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Abstract

Through reactions of phenylacetylene with in situ generated metal-metal triply bonded complexes [Mo(CO),(n’-CsH,C(O)R)],
(R=Me, OEt, Ph), three new p-alkyne bridged molybdenum compounds containing functionally substituted cyclopentadienyl
ligands [Mo,(u-C,HPh)(CO),(n*-CsH,C(O)R),] (R=Me, 1a; R=0OEt, 1b; R=Ph, 1¢) were prepared. Further reaction of 1a, 1b or
1c with Co,(CO); in refluxing toluene gave another three new butterfly compounds [Co,Mo,(,-C,HPh)(p-CO),(CO),(1°-
C;H,C(O)R),] (R=Me, 2a; R=OEt, 2b; R=Ph, 2¢). All of these compounds were characterized fully by elemental analysis, IR and
'TH-NMR. The crystal structures of 1a and 2a were determined by X-ray diffraction techniques. Both 1a and 2a crystallized in
monoclinic, with space group P2,(#4), a=7.671(2), b = 8.365(2), ¢ = 18.308(3) A, p =98.34(1)°, V=1162.3(5) A3, Z=2for1a
and space group P2, /a( # 14), a = 14.165(5), b= 12.498(2), ¢ = 16.204(2) A, f =96.50(2)°, ¥ =2850(1) A3, Z =4 for 2a. © 1999

Elsevier Science S.A. All rights reserved.
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1. Introduction

The chemistry of dinuclear transition metal com-
plexes bridged by unsaturated hydrocarbons developed
rapidly and extensively in recent years [1]. As an active
subject in this field, the reactivity of dimolybdenum
alkyne complexes [Mo,(u-R!C=CR?)(CO),(n>-CsHj),]
(I) has been investigated by Morris since the late 1980s
[2-6].

Complex I can react with Co,(CO), [6]. The product
is a cluster expansion one with butterfly configuration
in which the alkyne ligand is retained. The formation of

* Corresponding author. Fax: + 86-0931-8417088.
E-mail address: hcom@ns.lzb.ac.cn (Y.-Q. Yin)

the butterfly product approximates to the simple inser-
tion of a dicobalt unit into the Mo—Mo bond. If it is
so0, the existence of a functional group on the cyclopen-
tadienyl ring ought to have an influence on the reactiv-
ity of the dimolybdenum alkyne complex to some
extent. For the electron-withdrawing effects of the func-
tional group will affect the Mo—Mo bond strength, and
the bulky functional group on the cyclopentadienyl ring
will also hinder the dicobalt unit from approaching the
molybdenum atoms. Additionally, it should be noted
that both alkyne—Mo, and alkyne—Co,Mo, complexes
bear an intact bridging alkyne ligand. However, no
report concerning the configuration differences of the
same bridging alkyne ligand in these two types of
complex, which is important especially when these com-

0022-328X/99/$ - see front matter © 1999 Elsevier Science S.A. All rights reserved.

PII: S0022-328X(99)00015-7



J. Zhang et al. /Journal of Organometallic Chemistry 579 (1999) 304—310 305

plexes are associated with the chemistry of metal—cata-
lyst surfaces, is available.

In this paper, we present the reactions of dimolybde-
num alkyne complexes containing functionally substi-
tuted cyclopentadienyl ligands [Mo,(u-C,HPh)(CO),-
(n’>-CsH,C(O)R),] (R=Me, OEt, Ph) 1 with Co,(CO),
and the crystal structures of [Mo,(u-C,HPh)(CO),(n>-
CsH,C(O)Me),] and [Co,Mo,(p,-C,HPh)(u-CO),(CO),-
(n’>-CsH,C(O)Me),]. The results indicate that the
existence of a functional group on the cyclopentadienyl
ligand reduces the reactivity of the dimolybdenum
alkyne complex and the configurations of the HCCPh
ligand in alkyne—Mo, and alkyne—Co,Mo, complexes
are remarkably different.

2. Experimental

All reactions and manipulations were performed un-
der an atmosphere of pure nitrogen by using standard
Schlenk or vacuum-line techniques. The solvents were
treated by the usual method for preparing anhydrous
and deoxygenated solvents. Column chromatography
was carried out by using silica gel of 160—-200 mesh.
Co,(CO); was from our laboratory. Phenylacetylene
was purchased from Fluka. [Mo(CO),(n’>-CsH,C-
(O)R)], (R=Me, OEt, Ph) were prepared by literature
methods or slight modifications thereof [7]. Infrared
spectra were recorded on a Nicolet FT-IR 10 DX
spectrophotometer; 'H-NMR spectra were recorded on
a Bruker AM-300 MHz spectrometer and elemental
analyses were performed on a Carlo Erba 1106-type
analyzer.

