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Diastereo- and enantioselective synthesis 
of compounds with a trifluoromethyl- and 
fluoro-substituted carbon centre
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Ryan J. Morrison1, KyungA Lee1, Shaowei Hu1, Ming Joo Koh    1, Jaehee Lee    1, 
Xinghan Li2, Peng Liu    3  & Amir H. Hoveyda    1,2 

Molecules that contain one or more fluorine atoms are crucial to drug 
discovery. There are protocols available for the selective synthesis 
of different organofluorine compounds, including those with a 
fluoro-substituted or a trifluoromethyl-substituted stereogenic carbon 
centre. However, approaches for synthesizing compounds with a 
trifluoromethyl- and fluoro-substituent stereogenic carbon centre are far 
less common. This potentially impactful set of molecules thus remains 
severely underdeveloped. Here we introduce a catalytic regio-, diastereo- 
and enantioselective strategy for the preparation of homoallylic alcohols 
bearing a stereogenic carbon centre bound to a trifluoromethyl group and 
a fluorine atom. The process, which involves a polyfluoroallyl boronate 
and is catalysed by an in situ-formed organozinc complex, can be used 
for diastereodivergent preparation of tetrafluoro-monosaccharides, 
including ribose core analogues of the antiviral drug sofosbuvir (Sovaldi). 
Unexpected reactivity/selectivity profiles, probably originating from 
the trifluoromethyl- and fluoro-substituted carbon site, are discovered, 
foreshadowing other unique chemistries that remain unknown.

The ease, economy, efficiency and selectivity with which organofluorine 
compounds are accessed is in the exclusive purview of chemical syn-
thesis1,2. Efficient transformations that deliver valuable fluoro-organic 
products with high diastereo- and/or enantioselectivity open fresh 
vistas in drug discovery3–5, and facilitate the development of improved 
agrochemicals6 and/or superior polymeric materials7. Among the areas 
to be impacted are oligonucleotide therapeutics and glycomimetic 
drug design8–11, where 2-fluoro-substituted monosaccharides are key 
(Fig. 1a). An example is sofosbuvir, sold under the name Sovaldi, which 
is used for the treatment of chronic hepatitis C virus infection12–15.  
A more potent derivative of Sovaldi has a fluoro,bromo-substituted  
stereogenic C2 (ref. 16). Bioactive pyranosides with a fluoro-substituted 
C2 are similarly sought-after, a prominent member being 

sialyltransferase inhibitor 3Fax-Neu5Ac17,18. These latter compounds 
are components of cancer vaccine candidates19,20 that can be used dis-
cretely, or in combination with other drugs, to counter viral infections21, 
including COVID-19 (refs. 22–24).

In light of evidence vis-à-vis the beneficial impact of a  
trifluoromethyl group on bioavailability and/or metabolic stability of 
a therapeutic candidate2,3, the development of efficient and stereo-
selective pathways for the synthesis of unexplored furanosides and 
pyranosides with a trifluoromethyl- and fluoro-substituted C2 (refs. 2,25)  
is particularly desirable (Fig. 1a). Oxonium ion generation and the 
ensuing saccharide ring cleavage, a preamble to depurination26,27, 
might then be thwarted by the strong electronic pull caused by the 
trifluoromethyl- and fluoro-substituted stereogenic carbon (compared 
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consistent with an additional heteroatomic moiety at C2 enhancing 
potency (for example, the 2′-dihalo ribonucleotide prodrugs active 
against hepatitis C virus16,30). Furthermore, four relatively short C–F 

to those with a fluorine-substituted stereogenic centre). Although a 
fluoro-nucleotide can mimic RNA, the fully substituted carbon off-
sets C–O elimination and backbone cleavage by proton removal28,29, 
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Fig. 1 | Notable nucleosides, the initial approach and the state of the art in 
catalytic allyl additions to aldehydes. a, Key polyfluoro nucleosides include 
gemcitabine (sold as Gemzar) and sofosbuvir (sold as Sovaldi). Analogues 
bearing a fluoro- and trifluoromethyl-substituted C2 are of considerable 
interest, but remain largely unexplored. b, Our aim was to establish a strategy for 
diastereodivergent and enantioselective synthesis of trifluoromethyl- and fluoro-
substituted monosaccharides. This would involve two modes of stereoselective 
additions of trifluoromethyl- and fluoro-substituted allylboronates E- and/or 

Z-1a to aldehyde 2. There was precedent for one pathway, affording R,R,R-3a, 
but none for accessing R,R,S-3a. It remained to be seen if a catalyst-controlled 
method would address this problem and if a concise sequence might be 
developed for synthesizing the targeted heterocycles. c, It was initially projected 
that considerable amounts of α-addition products might be generated and that 
the main component of the γ-addition route would be the isomer shown here. 
Intriguingly, this turned out not to be the case. G, R, a functional group or chain; 
pin, pinacolato; pg, protecting group; L, ligand(s).
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bonds and strongly electron-withdrawing fluorine atoms, together 
with 12 pairs of non-bonding electrons within a confined space, can 
elicit unique reactivity and/or selectivity profiles.

