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Summary 

Four new l,lO-phenanthroline-coordinated early lanthanide complexes containing 
a a-carbon-metal bond (l-4) were synthesized by the reaction of alkynylsodium or 
alkyllithium with ($-C,H5)2LnCl .nPhen in THF at 0 or -78°C. The complexes 
( q5-Cs H 5 )2 LnCl . n Phen were prepared from LnCl i II Phen and C, H,Na. 1 .l’-Tri- 
methylenedicyclopentadienyl(phenylacetylenylneodymium)~ THF (5) was also pre- 
pared. These complexes were identified by elemental analysis. IR. ‘H NMR spec- 
troscopy and thermogravimetry. Protolysis reactions of these complexes with HzO. 
CH,OH and t-C,H,OH show that different protolytic reagents give the products 
with different cleavage extents of u- and a-bonds. The ligands in the complexes also 
affect the cleavage of r-bonds. P-Hydrogen elimination of complex 3 takes place 
with thermal decomposition. 

Introduction 

The unsolvated u-bonded later lanthanocene complexes ( $-C5 H,)z LnR have 
been reported by Tsutsui [l]. Schumann reported the synthesis of series of lutetium 
complexes containing Lu-C u-bonds, ( q5-CjH5)ZLuR. THF [2]. Recently. we 
synthesized the tetrahydrofuran solvated aryl-later lanthanocene complexes [3]. 
There is, however. very little knowledge about the a-bonded complexes of early 
lanthanides [4]. Probably due to the lanthanide contraction effect, the early 
lanthanides have larger ionic radii and further disproportionation will take place 
during the syntheses of dicyclopentadienyl-early lanthanide chlorides. We succeeded 
in stabilizing the early lanthanocene chlorides by applying ring-bridged l,l’-trimeth- 
ylenedicyclopentadiene instead of separated dicyclopentadiene as ligand, and tetra- 

* For part VI see ref. 10 
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hvdrofuran-coord ina tcd  1,1'-trimethylcnedicyclopentadien>t--cari> ]anthanidc chlo- 
rides ha~e been obtained 15], Moreover,  tt~rough coordinat ion ~i th  the chclated 
l igand 1.10-phenanthrolil~c. the coordhmtion saturation of early Iauthanv>cene chlo- 
ride is achieved, alld the earl ;  lttnthLtnoceFie chlorides c~ordinaicd ,~ith I.!0-. 
phenanthrolhle were succcsst'ull\' isolated 161. 

We now report tile syntheses of 1,10-pheiianthrolh~e-co(~rdJnatcd early L:tltlilatlo- 
cene complexes c(mtaining t.n (" o-bonds, and their proiol}sis reactions with 
several reageltts. We :list) describe the effects of differei~t ligands on the c!ea~age of 
iheir w-bonds and J -hydrogen  elimination reactions with thcrmat decompo.,,ition of 
the complex Cp.:Nd-t-CaH~,.  Phen. 

Results and discussion 

1.10-Phenanthroline-coordinated lanthanocene chlorides [61 v, ere allowed to react 
with alkyriylsodium or alkyl t i thium giving 1.1()-phei~anthrotine-coordh~ated 
l{inthttl~ocet/es containinE, o-bonds accord no, 1:o eq. I. 

l t i t  I t 3 )  
Cp:, l .nCl ,  n Phen 4- M R ................................. Cp: Ln R.  n Phen + M( ' i  { 1 ) 

tl 4) 
(1:  R = ( " - ~ ( ' P h .  M - : : N a ,  I n  : N d ,  ,,  ,,I: 

2: R C'-:C<Ph, M': :  Na, I n  -: l .a ,  ~ : 2: 

rc~lcl!o13 temp. IP ( .  
3,: R = t - , ( '~ lL , .  M - :  L i  l n -: Nd .  *~ , i :  
4: R = F C ~ t I , .  \ 1  : 15, I n  1{~. n ' 2: 

rc'acf ~cm romp,  78°(:) 
{ ( ' p  = < ,yc lopen tad ieny l .  Ph = phcn~ i  Phcn  1 .10-pcnan lh ro lh~e)  

