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We report a Ti(OiPr);-mediated multicomponent reaction, which
produces 3,4-substituted cis-3-lactones from alkyl magnesium
chloride, benzaldehyde and CO,. The key intermediate, titanacy-
clopropane, is formed in situ from Ti(OiPr), and a Grignard reagent,
which enables 1,2-dinucleophilic reactivity that is used to insert
carbon dioxide and an aldehyde. An alternative reaction route is
also described where a primary alkene is used to create the
titanacyclopropane. A computational analysis of the elementary
steps shows that the carbon dioxide and the aldehyde insertion
proceeds through an inner-sphere mechanism. A variety of cis-
butyrolactones can be synthesized with up to 7:1 diastereoselec-
tivity and 77% yield.

Carbon dioxide is a greenhouse gas and a renewable, non-toxic
and inexpensive C1-source; therefore, its utilization in chemical
synthesis is desirable. Typically, organometallic species are
necessary to generate C-CO, bonds." Grignard reagents and
organolithium reagents are well known to react as nucleophiles
towards CO, to form the corresponding metal carboxylates.” In
this context, we envisioned organotitanium chemistry to pro-
vide an opportunity for alternative reactivity with CO,.
Titanium(iv)alkoxides mediate reductive elimination of
Grignard and alkyl lithium reagents to form highly reactive
titanacyclopropanes (Scheme 1A). These species have been
employed in the synthesis of cyclopropanols and cyclopropyl
amines in the Kulinkovich reaction (Scheme 1B).* There, the
1,2-dinucleophilic titanacyclopropane reacts with the formally
dielectrophilic ester or amide in two consequent steps. Electro-
philes other than esters and amides are also reactive towards
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the titanacyclopropane ring: CO,, I,, H,O and a variety of
organic electrophiles can readily insert into the Ti-C bond.***

However, in most of these applications, the dinucleophilic
nature of the titanacyclopropane is not completely utilized and
the second Ti-C bond is usually quenched with acid,” rather
than using it to insert another functionality.

Rassadin and Six demonstrated that the insertion of CO,
into titanacyclopropane results in a five-membered titanalac-
tone (Scheme 1C), which does not react with another CO,
molecule.** The remaining Ti-C bond can be cleaved with
water or by I,, NBS or O, to yield B-substituted carboxylic acids.

We predicted that a carbon electrophile may be able to insert
into the titanalactone ring (Scheme 1D). This would generate
two carbon-carbon bonds from cheap and simple starting
materials, providing a useful method to rapidly increase com-
plexity starting from simple materials. Similar insertions
have been observed with titanium(u)-alkyne complexes,®
but there are limited examples for corresponding titanium(u)-
alkene complexes. Previously Eisch et al. had reported a
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Table 1 Reaction optimization using butyl lithium?

Step 1: addition of Step 2: addition of Step 3: addition of

Grignard reagent carbon dioxide benzaldehyde o]
Ti(OiPr), o j\ o
. . !
Ti(QiPr)y COs Ti(OiPr), ArqgH A7
2 eq BuLi 84> et | B
-Butane 5 min 0°C

3 days at 20 °C

1a 1min0°C 3a 25 min +20°C  8a

#  Deviation from yield® (%)
1  None 77

2 Step 1: 2 min 63

3 Step 1: 0.5 min 14-56°
4  Step 1: 5 min 53

5  Step 1: 5 min, step 2: 15 min 44

6  Step 1: 5 min, step 2: 2 h 39

7  Step 1: 5 min, step 2: 2 h, Et,O as solvent 19

8  Step 1: 5 min, step 2: 2 h, stoichiometry 2.1:1.05:1¢ 26

9 Asentry 8, but 20 °C throughout all steps Trace
10 Step 3:40 °C, 16 h 68

11 With LiCl (2.6 eq.) 71

“ Optimized conditions: 2.6 mmol BuLi, 1.3 mmol Ti(OiPr),, 1 mmol
p-fluorobenzaldehyde, 3 ml of THF. Step 1: 1 min at 0 °C, step 2: 5 min
CO, flush at 0 °C followed by 25 min at 20 °C. Step 3 reaction time
3 days at 20 °C. ° Entrles 1 and 2 are NMR yleld and entries 3-10 are
calibrated GC yield. ¢ Irreproducible results. ¢ Ratio of BuLi: Ti(OiPr),:
p-fluorobenzaldehyde.

three- component reaction of ethene, phenyl nitrile and CO,
with preformed Ti(OiPr),,” but its reactivity was not further
explored.