Catalytic methods have been introduced for the enantiose-
lective synthesis of compounds with a fluoro-substituted31 or a 
trifluoromethyl-substituted quaternary carbon stereogenic centre32–34.  
By contrast, there are only two approaches pertaining to those 
containing a fully substituted stereogenic carbon centre with a tri-
fluoromethyl group and a fluorine atom. One entails reaction of a 
7-azaindoline amide with an aryl- or heteroaryl-substituted Boc-imide 
(Boc, tert-butyloxycarbonyl)35, used to synthesize a fluoro-analogue of 
a T-type selective Ca2+-channel blocker36 and a fluorinated bioisostere 
of isoleucine37. The other is for enantioselective addition of two fluorine 
atoms to trifluoromethyl-substituted aryl olefins, furnishing products 
with a fluoro-, monofluoromethyl- and trifluoromethyl-substituted 
carbon centre38,39. These advances are noteworthy but do not easily 
lend themselves to nucleosides synthesis.

Results and discussion
Preliminary considerations
An attractive option for the core transformation would be the addi-
tion of trifluoromethyl- and fluoro-substituted allylboronates Z-1a 
and/or E-1a (Fig. 1b) to aldehydes. Stereospecific reactions involving 
trifluoromethyl-fluoro-substituted allylboronate 1a and aldehyde 2, 
by substrate- or catalyst-controlled routes, could yield homoallylic 
alcohols R,R,R-3a or R,R,S-3a. Subsequent modification, including 
protecting-group adjustments, would generate hydroxy-aldehydes 
I–IV, precursors to furanoses V and VII or pyranoses VI and VIII  
(Fig. 1b). For a substrate-controlled approach, a method developed by 
Aggarwal40 could be adopted. We surmised that R,R,R-3a could serve 
as precursor to monosaccharides V and VI. To prepare the alternative 
diastereomer, R,R,S-3a, on the other hand, we would need a catalytic 
strategy for γ- and diastereoselective addition of allylboronate 1a to 
aldehyde 2. Moreover, for application to the synthesis of polyfluoro 
nucleosides, reactions with enolizable aliphatic aldehydes would have 
to be efficient.

A suitable catalytic transformation
Regarding a catalyst-controlled process, we favoured the chiral 
aminophenol-derived system41 (Fig. 1c). Accessibility, ease of modifica-
tion and robustness aside, previous studies show that initial outcomes 
may be optimized based on mechanistic analysis. For example, ration-
ales have been developed for why certain additions are exceedingly 
α-selective42,43 whereas others afford the γ-addition product prefer-
entially44. We anticipated a similar scenario for a trifluoromethyl- and 
fluoro-substituted allylboronate, namely, that the initially formed 
complex i (Fig. 1c) would react with an aldehyde via ts-i. We expected 
needing to devise ways to improve γ:α ratios, and envisioned doing so 
by lowering the rate of the addition of the initially formed allylboronate 
i and/or by accelerating 1,3-boryl shift44 (i → ii). We were additionally 
concerned that reaction via ii and ts-ii would generate the same dias-
tereomer as that formed by a substrate-controlled process40.

Unanticipated regio- and diastereoselectivity
Polyfluoro allylboronate 1a (Table 1) was prepared in multi-gram quanti-
ties (63% yield, 98:2 Z:E)45,46, and its reaction with benzaldehyde in the 
presence of a range of aminophenols was investigated (see Supple-
mentary Information part 1, section 8.1.1, for details). We found that, 
with 5.0 mol% of a commercially available aminophenol (ap), 13 mol% 
Zn(Ot-Bu)Et, and 5.0 equiv. of MeOH, the transformation proceeds 
smoothly at 60 °C, affording—to our surprise—the γ-addition isomer, 
S,R-3b, preferentially (87%, compared to 13% α-addition isomer 4) and 
in 85:15 diastereomeric ratio (d.r.). Upon purification, S,R-3b was iso-
lated in 59% yield, as a single regio- and diastereomer (>98:2 γ:α and 
d.r.) and in 94:6 enantiomeric ratio (e.r.). At ambient temperature, the 

transformation was similarly selective, but less efficient (for example, 
76% conversion after 8 or 32 h at 22 °C).

