ORGANIC
CHEMISTRY

FRONTIERS

Accepted Manuscript

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

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

http:/jesc.liffrontiers-organic

ROYAL SOCIETY

OF CHEMISTRY http:/rsc.li/frontiers-organic

Chinese Chemical Society



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/

Page 1 of 19 Organic Chemistry Frontiers

CHEMISTRY

FRONTIERS

Frontiers is a unique collaboration between the Chinese Chemical Society and the Royal Society of
Chemistry, aiming to publish a series of high impact quality chemistry journals that showcase the ‘gg

very best research from China, Asia and the rest of the world to an international audience. Each
journal title is launched in collaboration with a top Chinese institute in the relevant
field. For Organic Chemistry Frontiers, this is Shanghai Institute of Organic Chemistry, Chinese HEMISTRY
Academy of Sciences. [
http://rsc.li/frontiers-organic

©CoO~NOUTA,WNPE

10

11 Guidelines for Referees — Research Article Submission

12

13 Organic Chemistry Frontiers is a high impact journal publishing work on all disciplines of organit

14 chemistry, especially highlighting on the new and significantly improved protocols or methodologies
15 Reported works should thus be of high interest and make significant contribution in respective sub-
17 fields of organic chemistry.

ig Research Articles contain high impacting and original scientific work that has not been publishea
20 previously. We ask you to only recommend work for publication which demonstrates a significan*
21 advance in the field; routine and incremental work — however competently researched and reportec
gg should not be recommended for publication.

24 Thank you very much for your assistance in evaluating this manuscript.

26 Best wishes
27

28

29*“7\\_\.r — )
30 &£ *F

)T

33 Daping ZHANG
35 Managing Editor, Organic Chemistry Frontiers, OrgChemFrontiersED@rsc.org

36
37 General Guidance - Please be aware of our Ethical Guidelines, which contain full information on the responsibilities of
38 referees and authors, and our Refereeing Procedure and Policy.

39 When preparing your report, please:
¢ Comment on the originality, significance, impact and scientific reliability of the work;

j; e State clearly whether you would like to see the article accepted or rejected and give detailed comments (with

43 references, as appropriate) that will both help the Editor to make a decision on the article and the authors to improve
it.

44

45 For confidentiality reasons, please:

46 « Treat the work and the report you prepare as confidential; the work may not be retained (in any form), disclosed, used
47 or cited prior to publication; if you need to consult colleagues to help with the review, please inform them that the

48 manuscript is confidential, and inform the Editor;

gg e Do not communicate directly with authors; NB your anonymity as a referee will be strictly preserved from the authors

51 Please inform the Editor if:

52 « There is a conflict of interest;

53 ¢« There is a significant part of the work which you are not able to referee with confidence;

54 « The work, or a significant part of the work, has previously been published or is currently submitted elsewhere;

55« The work represents part of an unduly fragmented investigation.
56
57 When submitting your report, please:

58 ¢ Provide your report rapidly and within two weeks, or inform the Editor immediately if you cannot do so. We welcome
59 suggestions of alternative referees.

60
If you have any questions about reviewing this manuscript, please contact OrgChemFrontiersPROD@rsc.org

Submit your report at http://mc.manuscriptcentral.com/orgcf



mailto:OrgChemFrontiersED@rsc.org
http://www.rsc.org/Publishing/Journals/guidelines/EthicalGuidelines/EthicalGuidelinesandConflictofInterest/index.asp
http://www.rsc.org/Publishing/Journals/guidelines/RefereeGuidelines/index.asp
http://www.rsc.org/Publishing/Journals/guidelines/RefereeGuidelines/index.asp
mailto:OrgChemFrontiersPROD@rsc.org
http://mc.manuscriptcentral.com/orgcf
http://rsc.li/frontiers-organic
http://rsc.li/frontiers-organic
http://rsc.li/frontiers-organic

©CoO~NOUTA,WNPE

Organic Chemistry Frontiers

Titanium-Mediated Cross-Coupling Reactions of 1,3-Butadiynes with
a-Iminonitriles to 3-Aminopyrroles: Observation of an Imino Aza-Nazarov
Cyclization
Xu You, Xin Xie, Renhong Sun, Haoyi Chen, Shi Li and Yuanhong Liu*
State Key Laboratory of Organometallic Chemistry
Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences,
345 Lingling Lu, Shanghai 200032, People $ Republic of China

