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1. Introduction

Late stage functionalization (LSF) of natural produis a
useful medicinal chemistry tool, but is challengtoegexecute as
it requires a synthetic method able to chemo- atedsglectively
manipulate complex structures, which, by their retwsually
contain a diverse array of off-target reactive g{L,2] Figure 1
demonstrates the LSF principle for the site-selecti
deoxygenation of erythromycin A, enabled either Iy
selectively-definingd-thiocarbonylation or -phosphitylation with
a peptide catalyst (Fig. 1(a)).[3,4] Metal catadysfor
deoxygenation are also feasible as recently demaiadt for the
ruthenium-catalyzed primary alcohol reduction oblahalcohol
(Fig. 1(b)).[5] A similar preference for primary demenation
(S”ane redUCtant) was demonstrated USing the maiungewis (a) Radical deoxygenation after thiocarbonylation, or peptide- catalyzed phosphitylation
acid B(GFs); on a diosgenin derivative (Fig. 1(c)).[6] Bf&)s-
catalyzed hydrosilylative deoxygenations have &alutily been
used to chemo-selectively reduce the hemiacetal of
dihydroartemisinin or to open the lactone ring idbgrellic acid
with an accompanying allylic transposition (Fig. )).(@]

(i) PhOC(S)C

ffi : ﬁ@ 2o

Although the commercially available Bfks); has been the I

o
workhorse catalyst, fluorinated arylboranes haveodbeen

investigated for the reduction of diverse functiogabups, with enythromycin (i) BusSnH, AIBN Vo0
one form typically exhibiting superior reactivity the others.[8— MeO

10] Our group recently discovered that tuning theifmon of
fluorination led to catalysts for site-selectiveodggenation that
yielded divergent products from a set of commonutesic
starting materials.[11] Site-selective modificasoim complex

(b) Ru-catalyzed selective deoxygenation of cholic alcohol

Ru(p-cymene)Cl,

N2H4'H20

Figure 1. Selective deoxygenation of natural products.

natural products such as natamycin have also kegemted using
various fluoroaryl borane catalysts and silanesedsictants.[7]
The choice of reductant (e.g. borane versus sileae)also alter
which product is formed, as seen with carbohydratedeu
B(CsFs)s-catalyzed conditions.[12] These results led usasé
how modifications to the fluoroaryl borane catalysid the
reductant influences the selectivity for the de®oation of a
multi-functional test molecule such as gibberelbcid.[13]
Trialkylsilanes (MgEtSiH or ESiH) and catecholborane o o
(HBCat) were selected as the reductants while thevialg three BA® + H® ~—= ArB—H

diosgenin analog dihydroartemicinin gibberellic acid
(a) Hydride affinity of fluoroaryl boranes

fluoroarylboranes were chosen based on their diffetiewis ® ° e
g ; , - — 5H BArgerH
acidity and steric profiles: B¢Es)s, B((3,5-CF),C¢Ha)s (BArss. AG B(CeFs)s—H  BArssce3 r246F
cea), and B(2,4,6-FCcHy)s (BAra 46.9. (kcal/mol) 65 53 52
2. Results and Discussion (b) Electrostatic potentials
B(CeFs)s—H® BAr3 s.cF3— H® BAr2,4,6-F—He

As previously computed by Heiden, the three fluorbary
borane Lewis acids in this study have hydride dfési
(kcal/mol) that decrease from Bf&)s t0 BAr; 5.crato BAr 46.F
(Fig. 2(a)).[14] These hydricity values correspsadhe negative
free energy of hydride formation from the Lewis aail H. For
the current study, we additionally computed eletatis
potential surfaces to compare both the Lewis acitl@mjugate
hydride forms; more negative regions of electrastriiution are
visualized by red (Fig. 2(b)). Not surprisingly, therohydrides
are overall more negative than the neutral boradesxpected,
however, was the difference between B&frs and BAb 6 r
which have a similar hydride affinity. The computedrfaces
indicate that the boron center in BAkrs is the most electron B(CoFs)s
deficient of the three (most blue) while the hydridived from
BAr, .6 is the most negatively charged of all three (mesf).  Figure 2. Calculated hydride affinity (Heiden) and
We conclude from these data that hydride affinitydifference) electrostatic surfaces of the tested fluoroarybhes
might not provide the full story of the reactivitf the Lewis
acids and their conjugate hydrides since it is iptsghat one
form might play a more important role in a giveansformation.