2.1. Preparation of la, 1b and Ic

Into a 100 cm® two-necked flask with a magnetic
stir-bar, a rubber septum and a reflux condenser topped
with a nitrogen inlet were added 574 mg (1 mmol) of
[Mo(CO);(n*-CsH,C(O)Me)], and 50 cm® of toluene.
The mixture was stirred at reflux for 3 h. Upon cooling
to room temperature, 5 mmol of phenylacetylene was
added. After stirring the solution for an additional 2 h,
solvent was removed at reduced pressure and the
residue extracted by CH,Cl,. The extracts were concen-
trated and separated on silica gel column. Elution with
CH,CI, developed a large brown—red band. Crystalliza-
tion from CH,Cl,—petroleum ether solution gave 431
mg of complex 1a as dark red solid. Yield 69.5%. Anal.
Found: C, 49.99; H, 2.96. Calc. for C,4H,,M0,0q: C,
50.32; H, 3.23%. IR (KBr disc, cm ~ '), v(C=0): 2005s,
1957s, 1946s, 1919vs, 1838s; v(C=0): 1680s, 1670s. 'H-
NMR (CDCl;, o, ppm): 2.20(s, 6H, 2CH;), 5.33-
5.80(m, 8H, 2CsH,), 5.82(s, 1H, CH), 7.12—7.25(m, 5H,
C¢Hs).

2.1.1. Preparation of 1b and Ic

Procedures were similar to that for the preparation of
1a.

1b. (317 mg, 46.6%) Anal. Found: C, 49.27; H, 3.40.
Calc. for C,sH,,Mo0,04: C, 49.41; H, 3.53%. IR (KBr
disc, cm 1), v(C=0): 2001s, 1928s, 1853s; v(C=0):
1716s. '"H-NMR (CDCl;, , ppm): 1.22-1.27 (t, 6H,
2CH,), 4.13-4.20 (q, 4H, 2CH,), 5.28-5.88 (m, 8H,
2CsH,), 5.85 (s, 1H, CH), 7.12-7.25 (m, 5H, C¢Hs).

1c. (305 mg, 41.0%) Anal. Found: C, 57.83; H, 3.14.
Calc. for C3;,H,,Mo0,04: C, 58.06; H, 3.23%. IR (KBr
disc, cm "), v(C=0): 1999s, 1947s, 1926vs, 1850s;
v(C=0): 1650m, 1633m. 'H-NMR (CDCl,, §, ppm):
5.30-5.89(m, 8H, 2C;H,), 5.83(s, 1H, CH), 7.08-
7.15(m, 5H, C4Hs), 7.37-7.66(m, 10H, 2C(O)CHs).

2.2. Preparation of 2a, 2b and 2c

To the flask described above were added 137 mg (0.4
mmol) of Co,(CO)g, 248 mg (0.4 mmol) of 1a and 30

Table 1
Crystal and refinement data for 1a and 2a

Compounds la 2a

Empirical formula C,¢H,0M0,0, C5,H,,Co,Mo0,0,
0

Formula weight 620.32 850.23

Crystal system Monoclinic Monoclinic

Space group P2, (#4) P2, /a (# 14)

F(000) 616 1672

Lattice parameters

a (A) 7.671(2) 14.165(5)

b (A) 8.365(2) 12.498(2)

¢ (A) 18.308(3) 16.204(2)

p©) 98.34(1) 96.50(2)

V (A% 1162.3(5) 2850(1)

Z 2 4

D, (g cm—3) 1.772 1.981

Absorptive coefficient (cm™')  10.92 20.41

Temperature (°C) 23 23

20 max ©) 52.0 52.0

No. observations (I>2.00c(1)) 2240 4831

No. variables 306 397

R? 0.041 0.030

wR® 0.045 0.039

Goodness of fit indicator 1.11 1.10

Max. shift in final cycle 0.0007 0.001

Largest difference peak and 1.06, —0.85 0.52, —0.73
hole (¢ A~3)

*R= ZHFO‘_|F0H/Z|F0|
*wR =[Zo(|F,|—|F|?/ZwF2]'?

[Mo(CO);CsH,C(O)R], %[Me(CO)ZCSHAC(O)R]2 +2C0
oluene
H\ /Ph
<l o
[Mo(CO),CsH,COR], +HCCPh—= Q< v
RC —@’1\40/__—”[8 '@‘ CR
e

Scheme 1. Formation of compounds 1la—1c¢ (R=Me, OEt, Ph).
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o 1855s, 1833vs, 1809vs; v(C=0): 1681s. '"H-NMR (CDCl,,
K / 0, ppm): 2.34(s, 6H, 2CH,), 4.84-5.52(m, 8H, 2C;H,),

