fﬁf}gﬂ.ﬂ, View Article Online

View Journal

ChemComm

Accepted Manuscript

This article can be cited before page numbers have been issued, to do this please use: R. Shen, B. Luo, J.
Yang, L. Zhang and L. Han, Chem. Commun., 2016, DOI: 10.1039/C6CC02563C.

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
C accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

Ch

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's

standard Terms & Conditions and the Ethical guidelines still

g;mm apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript

or any consequences arising from the use of any information it

contains.

ROYAL SOCIETY
OF CHEMISTRY WwWW.rsc.org/chemcomm


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
http://dx.doi.org/10.1039/c6cc02563c
http://pubs.rsc.org/en/journals/journal/CC
http://crossmark.crossref.org/dialog/?doi=10.1039/C6CC02563C&domain=pdf&date_stamp=2016-04-14

Page 1 of 4

Published on 14 April 2016. Downloaded by New Y ork University on 14/04/2016 16:54:39.

ChemComm

Journal Name

View Article Online
DOI: 10.1039/C6CC02563C

[ ROYAL SOCIETY

OF CHEMISTRY

Convenient Synthesis of Allenylphosphoryl Compounds via Cu-
Catalysed Couplings of P(O)H Compounds with Propargyl Acetates

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

www.rsc.org/

A novel Cu-catalysed substitution reaction of propargyl acetates
with P(O)H compounds is developed to afford allenylphosphoryl
compounds via C-P bond coupling in high yields under mild
conditions. A plausible mechanism involving the nucleophilic
interception of the Cu-allenylidene intermediates is proposed.

Allene and its derivatives constitute a special class of organic
compounds and have received tremendous attention in recent
years.! Among them, phosphorylated allenes including allenyl
phosphonates, phosphinates and phosphine oxides are versatile
synthetic intermediates which display a lot of applications in
organic synthesis.”” For example, these compounds could
undergo facile and selective additions with electrophiles or
nucleophiles to afford stereodefined functional olefins,>* and
the transition metal-catalyzed asymmetric additions enable the
synthesis of valuable chiral phosphorus compounds.* Allenyl
phosphonates and phosphinates are also valuable precursors to
access phosphorus heterocycles of pharmaceutical interest.’ In
addition, some phosphorylated allenes participate smoothly in
Diels—Alder
structurally sophisticated organophosphorus compounds.®’ On

and related cyclizations to generate other
contrast to their valuable utility, very few methods are known
for their synthesis.® A traditional method to make them is the
Horner-Mark [2,3]-rearrangement reaction discovered in early
1960s.** This reaction while still intensively used today
unfortunately suffers from hash conditions, low yields, limited
scopes and the use of highly toxic phosphorous chlorides.

On the other hand, the Cu-catalysed nucleophilic substitution
of propargylic alcohol derivatives is one of the most popular
well-developed methods to access allenes.” For example, the
of propargyl with

organometallic reagents such as organolithium ™ or Grignard
10b-10d

derivatives
10a

Cu-catalyzed substitutions

reagents, were known as early as 1970s and are still
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Scheme 1 Cu-catalyzed propargylic substitutions to produce allenes.

! the

organoborates as C-nucleophiles by Sawamura and Lalic

frequently used today.'' Particularly, introduction of
independently has enabled the synthesis of optically active
allenes with excellent chirality transfer from chiral propargylic
phosphates.'? In these reactions, new C-C bonds are formed
(Scheme 1a, type a). In the presence of hydrogen donors such
as hydrosilanes instead, various di- or tri-substituted allenes are
accessible with the formation of C-H bonds (Scheme 1la, type
b)."* Furthermore, recent studies also show that heteroatom-
substituted allenes can be synthesized based on this strategy.
For example, Ito and Sawamura'® have reported a Cu(O-#-Bu)-
Xanphos catalysed substitution of propargylic carbonates with
B,Pin, to afford allenylboron compounds (Scheme 1la, type c).
Oestreich et al'’
substitution with silicon nucleophiles to afford silylallenes

realized a CuCN-catalysed propargylic

(Scheme 1a, type d). Despite of these excellent contributions, to

our knowledge, there is no example on Cu-catalysed
propargylic substitution involving a phosphorus nucleophile.
Such a transformation is however a very promising synthetic
method towards allenylphosphoryl compounds. Here we
present the first highly efficient Cu-catalysed substitutions of
propargyl acetates with P(O)H compounds to afford a diverse
collection of phosphorylated allenes in high yields under mild
conditions (Scheme 1b).'®

