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Abstract

The thorium or uranium metallocycles, {(MeBSi)ZN}Zﬁ

ﬁCHrSi(Me)Z&SiMe_ (1), react with tert-butylecyanide to give the

2 3
gsix-membered ring compounds, [{MeBSi)ZN}ZMNzC(thu)CHZSI(Me)Z&m
SiMe,. The metallocycles (I) also react with the isoelectronic

3

molecules tert-butylisocyanide and carbon monoxide to give the

unique five-membered ring compounds with exocyclic carbon-carbon

double bonds, [{Megsi)ZN]2§1XC(@CHZ)Si(Me)zﬁ‘lSiMe where X is t-BuN

37

or oxygen. The four-membered ring metallocycles (I) give simple

coordination complexes of the type {{MGSSi)QN]ZMCH Si(M@)ZNSiMe -

2 3

(N SiMeB) with trimethylsilylazide.

3

#*Chemistry Department, UCB.
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The four-membered ring metallocycles of thorium or uranium (I)

are formed by y-elimination of methane or hydrogen from [ (Me Si)?N}ﬁm
£ 2

3

.Si)QN]BMHF resp@ctivelyel The polarity of the actinide-

MMe or [(M@B

. cu,
[ (Me,8i) ,N] M

S51Me
2
T
MeBSi

I, = Th or U

carbon 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 isocelectronic molecules carbon
monoxide, t-butylisocyanide, and t-butylcyanide into the actinide-
carbon bond has been realized and the results are described herein.

t=Butylcyanide reacts with I (M = Th) to give a 1l:1, mono-
meric, diamagnetic complex. The v CN stretching frequency in the
infrared spectrum (1617 cmml) ghows that the complex is not a sim-
ple coordination complex, but one in which the carbon-nitrogen bond
order has been reduced from three in the uncomplexed alkylcyanide
to two in the complex. The nuclear magnetic resonance spectra
show that insertion has occurred into the thorium-carbon bond,

1 13

rather than into the thorium~-nitrogen bonds. THe "H and C NMR

spectra (Tables I and TII) reveal that the Me,Si and Me,Si groups

3 2
of the complex are only slightly perturbed relative to metallocycle
I (M = Th) though the resonances due to the methylene group are

strongly deshielded (IH) and shielded (lsc)e Thus insertion has



occurred into the thorium-carbon bond giving the six-membered ring

complex (I1, M = Th). The reduced t-butylcyanide group is struc—

Me . Si~._.
37N

{(Megsl)zmjzm

ﬁg \\\thu

IT, M = Th or U
turally related to an organic azomethine, R,C = NR, and the lBC
NMR and infrared spectra support this contention. For example, the

methine carbon atom of t-BuCH=NMe resonates at vy 172952a and v CN

of azomethines falls in the region 1650~1610 en™t, 3
The uranium metallocycle (I, M = U) behaves gimilarly giving
orange II (M = U). Since it is paramagnetic (UB = 2,67 B.M., at

30°C in benzene solution) all the lH and 13

C NMR absorptions are
drastically shifted relative to the diamagnetic thorium analogue
and do not lend themselves to a straightforward structural inter-
pretation. However, the highly shielded methylene resonance of
TI relative to I strongly supports the notion that t-butyleyanide
also inserts into the uranium-carbon bond.

The lH NMR spectral line shapes (though not the chemical
shifts of the uranium species) for both compounds (II) are tempera-
ture invariant from +110 to =-85°C. This suggests that the six-
membered ring complexes are planar (as drawn in II) or that they
are undergoing a rapid fluxional process (inversion at the MeBSin

group) that causes the M@ZSi and CHZ protons to be chemically



. 1. L . . ,
equivalent on the "H NMR time scale. The lone pair of electrons
on the 'azomethine-like' nitrogen atom are, however, stereo-
chemically~active since both complexes mav be protonated (HBFQ)

or methylated (Me OBF4) but the resulting cationic complexes are

3
too insoluble to be purified and therefore properly characterized.
The 'azomethine-~like' nitrogen ai@m ig most likely protonated

or alkvlated in preference to the othexr lone pairs of electrons

on the nitrogen atoms since the metallocycles (I) cannot be pro-
tonated nor methylated,