H _
e /C/© . /y\ 0 6.77-7.05(m, 5H, C.Hs), 8.28(s, 1H, CH).
(o) >~ 1/\ I Con(CO I (0] : !
il /@‘,Mo M CR 2(COJg RC- /@, I Cmw ‘/Mp C
RCF Vo foluene ¢ \\\/ / \ 2.2.1. Preparation of 2b and 2c
0 OCﬂC"’ Co= C°< co Procedures were similar to that for the preparation of
ot 2a.
Scheme 2. Formation of compounds 2a—2c (R=Me, OEt, Ph). 2b. (54 mg, 19.8%) Anal. Found: C, 42.09; H, 2.55.
Calc. for C;,H,,C0,M0,0,,: C, 42.20; H, 2.64%. IR
Table 2 (KBr disc, cm ~ 1), v(C=0): 2058s, 2028vs, 1844s, 1808s;
Positional parameters and B, for compound l1a
. Table 3
Atom X Y z By’ Positional parameters and B, for compound 2a
Mo(l)  0.42279(9) 0.1947 0.664954)  1.96(3) O , ) 5 s
Mo(2)  0.49024(9) 0.28407(12)  0.82282(4)  2.10(3) ’ - o
o 0.7022(10) 02184(14)  0.5570(4)  5.6(5) Mo(l) 0.727742)  005487(2)  0.633111(17)  1.83(1)
02)  0.3647(16) 0.5584(11) ~ 0.6353(7)  7.2(6) Mo(2) 0.840422)  0.09541(3)  0.873111(18)  2.08(1)
0@)  0.0951(8) 0.3449(10)  0.7675(4)  4.103) Co(l) 0.73894(3) —0.05082(4)  0.77863(3)  2.22(2)
0@ 0423811  —0.0666(10)  0.8652(5)  4.6(4) Co2) 0.891623)  0.01962(4)  0.73003(3)  2.07(2)
0o(5) 0.3091(13) 0.1257(15) 0.4511(5) 6.9(6) o) 057752 —0.121303) 0.64933(19)  4.2(1)
06)  0.1651(11) 0.5182(12) 0947405  5.2(4) 00 085862  —0.121403) 0.5755(2) 500
c() 0.6032(12) 0.2116(16) 0.5981(5) 3.2(4) 00) 0844002  —0.1364(3) 0.9408(2) 430)
C2)  0.3862(14) 0.4287(12)  0.6473(7)  3.0(4) oW 105712) 0077003 0.8603(2) 400
c@3) 0.2442(12) 0.3125(12) 0.7822(5) 2.9(4) 0G)  0.574703)  —0.094503) 0.867202) 5.60)
C@d)  0.4434(13) 0.0650(14)  0.8471(6)  2.8(4) 06  077203)  —0.27840) 0.756003) 7.70)
C(5) 0.6517(10) 0.2829(15) 0.7381(5) 2.4(3) o) 103890 0.0986(3) 0.63352) 450)
C6)  0.6319(11) 0.1263(13) 075325  2.3(03) 08  0992003)  —0.18210) 0.765803) 6.502)
() 0.7536(11)  —0.0082(12) 0.7659(5) 2.5(3) 00) 086280 0.2963(3) 05331019)  4.0(1)
C@8)  08701(12)  —0.0180(13)  0.8318(5)  2.9(4) ol0)  0.59232) 0.159203) 0.9327(2) 5.4(2)
C(9) 0.9886(12)  —0.1413(15) 0.8456(5) 3.3(4) C)  0.64093)  —0.061703) 0.6381(2) 290)
C(10)  0.9961(11)  —0.2602(13)  0.79496)  3.5(5) CO) 0822003)  —0.03550) 0.61092 3.002)
C(11)  0.8814(14)  —0.2545(12) 0.7286(6) 3.5(4) CO)  0834003)  —0.057803) 0.903002) 310)
C(12)  0.7625(13)  —0.1278(13)  0.7150(5)  3.0(4) Cl) 0.97490) 0.0754(3) 0.8519(2) 2902)
Ca3)  0.2287(12) 0.1018(14) 0.5678(5) 3.0(4) C5) 063673)  —0.0756(3) 0.83353) 320)
C(14)  0.1309(12) 0.1437(13)  0.6257(6)  3.0(4) Co  0763103)  —0.18950) 0.764903) 3.802)
Ccas)  0.1769(11) 0.0362(13) 0.6843(5) 2.8(4) C) 0981703 0.071503) 0.67230) 270)
C(16)  0.3065(13)  —0.0676(12)  0.6655(5)  2.9(4) C® 0951003  —0.1058(4) 0751103 3.50)
C(17)  0.3406(14)  —0.0282(13) 0.5944(6) 3.3(4) CO 081130 0.146803) 0.739502) Lo
C(18)  0.2200(14) 0.1753(18)  0.4950(6)  4.2(6) C0)  0.72432) 0103103 0.7667(2) L9(1)
C(19)  0.0980(17) 0.310(2) 0.4776(7) 5.9(7) CD)  0.830302) 0.263203) 0T31102) 2001)
C(20)  0.4390(11) 0.4273(12) 092395  2.6(4) Ca2) 0.923203) 0301803 0.7293(2) 2.8(1)
Cl)  0.5994(14) 0.3395(13) 0.9456(6) 3.6(4) C13)  0.941203) 0.4097(3) 0.725803) 330)
C(22)  0.7226(13) 0.4024(18)  0.9037(7)  4.4(5) Cd)  0.86750) 0482503 0723903 3.602)
C23)  0.6429(18) 0.5265(15) 0.8585(7) 4.6(6) C15) 0776503 0.446303) 0.727803) 320)
C(24)  0.4728(15) 0.5413(12)  0.8722(6)  3.0(4) Cs)  0758103) 0338103 073112 2501
C(25)  0.2705(13) 0.4100(13) 0.9550(5) 2.9(4) con  0.75070) 0.158903) 0.5176(2) 241)
C(26)  0.2354(15) 0.2619(18)  0.9917(6)  4.7(6) CD 0.67920) 0207303 0.3593(2) 2.4(1)
- . 2 2 ; C(23)  0.6007(3) 0.1382(4) 0.5557(2) 3.12)
Beq = B/3)nA(Uyy(aa*y* + Un(bb*)*+ Uss(cc™) C4)  0.6232(3) 0.0455(4)  0.5106(3) 33(2)
+ 22U, aa*bb* cos y+2U zaa*cc™* cos f C(25) 0.7138(3) 0.0585(3) 0.4871(2) 2.9(2)
.. C(26)  0.8424(3) 0.2087(3) 0.5047(2) 2.9(2)
+2Us3bb*cc* cos ) C27)  0.9060(3) 0.1484(4)  0.4529(3) 4.6(2)
C(3l)  0.7546(3) 0.1600(3) 0.9766(2) 2.7(1)
cm? of toluene. The mixture was stirred at reflux for 40 C(32)  0.7813(3) 0.2474(3) 0.9291(2) 3.002)
; C(33)  0.8799(3) 0.2562(4) 0.9389(3) 4.0(2)
min, a colour change from red to deep green was C34)  0.9160(3) 0.1753(5) 0.9935(3) 4.6(2)
observed. After addition of 5 g of silica gel the solvent C(35) 0.8395(3) 0.1167(4) 1.0177(2) 3.7(2)
was removed and the residue chromatographed. Elution C(36)  0.6552(3) 0.1252(4) 0.9815(3) 3.5(2)
with CH,Cl,—ether (3:1) produced a small red band of €37 0.6389(5) 0.0499(6) 1.0497(4) 7.3(4)