Fax: (+86) 021-64166128, E-mail: yhliu@mail.sioc.ac.cn

Abstract: Ti(O'Pr)s/2 "BuLi-mediated highly efficient cross-coupling reactions of
1,3-butadiynes with a-iminonitriles are described. The method provides a convenient
access to functionalized 3-aminopyrroles with a wide diversity of substituents in a highly
regioselective manner. When optically pure a-iminonitrile is employed in this reaction,
chiral pyrrole derivative is obtained without loss of the enantiopurity. Mechanistic study
indicates that the 3-aminopyrroles are formed upon treatment of the crude hydrolysis
products with silica gel or Lewis acid. A novel imino aza-Nazarov cyclization reaction is
proposed to account for the formation of the pyrrole products. Employing
titanium-monoyne complex in this reaction resulted in the homo-coupling of

a-iminonitriles, leading to the formation of 1,2-diimines.

3-Aminopyrroles are found in a variety of biologically active substances or natural
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products,’ and are also useful building blocks in synthetic chemistry.? For example, as
shown in Figure 1, natural products such as distamycin and netropsin with 3-aminopyrrole
skeletons are well-known DNA-minor groove binding agents with strong preference for
adenine/thymine-rich sequences.®> The 3-aminopyrrole alkaloid solsodomine A, isolated
from the fresh berries of solanum sodomaeum L., shows activity against Mycobacterium
intracellulare.* 3-Aminopyrrole-2-carboxylates, such as “a”, is identified as a common
pharmacophore which exhibits potent anticonvulsant activity by blocking sodium channels
in a frequency-dependent manner.®> Although a large number of pyrrole syntheses have

been reported in recent years, the efficient synthetic routes to 3-aminopyrroles are quite
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Figure 1. Representative examples of bioactive 3-aminopyrrole derivatives

limited.®® General synthetic methods include: functional group transformation of pyrrole

derivatives such as 3-nitropyrrole,*® 3-arylazopyrroles,® pyrrol-3-carboxylic acids® etc.,’
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intramolecular cyclization of enaminonitrile derivatives® such as Thorpe-Ziegler type
cyclization®?
Thus, the development of new methodologies using readily available starting materials is
highly desired. On the other hand, titanium-mediated cross-coupling reactions have been
proved to be highly efficient for the construction of carbon-carbon or carbon-heteroatom
bonds, and the thus generated titanacycles are important intermediates for further selective
transformations.’® During our continued studies on the chemistry of titanium-butadiyne
complexes,** we have developed the coupling reactions of titanium-butadiyne complexes
with aldehydes or ketones, leading to the selective synthesis of stereodefined

12 or trisubstituted [3]cumulenols.!*® Inspired by these results, we are next

trans-enynols
interested in the potential coupling reactions of titanium-butadiyne complexes with
functionalized nitriles. In this paper, we report titanium-mediated cross-coupling reactions
of 1,3-butadiynes with a-iminonitriles, which provide a convenient one-pot synthesis of
functionalized 3-aminopyrroles upon treatment of the crude hydrolysis products with silica
gel or Lewis acid (Scheme 1). Interestingly, 3-aminopyrroles were formed likely via a rare

imino aza-Nazarov cyclization of the diimines produced by hydrolysis of the in situ

generated azatitanacycles.

Scheme 1

H,N R?
+ Ti(O'Pr),/2 "BulLi i) hydrolysis 7
2 - T .. p3
N selective R® i) silicagelor R7 N7 XX Rl
J\ cross-coupling Lewis acid éz
R3” “CN