We had so far made two observations that, although aus-
picious, were entirely unforeseen. One was the that the major 
diastereomer formed was initially predicted to be a minor com-
ponent (Fig. 1c). The other was that, contrary to the reactions with 
trifluoromethyl-substituted allylboronates43, γ selectivity was high. 
Mechanistic revisions were clearly needed, but we chose to explore the 
scope and applicability of the catalytic method first. Although aldehydes 
such as 2 (Fig. 1b) are more relevant to monosaccharide synthesis, the 
development of a more general catalytic method would be equally 
important. The modifiability of homoallylic alcohols would deliver other 
desirable and otherwise difficult-to-access organofluorine compounds.

Scope of the method
Reactions with sterically and electronically distinct aryl- (3c–g) and 
heteroaryl-substituted (3h–j) aldehydes (Table 1) furnished products 
in 89:11 to >98:2 γ:α ratio. Homoallylic alcohols 3c–j were generated in 
95:5 to >98:2 d.r. (pure γ, except 3e and 3j) and isolated in yields ranging 
from 34% for the relatively volatile 3e to 77% for furyl-substituted 3i. 
Enantioselectivities were generally high (89:11–96.5:3.5 e.r.).

Aldehyde electrophilicity impacts γ selectivity. The more 
electron-deficient probably react with a chiral allyl complex before allyl 
shift can occur (i → ii, Fig. 1c; see Figs. 3 and 4 for the revised mechanistic 
analysis) and, consequently, the γ:α ratios are lower (for example, 3g, 
80% γ). Conversely, γ selectivity is higher for the more electron-rich 
aldehydes (for example, 3c and 3f, 93% and 95% γ, respectively). 
Alkenyl- and alkyl-substituted aldehydes may be used: 3k–m (pure γ) 
were isolated in 53–65% yield, 93:7 to >98:2 d.r. and 91:9–95:5 e.r. The 
transformation with an enantiomerically pure β-branched aldehyde 
afforded a 75:15:6:4 diastereomeric mixture, and 3n was isolated in 
58% yield (pure γ) and >98:2 d.r. Reactions with Z-1b, an allylboronate 
derived from a commercially available nonafluoro-alkene, were also 
performed, illustrating that the corresponding perfluoro compounds 
may be accessed (5a,b). The X-ray structures for 3j and 5a confirmed 
the stereochemical assignments.

Synthesis of polyfluoro monosaccharides
Aldehyde 2 (Fig. 1b; >99:1 e.r.), although purchasable, is still more valu-
able than 1a, making it the preferable limiting agent. We were again 
concerned about γ selectivity, as we could not predict whether higher 
electrophilicity of an α,β-dialkoxy aldehyde would allow allyl isomeri-
zation to remain sufficiently competitive with direct addition (see 
Fig. 1c for the initial analysis and Fig. 4 for the revised analysis). In fact 
(Fig. 2a), the transformation with ap turned out to be less regio- and 
diastereoselective (R,S,R-3a formed in 87:13 γ:α ratio and 72:28 d.r.). 
With ent-ap, regiocontrol decreased further (75:25 γ:α), but diaste-
reoselectivity improved (98:2 d.r.), indicating this to be the matched 
catalyst/substrate pairing. We isolated R,R,S-3a in 70% yield (pure γ; 
98:2 d.r.; X-ray structure in Fig. 2a).

We wondered whether we might take advantage of the higher 
electrophilicity of α,β-dialkoxy aldehyde 2. Specifically, with larger 
amounts of MeOH, more of the aldehyde could be converted to its 
derived hemiacetal, diminishing the rate of direct addition and allow-
ing allyl shift to be more competitive. In the event, with 20 equiv. of 
MeOH (not 5.0 equiv.) R,R,S-3a was formed in a 95:5 γ:α ratio (com-
pared to 75:25, previously) and with similarly high d.r. (98:2), such that 
it could be isolated in 93% yield (pure γ). The same applies to other 
electron-deficient aldehydes (3o,p, Fig. 2a). Furanose R,R,S-7 was 
therefore synthesized via 6 (Fig. 2b) in 73% overall yield (three steps) 
and >98:2 d.r. (33:67 α:β).

Another unexpected selectivity profile
Synthesis of the pyranoses (Fig. 2b) produced another surprise. Conver-
sion of R,R,S-3a to diol R,R,S-8 was uneventfully performed (80% yield, 
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two steps). We then treated R,R,S-8 with sodium hydride and benzyl 
bromide (10 mol% (n-Bu)4NI, dimethylformamide (DMF), 0.5 h, 22 °C), 
expecting benzyl ether formation at the primary hydroxy group. How-
ever, it was the more congested secondary alcohol—the one adjacent  
to the fluoro- and trifluoromethyl-substituted carbon—that reacted 
preferentially (Fig. 5 provides additional data and analysis). This  
enabled us to isolate R,R,S-9 directly in 54% yield, without needing a 
protection/deprotection sequence. In other words, masking of the 
primary alcohol and then of the secondary alcohol with a more robust 
protecting group, followed by selective deprotection of the primary 
alcohol (Fig. 1b), was not necessary. The ensuing oxidative cleavage/
cyclization delivered pyranoside R,R,S-10 in 67% yield and >98:2 d.r. 
(>98% β). The identity of R,R,S-10 was ascertained crystallographi-
cally (Fig. 2b).

