Organometallics2007,26, 223—229

223

Activation of the Vinylic C —CI Bond by Complexation of Fe(CO}:
Palladium-Catalyzed Coupling Reactions of
(p*-Chlorodiene)tricarbonyliron Complexes'

Qian Chen and Chaozhong Li*

Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences, 354 Fenglin Road,
Shanghai 200032, Peoples Republic of China

Receied July 30, 2006

The reactions of 1-chloro- or 2-chloro-substitutett-{,3-cyclohexadiene)Fe(COfomplexes with
terminal alkynes under the catalysis of PgEPh)./Cul at 45-60 °C led to the formation of the
corresponding Sonogashira coupling products in®4% yields. The complexes also underwent smoothly
the intermolecular Heck reactions with activated alkenes under the catalysis of Pgff@gat 60°C
to afford the expected coupling products in-38% yields. On the other hand, the corresponding
uncomplexed molecule 2-chloro-1,3-cyclohexadiene remained inert under the same reaction conditions.
These results clearly demonstrated the strong activation effect of Fe@@Qhe oxidative cleavage of

the vinylic C—CI bond.

Introduction

Aryl and vinyl halides are important materials in synthetic
organic chemistry. Among them, aryl and vinyl chlorides are

tion of Cr(CO} to chloroarenes also significantly reduces the
C—Cl bond dissociation energies (BDES).

While the activation of aryl €Cl bonds by the complexation
of a M(CO) moiety has been extensively investigated, the

especially attractive for synthetic purposes because of their readypossibility of activating vinylic G-Cl bonds remains virtually

availability and low cost. However, the high stability of the
C(sp)—Cl bond makes them inert in many cades.

It is well documented that the coordination of a Cr(GO)
Mn(CO)t moiety on an arene ring significantly reduces the
electron density of the arene ring and facilitates nucleoghilic
and radical* additions. The complexation of Cr(COr Mn-
(CO)X™ also activates aryl €CI bonds toward oxidative addition
to PP complexes, thus allowing a number of subsequent

unknowné although it is also well documented that the
coordination of a M(CQ)such as Fe(CQ)n a diene strongly
reduces the electron density of the=C double bonds and
facilitates nucleophilic addition.Owing to the similarity
between aryl chlorides and vinyl chlorides and the even more
versatile chemistry of the latter, we extended our intefésts

the activation of vinylic C-Cl bonds in alkenemetal com-
plexes. We here report that the complexation of FegCan)

reactions such as the Heck reaction or carbonylation to proceedchlorodienes significantly activates the C{spCl bond toward

smoothly>® More recently, we demonstrated that the coordina-
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oxidative Pd insertion. The effect of Fe(C@)n the C-ClI
BDEs is also briefly discussed.

Results and Discussion

The Sonogashira coupling of terminal alkynes with aryl/vinyl
halides and triflates serves as a straightforward and powerful
method for the formation of carbercarbon bond%® However,
aryl/vinyl iodides or bromides are typically employed for the
coupling, while ordinary vinyl chlorides are usually unreactive
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Table 1. The Sonogashira Coupling of Complex 1la with

Phenylacetylene
@CI O%Ph
‘ + =Ph — ‘
Fe(CO)3 Fe(CO),
1a 2a
time yield
entry conditiond (h) (%)°
1 Pd(OAc} (2.5 mol %), PPR(10 mol %), 4 20
C2CO0;3(2 equiv), CHCN, 65°C
2 Pd(OAc) (10 mol %), PPR(20 mol %), 4 64
in EiN, 45°C
3 PdCL(PPh), (5 mol %), Cul (5 mol %), 3 93
in EsN, 45°C

apPhenylacetylene (1.0 equiv) was usBdolated yield based oha.

under mild reaction conditions. In order to test the possible
activation of the vinylic C-Cl bond by coordination of Fe-
(CO;, (*1-chloro-1,3-cyclohexadiene)Fe(CGdLa), (-2-
chloro-1,3-cyclohexadiene)Fe(C{Lb), and ¢*-1-chloro-1,3-
butadiene)Fe(CQ)(1c) were first prepared. The reaction of
2-chloro-1,3-cyclohexadiene with triiron dodecacarbonyl in
refluxing benzene afforded the mixture d& (62%) andlb
(15%)12 Apparently the chlorodiene underwent partial isomer-
ization during the complexation process. Complex was
synthesized similarly by reaction of triiron dodecacarbonyl with
1-chloro-1,3-butadieneE(Z = 6:1 determined byH NMR),
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Table 2. Sonogashira Reactions of Vinyl Chlorides lac
and 5 at 60°C?

PACI,(PPh3), (5 mol%)

Cul (5 mol%) 7\

Qa Et;N, 60 °C, 3 h =R
+ —R
Fe(CO Fe(CO
&(COk a(R=Ph): 93% (CO)
1a b (R = Bu): 77% 2a-e
c(R=CH,OH):  84%
d (R = CH,CH,OH): 64%
Cl e (R = SiMey): 89% R
70 o ibid
* =R 2
Fe(CO
e(C0)s a(R=Ph)’ o7% ’
1b b (R = Bu): 81% Fe(CO);
¢ (R=CH,0OH):  88% 3a<
ibid /7 N\
//T\\—C' + =—CHOH ——u 7 | N=—cH,0H
Fe(CO)s 2% Ee(cO)
1c 4
cl
ibid
+ =—ph — = Ph
0%
5

a2 The yields were isolated yields based on the starting vinyl chlorides.
bThe reaction temperature was 46.

which in turn was prepared in situ by the Wittig reaction of Yields. Similarly, the 2-chloro-substituted dienige(CO) com-

acrolein with (chloromethyl)triphenylphosphonium bromide. We
then chose completa as the model substrate to explore its
coupling reaction with phenylacetylene. Three conventional
literature procedurés for the Sonogashira coupling of aryl
iodides were directly applied to the reaction of complie

plex 1b underwent smooth coupling with terminal alkynes in
high efficiency. The yields of product3a—c in the reactions
of 1b were even slightly higher than those B&—c in the
corresponding reactions @& As the simpler analogue dfa,
complexl1c also gave the corresponding coupling proddiat

and the resullts are listed in Table 1. To our delight, the expectedhigh yield. In all the cases tested for complexis-c, the

coupling producta was achieved in all three cases. With 5
mol % of PAC}(PPh} as the catalyst and 5 mol % of Cul as
the cocatalyst the reaction ofla with phenylacetylene in
triethylamine at 45°C for 3 h afforded complexXa in 93%
yield (entry 3, Table 1).