BAr3 5.cr3 BAr; 46.F



In the study comparing the three catalysts forsiteselective
deoxygenation of cellulose-derived carbohydratd® most
significant differences were noted between B and BAg;s.
cra[11] For multiple carbohydrate starting materighe two
catalysts favored different products. Although nofirdéve
reasons were apparent, it was noted that the bostimgestate
for B(C¢Fs)s-catalyzed reactions was Bf&);—H™ while in the
latter, it was the Lewis acid form. The higher nupledcity of

3

observations agree with our previous DFT study om th
silyl/boryl oxonium ions that can be formed fronp@panol.[12]
These calculations showed that a diboryl oxoniusigaificantly
higher in energy than a mixed silyl-boryl or disibxonium ion.
In other words, boryl protected ethers are insudfidy Lewis
basic to support the formation of a putative [djbor
oxonium][(GsFs)sB—H"] Lewis pair. In this situation a Lewis acid
catalyzed allylic transposition becomes competitiveer

BArss.crs-H  presumably promoted its consumption. In thisheterolytic cleavage of HBCat. Thus, the formatiéri éhrough

study BAp,er was typically a less
B(CeFs)3.[15]

The previously reported B¢Es)s-catalyzed hydrosilylative
deoxygenation of free gibberellic acid afforded ttegrasilyl-
protected diester Si- in 93% yield via a cascade of
dehydrosilylation, and reductive olefin migratioriActone
opening (Scheme 1(a)).[7] To enhance the startirajerial
solubility and to avoid vigorous hydrogen evolutighe allylic
alcohols of gibberellic acid were pre-silylated (BtSi-, EtSi-;

Si-Gibb), and tested under ambient reaction conditions with HO

excess EBiH. Unlike the results obtained witBibb (Scheme

1(a)), Si-Gibb providedl (83%) along with the conjugated diene

2 (16%) (Scheme 1(b)).[16] Although it is unclear whye-
silylated Si-Gibb promotes elimination to2, all B(CsFs)s-
catalyzed deoxygenations favor prodiiets the major species.

(a) Previous hydrosilylative deoxygenation of gibberellic acid (Gibb)

OH

10 mol% B(CgFs)3
Et3SiH (4.5 eq.)

_ >

CH,Cly, 1t. 3

HO Et;Si07 3

Et,Si0,C

OSi 10 mol% B(CgFs)s
Et3SiH (2.5 eq.)
- .
CHoCly, 1. 24 h;
deprotection
Si = SiEt;

Sio
H CoH

Si-Gibb

Scheme 1. Hydrosilylative deoxygenation @ibb andSi-
Gibb.

Since free gibberellic acid and silyl protectedbgitellic acid
react slightly differently, both forms were testedthwithe
alternative reductant, catecholborane (HBCat). éstémgly,
different productsl or 3, were obtained fror$i-Gibb andGibb
after hydrolysis (Scheme 2). As evidenced from gaduéion on
mixing either Gibb or Si-Gibb with HBCat (no catalyst
necessary), the free alcohols and carboxylic asite borylated,
making the resulting borylated compounds the actfafting
materials. Under these conditions isomerization tmwkn 3
occurs in contrast t8i-Gibb, which converts td (Scheme 2)In
situ monitoring of the reactions by°F and B NMR
spectroscopy reveal that the fluoroarylborane gstatests as
(CgFs):B-H" in the reaction usingi-Gibb whereas it rests as
various B(GFs); Lewis adducts in reactions usi@jbb. These

reactive version of C—O bond activation/cleavage predominates when velgti

more basic silyl ethers are present under ¢B{g-catalyzed
conditions, while non-reductive pathways dominate wiherless
basic boryl ester intermediates are involved.

(a) Gibb with HBCat
10 mol% B(CeFs)s

o]
OH HB, ]@ (5.0eq.)
(e]
_— >

CH,Cly, 1t. 24 h;
deprotection
Si = SiMesEt

3 (full conv.)

10 mol% B(CeFs)s

' o]
OSi HB, ]@ (5.0eq.)
o]
—_—

CH,Cly, 1t. 24 h; HO”
deprotection HOC' I H Co,H
Si-Gibb Si = SiMe,Et 1 (90%)

Scheme 2. Deoxygenation with HBCat as reductant.

