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Contribution from Chemis 

Department and Mate als and 

Division of Lawrence Berkeley 

Laboratory, University of Cali 

Bonds: Reac·tions of 

Carbon Monoxide, :ter~~.~Butylisocyanide, and ~~£!:_~Butyl cyanide 

Stephen J. Simpson and Richard A. Andersen* 

.Abstract 

The thorium or uranium metallocycles, [(Me 3 Si) 2 NJ 2 ~ 

iMe
3 

(I), react with tert-butylcyanide to give the 

six~membered 

SiMe 
3 

unique 

metallocycles (I) also react with the isoelectronic 

tert-butylisocyanide and carbon monoxi to give ·the 

ve~membered ring compounds with exocyclic carbon-carbon 

double bonds, [ {Me 3si) 2N] l1XC (=CH 2)"si (He) 2NsiMe 3 , where X is t-BuN 

or oxygen. The four~~membered ring met:allocycles (I) give simple 

complexes of 'che type [ (Me
3
si) 

2
N] 2McH

2
Si (Me) 2NsiMe

3
-

(N3SiMe3) with trimethylsilylazide. 

*Chemis Department, UCB. 

ular 



The four~membered r metallocyc of or uranium (I) 

are formed by y-elimination of methane or hydrogen [ (Me
3
Si) ] -:; 

J 

JVD',1e [ (Me
3 ) 2N] l'lH' tively. 

1 
The polarity o:E the or 

I:.r M = Th or U 

r;arbon bond and the ring strain inherent in the four-membered ring 

suggest that 1,2~dipolar organic molecules will insert into the 

metallocyclic ring. Insertion of the isoelectronic molecules 

monoxide, t~butylisocyanide, and t~butylcyanide in·to the actinide~ 

carbon bond has been realized and the results are described herein. 

t-Butylcyanide reacts with I (M = Th) to give a 1:1, mono-

meric, diamagnetic complex. The v CN stretching frequency in the 

infrared spectrum (1617 cm-1 ) shows that the complex is not a sim-

ple coordination complex, but one in which the carbon-nitrogen bond 

order has been reduced from three the uncomplexed alkylcyanide 

to two in the complex. The nuclear magnetic resonance spectra 

show that insertion has occurred into the thorium~carbon bond, 

rather than into the thorium-nitrogen bonds. THe 1H and 1 NMR 

(Tables I and II) reveal that the Me 3Si and Me 2si groups 

of the complex are only slightly perturbed relative to metallocycle 

I (M = Th) though the resonances due to the methylene group are 

strongly deshielded {1H) and shielded (1 ) • Thus insertion s 



3~ 

occurred giving s ring 

(II, M 'I'h) ,, group is struc~ 

[(Me 

~I.u .M ·~· Th or U 

ly related to an organic azoroothine, R?C = NR, and the 13c 
"" 

NMH support s contention. For example, 

2a carbon atom of t-BuCH,=NMe resonates at y 172.5 and v CN 

~1 3 
of azomethines falls in the region 1650-1610 em · 

orange II (M = U). Since it is paramagnetic (VB = 2.67 B.M. at 

30°C in benzene solution) all the 1H and 13c NMR absorptions are 

ly shifted relative to the diamagnet.ic thorium analogue 

not lend themselves to a straightforward structural inter-

However, the highly shiel resonance of 

II relative to I strongly supports the notion that t-butylcyanide 

into the uranium~carbon bond. 

The 1H NMR spectral line shapes (though not the chemical 

) for both compounds (II) are tempera-

ture invariant from s suggests that the s 

membered ring complexes are planar (as drawn in II) or that they 

are undergoing a rapid fluxional process ( 

causes and 

ion at Me
3

Si.N

to be chemically 



on NMR t 1'he lone of e trons 

on 1 nitrogen atom are, ~ stereo~ 

or s are 

too to purified and there properly z 

like' ni·t.rogen atom is most~ likely 

or in preference to of e 

on at:oms (I) cannot 

tonated nor methylated. 