We then prepared Fe(C§jomplexesla—c and carried out

expected coupling products were obtained in satisfactory yields
under mild experimental conditions. On the other hand, the
corresponding uncomplexed vinyl chlorides such as 2-chloro-
1,3-cyclohexadiene5f did not give the expected coupling

products in reaction with phenylacetylene under the same
conditions (Table 2). Only the self-coupling of phenylacetylene

their Sonogashira reactions with terminal alkynes under the leading to the formation of 1,4-diphenyl-1,3-butadiyne was

catalysis of PAG{PPh)/Cul without further optimization. The
results are summarized in Table 2. The couplinglafwith
1-hexyne did not occur at 4. However, when the reaction
temperature was raised to 6T, the reaction proceeded
smoothly and the coupling produ2b was achieved in 77%
yield. Other terminal alkynes such as 2-propyn-1-ol and 3-butyn-
1-ol also gave the expected coupling produ2td in high
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A., Eds.; Wiley-VCH: New York, 2002; p 493. (c) Littke, A. F.; Fu, G. C.
Angew. Chem., Int. E@002 41, 4176. (d) Negishi, E.; Anastasia, Chem.
Rev. 2003 103 1979.
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Y.; Sonogashira, K.; Hagihara, 'ynthesis98Q 627.

observed, while the chloridgé remained unchanged under the
above experimental conditions.

The above different reactivities @b—c and5 in Sonogashira
coupling are noteworthy, which strongly indicates the activation
of the vinylic C—ClI bond toward Pd(0) insertion by complex-
ation with Fe(COy. The activation should be attributed to the
powerful electron-withdrawing effect of the Fe(GQpoiety.
The above mild reaction conditions also imply that the reactivity
of the complexed vinyl chloride& toward Pd(0) insertion is
similar to that of an ordinary aryl iodide or bromid.
Moreover, the activation effect of Fe(C99n vinylic C—Cl
bonds is comparable to that of Cr(G@n aryl C-CI bonds!*
as the Sonogashira coupling gf{chlorobenzene)Cr(C@yvith
phenylacetylene was conducted under similar experimental
conditions but at refluxing temperature of TH(E.

Having succeeded in the Sonogashira reactions of vinyl
chloride-Fe(CO} complexesdl, we were encouraged to explore

(14) For examples of Sonogashira couplingsi$t¢hloroarene)Cr(CQ)
complexes, see: (a) Szewczyk, J.; Gryff-Keller,JA.Organomet. Chem.
1992 424, 41. (b) Muler, T. J. J.; Lindner, H. JChem. Ber1996 129,
607. (c) Muler, T. J. J.; Ansorge, M.; Lindner, H. Zhem. Ber.1996
129 1433. (d) Mdler, T. J. J.; Ansorge, MChem. Ber1997 130, 1135.
(e) Mtler, T. J. J.; Ansorge, MTetrahedron1998 54, 1457. (f) Muler,
T. J. J.; Ansorge, M.; Aktah, DAngew. Chem200Q 112, 1323.
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6a 8b
Figure 1. ORTEP drawings of complexe&a and 8b.
Table 3. Synthesis of 6a via the Reaction of 1a at 60C to PPh was 2:1,6awas achieved in 72% yield (entry 7, Table
entry [P)/[PPh] base solvent yield (%) 3). Changing the base from £30; to K,CO; or the palladium
1 14 EtN THE 26 source from Pd(OAg)to Pd(dbaj resulted in a decrease of the
2 1/4 CsCOs THE 30 product yield (entries 9 and 10, Table 3). Thus, we concluded
3 1/4 CsCOs CH3CN 43 that the optimized combination for the Heck reactiorlaivas
4 1/10 CsCO;s CH;CN 19 to use 10 mol % of Pd(OAg)as the catalyst, 5 mol % of PPh
5 172 CsCO; CHLCN 63 as the ligand, 1.5 equiv of @803 as the base, and GEN as
6 1/1 CsCOs CHiCN 65 .
7 21 CsCO; CH:CN 72 the solvent, and the reaction was set at’60for 1 h.
8 10/1 CsCOs CHsCN 60 We then conducted the Heck reactions of complebesc
9 2/1 KoCO3 CHsCN 65 under the optimized conditions. The results are illustrated in
10° 2n CsCOs CH:CN a1 Table 4. The reactions dfa with activated alkenes afforded

a Reaction conditions1a (0.22 mmol), styrene (0.88 mmol), Pd(OAc)  the corresponding coupling produ@a—e in 34—72% vyields
(0.022 mmol), base (0.33 mmol), solvent (3 mL), BR#0°C, 1 h."Isolated with an excellent stereoselectivity. Electron-rich alkenes such
i C| . . . . .
yield based orla. “Pd(dba) was used. as 1-octene were unreactive. Interestingly, the side-chain in

their Heck reactions with alkenes. Palladium-catalyzed Heck compl_exesﬁ exists predominantly in an s-trans conformation,
reactions have been intensively studied and firmly established @S €videnced by the X-ray crystal structureafand the 2D
as a powerful tool in synthetic organic chemistfy-However, NOESY spectra obb. Th's mlghF be. attributed to the steric
aryl (or vinyl) iodides or bromides are generally employed as ©ffect of the Fe(CQ) moiety, which increases the rotational
the substrates, while aryl or vinyl chlorides are usually unre- barrier between s-trans and s-cis conformations. . .
active under similar conditions. To facilitate the Heck coupling ~ COmplex1b also underwent smoothly the Heck reactions with

of aryl chlorides, harsh reaction conditions (higher temperature, activated alkenes to give the coupling products as a mixture of
longer reaction time, etc.) or the use of exquisite electron-rich 7a—d an_dE_Sb—d in moderate to good yields. Complexgis—d
phosphane ligands is usually requifgeils and their isomer8b—d could not be separated by column
We first examined the reaction of compléa with styrene F:hromatography on silica gel. Fortunately, we were ab_le to
under typical conditions for the Heck reaction of aryl iodides: SClate compoun@bin a pure form by repeated recrystallization,
10 mol % of Pd(OAG) as the catalyst, 40 mol % of PP#s the whose structure was firmly established by an X-ray diffraction
ligand, EtN as the base, and THF as the solvEntvhen the experiment (Figure 1). Apparently the initially formed com-

