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2 Tetrahedron
1. Introduction Diels--Alder reactions or other annulations are
. . _ available™*5*%" %% he |east well-studied of our targets is the
The synthesis of heterocycles continues to bea aiea of 4 5 hyrimidyne 7). Substituted derivatives have been accessed
research. Heterocycles, especidiiycontaining compounds, are .y qehydrohalogenation under strongly basic reaatianditions
commonly seen in a variety of important moleculesluding o py" oxidation of an aminotriazole precurdbr.Prior
medicines, natural products, and agrochemicaf®ne exciting experiments involving 4,5-pyrimidynes have led toiration or

approach to the synthesis of decorated heterocimledves the |, yields of annulated products.

trapping of in-situ generated heterocyclic arynesmmonly

referred to as hetaryné&3This strategy was well studied several ~ Given the earlier promising results involving th8-pyridyne

decades agbbut only led to modest synthetic utility. (6) and 4,5-pyrimidyne 7), we sought to further expand the

) i utility of these intermediates for the synthesisfwictionalized

More recently, the chemistry of heterocyclic arynleas heterocycles. Herein, we report new trapping expemts

undergone a revival. Methodological studies peiginto involving pyridyne 6, in addition to efforts toward 4,5-

indolynes® and 3,4-pyridynéshave been disclosed and severalpyrimidyne ). ' ’

silyltriflate  precursors to these intermediates areow

commercially availablé. Moreover, heterocyclic arynes have 2. Results and Discussion

been used to synthesize several natural products, (&4, ) i ) ]

Figure 1)>*'°One particularly attractive subclass of heterocycli To study annulations of 2,3-pyridyne, it was fingtcessary
arynes are those that possess one or more nitaigers in a 6- to prepare a ;unable .S|Iyltr|flate precursor. Thsidyltriflate 19
membered ring (e.9.5-7). The successful generation andWas synthesized using a known procedure (Schemé 1).
trapping of such species via cycloaddition processeuld Beginning from 2-pyridone 8), a lithiation and silylation
provide a powerful means to build medicinally pejed Sequence provided silylhydroxypyridirge Subsequent reaction

scaffolds, including compounds that may be diffitalaccess by with triflic anhydride furnished silyltriflate10. This high-
other means. yielding two-step sequence provides a reliable nuetieoaccess

10 in multigram quantities. It should be noted th@tis now also

Recent Total Synthesis Achievements Using Hetarynes commercially availabl at
@ LDA, TMSCI | X ™S
—_—
H o THF, 0 — 23°C N/ OH
(87% yield)
8 9
Tf,0 L >8 grams
N-methylwelwitindolinone indolactam pyridine | _ preparedin a
C isothiocyanate (1) alkaloids (2) 0 23°C N7 ot single batch
(85% yield) 10

Scheme 1. Synthesis of silyltriflatel O.

Silyltriflate 10 was examined in nucleophilic trapping
experiments as shown in Table 1. Trapping with rholipe
(12) led to the formation of3 in 55% yield (entry 1), whereas
tubingensin A (3) (S)-macrostomine (4) use of imidazole 14) as the trapping agent deliver@8 in
63% vyield(entry 2). In both cases, the 2-substituted pyadi
products were obtained, with no evidence of thenfdion of
3-substituted adducts. This regioselectivity trendonsistent
with prior observatiorf§ and predictions made by the aryne

6-Membered N-Containing Hetarynes of Interest
4

X . .
Bk z II° "ﬁr’ distortion modef*
z X 2 k\ 4
N
3,4-pyridyne 2,3-pyridyne 4,5-pyrimidyne
() (6) (7)

Figure 1. Natural productd—4 synthesized using heterocyclic
arynes and hetarynés7.

We have been particularly interested in the chewnisf
pyridynes and pyrimidynes, each of which are claseés
heterocyclic arynes with an interesting history.e By-pyridyne
(5) was first generated in 1955and has subsequently been the
subject of numerous investigations, including oryeolir own
laboratory’ The 3,4-pyridyne and substituted versions can now
be used to access polysubstituted pyridines inrdraited and
predictable way by virtue of the aryne distortiond®ly*? using
robust silyltriflate precursorsSimilarly, the 2,3-pyridyne6) has
been known for several decad®s.In more recent efforts,
Walters and Shay reported the synthesis of a rdilgte
precursor t.** In turn, a few examples wheecan be used in



Table 1. Trapping of 2,3-pyridyné with nucleophiles

Table 2. Annulations of 2,3-pyridyné.

CsF CsF
Trapping agent Trapping agent Y
=z | ™S (3 equiv) Ol (1 Z | ™S (3 equiv) Ol E\/l:t )
SN oTs MeCN 60 °C N2 Nue SN ot MeCN 60 °C N2 X
10 6 11 10 6 16
Trapping . Trapping .
Entry agent Product Yield? Entry agent Product Yield?
=z
™Y g 55% N 2w
1 L_o NN 6 1 \ NP 20%
K/o ON, \
12 13 o Q
17 18
7 Ph Ph
i | b CX
NH X, 63% 2 = 33%
2 — A _N N—t-B
\\/ N '\{\\/N 00 ® t-Bu S l o Y
= N72
14 15 19 20
#Reported yields are the average of two experimamdsare based on the Ph
Ph

amounts of isolated products.