unreacted 1a and a large blue band of product 2a (dark
blue solid, 81 mg, 23.8%). Anal. Found: C, 42.13; H,
2.20. Calc. for C3,H,,C0,M0,0,,: C, 42.35; H, 2.35%. IR +2Uypaa*bb* cos y+2Usaa*cc™ cos f
(KBr disc, cm ~ 1), v(C=0): 2050s, 2021vs, 2000s, 1981s, + 2Uy3bb*cc* cos a)

¢ Beg = (8/3)n%(U)y(aa*)* + Upy(bb*)* + Usz(cc*)?
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Selected bond lengths (A) and bond angles (°) for compound 1la

Mo(1)-Mo(2) 2.957(1)  Mo(1)-C(5) 2.176(9)
Mo(1)-C(1) 1.98(1)  Mo(1)-C(6) 2.182(9)
Mo(1)-C(2) 2.00(1)  Mo(1)-C(13) 2.28(1)
Mo(2)-C(5) 2.12009) Mo(2)-C(6) 2.22(1)
Mo(2)-C(24) 234(1)  Mo(2)-C(22) 2.36(1)
0(3)-C(3) L17(1)  O@G)-C(18) 1.20(1)
C(6)-C(7) 146(1)  C(7)-C(12) 1.38(1)
C(9)-C(10) 1.372)  C(10)-C(11) 1.39(1)
C(13)-C(14) 143(1)  C(13)-C(18) 1.46(1)
C(16)-C(17) 1.40(1)  C(18)-C(19) 1.47(2)
C(20)-C(25) 149(1)  C21)-C(22) 1.40(2)
C(25)-C(26) 1.452)  Mo(1)-C(3) 2.88(1)
C(1)-Mo(1)-C(2) 85.7(5)  C(1)-Mo(1)-C(5) 77.5(4)
C(1)-Mo(1)-C(13) 88.7(4)  C(1)-Mo(1)-C(14) 123.9(4)
C(1)-Mo(1)-C(16) 111.5(5)  C(1)-Mo(1)-C(15) 140.7(4)
C(5)-Mo(1)-C(6) 36.14)  C(5)-Mo(1)-C(13) 166.2(3)
C(5)-Mo(1)-C(17) 138.6(4)  C(5)-Mo(1)-C(16) 125.5(4)
C(5)-Mo(1)-Mo(2) 457(2)  C(6)-Mo(1)-C(13) 144.4(4)
C(6)-Mo(1)-C(17) 108.3(4)  C(6)-Mo(1)-C(16) 89.4(4)
C(6)-Mo(1)-Mo(2) 48.5(3)  C(13)-Mo(1)-C(14) 36.4(3)
C(13)-Mo(1)-C(16) 59.04)  C(13)-Mo(1)-C(15) 59.0(3)
C(4)-Mo(2)-C(3) 90.1(4)  C(4)-Mo(2)-C(5) 108.2(5)
C(4)-Mo(2)-C(20) 104.5(4)  C(4)-Mo(2)-Mo(1) 88.5(3)
C(3)-Mo(2)-C(6) 112.54)  C(3)-Mo(2)-C(20) 88.5(3)
C(3)-Mo(2)-C(24) 85.94)  C(3)-Mo(2)-C(22) 142.4(4)
C(3)-Mo(2)-Mo(1) 68.5(3)  C(5)-Mo(2)-C(6) 36.2(4)
C(5)-Mo(2)-Mo(1) 4732)  C(6)-Mo(2)-C(20) 158.5(3)
C20)-Mo(2)-Mo(1)  153.8(2)  O(1)-C(1)-Mo(1) 177(1)
0(3)-C(3)-Mo(2) 169.1(8)  O(4)-C(4)-Mo(2) 175.8(9)
C(6)-C(5)-Mo(1) 722(6)  Mo(2)-C(5)-Mo(1) 87.03)
C(5)-C(6)-Mo(1) 717(6)  C(5)-C(6)-Mo(2) 67.7(6)
C(7)-C(6)-Mo(2) 136.1(7)  Mo(1)-C(6)-Mo(2) 84.3(3)
C(12)-C(7)-C(6) 123.1(8)  C(17)-C(13)-C(18) 125(1)
0(3)-C(3)-Mo(1) 117.6(7)