mixture was heated at 6T for 1 h, the expected produét plexes 7b—d underwent partial isomerization to complexes
was obtained in 26% yield (eq, 1), whose structure was 8b—d under the experimental conditions, which might be caused

unambiguously determined by an X-ray diffraction experiment by the eI(_ectron-withdraWing carbony! group b—d.? Th?
shown in Figure 1. open-chain analogue afa, complex 1c, also reacted with

styrene to give the coupling produgtalbeit in 39% yield. As

@m Pd(OAc), (cat) /7 \ a comparison, the parent vinyl chlorievas unreactive under
+ Py w00 ‘ \ e ) the above reaction conditions.
Fe(CO)s Base, Solvent Fe(CO)s T_he .results in Table 4 have again demonstrated the powerful
1a 6a activation effect of Fe(CQ)on vinylic C—Cl bonds. The vinyl

chlorides in1 are even more reactive than an ordinary aryl
We then carried out a brief optimization of experimental Promide toward Heck coupling. For example, the Heck reaction

conditions forla, and the results are summarized in Table 3. Of an aryl bromide with acrolein under the catalysis of Pd(QAc)

With the use of C£0; as the base, the yield 68 was slightly PPh had to be conducted at a much higher temperature (130

increased (entry 2, Table 3). Switching the solvent from THF °C).* Again, the effect of Fe(CQ)on a vinylic C-Cl bond

to CHsCN increased the yield further to 43% (entry 3, Table Cclosely resembles that of Cr(C&9n a aryl C-Cl bond® as

3). The amount of PRremployed proved to be critical to the the Heck reaction of thp-chlorotoluene-Cr(CO) complex with

outcome (entries 38, Table 3). When the ratio of Pd(OAc) ~ Methyl vinyl ketone proceeded under similar experimental
conditions (PdG{PPh),, EN, 70 °C, 58% yield)2%2

(15) For reviews, see: (a) Cabri, W.; Candianiitc. Chem. Re4995

28, 2. (b) de Meijere, A.; Meyer, F. EAngew. Chem., Int. Ed. Endl994 (18) For similar examples, see: (a) Martina, D.; Brion,TEtrahedron

33, 2379. Lett. 1982 23, 865. (b) Goldschmidt, Z.; Bakal, Yd. Organomet. Chem.
(16) For a review, see: (a) Whitcombe, N. J.; Hii, K. K.; Gibson, S. E. 1984 269191. (c) Hafner, A.; von Philipsborn, W.; Salzer,Aagew. Chem.

Tetrahedron2001, 57, 7449. 1985 97, 136; Angew. Chem., Int. Ed. Engl985 24, 126.

(17) For an example, see: Herrmann, W. A.; Brossmer, C.; Oefele, K.;  (19) For an example, see: SpencerJAOrganomet. Cheni984 270,
Beller, M.; Fischer, HJ. Mol. Catal. A: Chem1995 103 133. 115.
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Table 4. Heck Reactions of Vinyl Chlorides la-c and 3

Pd(OAc), (10 mol%)

7 N\ PPh; (5 mol%) 7 \
| A
QC + AR Cs,CO3 (1.5 equiv.) \ R
Fe(CO)s CH3CN, 60°C, 1 h Fe(CO),
1a 6a-f
a(R=Ph): 72% b (R=COMe): 66%
¢ (R=CHO): 53% d (R =CO,Me): 44%
e(R=CN): 34% f (R=CgHy3): 0%
Cl R R
</ \/> ibid N
‘ * R— 7N & reicon
Fe(CO)
1b Fe(CO)3 8a-d
Ta-d
a (R = Ph): 83% (7:8=1/0)°
b (R=COMe): 57% (7:8=1/1)
c(R=CHO): 62% (7:8=3/1)°
d (R=CO,Me): 42% (7:8=6/1)°
/ N\ ibid
/ | \ Cl + /\Ph / \ \ o
Fe(CO)s 39% Fe(CO)3
1c 9
Cl
ibid
@ + Z>Ph ——~ Noreaction
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The vinylic C—Cl bond activation toward oxidative addition
also implies that the €CI BDEs of complexesl might be
lowered relative to the noncomplexed chlorodiene. Therefore,
as an extension, the-Cl BDEs of complexeda and 1b as
well as their parent uncomplexed chlorodienes were estimated
by density functional calculations (B3LYP), which have been
demonstrated to be an accurate tool in the theoretical study of
iron complex system& The geometries were optimized with
basis set | (BSH-6-31G* for C, H, O, and Cl and LANL2DZ
for Fe—and the energies were estimated with basis set Il
(BSI)—6-311-G* for C, H, O, Cl and SDDALL for F€.
Vibrational frequency calculation was done for each structure,
and the calculated BDEs were enthalpy corrected (see the
Supporting Information for details). The calculations reveal that
the C-CI BDE of complexlais 4.1 kcal/mol lower in energy
than that of 1-chloro-1,3-cyclohexadiene, while the@ BDE
of 1b is 6.4 kcal/mol lower in energy than that of 2-chloro-
1,3-cyclohexadienes]. The results indicate that the coordination
of Fe(CO} significantly reduces the €CI BDEs of chloro-
dienes by more than 4 kcal/mol, which is comparable to the
effect of Cr(CO}) complexation on chlorobenzene (a reduction
of 4.5 kcal/mol)’ This implies that the radical chemistry of%
chloroarene)Cr(CQ)complexes might be extended to chloro-
diene-Fe(CO} complexes, which is now being actively pursued
in our laboratory.

Conclusion

In summary, the chemistry detailed above provides a facile

5
2 The yields were isolated yields based on the corresponding complexesentry to the synthesis of various trienend ynediene Fe(CO}

1. PDetermined by'H NMR.

complexes with the simplejf-chlorodiene)Fe(CQ)omplexes
as the starting materials. More importantly, these results clearly

The above successful Sonogashira reactions and Heck reacdemonstrate for the first time that the vinylic-€l bond is

tions of complexed clearly indicate the efficient activation of
the vinylic C—Cl bond toward Pd(0) insertion by complexation
of Fe(CO}, which should be of important application in the
synthesis of other functionalizeg4diene)Fe(CQ)complexes.