To access R,R,R-3a (Fig. 2c), we took advantage of the stereogenic 
centre in aldehyde 2 as the stereocontrolling element, as originally 
planned. Subjection of a mixture of 2 and allylboronate 1a (98:2 Z:E) 
to n-butyllithium and trifluoroacetic anhydride (TFAA)40 afforded 
R,R,R-3a in 58% yield (pure γ) and 94:6 d.r. after purification. Conver-
sion to R,R,R-8 was performed as before and the 1,2-diol was isolated in 
78% yield. Masking of the less-hindered primary alcohol gave R,R,R-11  
(>98:2 primary:secondary silyl ether), which was transformed to 

furanose R,R,R-12 in 84% yield and >98:2 d.r. (16:84 α:β). The oxidative 
procedure used to convert R,R,R-3a to 6 led to an inseparable mixture 
of furanose products, and the corresponding pyranose was generated. 
Similar to site-selective benzyl protection to obtain R,R,S-9, second-
ary benzyl ether/primary alcohol R,R,R-9 was isolated in 39% yield 
and >98:2 d.r. (after silica gel chromatography). The corresponding 
pyranose R,R,R-13 was obtained in 57% yield (>98:2 d.r. and 26:74 α:β). 
The X-ray structure of the derived para-nitrobenzoate ester endorsed 
the stereochemical assignment.

Organoboron or organozinc catalyst?
One unexpected observation was that, whereas the preferred enan-
tiotopic aldehyde face was the same as initially predicted (Table 1 and  
Fig. 2), the major diastereomer was not the one anticipated origi-
nally. Another surprising finding was that the catalytic additions are 
γ-selective. To gain insight, we investigated the mechanism of the cata-
lytic process in detail.

We first focused on allyl isomerization, required for γ-selective 
addition. Density functional theory (DFT; Fig. 3a) studies indicated 
that the energy barrier for the borotropic shift (ΔG‡ = +38.2 kcal mol−1, 
ts-B-1) is too steep, and even more so with a trifluoromethyl- and 
fluoro-substituted carbon present (ΔG‡ = 52.7 and 55.5 kcal mol−1, ts-B-2 

Table 1 | Diastereo- and enantioselective synthesis of homoallylic alcohols with a trifluoromethyl- and fluoro-substituted 
carbon
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and ts-B-3, respectively). Allylzinc isomerization, in contrast, emerged 
as more favourable (ts-Zn-1 and ts-Zn-2: ΔG‡ = 21.8 and 22.1 kcal mol−1, 
respectively). Faster isomerization of an allylzinc compared to an 

allylboron intermediate could be because of the longer Zn…C distances 
(for example, 2.27 and 2.45 Å in ts-Zn-1 compared to 1.78 and 1.86 Å in 
ts-B-2). There would be less lone pair–lone pair and/or steric repulsion 
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Fig. 2 | Diastereoconvergent and enantioselective synthesis of polyfluoro 
monosaccharides. a, In the case of the more electrophilic aldehyde (2), a 
larger excess of MeOH leads to higher γ selectivity. This is attributed to an 
increase in hemiacetal formation and lower aldehyde concentration, allowing 
allyl isomerization to occur before C–C bond formation. b, Diastereo- and 
enantiomerically enriched homoallylic alcohol R,R,S-3a was thus converted to 
polyfluoro furanose R,R,S-7 and pyranose R,R,S-10. An unexpected observation 
was that reaction of R,R,S-7 with benzyl bromide led to preferential ether 
formation at the more hindered secondary alcohol. c, Substrate-controlled 
reaction of allylboronate 1a and 2 afforded R,R,R-3a, which was used to access 
polyfluoro furanose R,R,R-12 and pyranose R,R,R-13. Again, the more hindered 