R® = silyl, aryl, alkyl; R?, R® = aryl or alkyl

etc.’ However, these methods usually restrict to special substituted substrates.
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The reactivity of nitriles with group 4 metal complexes has been intensively studied
during the last decades, in which C=N insertion into a metal-carbon bond** or a
heterobimetallic complex,®* and formation of metal-keteniminate species** have been
observed. However, so far only one report by Sato et al. related to titanium-mediated
cross-coupling reactions of nitriles (restrict to a-heterofunctionalized nitriles) with alkynes
is precedented.”® They demonstrated that azatitanacyclopentadienes formed by
cross-coupling reactions of alkynes with a-methoxyacetonitriles could react with
aldehydes, sulfonylacetylenes or second a-methoxyacetonitrile to afford furans, pyridines
and pyrroles, respectively.” The a-iminonitriles (imidoyl cyanides) are important synthetic
precursors for the synthesis of a-keto acids, diimines, amides, amidines etc.,'® and also
serve as effective components in various cycloaddition reactions.!’” Due to the enhanced
reactivities of C=N and C=N bond, both of these two unsaturated moieties in
o-iminonitriles might couple with alkynes in the presence of low-valent titanium species.
We are therefore quite interested in exploring new reaction patterns using these substrates.
o-Iminonitriles can be readily prepared by the following two methods (Scheme 2):
IBX/TBAB-mediated oxidative Strecker reaction (method a)*® and the reactions of imidoyl
chlorides with CUCN (method b). Initially, we investigated the titanium-mediated coupling
reactions of 1,4-bis(tert-butyldimethylsilyl)buta-1,3-diyne la with
(2)-N-(4-methoxyphenyl)benzimidoyl cyanide 3a. The results are shown in Table 1. Based
on our previous studies,* titanium-butadiyne complex 2a (also referred to as
alkynyltitanacyclopropene) was prepared in situ by the reaction of diyne 1a with 1.3 equiv

of Ti(O'Pr)4/2 "BuLi reagent in THF. Addition of 1.1 equiv of 3a to the mixture containing
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Scheme 2

method a:
cat. I, R?

IBX/TBAB J’\{\
Rl

CH3CN, 1t
Ref. 18 3

RICHO +R2NH, + TMSCN
CN

method b:
.R? R2
O .
N e _SOCk JI\:\ CuCN J'\{\
R N™" reflux  RI7OCI CHACN, reflux RYSCN
3

2a at -78 <C and stirred for 2 h resulted in the formation of 5-alkynyl-3-aminopyrrole 4a in
47% vyield after quenching the mixture with 3 M HCI followed by silica gel purification. To
our delight, the yield of 4a could be improved to 72% by quenching the reaction mixture
with saturated aqueous NaHCO3 solution. It was noted that in this case, in addition to 4a,
one more byproduct could be detected in the crude reaction mixture. However, after the
crude material was dissolved in CH,CI,'® followed by addition of silica gel and
evaporation of the solvent, TLC analysis showed that only 4a remained. The results
indicated that the observed byproduct converted to 4a on the silica gel. This conclusion
was also confirmed by control experiments (vide infra). With the optimized reaction
conditions in hand, substrate scope of this reaction was examined (Table 1). We first
investigated the effect of the substituents on o-iminonitriles. When N-phenyl- or
N-(p-bromophenyl)-substituted iminonitriles were employed, the corresponding
3-aminopyrroles 4b and 4c were obtained in 88% and 85% yields, respectively. The results
indicated that the presence of electron-neutral or withdrawing N-aryl group on iminonitrile
afforded higher product vyields. N-alkyl-substituted iminonitriles such as

N-(R)-(1-phenylethyl) or N-cyclohexyl-substituted one were also examined. Although the