For example, as a preliminary result, the palladium-catalyzed
reaction of complexla with 2-pyrrolidinone afforded the
corresponding substitution produtd in 43% isolated yield
without further optimization (eq 2).

agits

Fe(CO)3

With the easy complexation of dienes with the Fe(€0O)
moiety?? and the ready decomplexation of dierfee(CO}
complexes under mild conditioR3,the above methodology
should be of application in organic synthesis. As an example,
complex 2c underwent decomplexation to afford the corre-
sponding ynediene in 68% yield by treatment withQd
according to the literature procedefesee Supporting Informa-
tion). It should also be noted that the complexation offers not
only a reactivity enhancement but also an opportunity for
asymmetric synthesis because all complexes are ¢hiral.

Pd(OAC), (10 mol%)
PPhj (20 mol%)

(HJ

Fe(CO)3
10 (43%)

Cs,C03 (150 mol%)
PhCHS3, 85 °C, 3 h

(20) For examples of Heck couplings of;%chloroarene)Cr(CQ)
complexes, see: (a) Scott, W.J. Chem. Soc., Chem. Commur®87,
1755. (b) Crousse, B.; Xu, L.-H.; Bernardelli, G.;"Kdig, E. P.Synlett
1998 658. (c) Ratni, H.; Crousse, B.;"Kdig, E. P.Synlett1999 626. (d)
Kamikawa, K.; Harada, K.; Uemura, M.etrahedron: Asymmaetr2005
16, 1419. (e) References 6¢ and 6d.

(21) For a review, see: Kitiker, H.-J.Chem. Re. 200Q 100, 2941.

significantly activated upon complexation with Fe(GCthus
allowing a number of reactions such as Heck coupling and
Sonogashira coupling to proceed smoothly under mild reaction
conditions typical for aryl iodides. This finding should be of
important application in organic synthesis.

Experimental Section

NMR spectra were recorded in CDGM at 300 MHz and-C
at 75.4 MHz) using TMS as an internal standard. Most products
were purified by flash chromatography on silica gel with hexane
ethyl acetate in an appropriate ratio as the eluent. Melting points
are uncorrected. 2-Chloro-1,3-cyclohexadie®® \as prepared
according to the literature methét.

(22) For examples, see: (a) Holmes, J. D.; Pettit)Am. Chem. Soc.
1963 85, 2531. (b) Emerson, G. F.; Mahler, J. E.; Kochhar, R.; Pettit, R.
J. Org. Chem1964 29, 3620. (c) Thompson, D. J. Organomet. Chem.
1976 108 381. (d) Shvo, Y.; Hazum, El. Chem. Soc., Chem. Commun.
1974 336. (e) Brener, L.; McKennis, J. S.; Pettit, Brg. Synth1976 55,

43. (f) Franck-Neumann, M.; Heitz, M. P.; Martina, Detrahedron Lett.
1983 24, 1615. (g) Franck-Neumann, M.; Miesch-Gross, L; Gateau, C.
Eur. J. Org. Chem200Q 3693. (h) Franck-Neumann, M.; Geoffroy, P.;
Hanss, D.Tetrahedron Lett2002 43, 2277.

(23) For recent examples, see: (a) Limanto, J.; Khuong, K. S.; Houk,
K. N.; Snapper, M. LJ. Am. Chem. So2003 125, 16310. (b) Pandey, K
K.; Lein, M.; Frenking, G.J. Am. Chem. Soc2003 125 1660. (c)
Quinonero, D.; Musaev, D. G.; Morokuma, Korg. Chem2003 42, 8449.
(d) Vrajmasu, V. V.; Muenck, E.; Bominaar, E. lnorg. Chem2004 43,
4867. (e) Serres, R. G.; Grapperhaus, C. A.; Bothe, E.; Bill, E.; Weyher-
mueller, T.; Neese, F.; Wieghardt, &. Am. Chem. So2004 126, 5138.
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Activation of the Vinylic C-ClI Bond

(n*-1-Chloro-1,3-cyclohexadiene)tricarbonyliron (1a) and 4*
2-chloro-1,3-cyclohexadiene)tricarbonyliron (1b).To a solution
of 2-chloro-1,3-cyclohexadien&) (5.3 g, 46 mmol) in anhydrous

Organometallics, Vol. 26, No. 1, 200227

(35), 234 (100), 202 (19), 178 (58), 56 (48). Anal. Calcd fesHGe
FeQy: C, 63.78; H, 3.78. Found: C, 63.91; H, 3.76.
Complex 2b: yellowish oil. IR (CHCl): v (cm™1) 2044,1969.

benzene (350 mL) was added triiron dodecacarbonyl (11.6 g, 23'H NMR (300 MHz, CDC}): 6 0.91 (3H, t,J = 6.9 Hz), 1.36-
mmol) under nitrogen atmosphere. The mixture was refluxed for 1.47 (4H, m), 1.63-1.68 (2H, m), 1.841.88 (2H, m), 2.20 (2H,

24 h and then cooled to room temperature. The resulting mixture t, J= 6.9 Hz), 3.16-3.18 (1H, m), 5.17 (1H, dd] = 6.3, 4.2 Hz),
was filtered, and the filtrate was concentrated under reduced 5.47 (1H, d,J = 4.8 Hz).13C NMR (CDCk): ¢ 13.6, 19.0, 21.9,
pressure. The residue was purified by flash chromatography on silica25.0, 28.7, 30.9, 60.7, 61.2, 83.1, 84.4, 86.4, 88.2, 211.6. EIMS:

