine,
and dried (NaySO4). Removal of the solvent under reduced pressure
yielded the crude product which was subjected to preparative TLC
(Si0O; gel, 5% EtOAc/hexane) furnishing the olefins 3a-n (mixture of
cis and trans isomers) along with vicinal diols 2a (pinacols) wher-
ever reported. All the product stilbenes 3a-n and pinacol 2a
reported are known compounds for which references have been
cited in the text and tables.

4.3. Phenanthrene synthesis via reductive deoxygenation and
reductive dealkoxylation

4.3.1. Representative procedure for one-pot synthesis of 9,10-
dialkylphenanthrenes (6a-d) by salt-activated LVT reagent

Titanium trichloride (10 mmol, 1.55 g) was added to a dry flask
containing Li pieces (33 mmol, 0.231 g)/Mg (17 mmol, 0.408 g) in
dry THF (50 ml). The mixture was refluxed for 3 h, cooled to room
temperature, and anhydrous metal halides like LiCl, KCl, CsCl (2-8
equiv) were added. The mixture was then refluxed for an additional
1 h, o-alkoxy aromatic aldehydes/ketones 4a-d (2.5 mmol, 410 mg)
in 5 ml THF (and/or DME) were added to the activated LVT species
and refluxed for additional 16 h. After completion (TLC), it was
allowed to attain room temperature, diluted with hexane/ethyl-
acetate (70:30) mixture, quenched with saturated solution of
NH4Cl, and passed through Celite. The collective organic eluent was
washed with water and brine, and dried. Concentration of the or-
ganic extract afforded the crude product which was subsequently
purified by preparative TLC (SiO gel, 2.5% EtOAc/hexane) furnish-
ing the phenanthrene derivatives 6a-d and/or the olefins 5a-d.
Comparison of the spectral data of the reaction products with those
of authentic samples confirmed the presence of these compounds.
All the product phenanthrenes 6a-d*f and stilbene 5a3f reported
are known compounds for which references have been cited in the
text in the Supplementary data.

4.4. Imino-pinacol coupling reaction

4.4.1. Typical procedure for reductive dimerization of aldimines to
vicinal diamines using reagent A-KCl

A mixture of TiClz (6.25 mmol, 964 mg) and freshly cut Li pieces
(20.6 mmol, 144 mg), in dry THF was refluxed (3 h) in an inert
atmosphere of Ar. The reduced LVT reagent so prepared was then
allowed to cool to room temperature. Addition of KCl (2 equiv of
TiCl3) to this active mixture resulted in very slow effervescence
indicating the slightly exothermic nature of the reaction. The
resulting slurry was then further refluxed for an additional 1 h
which on cooling to the room temperature afforded a thick black

activated slurry. An appropriate amount of aldimine 7a-d was
added (2.5 mmol, 5 ml THF) and was stirred at room temperature
till all the starting compound disappeared (monitored by TLC).
After completion, the reaction mixture was quenched with satu-
rated NH4Cl solution and diluted with hexane/ethylacetate mixture
(60:40) and passed through a Celite bed. The collective organic
fractions so obtained were washed with water, brine and dried
(NayS0y4). Concentration of the dried organic solvent afforded the
crude reaction product which was further purified using pre-
parative TLC (SiO, gel, 5% EtOAc+hexane) which furnished the
respective vicinal diamines 8a-d along with the mono-reduced
amines (9a-d). The products are known compounds and were
characterized by IR, NMR, MS, physical constants, and also by
comparison with authentic samples.
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