secondary alcohol in R,R,R-8 reacted faster to afford R,R,R-9 preferentially. 
Reactions were performed under a N2 atmosphere. Conversion (aldehyde 
disappearance, >98% in all cases) and diastereoselectivity were determined 
by analysis of 19F or 1H NMR spectra of unpurified product mixtures (±2%). 
Yields are for pure products (±5%). Enantioselectivity was determined by 
HPLC analysis (±1%). See Supplementary Information part 1, section 6, 
for details. pin, pinacolato; NMO, N-methylmorpholine N-oxide; DMAP, 
4-dimethylaminopyridine; p-TsOH, p-toluenesulfonic acid; Bz, benzoate; Bn, 
benzyl; CSA, camphorsulfonic acid; TFAA, trifluoroacetic anhydride; TBSCl, 
tert-butyldimethylsilyl chloride.
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between the catalyst framework and the allyl substituents. Whereas 
in ts-B-1 and ts-B-2, boron–amide coordination must be disrupted 
before isomerization, the same is not true for ts-Zn-1 and ts-Zn-2, both 
of which lead to the same Z-trisubstituted allylzinc 14 (Fig. 3b). The 
C–B–C angles are larger than the C–Zn–C angles (for example, 83.6° 
versus 64.1° for ts-B-2 and ts-Zn-1, respectively), meaning extended 
Zn….C distances and reduced steric pressure around the zinc centre. 
Enantioselectivity is therefore not impacted by the stereoisomeric 
purity of 1a. For example, with a 70:30 Z:E mixture of the allylboronate, 
S,R-3b was isolated in the same yield and regio-, diastereo- and enan-
tioselectivity as when a 98:2 Z:E sample was used (Fig. 3b). The crystal 
structure of complex (ap)2Zn2 lends credence to the involvement of 
an aminophenol–zinc complex (Fig. 3c).

Origins of γ-, diastereo- and enantioselectivity
Kinetic investigations (Fig. 4a) show that there is first-order  
rate dependence on the aminophenol–zinc complex, that aldehyde 

concentration is inconsequential, and that the C–C-bond-formation 
step is probably not turnover-limiting. The orders for allylboronate (1a) 
and methanol are +0.3 and −0.6, respectively. In light of the above data 
and additional DFT-computed energy profiles, the following catalytic 
cycle may be proposed.

DFT studies (Supplementary Information part 2, section 2.1) indi-
cate that aminophenol–zinc complex iii is likely in equilibrium with 
lower-energy multinuclear zinc aggregates, such as iii′, generated from 
Zn(OMe)2 (formed in situ; see Supplementary Fig. 11 for details). Reac-
tion between iii and allyldimethoxyboronate 1a″ (ΔG‡ = 1.9 kcal mol−1), 
a less-hindered source of a perfluoroallyl moiety, can occur via ts-iii to 
give iv. The latter may be formed diastereoselectively on account of the 
higher steric pressure in ts-iii′, engendered by the proximity of a fluo-
rine atom of the trifluoromethyl group and the aminophenol backbone. 
The stage is then set for rearrangement of iv to a lower-energy isomer 
(Fig. 4a). Direct addition of iv to the aldehyde would generate the minor 
α-addition isomer (via ts-iv, ΔG‡ = 22.5 kcal mol−1), but conversion 
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Fig. 3 | Computational and experimental studies reveal that the active 
catalyst is probably an organozinc compound. a, DFT studies indicate that 
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catalyst. The longer C…Zn distances (compared to C…B) help relieve steric and 
electron–electron repulsion, leading to lower transition-state energies. b, The 
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structure of (ap)2Zn2 points to the viability of a Zn–aminophenol complex. DFT 
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Fig. 4 | Mechanistic proposal based on experimental and computational 
studies. a, A catalytic cycle is proposed based on kinetic and DFT studies The 
turnover-limiting step is probably isomerization of the initially generated 
allylzinc complex via ts-Zn-1 or ts-Zn-2 to 14, which readily reacts with an 
aldehyde to generate the final product (S,R-3b) via ts-vi and v. The order 
in allylboronate 1a is +0.3, probably because it is an in situ-formed and less 
encumbered derivative, 1a′ and/or 1a″, which is the active species. The −0.6 
kinetic order in MeOH may be a balance between the formation of 1a′ and 1a″ 
(positive) and the formation of Zn(OMe)2 and inactive iii′ (negative). b, Studies 

involving 1b show that the trifluoromethyl- and fluoro-substituted carbon are 
important to the outcome of a process. c, Investigations with 1c indicate that 
a trifluoromethyl- as well as a fluoro- substituent are needed for the favoured 
mode of regioselectivity. This might be due to a preference for ts-iii over ts-iii′ 
and ts-Zn-1 over ts-iv or ts-iv′, all of which are on account of the presence 
of the polyfluoro carbon. DFT studies performed at the M06/6-311+G(d,p)-
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Information part 2, section 2.1, for details. ap, aminophenol; ts, transition state.
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to iv, affording allylzinc 14 (ΔG‡ = 21.8 kcal mol−1), is calculated to be 
more favourable. According to DFT studies, reaction of 14 with an 
aldehyde is faster, proceeding via ts-v (ΔG‡ = 17.5 kcal mol−1) to generate 
zinc–alkoxide v. Release of S,R-3b and regeneration of zinc complex iii 
(ΔG‡ = 9.7 kcal mol−1) completes the catalytic cycle.