gel using hexane as the eluent to give complex(3.6 g, 62%
yield based on triiron dodecacarbonyl) and compléx(0.85 g,
15% yield based on triiron dodecacarbonyl). Comdexyellowish
oil. IR (CHxCly): » (cm™%) 2051, 1974.*H NMR (300 MHz,
CDCly): ¢ 1.68-1.72 (1H, m), 1.85-2.14 (3H, m), 3.08-3.13 (1H,
m), 5.12 (1H, ddJ = 6.3, 5.4 Hz), 5.55 (1H, d] = 4.5 Hz).13%C
NMR (CDCl): ¢ 25.3, 34.0, 60.3, 81.8, 84.6, 85.5, 210.6. EIMS:
m/z (rel intensity) 254 (M, 6), 226 (37), 198 (13), 170 (40), 134
(88), 84 (30), 77 (51), 56 (100). HRMS calcd fosHCIFeQ; (M
+ 1): 254.9511. Found: 254.9506. Complél: yellowish oil.
IR (CHyCly): v (cm™1) 2051, 19791H NMR (300 MHz, CDC}):
0 1.49-1.60 (2H, m), 1.721.79 (2H, m), 2.96-3.00 (1H, m),
3.47-3.50 (1H, m), 5.64 (1H, d) = 6.3 Hz).13C NMR (CDCk):
0 23.3, 25.3, 55.6, 63.6, 87.5, 109.0, 210.2. EIMBVz (rel
intensity) 254 (M, 6), 226 (43), 198 (17), 170 (43), 134 (100), 91
(43), 77 (26), 56 (31). Anal. Calcd forg8;CIFeQ;: C, 42.48; H,
2.77. Found: C, 42.55; H, 3.03.
(7*-1-Chloro-1,3-butadiene)tricarbonyliron (1c). Butyllithium
(23 mL, 57.5 mmol, 2.5 M solution in hexanes) was added slowly
to (chloromethyl)triphenylphosphonium bromide (23 g, 59 mmol)
in anhydrous THF (150 mL) at 78 °C under nitrogen atmosphere.
After stirring for 15 min, acrolein (3.5 mL, 55 mmol) was
introduced slowly. The mixture was stirred at room temperature
for 4 h. Water (25 mL) was added. The reaction mixture was
directly distilled to give 1-chloro-1,3-butadiene solution in THF
(65—70 °C/760 mmHg). The solution was dried over anhydrous
N&SO, and then directly added to anhydrous hexane (200 mL)

under nitrogen atmosphere. Triiron dodecacarbonyl (5.8 g, 11.5

mmol) was then introduced. The mixture was refluxed for 24 h

and then cooled down to room temperature. The resulting mixture
was filtered, and the filtrate was concentrated under reduced
pressure. The residue was purified by flash chromatography on silica

gel using hexane as the eluent to give complex(1.2 g, 47%
yield based on triiron dodecacarbonyl) as a yellowish oil. IR §CH
Clp): v (cm™1) 2048, 1975H NMR (300 MHz, CDC}): 6 0.19
(1H, dd,J = 12.3, 3.0 Hz), 1.741.74 (1H, m), 2.48 (1H, d) =
6.3 Hz), 5.17-5.25 (1H, m), 5.51 (1H, dd] = 11.1, 6.0 Hz)13C
NMR (CDCl): ¢ 38.8, 63.7, 82.2, 86.1. EIMS1/z (rel intensity)
228 (M*, 4), 200 (17), 172 (13), 144 (21), 108 (100), 91 (16), 84
(20), 56 (49). HRMS calcd for €&1sCIFeQ; (M*): 227.9277.
Found: 227.9275.

Typical Procedure for the Sonogashira Reaction of Com-
plexes 1.PdChL(PPh), (7 mg, 0.01 mmol) and Cul (2 mg, 0.01
mmol) were added successively to complex(51 mg, 0.2 mmol)
in anhydrous BN (2 mL) under nitrogen atmosphere. After stirring

for 5 min at room temperature, phenylacetylene (0.024 mL, 0.2

mmol) was introduced. The mixture was stirred at°@sfor 3 h.

Cold ice water (10 mL) was then added, and the reaction mixture

was extracted twice with diethyl ether (20 mL) and then dried over
anhydrous Nz50,. After removal of the solvent, the residue was

then purified by flash chromatography on silica gel using hexane

as the eluent to give compléa as a yellowish oil. Yield: 58 mg
(93%). IR (CHCIL,): v (cm™1) 2044, 1971H NMR (300 MHz,
CDCly): ¢ 1.71-1.80 (2H, m), 1.92-1.98 (2H, m), 3.253.28 (1H,
m), 5.25 (1H, ddJ = 6.3, 4.5 Hz), 5.63 (1H, d] = 4.5 Hz), 7.25-
7.28 (3H, m), 7.36-7.41 (2H, m)1*C NMR (CDCk): 0 25.2, 28.1,

m/z (rel intensity) 272 (M — CO, 17), 244 (40), 216 (46), 214
(46), 172 (97), 115 (54), 91 (54), 56 (100). Anal. Calcd feeHGe
FeQ;: C, 60.03; H, 5.37. Found: C, 60.16; H, 5.19.

Complex 2c:yellowish ail. IR (CHCI,): v (cm™1) 2044, 1969.

H NMR (300 MHz, CDC}): 6 1.53 (1H, t,J = 6.0 Hz), 1.64-
1.68 (2H, m), 1.841.90 (2H, m), 3.243.26 (1H, m), 4.31 (2H,
d,J = 6.3 Hz), 5.23 (1H, ddJ = 6.3, 4.2 Hz), 5.52 (1H, d]) =

4.2 Hz).3C NMR (CDCh): 6 24.0, 27.1, 50.6, 56.7, 60.8, 82.1,
82.9, 87.1, 89.0, 210.1. EIMS/z (rel intensity): 273 (M — 1,

2), 246 (16), 218 (38), 190 (18), 172 (60), 150 (14), 115 (53), 56
(100). Anal. Calcd for @H;0FeQy: C, 52.59; H, 3.68. Found: C,
52.51; H, 3.88.

Complex 2d: yellowish oil; IR (CHCl,): v (cm™1) 2043, 1969.

H NMR (300 MHz, CDC}): ¢ 1.62-1.77 (3H, m), 1.851.89
(2H, m), 2.50 (2H, tJ = 6.0 Hz), 3.2%3.24 (1H, m) 3.69 (2H,
dt,J = 6.6, 6.0 Hz), 5.21 (1H, dd] = 6.3, 4.2 Hz), 5.49 (1H, d,

J = 4.2 Hz).13C NMR (CDCk) 6 23.8, 25.0, 28.5, 59.3, 61.2,
61.6, 82.1, 83.5, 86.4, 88.2, 211.5. EIMS8Vz (rel intensity) 287
(M* — 1, 0.4), 260 (2), 232 (11), 148 (21), 128 (45), 117 (43),
115 (100), 91 (45). Anal. Calcd for,gH:.FeQy: C, 54.20; H, 4.20.
Found: C, 54.31; H, 4.16.