We were delighted to find that silyltriflatE0 could also
be employed in cycloaddition reactions (Table 2pr F
example, interception of pyridyné by benzylazide 17)*
furnished annulated produt8, albeit only in low yield (entry
1). Alternatively, trapping with nitrond9%® provided the
unusual heterocycle20 (entry 2). We also tested an
azomethine imine cycloadditithusing21, which gave rise
to tricycle 22 in 42% vyield (entry 3). More synthetically
useful yields were obtained when TMS diazomethag@
and dimethylurea 25 were utilized in the trapping
experiments. These reactions gave fused bicygliidipe
derivatives24 and 26 in 67% and 75% yield, respectively
(entries 4 and 5). In all cases, only one regioiso of
annulated product was detected, indicative of peeféal
nucleophilic attack occurring at C2 of the 2,3-pyne
intermediate.

(o} o
21 22
H
1 z N,
4 ®N « | y N
© TMS N2 ™S
23 24
Q Me
(o} ~ N
5 Me ~N J\N -Me ~ | )
N 2N
e
25 26

42%

67%

75%

#Reported yields are the average of two experimamdsare based on the

amounts of isolated products.

Despite the success of the aforementioned trapping
experiments, it should be noted that silyltrifld@ could not
be employed successfully in other attempted 2,&gge
trapping experiments (Figure 2). For example, tise of
nitrile oxide precurso27, diazoester28, or enamide?9 in
attempted annulations led only to decompositiomil&rly,
efforts to utilize sydnon&0 in a Diels—Alder trapping of-

ketoester 31%° in a formal

(2+2) cycloaddition were

unsuccessful. Nonetheless, the knowledge gaineah foar
2,3-pyridyne studies should enable the judicious afslO in

synthetic applications.



CsF
Trapping agent

| ™S (3 equiv) z | Y)
; s X
OTf MeCN, heat N X

10 16

=z

NS

Unsuccessful Trapping Agents

cl OMe
N N

4
H
027

(o} [0}
)J\/U\OMe

31

o-N,
“NPh
@0)§/®

30

Figure 2. Unsuccessful cycloadditions using silyltriflle.

As noted earlier, we were also eager to expand th

limited scope of 4,5-pyrimidyne trapping experingftAs
such, we pursued the notion suggested in Scheme
Specifically, we envisioned that 4,5-pyrimidynd ¢ould be
prepared in situ from silyltriflate32 or its constitutional
isomer33.

N;jl Néj:o." N4\/|[SiR3
:> -or-
k\N k\N SiR, k\N oTi
4,5-pyrimidyne
(7) 32 33

Scheme 2. Approaches to 4,5-pyrimidyriefrom silyltriflate
precursors32 or 33.

In our initial approach, we sought to access dtsflate
precursor from known benzyloxypyrimidirs4?’ (Scheme 3).
As such, 5-benzyloxypyrimidine34) was synthesized from
the corresponding commercially available bromidengisan
Uliman coupling?’ With 34 in hand, extensive efforts were
put forth to effect silylation. It was ultimatefgund that the
desired triethylsilylated produ&6 could be obtained using a
one-pot procedure involving mixing 084 with TESCI,
followed by low temperature lithiation, with in @it
silylation?® From 35, debenzylation and subsequent triflation
delivered the desired silyltriflate86. Eager to attempt
pyrimidyne generation36 was subjected to a battery of
experiments involving variation of fluoride sourcéspping
agents, and other reaction conditions. Unfortugateio
products indicative of pyrimidyne formation weresebved.
Instead, it was found th&6 was prone to readily undergo
thia-Fries rearrangement in the presence of fl@ogdurces.
For example, treatment 86 with CsF in acetonitrile gavé7
as the major produéf. Greaney and coworkers have also
observed thia-Fries rearrangement in attempted eary
generation from silyltriflate precursot.

Tetrahedron

0B 0B
N 4j/ 2 TESCI, THF N ’\/l[ T 1. Hy PA/C, MeOH
k\N then, LITMP k\N SiEt; 2. TMP, PhNTH,
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34 (70% yield) 35 (51% yield)
OH
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Scheme 3. Synthesis of silyltriflate86 and undesired Fries
rearrangement.

With our initial efforts thwarted, we pursued the thasis of
an isomeric silyltriflate, as shown in Scheme 4.Py2imidone
(38) was found to undergo lithiation/silylation usingpeotocol
similar to the one described previously to accegsdpne
precursor10 (see Scheme 1). Subsequent triflation of the
Remaining hydroxyl group furnished silyltriflag®.**

PN
- )

1. LiTMP, TESCI

2. THF (9% yield)

N

Ll

N" o 2. DTBMP, Tf,0 N~ oTe
H CH,Cl,, -78 °C

Cla: -
38 (36% yield) 39

Scheme 4. Synthesis of silyltriflate39.

With the desired isomeric silyltriflat89 available in just two
steps from commercially available material, we padsu
pyrimidyne generation and trapping (Figure 3). §H9 was
exposed to fluoride sources (e.g., CsF) in the gmes of
trapping agents. However, in all attempts, we wereblento
observe any of the desired cycloadditions adductdéead, only
substantial non-specific decomposition or formatiof 2-
pyrimidone was observéd.