For  studying the effects of ligands on Wotolysis reactions, ~c l rahvdrofuran-coof  
d ina ted  1 l'-trimethylenedic>ch~pent~dienyl(phenylacetycn~ )~eod ' ,~ l i  ~1 was 
s,:nthes zed as shOWli  iI1 eq .  ~ 

[('sH ~(('II:,. )~('<H4]Nd('I. IHF-~ Na('~c~('Ph flu .............. # 

"<'l t 

[ ( '~H4(CI t  : ),C~H~] N d C - C P h .  TH1T + Nat.!  f2) 
(5) 

.All the new a-bonded orgarlolanthanide complexes are exlremel3 sensitive to ~iir 
and moisture, but have higher thcrmostab ity. TI~o complexes, slorcd h-i sealed tubes 
fil led with argon Lit roOnt tcYrlpcrature, v,~crc ideniif ied b\. elemenhit analvsi,,. IR and 
~l-t N M R  speclro.,,cop>, thermogravimetr}.  Lilld p.rc, aflysis. Thc physica! properties. 
yields and analytical data <H' these complexes tll-e sho~ ~, 11 ilt Table !. 

l h e  infrared speclra of comp!exe:~ 1 5 xvercrcct)rded froru 4()Ct() to 2i)() cm i The 
major  absorpt ion peaks  are listed in t a h l e  -,." the  a b s o l ' p f i o l t  peak ill abort{ ~-5(} 
cm ~ is characterist ic for absorpt ion of ~-bonds  bet~cen ltte ~l"icliil and c>clopcr, ta- 
dienyt groups i3]. All complexes e~cl~ibit charactcrislic abs<wpiions of c3clopci'l- 
tadien,yl and 1.10-pherlanlhroth~c. In addition, complexes I. 2 and 5 ~,hox~ absorption 
peaks of l)hCzC, while compte\es 3 and 4 show absorption peaks of I-('~ It,, 

The ~t-t N M R spectra <~J' the ciialtlL!gnetic complexes 2 t e d  4 ;ire listed }n Iab le  3, 
"the chemical shifts of the co, ordinated l . t0-phertamhrotinc .11,~vc apparently to 
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TABLE 1 

PHYSICAL PROPERTIES, YIELDS AND ELEMENTAL ANALYSES OF PRODUCTS 

Compound Color M.p. (“c‘) Yield Analysis (Found (c&d.) (%)) 
(8) Ln c H 

1 ($-C,H,)2NdCsCPh.Phen brown 210-212 37 26.40 
(25.95) 

2 (q5-C,Hi)zLaC=CPh~2Phen brown 12X-130 53 1 X.64 
(19.01) 

3 (TJ~-C~H,)~N~-~-C~H~.P~~~ purple-red 185-187 27 27.15 
(dec.) (2X.19) 

4 (11’-C,H,)2La-t-C,H,,2Phen purple-red 1X4&186 47 20.21 
(20.23) 

5 [C,H,(CHZ)3CjH4]NdC=CPh,THF yellow-green 210-213 41 29.03 
(dec.) (29.57) 

64.71 
(64.84) 
70.07 

(69.04) 
58.87 

(61.02) 
64.14 

(66.47) 
59.x3 

(61.56) 

4.51 
(4.17) 
5.19 

(4.27) 
5.49 

(5.32) 
5.31 

(5.14) 
5.01 

(5.5X) 

TABLE 2 

INFRARED SPECTRAL DATA OF PRODUCTS (cm- ’ ) 

Compound Low frequency Cp o-Phen 
region 

Ph(‘sC t-C,H, THF 

203 (m) 
I 243 (w) 

347 (m) 

2 250 (m) 
320 (m) 

215 (m) 
3 243 (m) 

350 (W) 

4 255 (w,) 
350 (w) 

235 (m) 
350 (s) 

5 540 (s) 

774 (5) 
1011 (s) 
1441 (m) 
3070 (s) 

765 (s) 
1010 (s) 
1446 (m) 
3075 (s) 

770 (s) 
1014 (s) 
1440 (s) 
3080 (m) 

780 (m) 
1011 (m) 
1445 (w) 
3070 (m) 