Complex 2e:yellowish ail. IR (CHCI,): v (cm™1) 2047, 1975.

H NMR (300 MHz, CDC}): 6 0.00 (9H, s), 1.481.54 (2H, m),
1.69-1.74 (2H, m), 3.0#3.09 (1H, m), 5.05 (1H, dd]= 5.4, 5.1
Hz), 5.38 (1H, d,J = 4.2 Hz).13C NMR (CDCk): ¢ 0.0, 25.1,
27.8, 58.7, 61.6, 83.8, 88.4, 89.6, 109.8, 211.2. ESIM® 317
(M* + 1). Anal. Calcd for GH:6FeQSi: C, 53.18; H, 5.10.
Found: C, 53.08; H, 4.90.

Complex 3a:yellowish oil. IR (CHCly): v (cm™1) 2045, 1972.

IH NMR (300 MHz, CDC}): 6 1.54-1.84 (4H, m), 3.163.21
(1H, m), 3.43-3.45 (1H, m), 5.67 (1H, d] = 6.3 Hz), 7.30-7.33
(3H, m), 7.45-7.48 (2H, m).13C NMR (CDCk): ¢ 23.7, 24.3,
60.9, 65.0, 84.9, 86.4, 87.6, 89.6, 122.7, 128.4, 128.5, 131.7, 211.0.
EIMS: m/z (rel intensity) 320 (M, 1), 292 (16), 264 (35), 236
(20), 234 (100), 202 (19), 178 (61), 56 (40). Anal. Calcd fesHGe
FeQ;: C, 63.78; H, 3.78. Found: C, 64.13; H, 3.74.

Complex 3b:yellowish oil. IR (CHCL,): v (cm™1) 2044, 1971.
H NMR (300 MHz, CDC}): 6 0.91 (3H, t,J = 6.9 Hz), 1.38-
1.78 (8H, m), 2.30 (2H, t) = 6.9 Hz), 3.0#3.11 (1H, m), 3.32
3.34 (1H, m), 5.52 (1H, dJ = 6.3 Hz).13C NMR (CDCk): ¢
13.6, 18.9, 21.9, 23.6, 24.2, 30.6, 60.1, 65.3, 78.4, 86.4, 87.8, 89.2,
211.2. EIMS: m/z (rel intensity) 272 (M — CO, 12), 244 (29),
216 (33), 214 (31), 186 (29), 172 (65), 115 (49), 56 (100). Anal.
Calcd for GsHq6FeQs: C, 60.03; H, 5.37. Found: C, 60.24; H,
5.56.

Complex 3c:yellowish ail. IR (CHCI,): v (cm™t) 2046, 1971.

H NMR (300 MHz, CDC}): ¢ 1.52-1.79 (5H, m), 3.13-3.18
(1H, m), 3.32-3.34 (1H, m) 4.39 (2H, dJ = 6.0 Hz), 5.58 (1H,
d,J = 6.6 Hz).13C NMR (CDCk): 8 23.6, 24.1, 51.4, 60.9, 64.9,
83.8, 84.0, 84.4, 89.7, 210.9. EIMSw/z (rel intensity) 273 (M
—1, 1), 246 (17), 218 (34), 190 (8), 172 (63), 150 (87), 115 (55),
56 (100). Anal. Calcd for GH;0FeQy: C, 52.59; H, 3.68. Found:
C, 52.40; H, 3.83.

Complex 4:yellowish oil. 'H NMR (300 MHz, CDC}): 6 0.41
(1H, dd,J = 9.0, 1.8 Hz), 0.96 (1H, dJ = 8.1 Hz), 1.49 (1H, t,
J=5.4 Hz), 1.85 (1H, dd) = 7.2, 2.7 Hz), 4.25 (2H, d] = 3.6
Hz), 5.26-5.33 (1H, m), 5.50 (1H, dd] = 8.4, 4.8 Hz)13C NMR

59.0,61.7, 83.8, 85.5, 88.0, 93.9, 123.6, 127.8, 128.2, 131.4, 211.3.(CDCly): ¢ 38.1, 39.7, 51.6, 82.6, 83.5, 87.4, 88.1, 210.4. EIMS:

EIMS: mvz (rel intensity) 320 (M, 1), 292 (15), 264 (25), 236

m/z (rel intensity) 230 (M — H,0, 18), 202 (5), 201 (49), 186
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(30), 139 (29), 122 (47), 76 (49), 59 (100). HRMS calcd fosH-
FeQ; (M+ — H,0): 229.9666. Found: 229.9675.

Typical Procedure for the Heck Reaction of Complexes 1.
Pd(OAc) (5 mg, 0.022 mmol), PRh(3 mg, 0.011 mmol), and

Chen and Li

(12), 236 (100), 179 (16), 178 (19), 56 (16). Anal. Calcd feiG,-

FeGs: C, 63.38; H, 4.38. Found: C, 63.44; H, 4.31.
Complexes 7b and 8byellowish oil. Two isomers in-1:1 ratio.

H NMR (300 MHz, CDC}) 7b: 6 1.63-1.67 (2H, m), 1.74

cesium carbonate (108 mg, 0.33 mmol) were added successively1.89 (2H, m), 2.33 (3H, s), 3.373.39 (1H, m), 3.5+3.53 (1H,

to the solution of complexa (56 mg, 0.22 mmol) in anhydrous
CH3CN (3 mL) under nitrogen atmosphere. The mixture was stirred
at room temperature for 30 min. Styrene (0.11 mL, 0.88 mmol)

m), 5.57 (1H, dJ = 7.5 Hz), 6.43 (1H, dJ = 16.2 Hz), 7.20 (1H,
d,J = 15.3 Hz);80: 6 1.15 (1H, d,J = 8.1 Hz), 1.77-1.79 (1H,
m), 1.93-2.13 (2H, m), 2.13 (3H, s), 2.22.32 (2H, m), 5.72

was then introduced, and the resulting mixture was stirred at 60 (1H, d,J = 8.1 Hz), 6.04-6.08 (1H, m), 6.40 (1H, d] = 9.6 Hz).