CsF
. Trapping agent
N 4ISIE13 (5 equiv) N 4\/|[Y>
. ° ; { .
I\N oTi MeCN, 60 °C I\N X
39 40

Unsuccessful Trapping Agents

Me N
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an o ® “t-Bu
Me
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— o |\ N~ °N
T™S _/
42 23 25

Figure 3. Unsuccessful attempts to generate and trap the 4,5

rbyrimidyne from silyltriflate39.



3. Conclusion

In summary, we have performed studies pertainingwio
interesting heterocyclic aryne intermediates: 3jBeyne and
4,5-pyrimidyne. We have shown that 2,3-pyridyne daa
employed in various trapping experiments involvngleophiles
or cycloaddition partners. Several of the prodwtitained are
unique scaffolds that would arguably be difficult docess by
other means. In addition, we have developed syiothadtes to
two plausible silyltriflate precursors to the 4,5dpyidyne,
although no evidence of pyrimidyne formation wasedoin
attempted trapping experiments. We expect our rigsli will
promote the use of 2,3-pyridyne and other straimet@rocyclic
intermediates in the synthesis of functionalizetbrazycles.

4. Experimental Section

4.1 Materials and Methods. Unless stated otherwise, reactions

were conducted in flame-dried glassware under ansgheve of
nitrogen using anhydrous solvents (freshly digliller passed
through activated alumina columns). All commerciallytained
reagents were used as received unless otherwisefisgeci
Cesium fluoride (CsF) was obtained from Strem Chalsic
Trifluoromethanesulfonic  anhydride (O), trimethylsilyl
chloride (TMSCI), and triethylsilyl chloride (TESClwere
obtained from Oakwood Products, Inc. and distilletbtze use.

5
MHz, CDCE): & 8.19 (ddd,) = 4.9, 2.0, 0.8, 1H), 7.49 (ddd=
9.0, 7.2, 2.0, 1H), 6.65 (ddd,= 7.2, 4.9, 0.8, 1H), 6.62 (d,=
8.7, 1H), 3.82 (tJ = 5.0, 4H), 3.49 (tJ) = 5.0, 4H);**C NMR
(125 MHz, CDC)): 6 159.7, 148.1, 137.6, 113.9, 107.0, 66.9,
45.7; IR (film): 1593, 1481, 1437, 1376, 1312, 1248
HRMS-ESI (W2) [M + H]" caled for GH;.N,0, 165.1022; found
165.1024.

Adduct 15 (Table 1, entry 2). Purification by preparative thin
layer chromatography (6:3:1 EtOAc:PhH:MeOH) affordésl
(63% yield, average of two experiments) as a ligahge o0il.15:
Rr 0.62 (9:1 EtOAc:MeOH)'*H NMR (500 MHz, CDC)): 5 8.49
(ddd,J = 4.9, 1.8, 0.9, 1H), 8.35 (s, 1H), 7.83 (@t 7.5, 1.8,
1H), 7.65 (s, 1H), 7.36 (dl = 8.2, 1H), 7.24 (ddd] = 7.5, 4.9,
0.8, 1H), 7.20 (s, 1H)**C NMR (125 MHz, CDGJ): § 149.4,
149.3, 139.1, 135.1, 130.9, 122.1, 116.3, 112.5{ilR): 1598,
1578, 1487, 1444, 772, 738 CmHRMS-ESI (W2) [M + H]*
calcd for GH;Ns;, 146.0713; found 146.0714.

Adduct 18 (Table 2, entry 1). Purification by preparative thin
layer chromatography (3:1 hexanes:EtOAc) afford&d(20%
yield, average of two experiments) as a light yelloil 18: R
0.35 (3:1 hexanes:EtOAc)H NMR (500 MHz, CDC)): 5 8.69
(dd,J=4.5, 1.4, 1H), 8.37 (dd,= 8.2, 1.4, 1H), 7.46 (d,= 7.2,
2H), 7.36-7.28 (m, 4H), 5.92 (s, 2HY)C NMR (125 MHz,
CDCly): 6 150.5, 145.8, 137.2, 135.2, 129.0, 128.7, 12&8,41,
120.0, 50.6; IR (film): 3032, 2927, 2852, 1591, G2d4m™";

N-tert-butylu-phenylnitrone and methyl 2-acetamidoacrylate HRMS-ESI (V2) [M + H]" calcd for GHiN,, 211.0978; found

were obtained from Alfa Aesar. Ethyl
(trimethylsilyl) diazomethane (1M in E), 2,5-dimethylfuran,
imidazole, and N-Boc-pyrrole were obtained from Sigma
Aldrich. Morpholine was obtained from Spectrum Cherhi&nd
distilled before use. Reaction temperatures weré¢raled using
an IKAmag temperature modulator and, unless statieerwise,
reactions were performed at room temperature (pragmately
23 °C). Thin layer chromatography (TLC) was conddcéth
EMD gel 60 F254 pre-coated plates (0.25 mm) andalized
using a combination of UV light and potassium pernasrage
staining. Preparative thin layer chromatography GYLwas
conducted with EMD gel 60 F254 pre-coated plates (0rb)
and visualized using UV light. Silicycle Siliaflast6® (particle
size 0.040-0.063 mm) was used for flash

spectrometers (500 MHz) and are reported relativéetdgerated

solvent signals. Data fdH NMR spectra are reported as follows:

chemical shift § ppm), multiplicity, coupling constant (Hz) and
integration.
spectrometers (125 MHz) and are reported relativéetdgerated

diazoacetate,211.0974.