In contrast to the ghtforward of 

metal-carbon bond of I, reaction of lectronic and 

iso i a dif course. Though the 

locycle (I) gives a 1:1, monomeric, diamagnetic com-

with t-butylisocyanide it is not isostructural with that of 

the ·t-butylcyanide complex (II, M = Th) . At this point it is in-

to consider four structural possibil (III, IV, V, 

and VI) and to show that the spectroscopy consistent with only 

one of them. If occurs at thorium-carbon bond in 

a manner similar to that of t-butylcyanide, then com-

III will result. If, on the other hand, a normal of 

an i in·to the thorium-carbon bond occurs, then IV will 

4 
Neither of is cons tent with the 

data. 1 1 methylene resonances in the H and 

of III or IV should similar to that in 

complex (II, M = Th), i.e., a singlet at ca. o 2 and a at 

lH 1 ca. o 35 NMR Further, 

carbon atoms in III and IV will as 



III IV 

v 

singlets at ca. o 250. This is not observed. 'l"he methylene protons 

of the thorium complex show a AB (doublet of doublet) pattern ('rable 

I). The methylene and quaternary carbon atoms in the 13c{ 1H} NMR 

spectra are singlets at o 110.1 and o 150.0, respectively. The 

former resonance yields a pair of doublets (JCH = 154 and 158 Hz) 

13 in the gated-decoupled C spectrum while the latter is a singlet. 

The chemical shift and coupling constant data are indicative of an 

olefinic functionality. 5 The carbon-carbon double bond stretching 

1 frequency occurs at 1535 em for the thorium species, typical for 

ole c functional groups. 3b The 13c{ 1H} NMR spectrum rules out 

isomer V, since it is most unl ly that the two ole c carbon 

atoms will have identical chemical shifts. Thus, the only structure 

that is consistent with all the data is VI. 



H 
c-c 

H 

VI , M = 'l'h or U 

The t-butylisocyanide portion of VI is anlogous to that 

of an organic enamine (vinylamine). Th 13 h . 1 h' e C NMR c emlca s l 

. d . h h' . 6 are ln accor Wlt t lS contentlon. Thus, the B-methylene car-

bon atoms in VII and VIII resonate at o 82.0 and o 98.4 and the 

b t t t ~ 138 5 d ~ 148 9 . l 2b, 6 a-car on a oms resona .e a u • an u • , respectlve. y. 

a ~H2 
c 

H
2

C --·- NMe 

VII 

Et 

" Et N 
2 

Me 

The urani urn metallocycle (I, M = U) reacts with t-butyl-· 

isocyanide a similar manner to give VI, M = U. The orange com-

plex is paramagnetic (]JB = 2.69 B.M., 30°C in benzene solution}, 

"chus NMR spectra are not useful as a structural probe, though 

the are fully consistent with structure VI. Further, the 

1 13 
line~widths in the H and C NMR spectra (v1 -- 10 Hz) simplify 

"2 

coupling pattern of the methylene protons and carbon atoms, 

respectively. 

The five-membered ring in VI appears to . ·~ h 1 rlgJ_u. on t. ,e H 

N]\/CR time the methylene protons and Me 2 -·group protons 



are shape invariant from +110°C to ~85°C. Thus, the molecule must 

, at leas"c on 1 a symmetry plane that contains 

MNSiCN unit s two methyl groups on silicon are chemical 

equivalent and the exocyclic methylene prot,ons are non~equivalen.t. 

The chemical equivalence of the methyl groups on the Me 2si-group 

suggests that either a rapid fluxional process causes the lone pairs 

of electrons on the nitrogen atoms to rapidly inverting or that 

the five~membered ring is, in fact, planar. Support for la tt~er 

is derived from the observation that nei the thorium nor uranium 

complexes can be protonated (HBF
4

) nor methylated (Me
3

0BF 4 ). Un~ 

fortunately we can say no more about the ring conformation 

to point out that planar coordination at three-coordinate nitrogen 

7 in five-membered rings has been observed. 

The metallocycles (I, M = Th or U) also undergo insertion 

reactions with carbon monoxide (18 atm, room temperature). 'I'he 

products (IX) are similar to those of the related t-butylisocyanide 

Me
3
si 

H 

0 H 

I~, M = Th or U 

ion products (VI) . This follows from NMR spectroscopy 

(Tables I and II). The spectroscopy further suggests that the 

carbon monoxide insertion products may be constructively ewed as 

a vinyl ether. For example the a~ and B-carbon atoms of CH
2

=CHOMe 

resonate at 0153.1 and 085.5, re 
rc • 

t . 1 .))) .lve y. Againv the five~ 



NJVIR 

of 

of tr 

cycle (I) 

SeC! en 

is essen 

si 

a s 

d 

1 
and 

t.o 

z 

8 

s is no 

reac zide. 

in 1 
H 

reac-

with ei thoriu_m or uranium 

'x· ) \ > 0 s is most 

The 

X, M = Th or U 

NMR spectra of the are only sl 

relative to those in uncomplexed metallocycle 

II) • , v N") the 
J 

of the 

-1 
spectrum (2105 em ~) 

(2118 cm~l). 

uranium com~ 

do not fol 
~1. 