Our study began with the reaction of 1-phenylpropargyl

acetate (1a) with diethyl phosphonate (2a) as model substrates.
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Table 1 Typical optimization results on the reaction’
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Table 2 Cu-catalysed synthesis of allenyl phosphonates and phosphinates 3°

5 mol% [Cu]

6 mol% Ligand L [pn
Ph}—: +(EtO)2I‘90LH 1.1 equiv 'PgerEt Ph W'i;P\OEt< \E'O\R\/ oa)

AcO 1a 22 EtOH, 0°C, 5 h 3a 3a’ o

1 0, 1 0,
run [Cu] ligand (;’;e/;ja{;b run [Cu] ligand (;’;e/?a{;b
1 Cul L1 95 (98/2) 7 CuBr L1 91 (97/3)
2 Cul L2 16° 8 CuCl L1 91 (98/2)
3 cul L3 8° 9 CuPFg(MeCN), L1 93 (96/4)
4 cu L4 NR 10 Cu(OAc), L1  84(98/2)
5 Cul L5 5¢ 1 CuCl;, *2H,0 L1 86 (95/5)
6 Cul L6 trace® 12 CoCly, FeCls, etc L1 NR

“Conditions: 1 (0.24 mmol), 2 (0.2 mmol), [Cu] (5 mol%), Ligand (6 mol%), 'Pr,NEt
(0.22mmol) in EtOH (2 mL), 0 °C. ®Yields and ratio based on *'P NMR. 3a only.

structures of the ligands L1-L6

R-N N-R /T - > /—
bR WaVWid \ PhoP PP
R R N N \ /" N/ ~eN PPy P2 2

L1 (R =Me) L2 L3 L5 L6
L4 (R=H)

Typical optimization results are shown in Table 1. When 1la
and 2a were treated with 5 mol% of Cul and 6 mol% of
TMEDA (L1) in the presence of 1.1 equiv of ‘Pr,NEt in EtOH
at 0 °C for 5 h, the reaction gave diethyl (3-phenylpropa-1,2-
dien-1-yl)phosphonate (3a) and the allene-alkyne isomer 3a’ in
95% yield with a selectivity up to 98/2 (run 1). The efficiency
of the reaction is critically depended on the ligand. Bidentate
N,N-ligands such as bpy (L2), 1,10-Phen (L3) and
ethylenediamine (L4), N,P-ligand 2-(2-(diphenylphosphino)
ethyl)pyridine (L5) and P,P-ligand dppe (L.6) were all proved to
be less effective (runs 2-6). The Cu source has little effect.
CuBr, CuCl and Cu(MeCN),PF; are all good catalysts, giving
3a with comparable yields and selectivity (runs 7-9). Divalent
copper salts Cu(OAc), and CuCl,-2H,0 were also competent to
catalyse the reaction, albeit giving 3a in somewhat lower yields
(runs 10 and 11). However, other metal salts such as CoCl,,
FeCl;, RuCl; and Pd(OAc), showed no reactivity. The high
efficiency of the reaction also depends on the use of a protic
solvent as THF, DCM, DMF and MeCN all gave 3a in low
yields (For details, see Table S1 in ESI).

The generality of the reaction was then examined. As shown
in Table 2, a series of l-arylpropargyl acetates bearing either
electron-donating or electron-withdrawing group at the aryl
ring could be used to afford the corresponding products in high
yields with high selectivity. Functional groups such as alkoxy,
fluoro, chloro and bromo substituents on the aryl rings were
tolerated (runs 3-8). The steric hindrance of substituents on the
phenyls did not have a strong influence. Thus, substrates 1¢ and
1g bearing ortho substituents on the phenyls reacted smoothly
to give the desired products selectively in high yields (runs 4
and 8). The 1-deuterated substrate 1a-d, gave the deuterated 3a-
d, in 90% yield with a selectivity of 98% (run 2). The reaction
of 1-styrylpropargyl acetate (1h) also proceeded smoothly to
give a vinylallenyl product 3h in high yield with 95%
selectivity (run 9). The disubstituted propargyl acetates 1i and
1j performed exquisitely well to give 3i and 3j almost in

