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The Grignard reaction represents one of the most powerful carbon-carbon
bond forming reactions and is the subject of continual study. Investigations of
alkyl magnesium halide additions to -hydroxy ketones identified a unique
effect of the magnesium halide on diastereoselectivity, with alkylmagnesium
iodide reagents demonstrating high levels of selectivity for the formation of
1,3-syn diols. Density functional theory (DFT) calculations and mechanistic
studies suggest that the Lewis acidity of a chelated magnesium alkoxide can be
tuned by the choice of halide, with the highest levels of diasteroselectivity
achieved using alkyl magnesium iodide reagents. Exploiting this finding, we
demonstrate that the diastereoselective addition of alkyl magnesium iodide
reagents to ketofluorohydrins enables rapid access to naturally configured
C4’-modified nucleosides. This work provides a platform to support antiviral
and anticancer drug discovery and development efforts.

The Grignard reaction is a prototypical carbon-carbon bond-forming
reaction and has been widely exploited by organic chemists for more
than a century. In addition to 1,2-addition reactions, Grignard
reagents undergo radical’” and cross-coupling reactions®’, and can
be exploited as strong bases in a variety of scenarios®. Transmetala-
tion to other organometal species also engenders a suite of com-
plimentary reactivities>*'°. While Grignard reagents are commonly
represented as ‘RMgX’, their actual structure is well-understood to be
far more complex. First, an equilibrium (Schlenk) exists between the
diorganomagnesium (MgR,), organomagneisum halide (RMgX) and
dihalomagnesium (MgX,) species (eq. 1)"". Second, these individual
species can exist as monomers or as dimeric or polymeric aggregates
depending on concentration, choice of solvent, and the nature of the
halide*'". Third, temperature also impacts reagent composition and
reactivity'*. Recent computational studies have helped shed addi-
tional light on these complex processes®. Thus, the solvent, R group,
and temperature all impact reagent composition, and reaction
mechanism and outcomes™*%, For example, the distinct reactivity

of MgR, and RMgX has been discussed in detail***°.
2RMgX = MgR, + MgX, @

The diastereoselective addition of Grignard reagents to pro-
chiral ketones™”'® has been studied extensively, including by
Ashby*" and others'%, and often involves coordination to proximal
functional groups according to Cram’s model’** (e.g. alkoxy”**?’
and amino®°, Fig. 1A). Therefore, the stereochemical outcome of
these reactions can differ in selectivity from other organometallic
reagents (e.g. Cu, Al, Li)**, In the specific case of B-hydroxy ketones,
the formation of an intermediate magnesium alkoxide can rigidify
acyclic systems and impart further control of the diastereochemical
outcome of reactions. Previous work from our groups demonstrated
that the addition of Grignard reagents to ketofluorohydrins of gen-
eral structure 1 provided a direct route to C4-modified L-configured
a- and B-nucleoside analogues (NAs, 2) (Fig. 1B)*. Our interest in this
process derives from the significant role C4’-nucleoside modification
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Fig. 1| Chelate-controlled Grignard reactions and the synthesis of C4"-modified
nucleosides. A Examples of chelate-controlled Grignard additions. B Our previous
synthesis of C4’-modified nucleosides. C This work: selective, chelate-controlled
Grignard addition reactions leading to the synthesis of D-configured C4’-modified
nucleoside analogues. D Examples of medicinally relevant C4’-modified nucleoside
analogues. Blue boxes highlight the C4’-position. Blue colouring is used to highlight
the halide atom in Grignard reagents and the alkyl group in dialkyl Grignard
reagents.

plays in modulating the conformation (sugar pucker) of the furanose
and consequently interactions with biological targets®*%. As a result,
C4’-modified NAs play an important role as antiviral agents®**,
leading cancer treatments*’, and core structural components of
antisense oligonucleotides”™*. Examples include ALS-8112 (3), an
anti-RSV agent, 4’-cyano-2’-deoxyguanosine (4), an anti-HBV agent,
and islatravir (5), developed for the treatment of HIV. Despite the
simplicity of our approach, this work was largely limited to the
production of unnaturally configured L-NAs, which were produced as
both a- and B-anomers, which are less suitable for supporting med-
icinal chemistry campaigns. To better understand the observed dia-
stereoselectivity of these processes and access the complimentary
suite of naturally configured D-NAs, we initiated a detailed study of
this 1,2-additon reaction. Unexpectedly, we discovered a unique
halide effect that controls the diastereoselectivity of reactions
between Grignard reagents and -hydroxy ketones. To the best of
our knowledge, this halide effect has not been previously described.
Here, we report the discovery of the halide effect, its impact on the
stereochemical outcome of Grignard reactions, and its application in
the rapid production of C4’-modified D-configured NAs (Fig. 1C)*.