Mo(1)-C(14) 2.29009) Mo(1)-C(16)  2.37(1)
Mo(1)-C(17) 230(1)  Mo(1)-C(15)  2.374(9)
Mo(2)-C(4) 1.93(1)  Mo(2)-C(3) 1.94(1)
Mo(2)-C(20) 229(1)  Mo(2)-C(2l)  2.33(1)
Mo(2)-C(23) 238(1)  O(1)-C(1) 1.15(1)
0(6)-C(25) 121(1)  C(5)-C(6) 1.35(1)
C(7)-C(8) 1.40(1)  C(8)-C(9) 1.37(1)
C(11)-C(12) 1.40(1) C»13)-C(17)  1.43(1)
C(14)-C(15) 141(1)  C(15-C(16)  1.40(1)
C(20)-C(24) 139(1)  CQO-CQl)  1.44(1)
C(22)-C(23) 1412)  C@23)-C24)  1.37(1)
C(1)-Mo(1)-C(6) 88.4(4)
C(1)-Mo(1)-C(17) 82.5(5)
C(1)-Mo(1)-Mo(2) 123.2(3)
C(5)-Mo(1)-C(14) 157.0(4)
C(5)-Mo(1)-C(15) 133.2(3)
C(6)-Mo(1)-C(14) 139.8(4)
C(6)-Mo(1)-C(15) 104.9(3)
C(13)-Mo(1)-C(17) 36.3(4)
C(13)-Mo(1)-Mo(2)  148.1(2)
C(4)-Mo(2)-C(6) 72.0(4)
C(3)-Mo(2)-C(5) 111.04)
C(3)-Mo(2)-C(21) 122.6(4)
C(3)-Mo(2)-C(23) 114.3(5)
C(5)-Mo(2)-C(20) 141.4(4)
C(6)-Mo(2)-Mo(1) 47.3(2)
0(2)-C(2)-Mo(1) 178(1)
C(6)-C(5)-Mo(2) 76.1(6)
C(5)-C(6)-C(7) 133.8(9)
C(7)-C(6)-Mo(1) 134.9(7)
C(12)-C(7)-C(8) 117.0(9)
0(6)-C(25)-C(20) 119(1)

v(C=0): 1718s. '"H-NMR (CDCl;, 6, ppm): 1.33(s, 6H,
2CH;), 4.28(s, 4H, 2CH,), 4.90-5.57(m, 8H, 2CH,),
6.70-7.03(m, 5SH, C¢Hs), 8.34(s, 1H, CH).

2¢. (120 mg, 41.1%) Anal. Found: C, 49.21; H, 2.38.
Calc. for C,,H,,Co0,M0,0,,: C, 49.28; H, 2.46%. IR
(KBr disc, cm ~ 1), v(C=0): 2061s, 2034vs, 1839s, 1797s;
v(C=0): 1652m. 'H-NMR (CDCl;, 6, ppm): 4.92—
5.67(m, 8H, 2C;H,), 6.58—-6.98(m, SH, CHs), 7.42-
7.81(m, 10H, 2C(O)C¢Hs;), 8.45(s, 1H, CH).

2.3. Crystallography of la and 2a

Crystals of 1a suitable for diffraction analysis were
grown from CH,CI, solution and those of 2a were
grown from petroleum ether/CH,Cl, solution at —
20°C. The crystals were mounted on a glass fiber.
Preliminary examination and data collection were per-
formed with Mo—-K,, radiation (1 =0.71069 A) on an
Enraf—Nonius CAD4 diffractometer equipped with a
graphite monochromator.

The structures were solved by the Patterson method
and refined by the full-matrix least-squares method
with anisotropic thermal parameters for the non-hydro-

gen atoms. All calculations were performed on a MICRO
vAX 3100 computer using the TEXSAN program system.
Crystal data and experimental details are collected in
Table 1.

3. Results and discussion

The formations of compounds la—1¢ is shown in
Scheme 1.

The first step is a reversible reaction. According to
the literature procedure [5,8], 10-24 h is necessary. In
our attempt to shorten the reaction time, we reduced
the concentration of the reaction system (1 mmol/50
cm?®). This favored the decarbonylation process greatly.
In most cases, 3—5 h was sufficient for this step. The
second step could be achieved instantly, for there was
no difference in yields to let the second step react for 1
h or for 10 h. Compounds la—1c are air-stable red
solids. They are soluble in polar solvent like CH,Cl,
and THF.

Heating a toluene solution of 1a, 1b or 1c with 1
equivalent of Co,(CO) to reflux can cause a reaction
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(Scheme 2). The products (2a—2c) are cluster expansion
ones with butterfly configuration that can be readily
isolated by column chromatography as air-stable dark
green or dark blue solids. Compared with their
analogous complex with unsubstituted cyclopentagienyl
ligands [Mo,(u-HC = CPh)(CO),(n>-CsHs),] [6], com-
plex 1a, 1b or 1c requires a longer time to react with

Table 5

Selected bond lengths (A) and bond angles (°) for compound 2a

Co,(CO)g under the same reaction condition. For the
reaction of [Mo,(u-HC=CPh)(CO),(n’>-CsHs),] with
Co,(CO)g, the reactants are completely consumed
within 30 min, while for the reaction of 1a, 1b or 1c¢
with Co,(CO),, although 40 min is employed, a quan-
tity of unreacted dimolybdenum alkyne complex can
always be isolated. This indicates that the existence of an

Mo(1)-Co(2)
Co(2)-Co(1)

2.687(1)
2.542(1)

Mo(1)-Co(1)
Mo(1)-C(1)