2| J. Name., 2012, 00, 1-3

5 mol% Cul
R o Bmo% TiMEDA R H R RO
ACOF—== + (Ro),P—n 11 equiv PraNEt 2::( OR \/\P\{OR
R? EtOH, 0°C R o o]
1 3~ OR  3RI=H)
run 1(R' R? 2 t(h) 3, yield% (3/3"°
1 1a (Ph, H) 2a (R=Et) 5 3a, 91 (98/2)
2 1a (Ph, D)¢ 2a 5 3a-d, 90 (98/2)°
3 1b (p-MeCgHs, H) 2a 5 3b, 91 (98/2)
4 1c (0-MeOCgHs, H)  2a 5 3c, 90 (99/1)
5 1d (m-BrCgHg, H) 2a 5 3d, 85 (97/3)
6 1e (p-CICgHg, H) 2a 5 3e, 88 (97/3)
7 1f (p-FCgHg, H) 2a 4 3f, 89 (96/4)
8 1g (0-BrCgHs, H) 2a 4 3g, 80 (96/4)
9 1h (cinnamyl, H) 2a 4 3h, 81 (95/5)
10 1i (Ph, Me) 2a 2 3i, 99
11 1j(Ph,Ph) 2a 2 3j, 98
12 1k (Me, Me) 2a 24 3k, 80
13 11 (-(CH)s-) 2a 24 31, 88
14 AmPh —$<]) 2b(R=Me) 2 3m, 84
15 1a 2b 3n, 89 (>99/1)
16 1a 2¢ (R="Bu) 5 30, 80 (97/3)
Q H
17 1a 2d pp-R 2 3p, 929
OM
Q o
18 1a 2e ., R ~X 3q, 90°
Ph H

Conditions: 1 (0.24 mmol), 2 (0.2 mmol), Cul (5 mol%), TMEDA (6 mol%) and
'Pr,NEt (0.22 mmol) in EtOH (2 mL). ®Isolated Yield; Ratios of 3/3’ based on *'P
NMR. ‘D%>99%. ddr=3.2/1. €dr=2.9/1.

quantitative yields (runs 10 and 11). As compared to aryl-
substituted propargyl acetates, the reactions of alkyl-substituted
substrates 1k and 11 proceeded slowly affording 3k and 3j in
80% and 88% yields in 24 h (runs12 and 13). The reaction of a
cyclopropanyl substrate 1m also efficiently gave the expected
products 3m in 84% yields, in which the cyclopropane-opening
products were not formed (run 14). In addition to 2a, dimethyl
phosphonate (2b) and dibutyl phosphonate (2¢) also reacted
smoothly to give the products selectively in high yields (runs
14-16). Moreover, H-phosphinates are also applicable. For
example, H-phosphinate 2d reacted with 1a producing
allenylphosphinate 3p in 92% yield (run 17). The reaction also
shows a moderate stereoselectivity as 3p was obtained as a
3.2:1 diastereoisomer mixture. A similar result was also
observed from the reaction of 1a with 2e that bears an allyloxyl
group (run 18).

Further, the present method is also applicable to the synthesis
of allenylphosphine oxides. As shown in Scheme 2, 5a-5k were
successfully obtained in high yields with excellent selectivity
from the reactions of diphenylphosphine oxide (4a) with the
corresponding propargyl acetates. Typical diarylphosphine
oxides bearing electron-donating and electron-withdrawing
substitutes on the phenyl rings are also successful substrates to
produce the expected products 51-5n in high yields. In addition,
a more steric hindering substrate bearing o-tolyl groups also
gave the expected product So in good yields. Here it should be

This journal is © The Royal Society of Chemistry 20xx
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Scheme 2 Cu-catalysed synthesis of allenyl phosphine oxides (conditions for 5a-5h, 5k-
50: 0 °C, 2h; conditions for 5i and 5j: 0 °C-rt, 12 h. Isolated yields are given.)

noted that these secondary phosphine oxides are readily
available from reactions of diethyl phosphonate with the
corresponding Grignard reagents.!” Thus, a diversity of P(O)
functionalities could be easily incorporated into the allenic
frameworks with the present method.