°C for 1 h. The reaction solution was cooled to room temperature,

and CHCI, (20 mL) was added. The mixture was then filtered,

13C NMR (CDCh) 7b: ¢ 23.9, 24.4, 27.7, 59.6, 64.0, 89.1, 97.8,
125.5, 143.9, 203.6, 210.8b: ¢ 22.8, 23.8, 29.7, 51.5, 57.9, 78.3,

and the filtrate was concentrated under reduced pressure. Thegs 4, 1254, 132.4, 197.7, 209.6. EIM$¥z (rel intensity) 288

residue was purified by flash chromatography on silica gel using
hexane as the eluent to give compléa as a yellowish solid.
Yield: 51 mg (72%). Mp: 109-110°C. IR (KBr): » (cm1) 2028,
1974.'H NMR (300 MHz, CDC}): 6 1.52-1.68 (1H, m), 1.76
1.87 (1H, m), 1.93-2.04 (1H, m), 2.23-2.33 (1H, m), 3.273.32
(1H, m), 5.27 (1H, ddJ = 6.3, 4.5 Hz), 5.45 (1H, d] = 4.2 Hz),
6.47 (2H, AB,J = 16.8 Hz), 7.18-7.40 (5H, m).13C NMR
(CDCly): 6 24.3,24.4,61.3,78.2,82.3,87.2, 125.6, 126.0, 127.2,
128.7, 134.8, 137.3, 212.1. EIMSw/z (rel intensity) 322 (M, 3),

294 (25), 266 (19), 238 (21), 237 (18), 236 (100), 234 (15), 178
(17). Anal. Calcd for G/H14Fe0s: C, 63.38; H, 4.38. Found: C,
63.22; H, 4.47.

Complex 6b: yellowish solid. Mp: 78-79°C. IR (CHCl,): v
(cm™1) 2043, 1969, 1665H NMR (300 MHz, CDC}): 6 1.49-
1.53 (1H, m), 1.821.84 (1H, m), 1.982.06 (2H, m), 2.26 (3H,
s), 3.42-3.46 (1H, m), 5.36 (1H, dd] = 6.3, 4.5 Hz), 5.55 (1H,
d,J=4.2 Hz), 6.09 (1H, dJ = 16.2 Hz), 6.81 (1H, d) = 15.9
Hz).13C NMR (CDCh): ¢ 23.9, 24.7,27.2,62.9,73.2, 84.4, 89.1,
124.3,150.7, 197.9, 210.8. EIM3wz (rel intensity) 288 (M, 1),
260 (5), 232 (27), 204 (36), 202 (96), 148 (100), 105 (38), 56 (75).
Anal. Calcd for GsH1,FeQy: C, 54.20; H, 4.20. Found: C, 54.22;
H, 4.15.

Complex 6c:yellowish solid. Mp: 116-111°C. IR (CH,Cly):

v (cm1) 2044, 1972, 1673H NMR (300 MHz, CDC}): ¢ 1.50—
1.56 (1H, m), 1.86-1.87 (1H, m), 1.972.09 (2H, m), 3.48-3.50
(1H, m), 5.38 (1H, ddJ = 6.3, 4.2 Hz), 5.60 (1H, d] = 4.2 Hz),
6.13 (1H, dd,J = 15.6, 7.8 Hz), 6.79 (1H, d] = 15.6 Hz), 9.50
(1H, d,J = 7.5 Hz).13C NMR (CDCk): ¢ 23.9, 24.8, 63.5, 72.5,
84.9, 89.1, 126.1, 160.3, 193.4, 210.5. EIM&Iz (rel intensity)
274 (M*, 1), 246 (8), 218 (27), 190 (27), 188 (62), 160 (30), 56
(100), 40 (61). Anal. Calcd for GH;0FeQy: C, 52.59; H, 3.68.
Found: C, 52.50; H, 3.66.

Complex 6d: yellowish oil. 'TH NMR (300 MHz, CDC}): 6
1.43-1.53 (1H, m), 1.741.86 (1H, m), 1.922.09 (2H, m), 3.3%
3.42 (1H, m), 3.74 (3H, s), 5.33 (1H, dd,= 6.3, 4.2 Hz), 5.53
(1H, d,J = 4.2 Hz), 5.82 (1H, dJ = 15.6 Hz), 7.03 (1H, dJ =
15.6 Hz).13C NMR (CDCh): ¢ 23.9, 24.6, 51.5, 62.7, 73.0, 84.1,
89.0, 114.6, 151.7, 167.5, 210.8. EIM®¥z (rel intensity) 304
(M*, 3), 276 (25), 248 (23), 220 (30), 218 (66), 190 (17), 160 (100),
56 (23). HRMS calcd for GH1.FeQs: 304.0034. Found: 304.0034.

Complex 6e:yellowish solid. Mp: 112-113°C. IR (KBr): v
(cm™1) 2214, 2045, 1970H NMR (300 MHz, CDC}): 6 1.44-
1.48 (1H, m), 1.86-2.06 (3H, m), 3.43-3.48 (1H, m), 5.22 (1H,
d,J = 15.9 Hz), 5.36 (1H, ddJ = 6.0, 5.1 Hz), 5.60 (1H, d] =
3.9 Hz), 6.70 (1H, dJ = 15.9 Hz).*3C NMR (CDCk): ¢ 23.2,
24.4,63.1,71.7, 84.5, 88.4, 92.4, 118.7, 157.3, 210.3. EIM&:
(rel intensity) 271 (M, 3), 243 (15), 215 (26), 187 (60), 185 (100),
91 (14), 84 (18), 56 (49). Anal. Calcd forn#oFeNQs: C, 53.17;
H, 3.35; N, 5.17. Found: C, 53.07; H, 3.28; N, 5.01.

Complex 7a: yellowish oil. 'TH NMR (300 MHz, CDC}): 6
1.52-1.72 (2H, m), 1.741.94 (2H, m), 3.26-3.24 (1H, m), 3.66-
3.68 (1H, m), 5.50 (1H, dJ = 6.3 Hz), 6.79 (2H, ABJ = 15.9
Hz), 7.23-7.46 (5H, m).13C NMR (CDCk): ¢ 24.2, 24.5, 59.1,

(M, 1), 260 (2), 232 (21), 204 (28), 202 (88), 148 (68), 56 (100),
40 (84). Anal. Calcd for GH;,FeQy: C, 54.20; H, 4.20. Found:
C, 54.19; H, 4.21.