, v N
3 

(2103 em ) strongly 

·that s is isostruc ·t of the 

of i and 

a sil 

some comment. For 

CO with are into t:vm 

a followed by into a 

1 



Transition metal alkyls yield metal acyls when exposed to 

carbon monoxide by a pathway that involves alkyl migration to a 

coordinated carbon monoxide group rather than by direct insertion 

of carbon monoxide into a metal-carbon bond. 8 It is likely that 

carbon monoxide and t-butylisocyanide follow a similar pathway 

with the actinide metallocycles, ~_!z , coordination followed by 

methylene-migration to give XI. Isolation of a coordination com-

plex of the metallocycles with trimethylsilylazide shows that there 

is sufficient: space about the metal atom in the metallocycle for 

coordination of the sterically small t·~BuNC and CO ligands. Though 

no simple coordination complexes of these n-acceptor ligands have 

been isolated for the actinide metals, matrix isolation experiments 

have shown that carbon monoxide does indeed yield coordination 

complexes with some lanthanide10 and actinide compounds. 11 
nee 

electropositive metal-oxygen or -nitrogen bonds are thermodynamically 

more st:able than metal-carbon bonds, 12 a metal-heteroatom inter-

action likelyv giving a n2-acyl or -·iminoacyl compound. 13 This 

could then rearrange to give a carbene intermediate, XII, which is 

a valence tautomer of XI. 

XI 

C- CH
2 II . 

X 

XII 

X = 0 or t-BuN 



This latter been pos of ca 

insertion processes obse in the early transition me 

t 1 1 14 me ·a comp exes. 

like int~ermediate, XII, will rt. 

d . 11 k t b d th '1' b b ~ 15 .. ynamlca y wea es on , e Sl lcon-car on onu, g1v1ng 

products VI and IX. This is a typical reaction of organ 

16 s. If the carbene intermediate has a fi li 

it should be possible to trap XII it goes on to produc 

Unfortunately reaction of ther metallocycle (I) with carbon mon~ 

. d . f t . h . 1 1 7 . ld h . . d .!.. oxl e ln presence o rlet oxysl ane yle s t e lnsertlon pro uc~ 

IX. Hence, the existence of a carbene int:ermediate is speculative, 

however it neatly accounts for the observed results. 

Section 

All reactions were performed under argon. Analyses were done 

by the microanalytical laboratory of this department. Infrared 

spectra were recorded as Nujol mulls using a Perkin-Elmer 580 machine. 

Mass spectra were obtained on a AEI-MS-12 instrument. equipped with 

a direct- inlet. Proton and carbon NMR spect.ra were obtained at 

89.56 and 22.50 MHz, respectively, on a JEOL~FX90Q ins·trument. 

Solution magnetic susceptibilities were determined by Evans' method 

18 
using a Varian T-60 spectrometer . 

.!:.:=:rt-Butylcyanide ( 0.10 mL, 0. 90 rnmol) was added to a s rred so 

tion of I(Me 3si) 2NJ 2ThCH2Si(Me) 2NSiMe 3 (0.61 g, 0.86 mmol) in 

(40 mL) at 0°C. The colorless solution was stirred for 1 h 

pentane was removed reduced s sure . 'I'he 



~11~ 

residue was extracted with pentane (2 x 30 mL), reduced in volume 

to ca. 5 mL and cooled 70°C). The waxy, white solid was collected 

and dried under vacuum Yield was 0.59 g l87%). Anal. Calcd 

c23 H
62

N
4 6 Th~ C, 34.8; H, 7.81; N, 7.05. Found: C, 34,5~ H, 7.94; 

N, 7.21. The mass spectrum contained aM+ ion at 794, The infrared 

-1 spect.rum contained v CN at 1617 em - . 