Results
Considering the potential for multiple chelation modes in the Grignard
reactions discussed above (Fig. 1B), we prepared the hydroxy ketones

7-9*°, with and without a Cl or F substituent and lacking the
nucleobase function to better understand the influence of individual
functional groups on diastereoselectivity. From a panel of organo-
metallic reagents, we found that Grignard reagents generally gave the
cleanest reaction profile. The addition of various organometallic
reagents to the corresponding silyl ethers (e.g. 6, Table 1, entry 1) gave
exclusively the 1,3-anti product 13. This result confirmed the impor-
tance of the -hydroxy function for the formation of the desired 1,3-syn
diol. Furthermore, while the reaction of the B-hydroxyketone 7 with
MeMgCl in THF gave an ~1:1 mixture of diastereomeric diols 10a and
10b (entry 2), the equivalent reaction in non-coordinating CH,Cl,
improved selectivity for the syn diol 10a (entry 3), highlighting the
importance of chelation*. Surprisingly, the use of MeMgBr led to a
significant increase in syn diol 10a selectivity (-6:1d.r.) that was also
observed with MeMgl (entries 4 and 5), though in CH,Cl, only (entry 6).
To assess the role of the fluorine atom in these processes, we prepared
the corresponding chlorohydrin 8 and carried out a similar suite of
reactions (entries 8-10). Here, we observed a ~ 5-fold increase in dia-
stereoselectivity for syn diol 11a on switching from MeMgCl to MeMg].
Finally, we examined the nonhalogenated hydroxy ketone 9 and found
that the diastereoselectivity increased ~2.5-fold on switching from
MeMgCl to MeMgl (entries 11 and 12), suggesting that the halide effect
was perhaps more general.

To assess whether the Schlenk equilibrium played a role in this
process, the dialkyl magnesium reagent Me,Mg was also reacted with
ketone 7, which gave a 1:1 mixture of diols (entry 7). This result
prompted us to confirm that a MeMgX to Me,Mg equilibrium was not
complicating the reactions presented in Table 1. To do so, we analysed
each commercial Grignard reagent in CD,Cl, by NMR spectroscopy at
room temperature (see Supplementary Fig. 1) and at -58 °C (see Fig. 2)
and found that (i) the reagents were distinguishable by carbon che-
mical shift, and (ii) the MeMgX reagents were free of Me,Mg at these
temperatures. Additionally, we ensured that the observed halide effect
was not due to unexpected aggregates of the Grignard reagents by
executing reactions at concentrations shown to prevent the formation
of aggregates®. Collectively, these results indicate that changes in
diastereoselectivity can be attributed to the halide X’ in MeMgX.
Notably, the very few examples of halide effects on reactions of
Grignard reagents include impact on regioselectivity’**!, yields*?, and
diastereoselectivity (in ethereal solvents)**°. The most similar finding
to that presented in Table 1 was a small increase in diastereoselectivity
reported in a table of data describing the addition of MeMgBr vs
MeMgCl to a 2’-oxouridine derivative*®, Beyond this observation and to
the best of our knowledge, the halide effect on diastereoselective
addition reactions of Grignard reagents has not been discussed or
exploited in a unified way.

Having identified conditions for the selective formation of syn
diol 10 (Table 1, entry 5), we turned to the more structurally complex
ketofluorohydrin 14, which incorporates the unprotected nucleobase
thymine. As summarised in Table 2, we observed a similar trend in
diastereoselectivity, indicating that the nucleobase had minimal effect
on the diastereochemical outcome of these reactions. For example,
using MeMgCl in CH,Cl, led to a 2.3:1 diastereomeric ratio favoring the
syn diol 15 (entry 1), while MeMgl favoured the syn diol 15 with a 6:1d.r.
(entry 3). Again, the use of THF as the solvent or Me,Mg as the Grignard
reagent led to a 1:1 mixture of diastereomers (entries 4 and 5).