Initially, we used butyl lithium to form the titanacyclopropane,
which was reacted sequentially with CO, and p-fluorobenzaldehyde.
After optimization (Table 1), up to 77% yield of cis-lactone could be
obtained, in addition to 11% of translactone. The generated
titanacyclopropane seems to decompose quickly under these reac-
tion conditions. Therefore it was critical to have precise control of
temperature and duration of each step. Under non-optimized
conditions, titanium-derived decomposition products can further
react with the aldehyde to produce a myriad of unwanted side
products via for example pinacol coupling or McMurry reaction.

After proving the feasibility of the reaction using butyl
lithium, we proceeded to study the reactivity with Grignard
reagents, since they have better availability and are more
convenient to make. When butyl magnesium chloride was used
to make the titanacyclopropane, its decomposition seemed to
be faster compared to the one generated from butyl lithium.
The temperature for step 1 was therefore reduced from 0 °C to
—20 °C and 2.6 eq. of LiCl was added. With these modifica-
tions, 73% yield of cis-lactone could be obtained. The effect of
lithium chloride was investigated by adding a solution of LiCl
in THF to the mixture right before each step (see Table S5,
ESIT). LiCl greatly improves the reaction yield when added
before step 1 (from 31% to 65% yield) but has almost no effect
when added after step 1. LiCl is known to break up polymeric
aggregates of Grignard reagents by forming RMgCl-LiCl com-
plexes, which can increase the kinetic reactivity.® LiCl had no
significant effect on the reaction involving BuLi (Table 1,
entry 11), which would further suggest that its only function
is to increase the reactivity of the Grignard reagent.
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We also evaluated the scope of Grignard reagents
(Scheme 2). Simple Grignard reagents worked well, but many
functionalities were unstable under the reaction conditions.
For example, ether substituents undergo elimination and do
not yield any product (see Fig. S1, ESIt). Secondary Grignard
reagents, such as isopropyl and c-HexMgCl, only gave direct
addition products to CO, or aldehyde. Since the formation of
the titanacyclopropane is a critical step in the reaction, further
improvements could likely be obtained by individually optimiz-
ing the conditions for each Grignard reagent.

Next, we studied different electrophiles in step 3 in a
reaction based on BuMgCl. Various benzaldehydes and o,f-
unsaturated cinnamaldehyde provided the desired lactone
(Scheme 2). Among the tested substrates, epoxides, imines,
nitriles, ketones and aliphatic aldehydes were non-reactive
(Fig. S2 and S3, ESIt). The more reactive acrolein and iminiums
only formed various side products, which were not further analyzed.

1.-20°C 1 min, Grignard reagent O

2. 20°C 30 min, CO, /‘O\Jé
Ar

3.20°C 3d, aldehyde
11 R

MgCIBr+ co, +
R 27 Ar” "H O TiiPr),, LiCl

1 10 THF

Grignard reagent modification

@4@(4@?
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73% (57%) [BuMgCI]dr 6.7:1
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D)jém)s 4 O
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11k 24% 11118% (7%) . _O 11m 58% 11n 36%

oY o

l 110 27%° 11p 24% 11q 55% 11r 39% (21%)

Scheme 2 Lactone formation from a variety of Grignard reagents and
aldehydes. Yield is single cis-diastereomer yield measured by *H-NMR with
1,3,5-trimethoxybenzene as internal standard. Isolated yield for the cis-
diastereomer is in brackets. Stoichiometry is 2.6 mmol BuMgCl, 2.6 mmol
LiCL, 1.3 mmol Ti(OiPr)s, 1 mmol aldehyde, 3 ml of THF. ?69% '#0-content
starting from 76% *20-p-fluorobenzaldehyde. “trans-Diastereomer yield,
which is the major product.