Adduct 20 (Table 2, entry 2). Purification by preparative thin
layer chromatography (3:1 hexanes:EtOAc) affor@8d(33%
yield, average of two experiments) as an amorphoutwshblid.
20: R; 0.52 (3:1 hexanes:EtOACH NMR (500 MHz, CDC)): &
8.04 (d,J=5.0, 1H), 7.42 (dJ = 7.2, 2H), 7.35 (tJ = 7.2, 2H),
7.28 (tt,J=7.2,1.2,1H), 7.19 (d§,= 7.3, 1.3, 1H), 6.74 (dd,=
7.3, 5.0, 1H), 5.62 (s, 1H), 1.20 (s, 9Hc NMR (125 MHz,
CDCly): 6 165.1, 147.9, 143.0, 132.8, 128.9, 127.9, 12723,d,
116.8, 66.3, 61.4, 25.5; IR (film): 1604, 1420, 228270, 775,
739 cm; HRMS-ESI (W2) [M + H]* calcd for GgHigN,O,
255.1492; found 255.1492.

column
chromatography'H NMR spectra were recorded on Bruker

Adduct 22 (Table 2, entry 3). Purification by preparative thin
layer chromatography (95:5 EtOAc:MeOH) afford2d (42%
yield, average of two experiments) as a colorleserphous
solid. 22: R, 0.48 (95:5 EtOAc:MeOH)H NMR (500 MHz,

3C NMR spectra were recorded on Bruker CDCly): 6 8.32 (dt,J=5.1, 1.1, 1H), 7.44-7.38 (m, 5H), 7.18 (dt,

J=7.5, 1.3, 1H), 6.94 (dd,= 7.5, 5.1, 1H), 5.16 (s, 1H), 3.64—

solvent signals. Data fdfC NMR spectra are reported in terms 3.60 (m, 1H), 3.19-3.06 (m, 2H), 2.89-2.83 (m, 1K} NMR

of chemical shift and, when necessary, multiplicitygd coupling
constant (Hz). IR spectra were obtained using a R&thkner
100 spectrometer or a Perkin-Elmer UATR two spectteme
and are reported in terms of frequency absorption'). High-
resolution mass spectra were obtained on Waters R&Mmier
with ACQUITY LC and Thermo Scientiff! Exactive Mass
Spectrometers with DART ID-CUBE.

4.2 Representative experimental procedure for 2,3-pyridyne
trapping. Adduct 13 (Table 1, entry 1). To a stirred solution of
silyltriflate 10" (51.1 mg, 0.172 mmol, 1.0 equiv) and
morpholine (48.QuL, 0.516 mmol, 3.0 equiv) in MeCN (7.0 mL)
was added CsF (128 mg, 0.840 mmol, 5.0 equiv). Eaetion
vessel was sealed and placed in a preheated alunfieating
block maintained at 60 °C for 2 h. After cooling28 °C, the
reaction mixture was filtered over silica gel (EtOAuent, 12
mL). Evaporation under reduced pressure and fughgfication
by preparative thin layer chromatography (2:1 hesaitOAc)

(125 MHz, CDCJ): § 163.2, 148.8, 148.5, 137.6, 132.5, 129.2,
129.1, 128.8, 128.4, 119.7, 73.5, 52.5, 36.9; IRnjf 1708,
1597, 1460, 1430, 1388, 1308 ¢MHRMS-ESI (W2) [M + H]*
calcd for GsH; N30, 252.1131; found 252.1126.

Adduct 24 (Table 2, entry 4). Purification by preparative thin
layer chromatography (2:1 PhH:MeCN) afford&t (67% yield,
average of two experiments) as a white amorphoud. sl R
0.41 (2:1 PhH:MeCN)'H NMR (500 MHz, CDC)): § 12.77 (s,
1H), 7.54 (ddJ = 6.4, 2.1, 1H), 7.34 (dd,= 6.4, 2.1, 1H), 6.23
(t, J = 6.4, 1H), 0.27 (s, 9H)*C NMR (125 MHz, CDG): &
168.0, 167.9, 147.5, 135.7, 131.8, 106.7, —1.7(filR): 2953,
2362, 1630, 1537, 1244, 1050 ¢nHRMS-ESI (W2) [M + H]*
calcd for GH;3N3Si, 192.0952; found 192.0951.