In contrast to the straightforward insertion of t-butylcyanide
into the metal~carbon bond of I, reaction of the isoelectronic and
isosteric t-butylisocyanide takes a different course. Though the
thorium metallocycle (I) gives a 1l:1, monomeric, diamagnetic com-
plex with t-butylisocyanide it is not isostructural with that of
the t-~butylcyanide complex (II, M = Th). At this point it is in-
structive to consider four structural possibilities (III, IV, V,
and VI) and to show that the spectroscopy is consistent with only
one of them. If insertion occurs at the thorium-carbon bond in
a manner similar to that of t-butylcyanide, then the dipolar com-
plex ITIT¥ will result. If, on the other hand, a normal insertion of
an isocyanide into the thorium=-carbon bond occurs, then IV will

., 4 . - . . . .
result. Neither of these isomers is consistent with the spectro-

scopic data. The methylene resonances in the lH and 13@ NMR spectra
of TII or IV should be similar to that observed in the t-butylecyanide
complex (II, M = Th), i.e., a singlet at ca. § 2 and a triplet at

1
ca. 6 35 in the 1H and &BC NMR spectra, respectively. Further, the

quaternary carbon atoms in IIT and IV will appear as strongly deshielded
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t-Bu iy t-Bu
P i
C—=N C o L,H
[(Me%Si)ZNEZM< +>CH2 [ (Me,5i) ,N] N/
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3
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Ny#thu
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C——-CH
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L[(MeBSl) ]? ~
z,?ws;;_/
MeBSl Mez

singlets at ca. ¢ 250. This is not observed. The methylene protons
of the thorium complex show a AB (doublet of doublet) pattern (Table
I). The methylene and quaternary carbon atoms in the 13C{1H} NMR
spectra are singlets at § 110.1 and & 150.0, respectively. The
former resonance yields a pair of doublets (JCH = 154 and 158 Hz)

in the gated-decoupled 13C spectrum while the latter is a singlet.
The chemical shift and coupling constant data are indicative of an
olefinic functionalityes The carbon-carbon double bond stretching

-1

frequency occurs at 1535 cm for the thorium species, typical for

olefinic functional groups§5b The 13C{1H} NMR spectrum rules out
igomer V, since it is most unlikely that the two olefinic carbon

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

that 18 consistent with all the data is VI.



The t-butylisocyanide portion of VI is anlogous to that

of an organic enamine (vinylamine). The 13@ NMR chemical shifts

are in accord with this contentionaG Thug, the B-methylene car-
bon atoms in VII and VIII resonate at § 82.0 and § 28.4 and the

a-carbon atoms resonate at & 138.5 and § 148.9, respectivelyBZb’6

% it Bt Me
20N e=c
Hzcsm«mmmnNMe EtZN// o B \\xH
VIT VIII

The uranium metallocycle (I, M = U) reacts with t~butyl-
isocyanide in a similar manner to give VI, M = U. The orange com-
plex is paramagnetic (uB = 2.69 B.M., 30°C in bengene sgolution)},
thus the NMR spectra are not useful as a structural probe, though
the spectra are fully consistent with structure VI. Further, the

lH and 13

line-widths in the C NMR spectra (V% = 10 Hz) simplify
the coupling pattern of the methylene protons and carbon atoms,
respectively.