2.6912(7)
1.979(4)

Mo(1)-C(9) 2.288(3)  Mo(1)-C(22) 2.311(4)
Mo(1)-C(24) 2.341(4)  Mo(1)-C(25) 2.352(4)
Mo(2)-C(10) 2.2413) Mo(2)-C(9) 2.251(3)
Co(1)-C(5) 1.811(4)  Co(1)-C(10) 1.941(3)
Co(2)-C(7) 1.788(4)  Co(2)-C(8) 1.792(4)
Co(2)-C(4) 2.293(4)  O(1)-C(1) 1.165(5)
0O(4)-C(4) 1.157(5)  O(5)-C(5) 1.111(5)
0(8)-C(8) 1.126(5)  O(9)-C(26) 1.210(5)
C@)-C(1) 1.489(5)  C(11)-C(16) 1.385(5)
C(13)-C(14) 1.382(6)  C(14)-C(15) 1.374(6)
C(21)-C(25) 1.426(5) C(21)-C(26) 1.478(5)
C(24)-C(25) 1.390(6)  C(26)-C(27) 1.502(6)
C(1)-Mo(1)-C(2) 88.4(2)  C(1)-Mo(1)-C(10) 85.5(1)
C(1)-Mo(1)-C(22) 123.9(1)  C(1)-Mo(1)-C(23) 88.8(2)
C(1)-Mo(1)-C(24) 777(2)  C(1)-Mo(1)-C(25) 103.7(2)
C(1)-Mo(1)-Co(2) 106.0(1)  C(2)-Mo(1)-C(10) 116.6(1)
C(2)-Mo(1)-C(22) 130.32)  C(2)-Mo(1)-C(23) 135.3(2)
C(2)-Mo(1)-C(24) 100.7(2)  C(2)-Mo(1)-C(25) 79.1(2)
C(2)-Mo(1)-Co(1) 81.0(1)  C(10)-Mo(1)-C(9) 37.4(1)
C(10-Mo(1)-C(23)  107.6(1)  C(10)-Mo(1)-C(21)  129.9(1)
C(10-Mo(1)-C(25)  162.4(1)  C(10)-Mo(1)-Co(2) 65.82(8)
C(25-Mo(1)-Co(1) ~ 151.7(1)  Co(2)-Mo(1)-Co(1) 56.42(2)
C(9)-Mo(1)-C(22) 942(1)  C(9)-Mo(1)-Co(2) 45.77(8)
C(22)-Mo(1)-C(23) 353(1)  C(22)-Mo(1)-Co(2)  128.6(1)
C(10-Mo(2)-C(34)  148.1(2)  C(10)-Mo(2)-Co(2) 66.10(9)
C(3)-Mo(2)-C(10) 100.3(1)  C(3)-Mo(2)-C(9) 120.1(1)
C(3)-Mo(2)-Co(1) 56.3(1)  C(4)-Mo(2)-C(10) 120.2(1)
C(4)-Mo(2)-Co(2) 56.5(1)  C(4)-Mo(2)-Co(1) 106.1(1)
C(10)-Mo(2)-C(32) 90.1(1)  C(10)-Mo(2)-Co(1) 45.1(7)
C(9)-Mo(2)-Co(2) 46.088)  C(9-Mo(2)-Co(1) 67.61(9)
C(6)-Co(1)-C(5) 94.02)  C(6)-Co(1)-C(10) 165.6(2)
C(6)-Co(1)-C(3) 88.4(2)  C(5-Co(1)-C(10) 98.1(2)
C(5)-Co(1)-Mo(1) 1229(1)  C(10)-Co(1)-Co(2) 72.9(1)
C(10)-Co(1)-Mo(2) 550(1)  C(1)-Co(1)-C(3) 174.1(1)
C(1)-Co(1)-Mo(1) 46.0(1)  C(3)-Co(1)-Mo(2) 45.9(1)
Co(2)-Co(1)-Mo(2) 61.46(2)  Mo(1)-Co(1)-Mo(2) 98.01(2)
C(7)-Co(2)-C(9) 101.6(22)  C(7)-Co(2)-Co(1) 166.2(1)
C(9)-Co(2)-Co(1) 748(1)  C(9)-Co(2)-Mo(2) 55.4(1)
C(10)-C(9)-C(11) 12433)  C(10)-C(9)-Co(2) 103.5(2)
C(10)-C(9)-Mo(1) 70.02)  C(11)-C(9)-Co(2) 132.02)
Co(2)-C(9)-Mo(2) 78.5(1)  Co(2)-C(9)-Mo(1) 77.9(1)
C(9)-C(10)-Co(1) 108.8(2)  C(9)-C(10)-Mo(2) 71.5(2)
Co(1)-C(10)-Mo(2) 79.9(1)  Co(1)-C(10)-Mo(1) 79.5(1)
C(16)-C(11)-C(12) 117.43)  C(16)-C(11)-C(9) 121.23)
O(1)-C(1)-Co(1) 1222(3)  O(1)-C(1)-Mo(1) 159.5(3)
0(2)-C(2)-Co(2) 122.6(3)  O(2)-C(2)-Mo(1) 159.03)
0(3)-C(3)-Mo(2) 160.6(4)  O(3)-C(3)-Co(1) 121.4(3)
O(4)-C(4)-Mo(2) 161.53)  O(4)-C@d)-Co(2) 121.33)
O(5)-C(5)-Co(1) 177.6(4)  O(6)-C(6)-Co(1) 175.5(5)
0(8)-C(8)-Co(2) 176.8(5)