Adduct 26 (Table 2, entry 5). Purification by preparative thin
layer chromatography (95:5 EtOAc:MeOH) afford2@ (75%
yield, average of two experiments) as a colorleb26i R; 0.45

afforded 13 as a colorless oil (55% yield, average of two (95:5 EtOAc:MeOH) '*H NMR (500 MHz, CDCJ): & 8.29 (ddJ

experiments)13: Ry 0.48 (3:1 hexanes:EtOAcjH NMR (500

= 4.9, 2.0, 1H), 8.01 (dd,= 7.6, 2.0, 1H), 6.76 (dd,= 7.6, 4.9,



6
1H), 3.61-3.57 (m, 2H), 3.57-3.52 (m, 2H), 3.18 (s,,BH5
(s, 3H); ®C NMR (125 MHz, CDC): 5 169.2, 155.7, 150.9,
140.7,119.4, 114.6, 56.3, 48.1, 38.9, 35.6; IR{fi 1633, 1504,
1408, 1385, 1247, 1208 GMHRMS-ESI (W2) [M + H]" calcd

for CyoH1aN50, 192.1131; found 192.1131.

Pyrimidine 35 (Scheme 3). To a stirred solution of freshly
distilled tetramethylpiperidine (1.97 g, 14.0 mmbl4 equiv) in
THF (50 mL) at O °C was addedBulLi in hexanes (2.3 M, 5.65
mL, 13.0 mmol, 1.3 equiv). The resulting solutionsvedlowed to
stir at 0 °C for 30 min. A separate flask was chdrgéth 5-
benzyloxypyrimidine34 (2.00 g, 10.0 mmol, 1.0 equiv), TESCI
(4.53 g, 30.0 mmol, 3.0 equiv), and THF (50 mL)eTesulting
solution was cooled to —100 °C and the LiTMP solutivas
added dropwise via cannula over 20 min. The regublmiution
was warned to —78 °C and allowed to stir for 3.5 e $blution
was then allowed to warm to 0 °C and quenched withraszid

Tetrahedron

Evaporation under reduced pressure and furthefigation by
preparative thin layer chromatography (10:1:0.1,ClEMeOH:
Et;N) afforded37 as a colorless oil (75% vyield7: R; 0.76
(MeCN); *H NMR (500 MHz, MeOD):5 8.28 (s, 1H), 8.08 (s,
1H); °C NMR (125 MHz, MeOD)5 165.6, 161.0, 142.0, 137.6,
122.5 (g,d = 327.9, CB); IR (film): 3349, 1643, 1575, 1510,
1445, 1341 cit; HRMS-ESI (mz) [M — H] caled for
CsH,F3N,0,S,226.9733; found 226.9750.

Silyltriflate 39 (Scheme 4). To a stirred solution of freshly
distilled tetramethylpiperidine (1.02 g, 7.20 mmbl4 equiv) in
THF (10 mL) at O °C was addedBuLi in hexanes (2.3 M, 2.94
mL, 6.80 mmol, 1.3 equiv). The resulting solutionsvadirred at
0 °C for 30 min. A separate flask was charged witty@rgidone
38 (500 mg, 5.20 mmol, 1.0 equiv), TESCI (1.97 g,018imol,
2.5 equiv), and THF (16 mL). The resulting solutivas cooled
to 0 °C and the LITMP solution was added dropwisecaianula

NH,CI (25 mL). The volatiles were removed under reducedver 20 min. The resulting solution was warmed to°@3and

pressure and EtOAc (75 mL) was added. The organisephas
separated and the aqueous layer was extracted WitAcE(3 x
50 mL). The combined organic layers were dried witgSa),
and concentrated under reduced pressure. Theingsoit was
further purified by column chromatography (5:1 hsestEtOAC)
to yield pyrimidine35 (2.09 g, 70% vyield) as a colorless @b:
R 0.41 (3:1 hexanes:EtOA¢)'H NMR (500 MHz, CDC)): 5
8.95 (s, 1H), 8.24 (s, 1H), 7.42—7.34 (m, 5H), 5.124), 0.95—
0.91 (m, 9H), 0.91-0.86 (m, 6H)C NMR (125 MHz, CDC)): &
165.5, 158.4, 151.7, 137.6, 135.7, 128.9, 128.8,7.2/0.6, 7.5,
3.0; IR (film): 2953, 2874, 1558, 1456, 1397, 1284 "; HRMS-
ESI (mz) [M + H]" caled for G;H,sN,OSi, 301.1731; found
301.1729.

Silyltriflate 36 (Scheme 3). To a stirred solution of

pyrimidine 35 (1.00 g, 3.33 mmol, 1.0 equiv) in dry MeOH (20

mL) was added 10% Pd/C (350 mg, 0.330 mmol, 0.1viqlhe
resulting mixture was placed under an atmosphereHof
(balloon) and was allowed to stir at 23 °C for 2 heTmixture
was filtered over celite (MeOH eluent). Evaporatioh tioe
solvent under reduced pressure afforded the crudehal
intermediate, which was used in the subsequent stépuwti
further purification.