The five-membered ring in VI appears to be rigid on the 1H

NMR time scale since the methylene protons and Me,Si-group protons

2
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are shape invariant from +110°C to =85°C. Thus, the molecule must
contain, at least on average, a symmetry plane that contains the
MNSLICN unit since the two methyl groups on silicon are chemically
equivalent and the exocyclic methylene protons are non-equivalent.
The chemical equivalence of the methyl groups on the MeZSiégroup
suggests that either a rapid fluxional process causes the lone pairs
of electrons on the nitrogen atoms to be rapidly inverting or that
the five-membered ring is, in fact, planar. Support for the latter
is derived from the observation that neither the thorium nor uranium
complexes can be protonated (HBF

) nor methylated (Me OBF4)Q Un—

4 3
fortunately we can say no more about the ring conformation except
to point out that planar coordination at three~coordinate nitrogen
in five-membered rings has been observed@7

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

reactions with carbon monoxide (18 atm, room temperature). The

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

MeBSi

{(MeBSi)ZNIZM ?

IX, M = Th or U

insertion products (VI). This follows from the NMR spectroscopy

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

carbon monoxide insertion products may be constructively viewed as

a vinyl ether. For example the o- and B-carbon atoms of CszCHOMe
e

resonate at 6153.1 and §85.5, respectivelngD Again, the five-



membered ring appears to be planar since there is no change in 1H
NMR spectral line shape from +110 to -85°C,

Another dipolar organic molecule that is potentially capable
of undergoing insertion reactions is an alkylazide. However reac-
tion of trimethylsilylazide with either thorium or uranium metallo=-
cycle {(I) vields a simple coordination complex (X). This is most

readily seen in the diamagnetic thorium compound. The chemical

BSiMe

i\i 3 _.CH
[(Me.Si) NI.M =" % ™~gime,
3 2772 = 2
\ijﬁ

Ma?si

X, M= Th or U
shifts in the lH and 13@ NMR spectra of the complex are only slight-
1y perturbed relative to those in the uncomplexed metallocycle
1

(Tables I and II). Further, v N, in the infrared spectrum (2105 om )
wd

ig egsentially identical to that of the free azide (2118 mel)a

Though the lH NMR chemical shifts of the paramagnetic uranium com=-
plax do not follow a simple pattern, v N, (2103 mel} strongly suge

3

gests that this complex ig isostructural with that of the thorium
analogue.

The rather curious formal insertion of t-butylisocyanide and
carbon menoxide into a silicon-carbon rather than into a metal-
carbon bond reguires some comment. For convenience, the reaction
of t=BuNC and CO with the metallocycles are factored into two parts -
insertion into a metal-carbon bond followed by insertion into a

gilicon-carbon bond.
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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 bondeg It is likely that
carbon monoxide and t-butylisocyanide follow a similar pathway
with the actinide metallocycles, viz., coordination followed by
methylene-migration to give XI. 1Isolation 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 m-acceptor ligands have
been isolated for the actinide metals, matrix isolation experiments
have shown that carbon monoxide does indeed yield coordination
complexes with some 1anthanide10 and actinide comp@undséll Since
electropositive metal-oxygen or -nitrogen bonds are thermodynamically
more gtable than metal-carbon bonds,lz a metal-heteroatom inter-

action is likely, giving a nzwacyl or =iminocacyl com@cund313

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

a valence tautomer of XI.

MeBSi MeBSi Mez
[ (Me.Si) N1 M//N | Tlmez [ (Me.Si) . N] M/N . o
Me3Si) N1, 351) )N, , 2
\\(—;m CHQ \ch/
' .
X

X = 0 or t-BuN
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This latter rearrangment has been postulated in a number of carbon
monoxide insertion processes observed in the early transition metal
o n C 14
and actinide metal complexes.
The carbene-~like intermediate, XII, will insert into the thermo=-
. s 15 . . ‘
dynamically weakest bond, the silicon-carbon bond, giving the
observed products VI and IX. This is a typical reaction of organic

L 16
carbenes.

If the carbene intermediate has a sufficient 1ifetime§
then it should be possible to trap XII before it goes on to producCte
Unfortunately reaction of either metallocycle (I} with carbon mon-

oxide in presence of triethoxysilanel7 yields the insertion product

IX. Hence, the existence of a carbene intermediate is speculative,

however it neatly accounts for the observed results.