Figure 3 summarises our efforts to explore the broader scope of
this reaction and, more specifically, target 1,2-addition products that
could be useful for the synthesis of C4-modified nucleoside
analogues®’. As indicated, the trends identified above translated to the
addition of alkyl Grignard reagents with the thymine derivative 14.
Several additional nucleobases, including 5-iodouracil, pyrazole and a
chloroiododeazadenine also proved compatible with this process.
Notably, this process was also compatible with protected versions of
the natural nucleobases adenine and guanine (e.g. 22 and 25). In the
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Table 1| Addition of MeMgX reagents to B-hydroxyketones

syn-diol anti-diol
(o} OR! HO Me OR' HO Me OR'
M e 9\/\* KQ/IYL
z z + z
o__0 R HE o__0 R o__0 R

6-R'=TBS, R?=Cl
7-R'=H,R?=F
8-R'=H,R?=Cl
9-R'=H,R?=H

10a-R'=H,R?=F
11a-R'=H,R?=Cl
12a-R'=H,R?=H

10b-R'=H,R2=F
11b-R'=H, R2=Cl
12b-R'=H,R2=H
13-R'=TBS, R2=Cl

entry compound [MIMe solvent product (ratio)® yield syn-diol
1 6 MeMgClL THF 13 (53%)° 0%
2 7 MeMgCl THF 10a:10b (1.1:1) 33%
3 7 MeMgCl CH.,Cl, 10a:10b (2.2:1) 48%
4 7 MeMgBr CH,Cl, 10a:10b (6:1) 45%
5 7 MeMgl CH,Cl, 10a:10b (7.8:1) 72%
6 7 MeMgl THF 10a:10b (0.8:1) 17%
7 7 Me,Mg CH,Cl, 10a:10b (1:1) ND
8 8 MeMgCl CH,Cl, 1a:11b (1:1) 43%
9 8 MeMgBr CH,Cl, 1a:11b (2.5:1) 56%
10 8 MeMgl CH,Cl, 11a:11b (5.5:1) 78%
n 9 MeMgClL CH,Cl, 12a:12b (0.7:1) 21%
12 9 MeMgl CH,Cl, 12a:12b (1.8:1) 58%

2Determined by analysis of 'H NMR spectra recorded on the crude reaction mixture;
°Only product produced.
°ND = not determined.

case of the uracil derivative, while the 1,3-syn selectivity mirrored the
results with thymine (-4:1 d.r.), degradation of the starting material
and/or product during the reaction limited the yield of 18 to 29%.
While the magnitude of diastereoselectivity varied slightly based on
the combination of alkyl group and nucleobase, the simple modifica-
tion of solvent (CH,Cl,) and halide (I) on the Grignard reagent led to
the preferred formation of the desired 1,3-syn diol in all cases, pro-
viding a collection of 11 distinct 1,2-addition products 15-25. In con-
trast, the diastereomeric ratio of products derived from the addition of
alkenyl or alkynyl Grignard reagents was not improved by the use of

1 MeMgCI
| MeMgBr

MeMgl

Me,Mg

Worrmad il 7 oo
T . T . T N T s
-10 -15 -20 -25
f1 (ppm)

Fig. 2 | ®C NMR spectra of Grignard reagents. °C NMR spectra recorded on
MeMgCl (purple), MeMgBr (teal), MeMgI (green) and Me,Mg (red) at -58 °C (scale
in ppm).

the corresponding MgBr reagent, and the 1,3-syn-diols 26 and 27 were
formed in near equal amounts to the corresponding 1,3-anti-diol.

It is notable that each of the reactions required an excess (typi-
cally 5-10 equivalents) of RMgl to ensure complete consumption of
starting materials. In the case of thymine derivative 14, it is reasonable
that the first two equivalents of Grignard reagent are consumed
through the deprotonation of the thymine NH and hydroxyl functions.
It is then expected that the reaction proceeds via a chelate structure
(e.g. 28) and that the halide in this chelate structure plays a central role
in determining the diastereoselectivity. To probe this hypothesis, we
also examined the addition of 2 equivalents of MeMgl to thymine
derivative 14, which proved insufficient to generate any of the 1,2-
adduct 15 but should produce Mg chelate 28. We then examined the
addition of RMgBr reagents and found that this simple modification
was sufficient to enhance the diastereoselectivity. For example, addi-
tion of 2 equivalents of MeMgl to thymine derivative 14 followed by
EtMgBr gave the 1,3-syn-diol 16 in improved diastereoselectivty over
the use of EtMgBr alone. Likewise, addition of 2 equivalents of MeMgl
followed by HC=CMgBr gave the 1,3-syn-diol 29 as the major product.