The alcohol intermediate (510 mg, 2.43 mmol, 1.0i¥qwas
dissolved in dry CLCl, (7 mL) and freshly distilled
tetramethylpiperidine (282 mg, 9.72 mmol, 4.0 ejjuas added
dropwise over 10 min. The resulting solution was eddb —78
°C and a solution of PhNT{714 mg, 2.92 mmol, 1.2 equiv) in

CH,CI, (7 mL) was added dropwise over 15 min. The regultin

solution was stirred at —78 °C for 2 h and was theenghed
with saturated NaHCO (10 mL). The organic layer was
separated and the aqueous layer was extracted witBICE3 x
20 mL). The combined organic layers were dried witgSa),
and concentrated under reduced pressure. Theingsolt was
further  purified by column  chromatography
hexanes:EtOAc) to yield silyltriflat®6 as a colorless oil (581
mg, 51% vyield, 2 stepsB6: Ry 0.70 (3:1 hexanes:EtOAcjH
NMR (500 MHz, CDCY): 5 9.26 (s, 1H), 8.64 (s, 1H), 0.97 (br s,
15H); ®C NMR (125 MHz, CDC)): § 169.7, 156.7, 152.4, 147.0,
118.5 (g,J = 318.2, CR), 7.3, 3.0; IR (film): 2960, 2880, 1565,
1428, 1386, 1211 cth HRMS-ESI (W2) [M + H]" calcd for
C11H18FsN,05SSi, 343.0754; found 343.0748.

Alcohol 37 (Scheme 3). To a stirred solution of silyltriflat86
(2130 mg, 0.380 mmol, 1.0 equiv) in MeCN (3.8 mL) veakled
CsF (173 mg, 1.14 mmol, 3.0 equiv). The reactioaset was
sealed and placed in a preheated aluminum heatlagk b
maintained at 60 °C for 2 h. After cooling to 23, ¥#Be reaction

mixture was filtered over celite (MeOH eluent, 12 mL).

(30:1

allowed to stir for 24 h. The solution was then qunemt with
saturated NECI (10 mL). The volatiles were removed under
reduced pressure and EtOAc (30 mL) was added. Theniorga
phase was separated and the aqueous layer was ectraith
EtOAc (3 x 20 mL). The combined organic layers weredir
with MgSQ, and concentrated under reduced pressure. The
resulting oil was further purified by column chromgitaphy (1:2

to 1:4 hexanes:EtOAc) to yield an alcohol intermei{200 mg,

9% yield (unoptimized) as a colorless oil.

The alcohol intermediate (90.0 mg, 0.430 mmol, quiv)
was dissolved in dry Ci€l, (2 mL) and DTBMP (96.0 mg,
0.470 mmol, 1.1 equiv) was added. The resultingtemiuvas
cooled to —78 °C and 7 (133 mg, 0.470 mmol, 1.1 equiv) was
added dropwise over 5 min. The resulting solution alésved
to stir at —78 °C for 2 h and was then quenched séiturated
NaHCGQO;, (1 mL). The organic layer was separated and the
aqueous layer was extracted with £LH (3 x 3 mL). The
combined organic layers were dried with MgS@nd
concentrated under reduced pressure. The resutiihgvas
further purified by column chromatography (40:1 &wees :
EtOAc) to yield silyltriflate 39 as a colorless oil (55 mg, 36%
yield). 39: Ry 0.52 (5:1 hexanesEtOAc); 'H NMR (500 MHz,
CDCly): 4 9.14 (d,J =1.2, 1H), 7.29 (d) = 1.2, 1H), 0.99 (tJ =
7.2, 9H), 0.92-0.86 (m, 6H)C NMR (125 MHz, CDCJ)): &
184.2, 162.2, 158.2, 118.6 ¢= 320.6, Ck), 117.0, 7.2, 2.6; IR
(film): 2959, 2880, 1579, 1511, 1428, 1211 tnHRMS-ESI
(m'2) [M + H]" caled for GiH;gFsN,0;SSi, 343.0754; found
343.0755.

Acknowledgments

The authors are grateful to the NIH-NIGMS (R01 G007

for N.K.G.), the A. P. Sloan Foundation, the Dreyfu
Foundation, the University of California, Los Anggl the
UCLA Cota Robles Fellowship Program (J.M.M.), th€ELLA
Gold Shield Alumnae, and the Oskar—Jeger Scholarshi
Program (M.J.) for financial support. These studvesre
supported by shared instrumentation grants from Nis#
(CHE-1048804) and the NIH NCRR (S10RR025631).

Supplementary Material
Supplementary data associated with this articlejuding

materials and methods and NMR spectra, can be foutite
online version.



References and notes

! (a) Vitaku, E.; Smith, B. R.; Smith, D. T.; Njardan, J. T.
http://njardarson.lab.arizona.edu/sites/njardatabrarizona.edu/files/To
p%20US%20Pharmaceutical%20Products%200f%202013 acfessed
January 25, 2016); (b) McGrath, N. A.; Brichacek; Mjardarson, J. T.

J. Chem. Educ. 2010, 87, 1348-1349; (c) Dinges, J., Lamberth, C., Eds.

Bioactive Heterocyclic Compounds Classes: Agrochemicals, Wiley-
VCH: Weinheim, 2012; (d) Gilchrist, T. LJ. Chem. Soc., Perkin Trans.
11999, 2849-2866.

2 For reviews of hetarynes, see: (a) Bronner, S.@betz, A. E.; Garg,
N. K. Synlett 2011, 2599-2604; (b) Goetz, A. E.; Garg, N. K.Org.
Chem. 2014, 79, 846-851; (c) Goetz, A. E.; Shah, T. K.; Garg,K\.
Chem. Commun. 2015, 51, 34-45.