Mo(2)-Co(2) 2.6792(7)  Mo(2)-Co(l)  2.6947(8)
Mo(1)-C(2) 1.9804)  Mo(1)-C(10)  2.252(3)
Mo(1)-C(23) 2319¢4)  Mo(1)-C(21)  2.332(3)
Mo(2)-C(3) 1.9804)  Mo(2)C(4)  1.988(4)
Mo(2)-C(32) 2.3034)  Co(1)-C(6) 1.785(4)
Co(1)-C(1) 2269(4)  Co(1)-C(3) 2.295(4)
Co(2)-C(9) 1.969(3)  Co(2)-C(2) 2.270(4)
0(2)-C(2) L158(5)  O(3)-C(3) 1.158(5)
0(6)-C(6) L130(5)  O(7)-C(7) 1.132(5)
0(10)-C(36) 1.199¢5)  C(9)-C(10) 1.456(5)
C(11)-C(12) 1.405(5)  C(12)-C(13)  1.376(5)
C(15)-C(16) 1.382(5)  CQ1)-C(22)  1.416(5)
C(22)-C(23) 1.404(5)  C(23)-C(24)  1.425(6)
C(1)-Mo(1)-C(9) 119.8(1)
C(1)-Mo(1)-C(21) 136.1(1)
C(1)-Mo(1)-Co(1) 55.6(1)
C(2)-Mo(1)-C(9) 100.7(1)
C(2)-Mo(1)-C(21) 94.8(2)
C(2)-Mo(1)-Co(2) 55.8(1)
C(10)-Mo(1)-C(22)  103.9(1)
C(10-Mo(1)-C(24)  138.6(1)
C(25-Mo(1)-Co(2)  124.0(1)
C(10)-Mo(1)-Co(1)  45.17(9)
C(9)-Mo(1)-Co(1) 67.21(8)
C(22)-Mo(1)-Co(1 147.34(9)
C(3)-Mo(2)-C(4) 89.6(2)
C(3)-Mo(2)-Co(2) 83.9(1)
C(4)-Mo(2)-C(9) 86.8(1)
C(10)-Mo(2)-C(9) 37.8(1)
C(9)-Mo(2)-C(32) 96.2(1)
Co(2-Mo(2)-Co(l)  56.47(2)
C(6)-Co(1)-C(1) 86.6(2)
C(5)-Co(1)-Co(2) 165.5(1)
C(10)-Co(1)-Mo(1)  55.4(1)
C(1)-Co(1)-Co(2) 102.3(1)
Co(2)-Co(1)-Mo(1)  61.71(2)
C(7)-Co(2)-C(8) 94.0(2)
C(8)-Co(2)-C(9) 162.3(2)
C(9)-Co(2)-Mo(1) 56.4(1)
C(10)-C(9)-Mo(2) 70.7(2)
C(11)-C(9)-Mo(2) 110.6(2)
Mo(2)-C(9)-Mo(1) 127.2(2)
C(9)-C(10)-Mo(1) 72.6(2)
Mo(2)-C(10)-Mo(1)  129.6(1)
C(22)-C(21)-C(26) 125.1(3)
Mo(1)-C(1)-Co(1) 78.3(1)
Mo(1)-C(2)-Co(2) 78.1(1)
Mo(2)-C(3)-Co(1) 77.8(1)
Mo(2)-C(4)-Co(2) 77.1(1)
O(7)-C(7)-Co(2) 175.9(4)
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Fig. 2. The molecular structure of compound 2a.

electron-withdrawing group on the cyclopentadienyl
ligand makes the dimolybdenum alkyne complex more
difficult to react with Co,(CO);.

All the compounds were well characterized by
elemental analysis, IR and 'H-NMR. The molecular
formulae of the clusters were readily apparent from
their elemental analyses. In the IR spectra of la-Ic,
besides 2—4 absorption bands caused by terminal
carbonyls in the range 1919-2005 cm ~' and one band
caused by semi-bridging carbonyl in the range
18381853 cm !, there are 1-2 absorption bands in
the range 1633—1716 cm ~ !, exhibited by the carbonyls
(C=0) on the substituted cyclopentadienyl rings. The
IR spectra of 2a—2c¢ contain peaks attributable to
terminal carbonyls in the range 1981-2061 cm~! and

1

bridging carbonyls in the range 1808—1855 cm ', and
one peak corresponding to the carbonyls (C=0) on the
substituted cyclopentadienyl rings in the range
1652—-1718 cm ~'. For the C-H and C—Ph units in the
intact alkyne ligand, 1a, 1b, 1¢ show one singlet around
5.83 ppm (CH) and one multiplet in the range
7.08—-7.25 ppm (CPh) while 2a, 2b, 2¢ show one singlet
around 8.35 ppm (CH) and one multiplet in the range
6.58—7.05 ppm (CPh) in their '"H-NMR spectra. For
the eight protons on the two substituted
cyclopentadienyl rings (CsH,), all the compounds show
a multiplet in the range 5.28—5.89 ppm (for 1a, 1b, 1c¢)
or 4.90-5.67 ppm (for 2a, 2b, 2¢). In most cases, this
multiplet consists of four asymmetric singlets in the
same ratio that should be contributed to differences of
the chemical small environment of the four protons on
each cyclopentadienyl ring [9]. It should be mentioned
that the IR spectra of 1la and 1c¢ show two C=0O
absorption bands rather than one. This indicates that
the two substituted cyclopentadienyl rings in
compounds la—1c¢c are not equivalent. This may be
explained by the existence of the semi-bridging
carbonyl between the two molybdenum atoms and/or
the unsymmetrical alkyne ligand coordinated to them.