Several additional points merit note. (1) Reaction via ts-iv to give 
α-addition isomer 4b might be slower than allylzinc isomerization 
due to steric pressure caused by the proximity of the trifluoromethyl 
to the catalyst framework (similar to ts-iii′). There is also the repulsion 
between the non-bonding electrons of the catalyst’s amide group and 
aldehyde carbonyl. The alternative ts-iv′ would be still less favourable 
due to propinquity of the non-bonding electrons of the amide carbonyl 
and the nearby fluorine atom. (2) The formation of the alternative 
homoallylic alcohol diastereomer via ts-v′ (ΔG‡ = 18.4 kcal mol−1) is less 
favoured on account of steric strain between the aldehyde substituent, 
trifluoromethyl group and fluorine atom. Transformation via ts-v″ 
(ΔG‡ = 20.4 kcal mol−1) is energetically less favourable because of elec-
tronic pressure involving the non-bonding electrons of the aldehyde 
and amide carbonyl groups.

Considering the rate data and the DFT findings, it may be sug-
gested that the formation of zinc methoxide iii from catalytically inac-
tive aggregates (for example, iii′), the generation of allylzinc iv, and its 
isomerization to the less congested 14 impact the overall rate. Methanol 
(order = −0.6) can adversely influence the reaction rate as it promotes 
the formation of Zn(OMe)2 and multinuclear zinc complexes, such as 
iii′. Methanol’s accelerating influence may be linked to its role in form-
ing a less-hindered allylboronate (such as 1a″) and regeneration of iii. 
The impact of the concentration of 1a (order = +0.3) can be attributed 
to 1a′ and 1a″ being less hindered.

That the trifluoromethyl- and fluoro-substituted carbon is  
the main reason for the unusual reactivity and selectivity profiles 
is underscored by two control experiments (Fig. 4b). With 1b, with 
or without ap, homoallylic alcohol 15 was formed with similar  
efficiency and γ selectivity. This shows that the prenylboronate  
and/or the derived organozinc species are sufficiently reactive to 
lower the rate difference between the uncatalysed and catalytic path-
ways. It thus appears that a trifluoromethyl- and fluoro-substituted  
carbon group diminishes allylzinc nucleophilicity enough to ren-
der allyl isomerization competitive, causing improved γ selectivity. 
Equally revealing is the preferential formation of α-addition isomer 16  
from the reaction with trifluoromethyl-substituted allylboronate 
1c (Fig. 4b). Although the appreciable enantioselectivity indicates  
catalyst involvement, the process is α-selective, showing that in the 
reactions with 1a, the trifluoromethyl group as well as the fluorine 
substituent are needed for high γ:α ratios. In contrast, in the transfor-
mation with 1c (affording 16), direct addition to an aldehyde is faster 
than allyl isomerization (supported by DFT studies; Supplementary 
Figs. 10, 14 and 16). The greater accessibility of the zinc centre and lower 
electron–electron repulsion in ts-vi, compared to ts-iv′, engenders 
faster direct aldehyde addition compared to allylzinc rearrangement 
(14:86 γ:α).

The perfluoro carbon and secondary alcohol protection
The remaining question was whether the unanticipated preference 
for reaction at the more hindered secondary alcohol in R,R,S-8 and 
R,R,R-8 is because of the presence of the perfluoro stereogenic carbon  
(Fig. 2b,c). Preliminary studies indicated that medium polarity 
impacts site selectivity (Fig. 5a). Benzyl ether formation was slow-
est and least selective in benzene (dielectric constant (ε) = 2.27; 
41% conv., 33%:33%:33% secondary:primary:bis-benzyl ether), 
proceeded faster and more selectively in favour of the secondary 
alcohol in tetrahydrofuran (THF; ε = 7.58; 61% conv., 44%:5%:51% 
secondary:primary:bis-benzyl ether), and was most efficient and selec-
tive in dimethylformamide (DMF, ε = 36.7; 90% conv., 62%:17%:21% 
secondary:primary:bis-benzyl ether). These data suggest an oxy-anion 

intermediate, supported by the observation that with potassium 
carbonate and benzyl bromide47, weakly basic conditions that are 
unlikely to cause much proton removal, reaction at the less-hindered  
primary alcohol is preferred (5.0%:20%:<2% secondary:primary: 
bis-benzyl ether; Fig. 5a). Another supporting example is selective 
silyl protection of the primary alcohol of R,R,R-8 to generate R,R,R-9 
(Fig. 2c).