Complexes 7c and 8cyellowish oil. Two isomers in~3:1 ratio.
IR (CH.Cly): v (cm™1) 2046, 1972, 1674'H NMR (300 MHz,
CDCl) 7c. 6 1.61-1.69 (2H, m), 1.841.94 (2H, m), 3.46-3.43
(1H, m), 3.56-3.52 (1H, m), 5.60 (1H, d]) = 7.5 Hz), 6.38 (1H,
dd,J=15.9, 7.5 Hz), 7.20 (1H, dl = 15.6 Hz), 9.63 (1H, dJ =
7.2 Hz);8c. 6 1.17 (1H,ddJ=8.1, 4.2 Hz), 1.7#1.79 (1H, m),
1.93-2.13 (2H, m), 2.23-2.32 (2H, m), 5.70 (1H, d] = 8.1 Hz),
6.08-6.12 (1H, m), 6.40 (1H, d] = 9.6 Hz), 9.32 (1H, dJ = 4.2
Hz). 13C NMR (CDCk) 7c. 6 23.8, 24.4, 59.9, 64.8, 78.0, 89.5,
125.0, 153.2,192.9, 210.8¢. 6 22.8, 23.7, 52.3, 58.8, 94.2, 98.8,
126.9, 133.0, 196.8, 209.1. EIMSw/z (rel intensity) 274 (M, 1),
246 (2), 218 (14), 190 (17), 188 (32), 160 (14), 56 (65), 40 (100).
Anal. Calcd for G,H,oFeQy: C, 52.59; H, 3.68. Found: C, 52.36;
H 3.65.

Complexes 7d and 8dyellowish oil. Two isomers in-6:1 ratio.
IR (KBr): v (cm™1) 2043, 1968, 1712H NMR (300 MHz, CDC})
7d: 6 1.60-1.65 (2H, m), 1.8+1.87 (2H, m), 3.323.34 (1H,
m), 3.46-3.49 (1H, m), 3.77 (3H, s), 5.54 (1H, d,= 6.6 Hz),
6.12 (1H, d,J = 15.6 Hz), 7.37 (1H, dJ = 15.6 Hz);8d: ¢ 1.19
(1H,d,J=8.1Hz), 1.7#1.79 (1H, m), 1.93-2.13 (2H, m), 2.23
2.32 (2H, m), 3.66 (3H, s), 5.72 (1H, d,= 8.1 Hz), 6.01-6.08
(1H, m), 6.41 (1H, dJ = 9.6 Hz).13C NMR (CDCk) 7d: ¢ 23.8,
24.4, 51.7, 59.4, 63.7, 80.0, 89.0, 116.5, 145.3, 166.5, 210.8.
EIMS: m/z (rel intensity) 304 (M, 2), 276 (13), 248 (21), 220
(15), 218 (52), 160 (100), 131 (27), 56 (49). Anal. Calcd feiHG-
FeQ;: C, 51.35; H, 3.98. Found: C, 51.64; H, 4.01.

Complex 9: yellowish solid. Mp: 109-110 °C. IR (CHCly):
v (cm™1) 2042, 19711H NMR (300 MHz, CDC}): 6 0.61 (1H,
dd,J=9.3, 2.7 Hz), 1.86 (1H, dd] = 6.6, 2.1 Hz), 2.00 (1H, dd,
J = 9.6, 9.3 Hz), 5.235.31 (1H, m), 5.48 (1H, dd] = 9.0, 4.5
Hz), 6.22 (1H, ddJ = 15.3, 9.9 Hz), 6.57 (1H, d] = 15.3 Hz),
7.18-7.36 (5H, m).:3C NMR (CDCk): 6 39.6, 63.1, 81.5, 85.8,
126.0, 127.4, 128.7, 130.2, 131.0, 137.2, 211.5. EIN®z (rel
intensity) 296 (M, 1), 268 (21), 240 (20), 212 (76), 134 (94), 115
(28), 91 (49), 56 (100). Anal. Calcd for;€H;,FeQs: C, 60.84; H,
4.08. Found: C, 60.72; H, 4.40.

Complex 10.Pd(OAc) (4.5 mg, 0.02 mmol), PRH10.5 mg,
0.04 mmol), and cesium carbonate (98 mg, 0.3 mmol) were added
successively to the solution of compléa (51 mg, 0.2 mmol) in
anhydrous toluene (5 mL) under nitrogen atmosphere. The mixture
was stirred at room temperature for 30 min. 2-Pyrrolidinone (20
mg, 0.24 mmol) was then introduced, and the resulting mixture
was stirred at 88C for 1 h. The resulting solution was cooled to
room temperature, and GEI, (20 mL) was added. The mixture
was then filtered, and the filtrate was concentrated under reduced
pressure. The residue was then purified by flash chromatography
on silica gel (petroleum ether/ethyl acetate, 4:1) to give complex
10 as a yellowish oil. Yield: 26 mg (43%}H NMR (300 MHz,
CDCly): ¢ 1.52-1.58 (1H, m), 1.651.74 (1H, m), 1.79-1.90 (1H,

61.2, 85.8,101.1, 126.6, 127.9, 128.0, 128.1, 128.6, 136.5, 211.6.m), 1.96-2.08 (3H, m), 2.39-2.45 (2H, m), 3.1#3.20 (1H, m),

EIMS: m/z (rel intensity) 322 (M, 4), 294 (29), 266 (20), 238

3.28-3.35 (1H, m), 3.76:3.77 (1H, m), 5.22 (1H, ddl = 6.0, 5.4
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Hz), 6.32 (1H, dJ = 4.8 Hz).13C NMR (CDCk): ¢ 18.3, 24.1, and 20672136). We thank Prof. Yun-Dong Wu of HKUST for
25.7, 32.3, 49.9, 61.3, 80.9, 84.6, 85.2, 173.7, 211.7. EIMfx valuable discussions on this project.

(rel intensity) 303 (M, 1), 217 (78), 163 (43), 162 (100), 106 (86),
77 (50), 56 (39), 41 (41). HRMS calcd for;§1;3FeNaNQ (M

+ Na): 326.0092. Found: 326.0099.

Supporting Information Available: 'H andC NMR spectra
of the compounds without elemental analysis, 2D NOESY spectrum
of 6b, and DFT calculation results (PDF) as well as X-ray crystal
data of complexe6a and8b (CIF). This material is available free
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