The uranium compound was prepared in a manner similar to tb.at of 

t.he thorium analogue and crys zed as an organge, waxy solid in 

92% yield. Anal. Calcd for c23 H
62

N4si 6U: C, 34.5~ H, 7,75; N, 7.00, 

Found: C, 34.2; H, 7.89; N, 7.15. The mass spectrum consisted of 

at 800. 
~1 

The infrared spect_rum gave v CN at 1615 em· , 

!Crepc:ration of [ (Me 3Si) 2NJ 2 ThN(t-Bu)C2(=CH 2~(M~)_2l')SiMe 3 • 

~.-Butylisocyanide (0.80 mL, 0.74 mmol) was added to as rred 

solution of [(Me
3
si)

2
N]

2
ThCH

2
Si(Me) 2NSiMe

3 
(0.48 g, 0.68 ramol} 

in pentane (50 mL) at 0°C. The colorless solution was stirred for 

30 min., then the pentane was evaporated under reduced pressure. 

The residue was extracted with pentane (2 x 30 mL) , concentrated 

to ca. 5 mL, and cooled (-70°C). The white needles were collected 

and dried under vacuum. Yield was 0.46 g (85%). Anal. Ca1cd for 

3
H

62
N4Si6Th: C, 34.8; H, 7.81; N, 7.05. Found: c, 34.4; H, 7,83; 

N, 7.14. The mass spectrum contained a (M-CJYie
3

)+ ion at 737 as 

the highest mass fragment. The infrared spectrum gave v C=C at 

-1 1535 em , 

:chis compound was prepared in a manner similar to that of its 

t.horium analogue and crystallized as light orange blocks in 90% yield. 



Anal. Calcd 
3

H
62

N
4 6u: C, 34.5; H, 7.75; N, 7.00. Found: 

C 34.3; H, 7.66; N, 7.23. The mass trum ned a (M'"'CJ:<.~e3 ) + 

at 743 as 'the t fragmentation ion. 'rhe frared 

~1 
consisted of v C=C at 1537 em . 

The 

locycle, [(Me 3 si) 2 NJ 2~Mef;-NBiMe3 (0.66 g, 0.93 rrrrnol) 

in (50 mL) was stirred under carbon monoxide (18 atm) in 

a thick-walled vessel 36 h. The pentane was removed under 

reduced sure and the residue was extracted with pentane (2 x 

30 mL). The extracts were combined, concentrated to ca. 8 mL and 

cooled (-70°C). The colorless blocks {0.58 g, 84%) were collected 

and under vacuum, mp 124-127°C. Anal. Calcd for c
19

H
53

N
3
osi

6
Th; 

C, 30.8; H, 7.17; N, 5.68. Found: C, 30.6; H, 7.00; N, 5.73. The 

mass spectrum gave M+ ion at 739 and the infrared spectrum gave v 

-1 C=C a·t 1587 em • 

The 

compound was prepared in a manner analogous to that of its thorium 

analogue and tallized as orange blocks in 75% yield mp 

N, 5.64. Found: C, 30.3; H, 7.23; N, 5.77. The mass 

+ lded Nl 

at 1585 -1 em 

at 745 and the in spectrum showed an absorption 

due to v C=C. The magnetic moment was found to be 

2.73 B.M. at 30°C in benzene solution. 

Trimethyl lylazide (0.14 mL, 1.1 mmol) was added to a solution 

of [(Me 3si)
2

N] 2T'hcH
2

Si(Me)}JSiMe
3 

(0.74 gp LO mmol) in pentane 

(50 mL) . The colorless solution was sti for 1 h and pentane 



was removed under reduced pressure. residue was extracted with 

pentane (2 x 30 mL) and the extract was concentrated to ca. 15 mL. 

Cool (~70°C) afforded white blocks (0.81 g, 90% yield) which were 

col and dried under vacuum. Anal. Calcd c
21

H62N
6
si

7
Th: 

C, 30.5; H, 7.51; N, 10.2. Found: C, 30.2; H, 7.28; N, 10.1. The 

-1 
infrared spectrum showed v N

3 
at 2105 em . 

) . 
This adduct was prepared in a manner similar to that of the thorium 

adduct and crystallized as green-brown blocks from pentane in 80% 

yield. Anal. Calcd for c21 H62N6si 7U: C, 30.3; H, 7.45~ N, 10.1. 

Found: C, 29.9; H, 7.62; N, 10.3. The infrared spectrum showed 

~1 + v N
3 

at 2103 em and the mass spectrum gave a (M~28) ion at 804. 