755 (s) 
1012 (m) 
1440 (s) 
3060 (s) 

TABLE 3 

‘H NMR OF COMPLEXES 2 AND 4 

414 (m). 733 (s), 751 (s) 
X41 (s), 1418 (s). 1505 (m) 
1563 (m). 15X6(m). 1618 (m) 

415 (m). 735 (s). 750 (s) 
842 (s), 1416 (a). 1504 (s) 
1564 (m). 1587 (m). 1617 (m) 

531 (m) 
751 (5) 

1485 (m) 

540 (m) 
750 (s) 

1493 (m) 

418 (w). 732 (5). 753 (a) 
842 (s). 1420 (m). 1509 (m) 
1563 (m), 1588 (m). 1609 (m) 

414 (w). 733 (s), 753 (S). 
842 (m). 1420 (m). 1510 (m) 
1567 (m), 1590 (m), 1610 (m) 

540 (s) 
755 (s) 

1490 (m) 
159X(m) 
1660 (m) 

1138 (m) 
1170 (m) 
1472 (m) 

1137 (m) 
1170 (w) 
1473 (m) 

890 (m) 
1045 (m) 

Complex 6 (ppm) 

o-Phen PhC=C C,H, C(CH,)? 

2 

4 

free 
o-Phen 

8.83 (d-d). 8.08 (d-d). 
7.58 (s). 7.45 (d-d) 7.02 (m) 5.46 (s) 
X.46 (d-d), 7.65 (d-d), 
7.11 (s), 6.99 (d-d) 5.21 (s) 0.80 (s) 
8.42 (d-d), 7.65 (d-d). 
7.13 (5). 6.98 (d-d) 
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The protolysis results of complex 5 are shown in Table 5. The lanthanide-carbon 
u-bonds underwent rapid protolysis with water and methanol, and cleavage of the 
metal-ring bonds was not competitive with attack on the u-bonds. However, with 
t-butyl alcohol, no cleavage of the [C,H,(CH2),C,H,] ligands was found after 72 h 
at 10°C. 

The r-bond certainly is more stable than the u-bond on protolysis. However, the 
protolytic reagent affects the protolysis rate and cleavage extent of the r-bond. The 
results are similar to those for 5f elements [7], and seem to be related to the different 
pK, values of protolytic reagents. The following order of pK, values is found: 15.7 
(HzO) < 16 (CH,OH) < 19 (t-C,H,OH). The protolysis results also showed that the 
stability of the r-bond between l,l’-trimethylenedicyclopentadienyl and lanthanide 
is higher than that of the g-bond between separated dicyclopentadienyl and 
lanthanide. 

Thermogravimetric analysis of complex 3 under nitrogen indicated that weight 
losses of 11.8, 33.1 and 23.6% at 744186, 1866435 and 4355687°C. respectively. This 
is in accordance with the loss of one t-butyl, o-phenanthroline and two cyclopenta- 
dienyl groups respectively. Finally, the residual weight is equal to 31.5%. and the 
neodymium content is the residue is 85.8%‘. which is consistent with Nd?O,. 
Therefore the measured molecular weight of the complex is 533 (C,H,),Nd-t-C,H, 
. Phen calcd.: 511). 

Because of P-hydrogen elimination the M-C u-bonded d-transition metal com- 
plex containing P-hydrogen atoms usually could not be obtained. Contrary to the 
d-transition metal complex, the u-bonded lanthanide metal complex containing 
P-hydrogen can be isolated at room temperature. However. on heating P-hydrogen 
elimination occurs in the case of complex 3. Thermolysis results in vacua of complex 
3 at various temperatures are listed in Table 6. 

Complex 3 is stable at 50°C. It decomposes very slowly in vacua at 75°C. Upon 
heating for 4 h in vacua at lOO”C, complex 3 decomposed partially due to 
P-hydrogen elimination. The gaseous products are a mixture of 2-methylpropene and 
2-methylpropane with a ratio of about l/1.5. At 2OO”C, complex 3 decomposed 
completely and the final residue changed into a brown solid. 