Further studies revealed the following. (1) In DMF and with sodium 
hydride, the secondary alcohol in R,R,S-8 reacts faster with other  
electrophiles as well (Fig. 5a). (2) The reaction affording the secondary 
benzyl ether derived from R,R,R-8 has a different profile (49%:14%:26% 
versus 62%:17%:21% secondary:primary:bis-benzyl ether; Fig. 5b) and 
R,R,R-9 was obtained in lower yield (39–40% versus 54% for R,R,S-9;  
Fig. 2b,c). (3) Protection of R,R,S-17 (Fig. 5c), with a secondary alco-
hol closer to the perfluoro carbon, is nearly six times faster than  
that of primary alcohol R,R,S-10. This underlines the impact of 
the perfluoro site on site selectivity, indicating that the final 
secondary-to-primary benzyl ether ratio also depends on the relative 
rates with which the initially formed benzyl ether isomers react to 
generate 18. (4) The transformation with 19, bearing a gem-dimethyl 
moiety instead of a perfluoro carbon, yielded primary benzyl ether  
20 preferentially (Fig. 5d), again underscoring the impact of the  
perfluoro carbon centre. (5) Although reactions of homoallylic alco-
hols 3a, regardless of their stereoisomeric identity, were completed 
within 2 h, there was no conversion to 21 and 22 (Fig. 5e), in which the 
polyfluoro site is replaced by an allylic methyl and a gem-dimethyl 
moiety, respectively (THF used instead of DMF to accentuate the rate 
differences).

Regarding the reason for faster reaction at the more hindered 
secondary alcohol, it might be argued that the proximity to a 
trifluoromethyl- and fluoro-substituted carbon increases the acidity 
of the more hindered alcohol. However, inductive effects would also 
stabilize (lower the ground-state energy of) the oxy-anion, forcing 
it to be less nucleophilic (lower-energy highest-occupied molecular 
orbital (HOMO)). It is more likely that reaction at the secondary alcohol 
is faster due to enhanced electron–electron repulsion between the 
non-bonding electrons of the metal alkoxide and fluorine substitu-
ent (elevated ground-state energy). Increased HOMO energy trans-
lates to more favourable interaction between the oxy-anion and the 
anti-bonding (σ*) C–Br orbital (transition-state stabilization). DFT 
studies suggest that in the lowest-energy transition state for the reac-
tion with R,R,S-8 (ts-sec-1; Fig. 5f), the trifluoromethyl group might 
be situated so that the oxy-anion’s nucleophilicity can be elevated. 
Similar interactions are not feasible in ts-prim-1, where the oxy-anion 
is too far from the fluorine atoms. Faster protection of the secondary 
alcohol in a dibenzyl ether, such as R,R,S-17 to afford R,R,S-18, probably 
originates from similar interactions, contributing to the secondary/
primary benzyl ether ratio.

For the reaction of diastereomeric R,R,R-8 (Fig. 5g), nucleo-
phile activation by electron–electron repulsion, as depicted in  
ts-sec-2, would be less favoured, probably on account of destabilizing 
steric repulsion between the benzyloxy and the vinyl groups (BnO–
C–C–Cvinyl = 55.6° and 70.3° in ts-sec-2 and ts-sec-1, respectively). 
Instead, electrostatic attraction (ts-sec-2′) involving the oxy-anion and 
the alkenyl hydrogen are more likely to be key (ΔG‡ = 18.6 kcal mol−1;  
Fig. 5g). DFT studies indicate that such an interaction, while feasible 
for the reaction with R,R,S-8, contributes less to the reaction rate com-
pared to ts-sec-1 (ΔG‡ = 16.7 and 19.6 kcal mol−1 for ts-sec-1 and ts-sec-1′, 
respectively). Former investigations show that the C–H bond of trif-
luoromethane or that of a CF2H moiety can serve as a hydrogen-bond 
donor48,49. Here, the hydrogen-bond donor ability of the alkenyl hydro-
gen, despite being bound to a neighbouring atom (as opposed to the 
carbon carrying the fluoro or the trifluoromethyl group), is enhanced 
by the inductive effect imposed by the trifluoromethyl group and fluo-
rine atom in addition to hyperconjugation between the alkenyl σC–H and 
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a charge-separated transition state. b, Although a similar regioselectivity 
preference is observed with a diastereomeric substrate, regioselectivity is  
lower, pointing to the importance of conformational preferences. c, Formation 
of a tri-benzyl ether is faster, in line with higher reactivity of the more hindered 
site. d,e, The nature of fluoro-containing allyl substituents impacts the rate of 
secondary ether formation. Only when a substrate contains a trifluoromethyl- 
and fluoro-substituted homoallylic site is the secondary ether generated more 
quickly (that is, with R,R,S-3a, R,R,R-3a and not with 19 or precursors to 21 and 
22). f, DFT studies provide a rationale for the unexpected reactivity of the  