To better understand this unusual halide effect on diastereos-
electivity, we conducted DFT calculations (Fig. 4). Considering that the
nucleobase had little impact on diastereoselectivty, we used the sim-
plified model system 30 in which the nucleobase is replaced by a
methyl group for all calculations (Fig. 4A). As noted above, we hypo-
thesised that deprotonation of the alcohol function in 30 would lead to
a Mg chelate 31-X'. Due to the non-coordinating nature of the solvent
CH,Cl, and the tendency for Mg to be tetracoordinated in solution, the
fluorine atom was also expected to serve as an additional Lewis
donor*®**. In the appropriate conformation, (Re)-addition of a second
equivalent of the Grignard reagent would yield anti-32. On the other
hand, (Si)-addition would form the desired diastereoisomer syn-32.
With chelate 31in mind, we located the corresponding transition states
(TSs) for the (Si) and (Re)-additions of MeMgCl, MeMgBr and MeMgl
(Fig. 4B). Computationally, we can interpret d.r. as the difference of
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Table 2 | Addition of MeMgX to ketofluorohydrin 14

-78 °C

14

o

0 OH %\f

M N \n/ NH MeMgX M
- 4)

07/6 F O

entry X solvent syn:anti diol (yield of 15)
1 Cl CH,Cl, 2.3:1(41%)

2 Br CH,Cl, 3.2:1(38%)

3 I CH,Cl, 6.0:1(61%)

4 | THF 1:1 (22%)

5 Me CH.Cl, 1.0

2Yield not determined. The blue colour highlights the alkyl group added to 14.

differences of energies (AAG*) for two competing diastereoisomeric
TSs®®. These energies were Boltzmann-averaged using the code
developed by the Paton lab (see Supplementary Information, Section 1:
computational details)®’.

Gratifyingly, the observed experimental trends highlighted in
Tables 1 and 2 were reproduced through calculations, which show an
increasing AAG* throughout the halide series CI>Br-l
(AAG* =235 kcal mol™ for TS-CI-Si/Re, AAG®"=3.28 kcal mol™ for
TS-Br-Si/Re, and AAG™ = 4.30 kcal mol™ for TS-I-Si/Re). Here, all (Si)-
additions include a chair conformation of the dioxanone and are
favoured over the corresponding twist-boat-TSs for the (Re)-additions.
In addition, the heteroatom substituent adjacent to the carbonyl in the
(Si) addition TSs has a Cornforth structure-conformation, in which the
dipoles of the carbonyl group and the polar a-oxygen atom are
opposed. On the other hand, the TSs for the (Re) attack adopt a polar
Felkin-Anh conformation. When the a-substituent to the carbonyl is an
ether, the Cornforth structures are favoured over a polar Felkin-Anh
conformation—this has been calculated and reported by Cramer and
Evans®’. Throughout the (Si)-TS series, the Mg---F interaction further
enforces a chair conformation and the Mg-F distance is 2.07 A for each
of TS-CI-Si, TS-Br-Si and TS-I-Si (Fig. 4B). In contrast, in the (Re)-
addition TSs, the Mg-F distances are longer and show more variation:
TS-CI-Re (2.37 A), TS-Br-Re (210 A) and TS-I-Re (217 A). As an addi-
tional point of interest, the terminal methyl group in model system 30
is directed away from the reacting carbonyl in all TSs. This observation
is consistent with experimental results, where the diastereoselectivity
is not greatly influenced by the terminal group (nucleobase or
i-Pr group).

In addition to the TSs discussed above, we also located TSs TS-Me-
Si and TS-Me-Re, derived from the equivalent reaction with Me,Mg
(Fig. 4C). For these two TSs a AAG*™® = 0.00 kcal mol™ was calculated,
which is consistent with a non-diastereoselective addition for the
reaction of Me,Mg with both fluorohydrins 7 and 14 (Table 1, entry 7;
and Table 2, entry 5).