Experimental 

All operations were performed under prepurified argon using Schlenk techniques 
or in a drybox. All solvents were refluxed and distilled over LiAlH, or benzopheno- 
nesodium under argon immediately before use. Anhydrous lanthanide chlorides were 

TABLE 6 

THERMOLYSIS DATA IN VACUO OF COMPLEX 3 

Temp. (“C) Time (h) 

50 4 
75 4 

100 4 
150 4 
200 4 

Residue 

Color 

purple-red 
purple-red 
rusty 
yellow 

brown 

Nd (%) 

27.14 
21.24 
26.40 
27.61 

30.91 

Gas evolved 

no 
trace 
(CH,),C=CH2 +t-C,H,,, 
(CH,),C=CHz +t-C,H,,, 
(CH,)&‘=CH, + t-C,H,,, 
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ob ta ined  by t rea tment  of hydra ted  lan thanide  chlor ides  `̀~ ith ammcmium chlor ide  [3]. 
Phenylace ty lenylsodiunl  [41 t-but\ . l l i thium [81 and 1.1"-trimethxlenedic?,k~pen- 
t a d i e n y l n e o d y m i u m  chlor ide  [5] were p repared  by l i terature  methods.  Mching  points  
<~i thermal decompos i t ion  tempera tures  were de te rmined  in ; i  scaled aroon-i ' i l led 
capi l la  D and are Linc,~r~ected. Infrared spectra xverc recorded ~n ,~ Pcrkin t l m c r  
580B ~,pectrometer as Nujol  and F luoro lube  mulls ~hicl t  wcrc prepared  ~n an 
argo,>fi l led gh)vebox and cwm~ined between ciisk,,,haped ( ' s l  cr ' ,slal  pl0.1cs. ~tl N M R 
spectra  were recorded on an EM 360 1. ¢60 MHz)  ~,pectrome,~er aim referenced to 
cxlernal  MeaSi. I ' t l F - d  s (Mcrck fo.~ N M R  spectre>cop>) \~as dr ied oxcr Na K ~iJio\ 
and was degassed b'~ l'ree/e-tha\~ c',cle> on a x acuum tree. Fhcrm<~gr:l\ imctr 7, ~va,; 
pe r formed  on a WR']--1 thcrmobalark:c.  ( ias  ch romatogn iph ic  unal\'si~, x~a/s <:arrJed 
~+tl! (511 a 1(13 gas ch romatograph ic  instrument .  Met:ti ; . i t ? e l \ ' , , 2 >  t , t  + [anthanides ',~erc 
accompl ished  using tile direct complexomet r ic  t i t rat ion procedure  ``\Hh disodium 
{' .[)1,\  {191. Ca rbon  and h3droo.en annlxses ,acre carried nut b\' dirccl c,mlbu~;tiol~ in 
a lumhl ium tube. 

I)i--q"-qvcl~wonmdiem'l(t#te#u'lee~ cvylem'l)nc,odvmiunz. Phen (I)  
A 40-ml T i l l :  solut ion of 2.08 g (l 1.56 retool} of 1 .10-phenaathrol inc  was a d d e d  

to a 30-ml T i l e  suspension of x ,  4 ,~ (I 1.36 retool) anhydrous  N d ( l ~ .  l h e  reaction 
mixture was al lowed to s t i r ,  xcrnight ~:~t rnoln temperatcire. Icy this >u>pension was 
added  dropwise  under  st irr ing a solution of c3clopentadien}b,  od ium t 23.4a mmol t  in 
5~,1 ml of T H F .  ] h e  react ion mixture  was st irred ovcrnigh', e,~ n~,~ni :empcra ture .  \ 
brownish green solutioil  (105 ml). the chlor ine content  of x``hicil is g.N2 r n \ .  was 
isolated b \  cemr i fuga t ion .  I h e  above-ment ioned solut ion 162 ni l ,  v,a., alh>v, ed to 
react ,aith 5~22 m m o l  of  P h C = ( N a / E I . , O  o'~erMghl a~ room temperature,  l h c  
resuhing brc>x~n solut ion \``a~ cemri fuged and concent ra ted  in ' , a c e <  B\ addi t ion  of 
n-hcxane a b rown solid prec ip i ta ted  out x~ hich ``\as ``~aslacd with n-hexanc,  and dr ied 
iri ``acuo. Producl  1 (1.39 g. -,'7% ) was obta ined.  