Next, the less Lewis acidic fluoroarylboranes, BAsr and
BAr;s.crs Were tested withSi-Gibb and silane reductants.
Although B(GFs); generates a mixture ol and 2, each
compound can be prepared as the sole product mgeitathe
catalyst (Scheme 3(a)). With 10 mol% BAts MeELSI-
protected gibberellic acid was fully convertedltand isolated in
a good yield (82%). Even though the yield was &litiwer than
that obtained with B(gFs); andGibb, 2 was not detectable by
situ *C{*H} NMR. In contrast, using 10 mol% of BAf.crs
resulted in allylic alcohol reduction coupled widtione opening
and elimination.In situ **C{*H} NMR monitoring indicated a
lack of detectable intermediates, wiir+Gibb being smoothly
converted t@.[17]

We next sought to synthesi2efrom conjugated diené via

(a) Deoxygenation with BAr, 4 6.F and BAr3 s5.cr3
10 mol% BAr; 4 6.¢

Me,EtSiH (4.0 eq.)
CH,Cly, 1t. 24 h;
deprotection
Si = SiMe,Et

Sio
H CoH

10 mol% BArSLS-CFS

Si-Gibb

Et,SiH (2.5 eq.)
CH.Cly, t. 24 h;
deprotection
Si = SiEts

(b) Stepwise synthesis of gibberellic acid derivative 2

OSi 10 mol% B(CeFs)s
o Et;SiH (3.5 eq.)
; i CHoCly, 1t. 24 h;
Sio £
RO.C'L H Co,Rr deprotection

R=H or Si, Si = SiEt3
4 2 (32%)
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selective allylic alcohol reduction using a fluorghorane  SilaFlash P60 40-63um (230-400 mesh). Thin layer
catalyst and silane (Scheme 3(b)). Silyl proteadezhe 4 was  chromatography (TLC) was performed on SiliCyclecgilGel 60
preparedvia a previously reported procedure in 64% yield fromF254 plates and was visualized with ceric ammoniurtyintiate
gibberellic acid.[13] Under B((Fs)s-catalyzed hydrosilylative (CAM) stain. All NMR spectra were recorded on a Bruker
deoxygenation conditions, 32% of reduced allylicodbl2 was  Avance 600 MHz spectrometer at standard temperatoce a
obtained after 24 h, with only trace amount2dfeing formed pressure. All deuterated solvents were used as estdiom
when BAgscrs was the catalyst. Few examples of Cambridge Isotope Laboratories, Inc. The residualvest
hydrosilylative allylic alcohol reductions with flamarylborane  protons tH) or the solvent carbonsC) were used as internal
catalysts are known although several examples of C—Gtandards. The following abbreviations are used eporting
reductions on cyclic ethers have been reported 18, NMR data: s, singlet; d, doublet; dd, doublet of Wlets; dt,
doublet of triplets; td, triplet of doublets; ddthublet of doublet
of doublets; and m, multiplet. Where necessary, ZD5¥, and
HSQC data were used for peak assignment. High Resolutio
Mass spectra were obtained on Q ExactivéiF-X Hybrid
Quadrupole-Orbitral Mass spectrometer.

Unlike B(GsFs); catalyzed reactionsin situ spectroscopic
studies of the BAr,¢.rand BAg s crsreactions provided no clear
evidence for how the borane speciated. In an attéongibserve a
difference in the behavior of the catalysts an @altkl 20 mol%
of an external Lewis base (Pflwvas added, which can promote
the heterolysis of the silane into a borohydridgfshhosphonium All chemicals were used as received, or otherwiseridesl
ion pair.[20] In the case of BAj ¢rthe rate of formind. and3 on how it was treated before use. JESiH and E{SiH were
slowed and resonances forBiAr, 4 s~ Were observed in theF purchased from Gelest, and degassadhree freeze-pump-thaw
NMR (-100.2 ppm foro-F, and -120.1 ppm fop-F) along with  cycles and stored over molecular sieves in the afiox.
its cation MeEtSi-PPR" (-3.29 ppm) by*'P NMR.[20,21] By  Catecholborane was purchased from Sigma-Aldrich,illdibt
contrast, addition of 20 mol% PPIo the BAgs.crs Catalyzed  prior to use, taken into a nitrogen filled gloveband stored at -
reaction completely shut down its reduction2oand instead 48 °C. B(GFs); was purchased from Strem and used as received.
provided only partial conversion &-Gibb to 3. As discussed in  BAr,,6r and BAgscrs Wwere synthesized via known
Figure 1, despite having a similar net hydridersfifi both the  methods.[10,24]
borohydrides and borane Lewis acids have differttmstatic . e .
potential surfaces. In addition to these electtuswifferences, 4.2. B(C4Fs)s Catalyzed reaction with Si-Gibb and silane