Geometrically, the TSs TS-CI-Si, TS-Br-Si and TS-I-Si show little
structural difference. Each TS includes the aforementioned Mg-F
interaction, a chair conformation in the dioxanone scaffold, and a
bridging nucleophilic methyl group between the two magnesium
atoms. Observing these TSs indicates that the magnesium atom from
the intermediate chelate 31-X could be directing the (Si)-facial
addition of the second equivalent of MeMgX. These observations
suggest that the halide effect may not be the controlling feature of a
TS but one of a ground-state conformation instead*. Notably, the
halides in each of the (Si)-TSs are directed away from the reacting
centre, indicating that the halide size is not a factor in
diastereoselection.

To gain further insight we turned to Natural Bond Orbital (NBO)
analysis of the corresponding chelates, 31-Cl, 31-Br and 31-I (Fig. 4D).
Herein we looked at the orbital delocalisation, from donor to acceptor,
and their energies, with emphasis on the orbitals on the Mg atom as a
Lewis acceptor (Fig. 4D, bottom row structures). As for the donor
orbitals, particular attention was paid to the lone pairs on the F atom
and the halides ClI, Br or I (Fig. 4D, top structures).

For 31-Cl and 31-Br, the Mg-F interaction results from an elec-
tron donation from a lone pair in the F atom to a non-bonding orbital
in the Mg atom (nP->n*™®), This electron donation is slightly stron-
ger in 31-Br (19.1kcal mol™) than in 31-Cl (17.9 kcal mol™). This elec-
tron donation may further restrict the conformation allowing the Mg
atom to direct the second equivalent of MeMgBr more easily. Like-
wise, the Cl atom in both 31-ClI and the Br atom in 31-Br donate
electron density from a lone-pair to the same empty orbital on the
Mg atom (n@->n*™®, 67.1 kcal mol™ and n®”->n*™?, 80.0 kcal mol™).
These n > n* donations suggest that the halides are more associating
in chelates 31-Cl and 31-Br as it is known that the bonding strength of
the Mg atom can have variable effects on diastereoselection”. The
case is different for 31-I1. Here, no donations from the iodine atom
were found to the Mg non-bonding orbitals. However, the electron
donation from the F atom ends up in the Mg-I anti-bonding orbital
(nP>s*Meb 157 kcal mol™). This suggests that in chelate 31-I, the
iodine atom is more dissociated when compared to the bromine and
chlorine counterparts, thus increasing the Lewis acidity on the Mg
center, which would help direct the addition of an incoming
nucleophile to the (Si)-face of the carbonyl. Furthermore, energy
decomposition analysis (EDA)** and Wiberg bond indices suggest
that the interactions with the Mg atoms are predominantly electro-
static by nature. The conformation of the chelate serves as a template
to favour the (Si) addition.

While magnesium chelation has been exploited to influence dia-
stereoselectivity in Grignard reactions?, the effect of the halide in
these intermediate chelates has not been thoroughly studied. Gen-
erally, a chelating magnesium is thought to lock the substrate in a
conformation that biases the addition of a nucleophilic reagent to a
particular face of the carbonyl*****, Here, we propose that the che-
lating magnesium can take on a second role; the coordination to, and
directing of, the next equivalent of Grignard reagent. In turn, the halide
already bound to the chelating magnesium can influence the metal's
ability to act as this guiding centre.

Finally, with a collection of syn-diols made accessible using RMgl
reagents, we demonstrated that these compounds could be readily
converted into C4’-modified nucleoside analogues (Fig. 5). Notably,
the sequence of reactions required to access these compounds
requires only alkylation of the heterocycle®, an a-fluorination/aldol
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Fig. 3 | 1,2-addition reactions of Grignard reagents with various ketofluorohydrins containing nucleobases or heteroaromatic groups. The functional group

originally added as a Grignard reagent is coloured blue.

reaction®*’, addition of RMgl, and cyclization. Thus, this 4-step de
novo synthesis of naturally or D-configured nucleoside analogues
provides an incredibly convenient and diversifiable route to these
high-value targets for medicinal chemists. As summarized in Fig. 5,
several nucleoside analogues containing thymine, deazadenine, ade-
nine, guanine, uracil and pyrazole bases were prepared through either
base or Lewis-acid promoted annulative fluoride displacement® reac-
tions (33-42). Notably, using basic cyclization conditions with heat, the
nitrile containing nucleoside analogue 36 underwent hydrolysis to
give the corresponding carboxylic acid (not shown). Executing this
reaction at room temperature, the desired nucleoside analogue 36 was
produced in good yield. Importantly, all cyclization reactions yielded
the ,D-nucleosides. The methyl and ethynyl chloroiododeazaadenine
substrates were also cyclized to their corresponding nucleoside ana-
logues using the previously reported Lewis acidic cyclization condi-
tions (39 and 40)*. Likewise, the optimal conditions for cyclization of
the adenine substrate involve use of the Lewis acid InCl5 in a mixture of

DMSO-H,0. Cyclization of the guanine substrate was promoted by
LiOH and heating in H,O. Notably, the yield of both the guanosine and
adenosine analogues 41 and 42 reflects the yield of the cyclization and
deprotection reactions.