5
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1

2

4 Table 1. Synthesis of 3-aminopyrroles from 1,3-butadiynes and a-iminonitriles.?

5 2

6 L 1.1 equiv N'R

7 R i) | (3)

38 | | 1.3 equiv &

9 Ti(O'Pr),/2 "BulLi -78 °C, 2 5 h

10 ( )a ('PI’O)ZTI /Z_g\
-78°Ctort, 1 h, i) sat. NaHCO

g | | in THF ||)|) silica gel i

13 R

14 1 4

15

16 TBS TBS TBS

17

18 / \

19

20

21 C6H4OMe p C6H4Br P

22 da, 72% 4b, 88% 4c, 85%

23

24 TBS TBS TBS

25

26 / \

27 N p-CICgH,4 p CF3CgHy BS

2

28 ) ‘v C6H4Me p

30 4d, 73%P 4e, 75%b 4f, 84%

31

32 H, TBS H, TBS

33

34

35 1-naphthyl

g? CBH4Br p C6H4Me p

38 49, 77% 4h, 72% 4i, 73%

Zg Ar = 3,4,5-(OMe)3CgH,

41 H, TBS H, TBS NH, Ph

42

s O/Z_g\ Ph(CHz)z/Z_g\ Ph/K

44 I Ph

45 CGH4C| P (CH2)2Ph Ar

46

47 4j, 79% 4k, 55%P° 4l, Ar = p-Br-CgH,, 48%"°

48 4m, Ar = p-MeOCgH,, 44%"¢

49

50 NH2 H, Hex

51

53 CeHyMe-p

54 C6H4Br P C6H4Br 6] CGH4Br P

55

56 4an, 42%°¢ 40, 39%°° 4p, 55%°°

57

58 2|solated yields.  The crude products were treated with BF3Et,0. ¢ -78 °C to 0 °C, 3-5 h.

59
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substrates with iminonitriles could occur at -78 °C, the desired products were not observed
after silica gel purification. The results suggested that the silica gel was not effective in
promoting the transformations to pyrroles in these cases. To our delight, further
optimizations indicated that when the crude products obtained by quenching with saturated
agqueous NaHCO3 solution followed by normal work-up was stirred at 50 °C in THF for 1 h
in the presence of 4.0 equiv of BF; Et,0, the desired products 4d and 4e could be obtained
in 73% and 75% vyields, respectively. It was noted that the use of enantiomerically pure
N-(R)-(1-phenylethyl)-substituted iminonitrile gave 4d without racemization, as
determined by chiral-column HPLC analysis of 4d and (#-4d. The iminonitriles bearing
p-Cl, p-CF3, 3,4,5-(MeO); and 1-naphthyl substituents on the C-aryl rings (R® group)
reacted smoothly with la to afford 4e-4h in 72-84% vyields. C-Heteroaryl-substituted
iminonitriles such as (5-methyl-2-furanyl) or (2-thienyl)-substituted one were tolerated
well during the reaction to afford 4i and 4j in 73% and 79% yields, respectively. The
reaction was also compatible to C-alkyl substituted iminonitrile, furnishing 4k in 55%
yield. Next, we made the effort to employ aryl- or alkyl-substituted 1,3-butadiynes as the
diyne substrates. As shown in Table 1, when phenyl or p-tolyl-substituted butadiynes were
used as the coupling components, the corresponding products 4l-4n could be formed in
42-48% vyields by treatment of the crude products with BF; Et,O in CH,Cl, at room
temperature. 4l-4n could also be formed without the need to use Lewis acid. The use of
alkyl-substituted butadiynes such as Hex-C=C-C=C-Hex and '‘BuC=C-C=C'Bu were also
suited for this reaction, furnishing the pyrrole products 40 and 4p in 39% and 55% vyields,

respectively. One of the reasons for the lower yields of 4l-4p derived from aryl- or
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alkyl-substituted butadiynes might be due to the lower vyields of the first step for the
formation of the corresponding titanium-butadiyne complexes.*** The structure and the
regioselectivity of 3-aminopyrroles 4 were unambiguously confirmed by X-ray
crystallographic analyses of the product 4a (Figure 1) and the N-tosylated derivatives of 4l

and 4p.”°

C27

Figure 1. X-ray crystal structure of 3-aminopyrrole 4a

To understand the reaction mechanism, we tried to isolate the possible intermediate
before treating the crude products with silica gel. A diimine product 5, derived from the
coupling reaction of titanium-butadiyne complex 2a with
N-(4-bromophenyl)-3,4,5-trimethoxybenzimidoyl cyanide 3g, was found to be stable upon
isolation through neutral Al,O3;. The structure of 5 was also confirmed by X-ray
crystallographic analysis.?’ 5 converted to 3-aminopyrrole 4g in high yield of 85% upon

loading on silica gel followed by column chromatography. The results indicated that

8
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3-aminopyrrole 4 was formed during the silica gel purification process (Scheme 3).