Di-~l'-qvcbq)enmdienyl(phenv/aceo,h~(v/)huzdzanum. 2Phen g 2j 
C o m p o u n d  2 was svnihesized similar ly to i.  but file ( q L C ,  H .  ):: t . a ( l .  2Phen- I H F  

suspension prepared  was not isolated and t realed in silu 'ai th zm eciui',~llent p(>rfion 
c,f PhC ( ' N a . / E I e O  (yield 53"7). 

Di-~l~-qvc/ot~entadie#u'l-:-t~zt(v/neodvn,ium . Phen (3) 
A 40 ml T H F  solut ion of 1.67 g (9.27 retool) o17 1.10-phenanthrol ine ``~as added  

under  s t i rr ing to a 30-ml T i l t  : ,olution of  2.38 g (9.50 nunol) o1" NdCI ~. The react ion 
mixture  ,,','kS st irrcd overnight.  X ~,oluiion of cych~pentadienylsodium ( 19.13 retool) 
in 50 ml of F H F  was added  and again stirred overnight  at room lempera lurc :  a 
brownish green solut ion (l  i{~ ml) .  tile chlor ine COlltellt el x``hich ,~ 7.22 in.V. ``xa> 
isolated b> centr i fugat ion.  l h i s  solution (85 ml) v~a~; cooled lc~ 7)4°( and a 
solut ion of t-(4H<,Li/.t- ']t~(){5.0 m ) , )  kept between 35 and -4~)'>( ' was syringed 
into it. The reaction mixture was main ta ined  for I h at 7N:'(' and then allowed to 
,aarm to roon~ temperature .  & purple- red  solut ion formed v, hich was s[irrcd t)vcr- 
night. The solvent was removed in '~acuo and tile solid extrac!ed x~ i~h benzene, l. pon 
concen t ra t ion  of the result ing purp le- red  solution,  ('ollo~ved b', addilior~ of n-hexane.  
a purp le - red  crude p roduc t  prec ip i ta ted  <)tit, \xhich v,a~ extracted ,ahh benzene and 
prec ip i ta ted  tv,'o t imes w;itt~ n-hexane.  A producl  free from ebb>ride ``~:l> ohl0.ined 
( ] .03 6- 275 ). 
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Di-q-‘-cyclopentadienyl-t-hutyllunthamlm . 2Phen (4) 
The method is similar to that of 3, but the ( $-C5HS)7LaCl * 2Phen/THF 

suspension prepared was not isolated and treated in situ with an equivalent portion 
of t-C,H,Li-Et?O. (yield 47%). 

I,1 ‘-Trinzeth~lenedic??clopentadien~iphen?~lucet~len~lt~eod~n~iunl THF (5) 
A PhC=CNa/Et,O suspension (5.21 mmol) was added into a [C,H,(CH,),C, 

H,]NdCl . THF solution [4], the chlorine content of which is 5.20 mN. The pale:bLue 
mixture was kept for 1 h at - 78°C. then allowed to warm to room temperature and 
stirred overnight. The colour of the solution changed to brown-green. After centrifu- 
gation. the solution was concentrated in vacua and a yellow-green solid precipitated 
out upon addition of n-hexane to give 1.60 g of product. (yield 40% based on 
NdCl 3 ). 

Proto!ysis reaction 
Complexes were placed in a series of centrifuge tubes. Ccl, was added, then an 

excess of H,O, CH,OH or t-C,H,OH was added into each of these tubes. The 
reaction mixtures were shaken at 10°C and centrifuged after different reaction times. 
Clear solutions were placed in NMR tubes and ‘H NMR spectra were recorded 
(referenced to internal Me,Si). The product of u-bond cleavage is PhC=CH and that 
of T-bond cleavage is cyclopentadiene or l,l’-trimethylenedicyclopentadiene. 
According to their integral intensity the contents of protolysis products were 
measured. 
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