Discussion

In conclusion, we describe a remarkable halide effect on the diaster-
eoselectivity of 1,2-addition reactions to [3-hydroxy ketones involving
Grignard reagents. Through experimental and computational studies,
we show that changing the halide tunes the electronic properties of the
intermediate magnesium chelate and in turn its ability to direct the
reaction with a second equivalent of Grignard reagent. This process
now serves as a foundation for the rapid production of C4-modified
nucleosides with diversifiable positions at the nucleobase and C4'. We
expect these results will inspire the synthesis of a wide range of
nucleoside analogues and accelerate drug discovery efforts in
this area.
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Fig. 4 | Computational study on diastereoselection. A Mechanistic hypothesis
through chelate 31-X (X = Cl, Br, I). In (A) the alkyl group that is added is highlighted
in blue as well as the faces of the prochiral ketone. B Calculated TSs for the Grignard
addition of MeMgClI (left), MeMgBr (middle) and MeMgl (right). Bottom: (Si)-addi-
tion. Top: (Re)-addition. The presented energies, as AAG'™ are relative to the lowest-
energy (Si)-TS for each pair of diastereoisomers within the same halide (X = Cl, Br, I).
C Calculated TSs for the addition of Me,Mg, (Si)-addition on the bottom, (Re)-
addition on top. This value, close to zero (see SI for further details), implies that this
reaction is not diastereoselective. D NBO analysis showing donor orbitals (top) and
acceptor orbitals (bottom). NBOs are coloured red and blue to emphasise the

different orbital phases. E Proposed chelate model. In B, C and E, atoms are
coloured as hydrogen (white), carbon (grey), oxygen (red), fluorine (blue), mag-
nesium (yellow), chlorine (green), bromine (brown), iodine (purple). NBO: Natural
Bond Orbital, EDA: Energy Decomposition Analysis. Relative Gibbs free energies
were calculated at the M06-2X(SMD=CH,Cl,)/def2-TZVPP//M06-2X/6-31 + G(d) level
of theory, are Boltzmann-averaged, and are presented in kcal mol™. The LANL2DZ
basis set was used for iodine during the geometry optimisation step. Delocalisation
energies were calculated at the M06-2X(SMD=CH,Cl,)/def2-TZVPP level of theory
using the M06-2X/6-31 + G(d)/LANL2DZ optimised geometries and are presented in
kcal mol™. Only the lowest-energy conformers are shown.

Methods

Example of Grignard reaction: preparation of diol 16

To a cold, -78°C, stirred solution of thymine ketofluorohydrin 14
(150 mg, 0.474 mmol, 1.0 eq) in CH,Cl, (15.8 mL) under N, was added
EtMgl (0.79 mL, 3.0 M in diethyl ether, 2.37 mmol, 5.0 eq) slowly (along

interior wall of flask). The resulting mixture was maintained at =78 °C
and stirred for an additional 5h. The reaction mixture was then
quenched with a 1:1 mixture of saturated NH4Cl and MeOH solution
(20 mL) and allowed to warm to room temperature. The mixture was
then diluted with CH,Cl, (20 mL) and the phases were separated. The
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Fig. 5 | Conversion of readily available 1,3-syn diols 15-25 into C4’-modified nucleoside analogues 33-42. The functional group added in the Grignard addition is

highlighted in blue.

aqueous phase was washed with CH,Cl, (3 x 20 mL) and the organic
phases were combined and washed with brine, dried over MgSO4,
filtered, and concentrated under reduced pressure. The resulting oil
was purified by flash chromatography (EtOAc:hexanes 2:3) to afford
diol 16 as a white solid (52 mg, 54%, 2.5:1).

Data availability

The experimental procedures, characterisation data and 'H and C
NMR spectroscopic data generated in this study are provided in the
Supplementary Information. All data are available from the corre-
sponding author upon request. Source data are provided with
this paper.
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