To gain some insight into the reaction mechanism, several
control experiments were performed. In contrast to terminal
akynes used, we found that internal propargyl acetates 1n and
1o are inactive under the catalytic conditions (eq. 1), indicative
of the necessity of an active Cy,-H bond for the propargylic
substrates. We deduced that a copper-alkynide intermediate that
is readily formed from terminal alkynes with copper complexes
under basic conditions may be crucial. Probably due to the
decomposition of these Cu-intermediates, 1a was also quickly
consumed to give an unidentifiable mixture in the absence of
the nucleophile 2a (eq. 2), nevertheless 2a was inert and fully
recovered under the same conditions (eq. 3). Furthermore, a
clean transformation of a bis-alkynyl substrate 1p into the yne-
allenyl compound 5p in 85% yield was observed while the
possible isomer with the phosphors functionality attached to the
internal triple bonds was not formed (eq. 4). In addition, the
treatment of a simple alkyne with 2a under identical conditions

Ph>—
—R -
t:
AO + 2a sarlmzdzr: cg:dltlons NR A)
1no (R = Ph/"Bu) tOH, 0°C-rt
standard conditions .
1a — —————— » complex mixture 2)
EtOH, 0 °C-rt
standard conditions
2a ———————————— > NR 3)
EtOH, 0 °C-rt
p-MeCgHy
Me_ OAc \\
P S+ 4a standard conditions P(O)Phy )
Z N EtOH, 0°C =
p-MeCeHy™  qp : Mé H
5p (85%)

standard conditions NR Ph/\/\P(O)(OEt)2> 5
EtOH, 0 °C-rt not formed

Ph._Z + 2a

This journal is © The Royal Society of Chemistry 20xx
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did not afford an alkenylphosphonate product (eq. 5),
suggesting that an addition of a possible Cu-phosphido species
to the C-C triple bond may not take place under the conditions.
The Cu-catalysed substitutions of propargyl substrates to afford
substituted allenes via an addition-elimination mechanism is
well known.” Nevertheless, such a mechanism may be less
possible for our reaction accordingly.

Alternatively, a process as depicted in Scheme 3 was
proposed to rationalize the observed results based on the known
Cu-catalysed propargylic substitutions of terminal propargyl
acetates with N- and C-nucleophiles which involves Cu-
allenylidene species as key intermediates.'® In the presence of a
base, the active Cu(l) species A'° generated from the reaction of
the copper salt with TMEDA first reacts with the propargyl
acetate 1 to produce the copper acetylide complex B. Loss of an
ester group from B would form a Cu-allenylidene complex
C.' The nucleophilic reaction of C with 2 would then produce
an allenylcopper intermediate D, protonation of which gives the
product and regenerate the catalyst (Scheme 3).2**' A route
involving propargylic substitution to form phosphinite or
phosphite intermediate E followed by 2,3-rearrangement could
be excluded since the reactions of 1q wherein the propargyl
carbon is covered by two highly sterically crowded tert-butyls,
also took place smoothly to give the products in high yields (eq
6). With respect to this mechanism, the unique selectivity to
form allenyl product is notable as catalytic reactions involving
Cu-allenylidenes with other nucleophiles reported thus far all
give propargyl products.'® Detailed mechanistic investigations
is however still needed to elucidate this unusuality.

Me, Me 5mol% Cul Me Me o R
Me— oac 6 mol% TMEDA .:<P\R
HYR
Ve \ RoP(OH 1.1 equiv I:rQNEt Me H (6)
Me Me 2a or 4a EtOH, 0 °C-rt Me Me
3r (R = OEt), 79%
1q 5q (R = Ph), 89%
cu(l)
3 L 1+ base
®
® Cu(hL base*H
basesH A
R
R/\P//o R? R! OAc
== . Lou=—k" Low=—CR,
LCu p Ry o B R
RoP~
E
®
basesH 2' % ;
[©) R )
2= Ho‘lé/R LCu=-=-= OAc
2'+ base c R

Scheme 3 A tentative mechanism

Conclusions

In summary, we have disclosed a new Cu-catalyzed reaction
to produce allenylphosphoryl compounds from propargyl
acetates with P(O)H compounds. The reaction utilizes a simple

J. Name., 2013, 00, 1-3 | 3
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and cheap catalyst, takes place under mild conditions in an
environmentally benign solvent and has a broad scope. Further
mechanistic investigations and applications of the method are
currently underway and will be reported soon.
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