the Iacl_< ofortho-F groups in I_3A§,5_CF3 makes_ it more sterically In a N-filled glove box, B(GFs)s (4.9 mg, 0.010 mmol, 0.10
accessible to both the hydride source (Piers mémimnand  equiv) was placed in a 1 dram vial and dissolve®.;lymL of
other competing Lewis bases.[9,22-24] The balancghe$e  CH,CI, To the catalyst solution was added FSiH (32 L,
forces is especially complex in a multi-functiorsatucture like  0.241 mmol, 2.50 equiv) and mixed. In a separaat M eEtSi-
g!bperellic .acid and so th?. diverging reactivityttpms is  Gjpp (50 mg, 0.096 mmol, 1.00 equiv) was diluted with B3
difficult to pin down to a specific feature of thatalysts. of CH,Cl,. The catalyst and borane mixture was then addétkto
substrate solution in one portion. The reaction tomx was
transferred to an NMR tube and sealed with a sepapn After
Scheme 3. Divergent deoxygenation with fluoroarylboranes. 24 h, the mixture was transferred to a vial andedntiree times
with 0.5 mL of MeOH. After concentrating the resultisgjution
in vacuo, the crude residue was purified by silical g
3. Conclusion chromatography (30:1 GBI,/MeOH to 20:1 to 10:1 to 5:1) to
yield 1 (83%, 28 mg) an@ (16%, 5.0 mg).
Selective activation and cleavage of C-O bonds bbegiellic .
acid has been achieved employing different flugibarane Compoundl: "H NMR (600 MHz, Acetonek) § 5.19 (br s,
Lewis acid catalysts. Although the precise mechanisiasons 1H), 5.06 (br s, 1H), 4.90 (br s, 1H), 4.04 (dds 4.3, 2.0 Hz,
for the diverging behavior could not be unambiglypus 1H), 3.17 (dJ = 5.5 Hz, 1H), 3.16 — 3.12 (m, 1H), 2.77 (@&
disentangled, a number of differences were noteduding ~ 18-2, 3.5 Hz, 1H), 2.68 (di,= 16.3, 3.0 Hz, 1H), 2.49 (br s, 1H),
changes in the electrostatic surfaces of the bdramés acid and ~ 2-28 — 2.23 (m, 1H), 2.13 (m, 1H), 1.96 — 1.88 (m,, 1Hj4 (dd,
their conjugate hydrides. Experimental studies dotbat J = 11.0, 2.9 Hz, 1H), 1.69 — 1.58 (m, 2H), 1.49 — 1189 2H),
B(CsFs);, Which has the highest hydride affinity, rests ke t 1-32 (s, 3H);"C NMR (151 MHz, Acetonelk) 3 177.5, 176.2,
borohydride. The partially fluorinated catalystsvéalower 156.6, 142.1, 111.0, 105.7, 79.3, 70.5, 50.5, 58918, 49.7,
hydride affinities and neither build up significagtiantities of 48.8, 47.2, 46.6, 40.1, 38.8, 33.4, 22.2, 19.4. HRIE)
borohydride during catalysis. However, when PRradded to a calculated for GHo.OsNa [M+Na]":371.1465; found 371.1459.

reaction the BAy, ¢ catalyst converts to the borohydriatesitu Compound?: *H NMR (600 MHz, Methanob,) § 5.85 (d,J =
while BArss.crs does not. It is tempting to ascribe the differenceg g Hz, 1H), 5.51 (dJ = 9.8 Hz, 1H), 5.10 (t) = 2.5 Hz, 1H),
in reaction selectivities to the propensity of taalysts to form 3 15 _ 3,01 (m, 1H), 2.98 — 2.81 (m, 2H), 2.75 — 164 1H),
borohydride versus borane resting states, howewves,still too 2.60 — 2.42 (m, 2H), 2.31 — 2.12 (m, 1H), 2.06 (@, 10.1, 2.6
early to tell if this is the ultimate source of thvergent Hz, 1H), 2.03 — 1.89 (m, 1H), 1.73 (td,= 11.9, 6.4 Hz, 1H),
behavior. 1.64 (ddd,J = 10.7, 7.0, 2.6 Hz, 1H), 1.59 (d#i= 10.1, 2.5 Hz,