This work was supported by the Division Nuclear 

Sciences, Office of Basic Energy Sciences, U.S. Department of Energy 

under Contract No. W-7405-Eng-48. 



Table I 

Nuclear Magnetic Resonance Data(a) 

Compound (Me
3
Si) 2N Me

3
SiN Me

2
Si CH 2 

.r11e
3
c 

-~~~---~--~~"~-~----,._,...~~-~~-~~~~<---~-~----~~~~-~~~~-·~-- ----~--·-~ 

I 
' M Th(d) 0.37 0.38 0.56 0.49 

II, M Th 0.36 0.90 0.33 2.04 l. 29 

VI, M 'I'h 0.54 0.44 0.61 5.51 and 1.56 
5.43 (b) 
,J = l3 Hz 

IX, M Th 0.48 0.41 0.63 5.49 and 
4.15 (b) 
J "" 13 Hz 

X, M Th 0.46 0.64(e) 0.23 1.04 
0.45 (e) 

I, ;\1 u(d) ~23.3 -9.90 +2.08 ~-128. 6 

II, M u -~5. 85 -19.9 +8.58 +33.6 -11,8 

VI, M u -3.88 -10.8 +5.91 +8.71 (c) -14.1 

IX, M u ~6.69 -17.0 +2.74 -11.0 (c) 

X, M u --3.59 -19.6(e) -11.8 72 '9 
-27.9(e) 

(a) in benzene~d6 at 28°C, chemical shifts are expressed in 6-units 

(positive numbers are to high frequency) relative to Si. 

(b) a AB spin system, see text. 

(c) broadened resonance (V 1 is ca. 10 Hz). 
"2 -

(d) see reL L 

(e) these equal-area resonances are due to Me 3SiN of ·the r'leta11ocycle 

and coordinated Me 3SiN3 . Free Me
3

SiN3 resonates at 0.20. 



Table II 
1 Nuclear Resonance Data(a) 

Compound Si) 2N Me
3

SiN Si CH 2 Me 

I, M = Th(b) 3.46 q 
J = ll7(h) 

II, M = Th 4.10 q 
J = 119 

VI, M = Th 4.82 
J = 

IX, M = Th(e) 3.52 
J = 1 7 

X, M = Th 3.40 
J = 1 

I, IJI = u(bl -40.8 q 
J = 118 

II, M = U -32.6 q 
J = 118 

VI M = U -16.4 q 
J = 118 

4.52 q 

J = 117 

3.45 q 
J = 118 

5.16 q 
J = 118 

4.90 
J = 

4.51 q(i) 
J = 118 

2.01 q(i 
J = 119 

+24.5 q 
J = 118 

-21.4 q (g) 

J = 118 

-15.7 (g) 
J = 11 

5.55 q 

J = 118 

4.36 q 
J = 116 

6.56 
J = 

5.75 q 
J = 118 

5.61 
J = 1 

+49.6 
J = 

+6. 71 q 
J = 117 

+8.63 q 
J = 118 

68.8 t 

J = 120 

34.4 t 
J = 116 

llO.l(c) 

100.4(d) 

68.4 t 
J = 120 

(f) 

-65.1 t 
J = 116 

+95.3 t 
J = 155 

(a) in benzene-d6 at 28°C chemical shifts are expressed in a-units 
frequency) relative to Me 4si. 

27.9 q 
J = 127 

29.8 q 
J = 125 

17.7 q 
J = 126 

21.1 q 
J = 126 

43.3 s 

58.2 s 

(f) 

(f) 

(positive numbers to 

Me 3SiCfN 

191.5 s 

150.0 s 

(f 

(f) 

(b 
(c) 

see f3L 1. 
The C{ } resonance is at o 110.1 
doub13ts coupling constants of 

whereas the gated-decoupled spectrum yields a pair of 
154 and 158 Hz. 

(d) 

(e) 
(f) 
( 

The C{ resonance is at o 100.4 
doublets with coupling constants of 
The Th0f=CH 2 resonance is a singlet 
not observea.. 

whereas the gated-decoupled spectrum lds a pair of 
152 and 154 Hz. 
at cS 172.6. 

Assigned by heteronuclear decoupling. 
J is the one-bond C-H coupling constant expressed in Hertz. 

I 
f-' 
(Jl 

I 

These resonances are due to Me 3SiN of the and of 
resonates at 2.04 q (J = 118). 

(i) coordinated Me 3SiN3 . Free Me 3SiN3 
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