This journal is © The Royal Society of Chemistry 2022
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With benzaldehydes (Scheme 2), the reaction tolerates a
variety of common functionalities with both electron donating
(11j p-OMe 58%) and electron withdrawing (11m p-COOMe
58%, 11q Br 55%) properties. Note that ester 11m and nitrile
11n can potentially react with organometallic reagents, but are
tolerated here. However, the reaction has a strong dependence
on the substitution pattern, where m-MeO (11k 24%) and
0-MeO (111 18%) yield less product than p-MeO (11j). The
aldehydes are completely consumed in the reaction and the
variation in yield is explained by selectivity between aldehyde
insertion to the titanalactone or side reactions, such as pinacol
coupling. The cis-diastereomer is the favoured product with a
7-5:1 ratio, although accurate determination could only be
done for fluorinated compounds with '°F-NMR, due to over-
lapping impurities in 'H for the trans-diastereomer. An excep-
tion to this selectivity was 110, where the trans-diastereomer
was the major product. However, when BuLi was used to make
110 20% trans and 21% cis crude was obtained. The crude
quickly isomerises to >10:1 trans-diastereomer on silica (see
ESIT for details). This isomerization behaviour was not detected
for any other lactones. The ‘0 labelled 11g shows that the
oxygen in the structure originates from the benzaldehyde.

In the Kulinkovich type reactions, it has been shown that if a
primary alkene or alkyne is added to the mixture, the reaction
will exchange the Grignard reagent with the added unsaturated
compound.**® Therefore, we investigated primary alkenes in
our reaction.'® When c-HexMgCl was used as the Grignard
reagent, we could incorporate 1-hexene to yield 34% of
cis-lactone after optimization (Scheme 3). Cyclic Grignard
reagents are preferred, since they form a less stable titanacy-
clopropane, which facilitates the exchange with the primary
alkene (Tables S7-8 and Fig. S11, ESIf). Primary Grignard
reagents and Buli produce a mixture of the exchanged and
non-exchanged product (Table S8, ESIf). Around 30% yield
could be obtained for several alkenes (Scheme 3), however vinyl
butyl ether and styrene did not produce any lactone. This is
likely due to the polarization of the double bond. Gratifyingly,
the reaction tolerated trimethyl silyl and alkyl bromide groups,
which were difficult substrates in the primary alkyl Grignard
reagent version of this reaction (Scheme 2).

The mechanistic details of the transformation of dialkylti-
tanium to titanacyclopropane 3 have recently been investigated
computationally by Bertus (Fig. S8, ESIf).'" We have here
employed DFT methods to investigate the reaction of titanacy-
clopropane 3a (Fig. S9, ESIt) with CO,, and the subsequent
benzaldehyde insertion leading to the formation of 3,4-
substituted butyrolactones (see ESIt for detailed protocol).

At the preferred inner sphere transition state for CO, insertion
into 3a (TSup, Fig. 1), the terminal carbon of butene performs a
nucleophilic attack on the CO, carbon, with a barrier of only
2.2 keal mol ™ relative to A (Fig. 2, 298 K). Attack of the internal
butene carbon has a slightly higher barrier (2.8 keal mol ).
The barrier for an alternative outer sphere CO, insertion is
24.8 keal mol™' (298 K, Fig. S10, ESIf), demonstrating that the
inner sphere CO, insertion is strongly preferred. Similar results have
been obtained for the Kulinkovich reaction, where the first insertion

This journal is © The Royal Society of Chemistry 2022
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Scheme 3 Lactone formation from alkenes. Yield is single cis-
diastereomer yield measured by *H-NMR with 1,3,5-trimethoxybenzene
as internal standard, isolated yield is in brackets. Stoichiometry is 4 mol
alkene, 2.6 mmol c-HexMgCl, 1.3 mmol Ti(OiPr)y, 1 mmol p-
fluorobenzaldehyde, 3 ml of THF.