1H), 1.21 (s, 3H);®*C NMR (151 MHz, Methanot,) & 178.2,

177.8, 156.0, 136.5, 132.4, 128.9, 127.8, 105.8),8¥r.1, 55.9,
4, Experimental section 53.9, 52.4, 40.6, 40.5, 26.1, 24.5, 21.6. HRMS (alyulated for
CyeH,,0sNa [M+NaJ": 353.1360; found: 353.1370.

4.3. B(C¢Fs); catalyzed reaction with HBCat

4.1. General information

All reactions were performed at ambient temperat@ge°C,
RT) unless otherwise specified. All workup proceduvesre In a N-filled glove box, B(GFs)s (3.6 mg, 0.007 mmol, 0.10
performed under air with reagent grade reagentsssmitherwise equiv) was placed in a 1 dram vial and dissolve@.lmL of
specified. Column chromatography was performed usingH:Cl,. To the catalyst solution was added HBCat|{870.350



mmol, 5.00 equiv) and mixed. In a separate Wed,EtSi-Gibb
(36 mg, 0.070 mmol, 1.00 equiv) was diluted with @8 of
CH,CI,. The catalyst and borane mixture was then addeHeto
substrate solution in one portion. The reaction tonx was
transferred to an NMR tube and sealed with a sepapn After
24 h, the mixture was transferred to a vial andednhree times
with 0.5 mL of MeOH. After concentrating the resultisgjution

in vacuo,

the crude residue was purified by silical g

chromatography (100% GBI, to 30:1 CHCI,/MeOH to 20:1 to
10:1 to 5:1) to yieldl as a clear film in 90% vyield (22.0 mg,
average over two runs).

4.4. Selective deoxygenation with BAr, 465

In a N-filled glove box, BAg 46 (3.2 mg, 0.008 mmol, 0.10

equiv) was placed in a 1 dram vial and dissolve@®.& mL of
CH,Cl,. To the catalyst solution was added ,&SiH (38 L,
0.308 mmol, 4.00 equiv) and mixed. In a separaé M eEtSi-
Gibb (40 mg, 0.077 mmol, 1.00 equiv) was diluted with BB
of CH,Cl,. The catalyst and silane mixture was then adddketo
substrate solution in one portion. The reaction tomx was
transferred to an NMR tube and sealed with a sepapn After
24 h, the mixture was transferred to a vial andednthree times
with 0.5 mL of MeOH. After concentrating the resultisgjution

in vacuo,

the crude residue was purified by silical g

chromatography (20:1 GRBI,/MeOH to 10:1 to 8:1 to 5:1) to
yield 1 as a clear film in 82% yield (22.0 mg).

4.5. Selective deoxygenation with BArgs.crs

In a N-filled glove box, BAg s cr3 (4.5 mg, 0.007 mmol, 0.10

equiv) was placed in a 1 dram vial and dissolve@®.th mL of
CH,ClI,. To the catalyst solution, was added3#t (28pL, 0.174
mmol, 2.50 equiv) and mixed. In a separate \E}SI-Gibb (40
mg, 0.070 mmol, 1.00 equiv) was diluted with 0.3 nflC&1,Cl,.
The catalyst and silane mixture was then addeddastibstrate
solution in one portion. The reaction mixture wamn$ferred to
NMR tube and sealed with a septum cap. After 24 hptix¢ure
was transferred to a vial and rinsed three times @ifhmL of
MeOH. After concentrating the resulting solution ircwa, the
crude residue was purified by silica gel chromatpgya(20:1
CH,CI,/MeOH to 10:1 to 8:1 to 5:1) to yield as a clear film in
51% vyield (15.7 mg, average over 3 runs).
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* Gibberellic acid derivatives are synthesized with fluoroarylborane catalysts.
* An example of selective deoxygenation in a natural product

» Selective deoxygenation is possible with silane and borane reductants.
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