In order to further confirm the structures of these
complexes and compare the different configurations of
the bridging HC=CPh ligand in 1 and 2, X-ray
single-crystal structure analyses of la and 2a were
undertaken. The final atomic coordinates and thermal
parameters of the non-hydrogen atoms for 1a and 2a
are given in Tables 2 and 3. Selected bond lengths and
angles are listed in Tables 4 and 5. The molecular
structures of la and 2a are presented in Figs. 1 and 2.

The molecule of compound 1a consists of a
quasi-tetrahedral cluster core Mo,C, and two
acetylcyclopentadienyl, four carbonyl ligands. In the
Mo,C, cluster core, the Mo—Mo bond length (2.957(1)
A), the C—C bond length (1.35(1) A) and the average
Mo-C bond length (2.175 A) are very close to the
corresponding values found in [Mo,(p-C,H,)(CO),-
(n’-CsH,C(0)O-Me),] [8]. The two acetylcyclo-
pentadienyl ligands extend in different directions and
one of them is much closer to the phenyl group than
the other (see Fig. 1). The C(3)O(3) carbonyl is a linear
semi-bridging one, because the values for judging the
type of carbonyls of C(3)O(3) are within the range of
linear semi-bridging carbonyls [10,11]. Namely,
£L0B)C(3)Mo(2) =169.1(8)°, L CB)Mo(2)Mo(1) =
68.5(3)°, Mo(1)-C(3) =2.88(1) A, asymmetric para-
meter is 0.48.

As seen in Fig. 2, compound 2a is a butterfly cluster
with bridging alkyne ligand. The butterfly core consists
of two cobalt atoms which form the hinge and two
molybdenum atoms which act as the wingtips. Each
molybdenum atom bears an acetylcyclopentadienyl ring
and each cobalt atom has two terminal carbonyl
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ligands. In addition, each Co—Mo bond is spanned by
an asymmetrically bridging carbonyl ligand which is
more closely bonded to molybdenum than to cobalt.
For these carbonyls, the Mo—C-O angles are in the
range 159.0(3)-161.5(3)°, the asymmetric parameters
are in the range 0.146-0.159, so they can be classed as
semi-bridging carbonyls [6,12]. The alkyne ligand lies
parallel to the Co—Co bond and is bonded to all four
metal atoms. Under the asymmetrical environment of
the alkyne ligand (HCCPh), the two acetylcyclo-
pentadienyl ligands extend in different directions. In the
butterfly core, the Co—Co bond length (2.542(1) A), the
average Co—Mo bond length (2.688 A) and the average
Co-C bond length (1.955 A) are close to the
corresponding values observed in the related cluster [6].
The Mo--Mo distance is 4.06(5) A, well beyond the
range of possible bonding. The average C—Mo bond
length (2.258 A) is much longer than the corresponding
value found in compound 1a.

In both 1a and 2a, the bridging alkyne ligand
(HCCP) is intact. However, its geometrical parameters
are remarkably different. In 1a, the C(5)-C(6) bond
length is 1.35(1) A, close to a C=C double bond. The
C(6)—C(7) bond length is 1.46(1) A, much shorter than
a C—C single bond. £ C(5)C(6)C(7) = 133.8(9)°, greatly
twisted from the linear configuration for a normal
alkyne complex. In 2a, the C(9)-C(10) bond length is
1.456(5) A, longer than a C=C double bond but shorter
than a C-C single bond. The C(9)-C(11) bond length
is 1.489(5) A, slightly shorter than a C—C single bond.
L C(10)C(9)C(11) =124.3(3)°, even more greatly
twisted from the linear configuration for a normal
alkyne complex. In both 1a and 2a, the phenyl group
remains  unchanged. From these geometrical
parameters, it can be seen that the two bridging carbon
atoms (C(5) and C(6)) in complex la are more like
unsaturated sp? carbon atoms while the ones (C(9) and
C(10)) in 2a are more like saturated sp* carbon atoms.

4. Conclusion

The existence of a bulky -electron-withdrawing
functional group on the cyclopentadienyl ligand can
reduce the reactivity of dimolybdenum alkyne complex.
This supports the proposition that the formation of the
butterfly product approximates to the simple insertion
of a dicobalt unit into the Mo—Mo bond. In the Mo,C,

cluster core, the two bridging carbon atoms are more
like unsaturated sp?> carbon atoms while in the
Co,Mo,C, cluster core the two bridging carbon atoms
are more like saturated sp® carbon atoms.

5. Supplementary material

Crystallographic data for the structural analysis has
been deposited with the Cambridge Crystallographic
Data Centre, CCDC, No. 113327 for compound 1a and
No. 113328 for compound 2a. Copies of this
information may be obtained free of charge from The
Director, CCDC, 12, Union Road, Cambridge CB2
1EZ, UK. Fax: +44-1223-336-033 or e-mail:
deposit@ccdc.cam. ac.uk or http://www.ccdc.cam.uk.
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