3 For reviews of arynes, see: (a) Pellissier, Hnt&lf, M. Tetrahedron
2003, 59, 701-730; (b) Wenk, H. H.; Winkler, M.; Sander, YAhgew.
Chem,, Int. Ed. 2003, 42, 502-528; (c) Sanz, ROrg. Prep. Proced. Int.
2008, 40, 215-291; (d) Tadross, P. M.; Stoltz, B. Bhem. Rev. 2012,
112, 3550-3557; (e) Gampe, C. M.; Carreira, E.Avigew. Chem., Int.
Ed. 2012, 51, 3766-3778; (f) Bhunia, A.; Yetra, S. R.; Biju, A.Chem.,
Soc. Rev. 2012, 41, 3140-3152; (g) Yoshida, H.; Takaki, &mnlett 2012,
1725-1732l; (h) Dubrovskiy, A. V.; Markina, N. A.arock, R. C.Org.
Biomol. Chem. 2013, 11, 191-218; (i) Wu, C.; Shi, FAsian J. Org.
Chem. 2013, 2, 116-125; (j) Hoffmann, R. W.; Suzuki, KAngew.
Chem.,, Int. Ed. 2013, 52, 2655-2656.

4 (a) Kauffmann, T.Angew. Chem. Int. Ed. 1965, 4, 543-618; (b)
Reinecke, M. GTetrahedron 1982, 38, 427—-498.

® (a) Bronner, S. M.; Bahnck, K. B.; Garg, N. rg. Lett. 2009, 11,
1007-1010; (b) Cheong, P. H.-Y.; Paton, R. S.; BeonS. M.; Im, G-Y.
J.; Garg, N. K.; Houk, K. NJ. Am. Chem. Soc. 2010, 132, 1267-1269;
(c) Im, G-Y. J.; Bronner, S. M.; Goetz, A. E.; Rat®R. S.; Cheong, P.
H.-Y.; Houk, K. N.; Garg, N. KJ. Am. Chem. Soc. 2010, 132, 17933-
17944; (d) Bronner, S. M.; Goetz, A. E.; Garg, N.JKAm. Chem. Soc.
2011, 133, 3832-3835; (e) Pareek, M.; Fallon, T.; Oestreidh,Org.
Lett. 2015, 17, 2082-2085; (f) Picazo, E.; Houk, K. N.; Garg, K.
Tetrahedron Lett. 2015, 56, 3511-3514.

6 (a) Buszek, K. R.; Luo, D.; Kondrashov, M.; Brow, VanderVelde,
D. Org. Lett. 2007, 9, 4135-4137; (b) Brown, N.; Luo, D.; VanderVelde,
D.; Yang, S.; Brassfield, A.; Buszek, K. Retrahedron Lett. 2009, 50,
63-65; (c) Buszek, K. R.; Brown, N.; Luo, Drg. Lett. 2009, 11, 201
204; (d) Garr, A. N.; Luo, D.; Brown, N.; Cramer, &; Buszek, K. R;
VanderVelde, D.Org. Lett. 2010, 12, 96-99; (e) Brown, N.; Luo, D.;
Decapo, J. A.; Buszek, K. Hetrahedron Lett. 2009, 50, 7113-7115; (f)
Thornton, P. D.; Brown, N.; Hill, D.; NeuenswandBr; Lushington, G.
H.; Santini, C.; Buszek, K. RACS Comb. Sci. 2011, 13, 443-448; (9)
Nerurkar, A.; Chandrasoma, N.; Maina, L.; BrassfieA.; Luo, D.;
Brown, N.; Buszek, K. RSynthesis 2013, 45, 1843-1852.

” For a recent study, see: Goetz, A. E.; Garg, N\N&. Chem. 2013,
5, 54-60; see also references therein.

8 http://www.sigmaaldrich.com/technical-documenti¢ies/technology-
spotlights/heterocyclic-aryne-precursors.html (ased January 25,
2016).

® For recent examples of total syntheses using yretar see: (a) Huters,
A. D.; Quasdorf, K. W.; Styduhar, E. D.; Garg, N. XAm. Chem. Soc.
2011, 133, 15797-15799; (b) Quasdorf, K. W.; Huters, A. Dodewyk,
M. W.; Tantillo, D. J.; Garg, N. KJ. Am. Chem. Soc. 2012, 134, 1396—
1399; (c) Styduhar, E. D.; Huters, A. D.; Weires, AN; Garg, N. K.
Angew. Chem. Int. Ed. 2013, 52, 12422-12425; (d) Weires, N. A;
Styduhar, E. D.; Baker, E. L.; Garg, N. K.Am. Chem. Soc. 2014, 136,
14710-14713; (d) Bronner, S. M.; Goetz, A. E.; Gakg K. J. Am.

Chem. Soc. 2011, 133, 3832-3835; (e) Fine Nathel, N. F.; Shah, T. K;

Bronner, S. M.; Garg, N. KChem. &ci. 2014, 5, 2184-2190; (f) Goetz,
A. E.; Silberstein, A. L.; Corsello, M. A.; Garg, K. J. Am. Chem. Soc.
2014, 136, 3036—3039; (g) Buszek, K. R.; Brown, N.; Luo,@rg. Lett.