‘4

Fig. 1 Preferred inner-sphere transition state geometry for insertion of
CO; into 3 (TSas, B3LYP-D3/6-31+G(d,p), CPCM[THFI).

of ester proceeds through a low-barrier inner sphere pathway.'” The
carboxylation barrier computed here is lower than what may be
expected from the reaction time (30 minutes warmed from —20 °C
to 20 °C), however, we speculate that the increased reaction time is
needed to decompose reactive organometallic species that would
compete to consume the aldehyde in the next step.

The transformation of titanalactone B to butyrolactones
starts with the coordination of 4-fluorobenzaldehyde to form
C, which has a distorted trigonal bipyramidal geometry, with
the aldehyde trans to the Ti-C bond. The alternative cis geo-
metry D is 3.8 kcal mol " less stable (298 K), but it needs to be
formed to allow for subsequent aldehyde insertion via TSpg
(Fig. 2). TSpg has two possible conformations, leading to either
E(trans) OF E(gs), with the latter being thermodynamically pre-
ferred. The experimentally observed 7:1 cis selectivity

Chem. Commun., 2022, 58, 3027-3030 | 3029
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Fig. 2 Gibbs free energy profile for conversion of titanacyclopropane 3 to
titanalactone B, followed by aldehyde (ALD) insertion to form E
(kcal mol™, 298 K, B3LYP-D3/def2-TZVP,CPCMITHFI//B3LYP-D3/6-
31+G(d,p), CPCM[THF]).

corresponds to ca. 1 kcal mol " difference in energy barrier,
which is within the error of the computational approach.

The computed barriers for insertion of acetophenone and
phenylmethanimine into B are 20.9 and 28.6 kcal mol*,
respectively (Table S9, ESIT), compared to 16.8 kcal mol " for
4-fluorobenzaldehyde (298 K). The higher barriers are due to a
stronger binding of ketone and imine to titanium compared to
the aldehyde and are in line with the experimentally observed
lack of reactivity for the former two substrates, although the
overall barrier for acetophenone indicates that some reactivity
may have been expected.

Finally, we also studied the mechanistic details of the alkene
exchange reaction (Scheme 3). Given that the direct decoordination
of an alkene from species A is thermodynamically highly disfa-
voured (28.4 or 35.0 kcal mol™' depending on the alkene, see
Fig. S11 and S12, ESI}), the reaction most likely proceeds through
an associative mechanism involving formation of an intermediate,
where both the alkene originating from the Grignard reagent
(cyclohexene) and the added alkene (1-hexene) coordinate simulta-
neously (Fig. S11, ESL} S$15¢yney)- After the alkene originating from
the Grignard reagent decoordinates, a new species A is obtained,
and the reaction follows the standard mechanism (Fig. 2). Calcula-
tions with cyclohexene as the original alkene and 1-hexene as the
added alkene show a 9.9 kcal mol ' barrier to decoordinate 1-
hexene from species S15¢yuex, compared to 2.3 keal mol™* for
cyclohexene, which is in line with experimental results showing
that an alkene exchange takes place under these conditions
(Scheme 3, 11d). The exchange is driven by the greater stability
for coordinating 1-hexene than cyclohexene (—6.3 kcal mol
Fig. S11, ESIt). The analogous coordination of CO, to species A
was also calculated, and the obtained barrier (16.7 kecal mol ) is
much higher than that of the inner sphere insertion (2.2 kcal mol ).
This shows that CO, will rather insert itself directly than first
coordinate to species A (Fig. S13, ESIY).

In summary, we have demonstrated a CO,-based method for
the cis-selective synthesis of 3,4 butyrolactones using simple
and easily available materials. The reaction forms two new
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carbon-carbon bonds in a three-component reaction, which
makes it a powerful synthetic tool. While unstable titanium-
intermediates limit the scope of substrates, this method can be
useful to create a substitution pattern that usually requires
several additional synthetic steps. The computational analysis
indicates low stability of titanacyclopropane and a high stability
of titanalactone. Coordination of an electrophile (e.g. aldehyde,
imine, or ketone) leads to a low-energy intermediate, which
determines the barrier of the final step. We foresee that the
scope of the reaction might be expanded by changes to the
steric and electronic properties of the initial titanium complex.
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