secondary alcohols. For R,R,S-8, in the lowest-energy transition state for  
C–O bond formation (ts-sec-1), the proximity of the fluorine atoms elevates  
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Reactions were performed under a N2 atmosphere. Conversion and selectivity 
(five runs) were determined by analysis of 19F or 1H NMR spectra of unpurified 
mixtures (±2%). Yields are for pure products (±5%). DFT was performed at the 
M06-2X/6-311+G(d,p)/SMD(DMF)//M06-2X/6-31G(d)/SMD(DMF) level. See 
Supplementary Information part 2, section 2.2, for details. ε, dielectric constant; 
THF, tetrahydrofuran; DMF, dimethylformamide; Bn, benzyl; ts, transition state; 
sec., secondary; prim., primary.
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σ*C–F orbitals. Transformations of the saturated derivative of R,R,R-8 
(obtained by hydrogenation), bearing a less effective hydrogen-bond 
donor, are indeed minimally selective (see Supplementary Table 2  
for details).

Conclusions
We have developed diastereodivergent and enantioselective 
approaches for the synthesis of two furanose and two pyranose cores 
that contain a trifluoromethyl- and fluoro-substituted stereogenic C2. 
This makes it possible to access and probe the efficacy of an assortment 
of stereochemically defined polyfluoro oligonucleotide analogues as 
therapeutic agents for disease areas such as viral infections and cancer 
therapy. The γ-, enantio- and/or diastereoselective strategies may be 
extended to the synthesis of other drug candidates. For example, the 
corresponding catalytic additions to aldimines or ketimines may be 
developed for the synthesis of polyfluoro amino sugars50,51, relevant 
to the development of antitumour agents. The established utility of 
homoallylic alcohols in chemical synthesis52 suggests applications 
to the synthesis of therapeutic candidates that contain a polyfluoro 
stereogenic carbon centre.

The mechanistic principles outlined above constitute a revi-
sion of those outlined previously44, shedding light on the workings 
of an emerging set of chiral catalysts. We provide evidence that 
organic molecules bearing a trifluoromethyl- and fluoro-substituted 
carbon can exhibit unusual reactivity and selectivity profiles.  
Although additions to aldehydes involving allylzinc compounds 
with a trifluoromethyl group are α-selective, those containing a 
polyfluoro carbon are γ-selective. What is more, a trifluoromethyl- 
and fluoro-substituted carbon stereogenic centre and its  
density of non-bonding electrons, together with multi-
ple electron-withdrawing C–F bonds, can make it prefer-
able for C–O bond formation at a more hindered secondary 
hydroxy group, one that is more proximal to a trifluoromethyl- 
and fluoro-substituted carbon. Similar electronic altera-
tions could also influence the interaction of derived drug  
candidates with biological receptors, which often contain a variety 
of polar moieties, imparting unique structure/activity profiles to 
analogues bearing this largely unexplored polyfluoro grouping.

Online content
Any methods, additional references, Nature Research reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author contri-
butions and competing interests; and statements of data and code avail-
ability are available at https://doi.org/10.1038/s41557-022-01054-4.
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Methods
Caution
Compound R,R,R-11 is volatile and should not be exposed to vacuum 
below 30 mbar. Low-boiling solvents (CH2Cl2, pentane and Et2O) were 
used for aqueous workup and chromatography.

Procedure for catalytic enantioselective homoallylic alcohol 
synthesis
In a glovebox, an oven-dried 4-ml vial containing a stir bar was charged 
with ap (1.6 mg, 0.0050 mmol), Zn(Ot-Bu)Et (3.1 mg, 0.013 mmol), ben-
zaldehyde (21.4 mg, 0.200 mmol), 1a (25.4 mg, 0.100 mmol), toluene 
(1.0 ml) and MeOH (16.0 mg, 0.500 mmol). The vial was sealed (screw 
cap) and removed from the glovebox, and the mixture was allowed 
to stir for 1 h at 60 °C. The solution was allowed to cool to 22 °C, after 
which the reaction was quenched by the addition of MeOH (2.0 ml). The 
volatiles were removed in vacuo, leaving behind grey oil (>98% conv., 
based on analysis with 1H and 19F NMR spectra; 87:13 γ:α, 85:15 d.r.). 
Purification by silica gel chromatography (100:1 → 3:1 hexanes:Et2O) 
afforded S,R-3b as a colourless oil (13.8 mg, 0.0590 mmol, 59% yield, 
pure γ-addition isomer, >98:2 d.r., 94:6 e.r.).
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