Scheme 3
i) 1.0 equiv .
q )Nl\/CGH‘lBr P TBS
39
TBS Ar~ CN \\ TBS
(PrO),TiC] -78°C,5h — silica gel 40, 859
rO),Ti - — 49¢,8%%
i) sat. NaHCO3 P BrCﬁHf‘ NH
\ N
1.2 equiv \ 8BS Ar
2a Ar = 3,4,5-(MeO)3CgH, 5, 83%

Based on the above results, we propose the following reaction mechanism for this
novel transformation using butadiyne as the substrates (Scheme 4): First, addition of the
C=N moiety of iminonitrile to the less hindered propargyl titanium moiety in complex 2

via Sg2’-type?#

reaction gives an azatitanacyclocumulene 7, which might isomerize to
azatitanacyclopentadiene 8. 8 might also be formed by direct insertion of CN bond into the
Ti-C(sp?) bond close to R* group of 2. However, the attack of the nitrile from this side may
encounter large steric hindrance. Hydrolysis of 8 affords the diimine product 5. Further
transformation of 5 to 3-aminopyrroles 4 might proceed via an interesting imino
aza-Nazarov cyclization promoted by silica gel due to its weak Lewis acidity.”® As we
know, imino** and aza-Nazarov® cyclizations are variations of the classical Nazarov
reaction involving 4r electrocyclizations. Until now, the reports for imino-type Nazarov
cyclizations are quite limited.** Calculations by Smith et al. indicated that the 3-imino-type
Nazarov reaction is energetically disfavored due to the stabilization of 3-aminopentadienyl

cation over the cyclic allylic cation by conjugation with the lone pair electrons on the

nitrogen atom (Scheme 5).° To the best of our knowledge, the imino aza-Nazarov
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cyclization has only been reported as a postulated reaction step in a diamine

monotriflate-catalyzed asymmetric cyclization of ketoazirines.”” In our case, the allylic

©CoO~NOUTA,WNPE

cation 11 could be more favored due to the stronger stabilization by an adjacent nitrogen
12 atom on NR? group.
15 Scheme 4

19 R! 3J\ Rl R%
21 (Pro),Till (Pro),Ti —_— ('PrO)ZTl\N/ ==

27 R
28
29 A\

. ~I
31 (Proy,Ti,

treating with
silica gel

45 imino aza-Nazarov

50 Scheme 5
H, NH,

s4 =
54 r —>

56 pentadienyl cations are favored
57 in imino-Nazarov cyclization

al
N
Z

10
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We also investigated the reactions of titanium-monoyne complexes with
a-iminonitriles (Scheme 6). Interestingly, the expected 3-aminopyrroles were not obtained,
instead, the diimine 15 was obtained in 59% vyield, along with 74% of diphenylacetylene,
after quenching the reaction mixture by water. In addition, one more byproduct was also
observed, the structure of which was not defined yet. The reaction might proceed by first
ligand exchange to give a titanium-imine complex 13, which undergoes homo-coupling
with another a-iminonitrile to give 14 by insertion of C=N moiety to azatitanacycle 13.
This is followed by elimination of CN groups to deliver the desired product 15. Diimines
are valuable ligands in transition-metal chemistry,?® for example, the diimine-Ni complex
shows high catalytic activity in olefin polymerization.?®° Our reaction provides a simple
and efficient method for the synthesis of diimines.

Scheme 6

2.0 equiv
N,CGH4OMe-p

Ph )l\ 3a
(PrO),T <( Ph” “CN H,0 N Ph
-78°Ctort, 2 h, ; \i

Ph 500°C,2h Py
12 ' CeH,OMe-p
15, 59%
3a )
p-MeOCgH, h
_CgH,OMe-p 3a N/
(PrO),Ti<| o (PrO),Ti = [~
2 \’—CN coupling with 2 N CN
Ph C=N moiety " Ph
p-MeOCgH,
13 14

In summary, we have developed a titanium-mediated regioselective cross-coupling

reaction of 1,3-butadiynes with a-iminonitriles. Functionalized 3-aminopyrroles were

11
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efficiently constructed upon treatment of the crude hydrolysis products with silica gel or
Lewis acid. The reaction likely proceeds via a novel imino aza-Nazarov type cyclization of
the diimines produced by hydrolysis of the in situ generated azatitanacycles. Employing
titanium-monoyne complex in this reaction resulted in homo-coupling of a-iminonitriles,
leading to the formation of 1,2-diimines. Further studies to expand the reaction scope are in

progress.

Electronic supplementary information (ESI) available: Experimental details,
spectroscopic characterization of all new compounds, X-ray crystallography of compounds
3b, 4a, N-tosylated derivatives of 4l, 4p, 5, 15 and CIF files giving crystal data are given in

the Supporting Information file.
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