7

2009, 11, 201-204; (h) Enamorado, M. F.; Ondachi, P. W.nids, D.
L. Org. Lett. 2010, 12, 4513-4515.

1% Arynes have also been used in the synthesis ofcinatlagents and to
access the fungicide Isopyrazam®. For refereness, (8) Carroll, F. I.;
Robingson, T. P.; Brieaddy, L. E.; Atkinson, R. Marscarella, S. W.;
Damaj, M. |.; Martin, B. R.; Navarro, H. Al. Med. Chem. 2007, 50,
6383-6391; (b) Shah, F.; Tao, Y.; Tang, C.-Y.; Zhah; Wu, X.-Y.J.
Org. Chem. 2015, 80, 8122-8133; (c) Schleth, F.; Vettiger, T.; Rommel,
M.; Tobler, H. WO2011131544 A1, 2011.

1) evine R.; Leake, W. Wscience 1955, 121, 780.

12 (a) Bronner, S. M.; Mackey, J. L.; Houk, K. N.;i@aN. K.J. Am.
Chem. Soc. 2012, 134, 13966-13969; (b) Goetz, A. E.; Bronner, S.
M.; Cisneros, J. D.; Melamed, J. M.; Paton, R.FHauk, K. N.; Garg,
N. K. Angew. Chem. Int. Ed. 2012, 51, 2758-2762; (c) Medina, J. M.;
Mackey, J. L.; Garg, N. K; Houk, K. Nl. Am. Chem. Soc. 2014, 136,
15798-15805.

13 Martens, R. J.; den Hertog, H. Tetrahedron Lett. 1962, 3, 643—
645.

1 Walters, M. A.; Shay, J. $ynth. Commun. 1997, 27, 3573-3579.
% Fang, Y.; Larock, R. CTetrahedron 2012, 68, 2819-2826.

6 yoshida, H.; Shirakawa, E.; Honda, Y.; Hiyama Ahgew. Chem.
Int. Ed. 2002, 41, 3247-3249.

1" Nguyen, T. D.; Webster, R.; Lautens, Krg. Lett. 2011, 13,
1370-1373.

18 3aijto, N.; Nakamura, K.-i.; Shibano, S.; Ide,inami, M.: Sato,
Y. Org. Lett. 2013, 15, 386-389.

19 Lopchuk, J. M.; Gribble, G. Wretrahedron Lett. 2014, 55, 2809—
2812.

% (a) van der Plas, H. C.; Smit, P.; Koudijs, Petrahedron Lett.
1968, 9, 9-13; (b) Tielemans, M.; Areschka, V.; Colomer,Rromel,
R. Tetrahedron 1992, 48, 10575-10586.

2L Several silyltriflate aryne and hetaryne precissare available from
Aldrich Chemical Co., Inc. The 2,3-pyridyne preasrg0 is available
under catalog number L511641.

22 ghi, F.; Waldo, J. P.; Chen, Y.; Larock, R. @g. Lett. 2008, 10,
2409-2412.

23 Matsumoto, T.; Sohma, T.; Hatazaki, S.; SuzukiSylett 1993, 843—
846.

24 ghi, F.; Mancuso, R.; Larock, R. Tetrahedron Lett. 2009, 50, 4067—
4070.

% Jin, T.; Yamamoto, YAngew. Chem. Int. Ed. 2007, 46, 3323-3325.
2 Tambar, U. K.; Stoltz, B. M. Am. Chem. Soc. 2005, 127, 5340-5341.

2" Nara, S. J.; Jha, M.; Brinkhorst, J.; Zemanek].TPratt, D. AJ. Org.
Chem. 2008, 73, 9326-9333.

% For lithiation and silylation of pyrimidynes, seg) Nishiwaki, T.
Tetrahedron 1966, 22, 2401-2412; (b) Ple, N.; Turck, A.; Couture, K.;
Queguiner, G.J. Org. Chem. 1995, 60, 3781-3786; (c) Wada, A,
Yamamoto, J.; Kanatomo, Beterocycles 1987, 26, 585-589.

29 We also prepared the nonaflate derivatives@f however, attempted
pyrimidyne generation from this substrate alsottethe formation of the
corresponding alcohol.

% For the thia-Fries rearrangement in attempts ttegge arynes, see:
(@) Hall, C.; Henderson, J. L.; Ernouf, G.; Grean&}. F. Chem.
Commun. 2013, 49, 7602-7604; (b) Zhao, Z.; Messinger, J.; Schon, U.
Wartchow, R.; Butenschon, KChem. Commun. 2006, 3007-3009; (c)
Rasheed, O. K.; Hardcastle, I. R.; Raftery, J.;y@®aP.Org. Biomol.
Chem. 2015, 13, 8048—-8052.

31 Becaus®9 was deemed an unsuitable precursor to the 4,5amlyne,
the synthetic route t89 was not further optimized.

32 At present, it is unclear why the silyltriflate mpach to the 4,5-
pyrimidyne is unsuccessful.