Experimental 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 spectra were obtained at
89.56 and 22.50 MHz, respectively, on a JEOL-FX90Q instrument,
Solution magnetic susceptibilities were determined by Evans' method

using a Varian T-60 spectrometer.

Preparation of [(Me

si) NI ,ThN=C (£-Bu) CH,8i (Me) , NSilMe

3 2 3°
tert-Butylceyanide (0.10 mL, 0.90 mmol) was added to a stirred solu-

tion of {(Me3si)2N32§EcH Si(Me)zﬁsiMe (0.61 g, 0,86 mmol) in

2 3

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

at 0°C, then the pentane was removed under reduced pressure. The
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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 (87%). Anal. Calced for

L23H62N4516Th2 C, 34.8; ®, 7.81; N, 7.05., Found: C, 34,5; H, 7.94;

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

spectrum contained v CN at 1617 melg

PreparatiOﬁ‘of'[(M@3Si)2§i?ﬁNﬂc(thu)CH Si&Me)yﬁSiMe

2 37
The uranium compound was prepared in a manner similar to that of
the thorium analogue and crystallized as an organge, waxy solid in

92

oo

yvield., Anal. Calcd for C23H62N4816U: ¢, 34.5; #H, 7.75; N, 7.00,

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

a M+ ion at 800. The infrared spectrum gave vV CN at 1615 cmwlﬁ

Preparation of [(MeBSi)q§i2ThN(t@Bu)C(zCHZ)Si(Me)zﬁSiMega

tert-Butylisocyanide (0.80 mL, 0.74 mmol) was added to a stirred

solution of [(Me,8i).Nl,ThCH.Si (Me) NSiMe. (0.48 g, 0.68 mmol)
2712 2

3 2 3
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. Calcd for

€, H N, 81 Th: 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@C.Meg)+ ion at 737 as

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

1535 cm L.

Preparation of [(Me351)2§l2ﬁN(thu)Ct:CHz)Sl(Me)zﬁslmegk

This compound wasg prepared in a manner similar to that of its

thorium analogue and crystallized as light orange blocks in 90% yield,
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) - il £ s 3 £ & ‘j e ] y’s ] @
Anal. Calcd for C23H62N4516U9 C, 34.5; H, 7.75; N, 7.00. Found:

C, 34.3; H, 7.66; N, 7.23. The mass spectrum contained a (M«CM@S)+

ion at 743 as the highest fragmentation ion. The infrared spectrum

consisted of v C=C at 1537 mel@

Preparation of [(MeBSi)Zgi?ThOC(xCHZ)Si(Me}ZﬁSiMegf The

(0.66 g, 0,93 mmol)

metallocycle, {(MeBSi)Zszthsti(Me)zﬁSiMQB
in pentane (50 mL) was stirred under carbon monoxide (18 atm) in

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

reduced pressure 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 dried under vacuum, mp 124-127°C. Anal. Calcd for C19H53N30816Th:
c, 30.8; ®H, 7.17; N, 5.68. Found: €, 30.6; H, 7.00; N, 5.73. The
mass spectrum gave M* ion at 739 and the infrared spectrum gave v

C=C at 1587 cm T,

Preparation Of'[(MeQSi)ZﬁizﬁOC(:CHz)Si(Me}zﬁSiMe?g The

compound was prepared in a manner analogous to that of its thorium
analogue and crystallized as deep orange blocks in 75% yield, mp
lQHSBNBOSlGU: C, 30.6: H, 7.11;

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

135-138°C. Ana£a Calcd for C

yvielded m* ion at 745 and the infrared spectrum showed an absorption
at 1585 cm © due to v C=C. The magnetic moment was found to be

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

Preparation of [(Me

i) ,NI,ThCH,Si (Me) ,NSilMe, (Me SiN,).

3 3
Trimethylsilylazide (0.14 mL, 1.1 mmol) was added to a solution

of [(MeBSi}ZN}ZThCH‘Si(Me)QNSiMe (0.74 g, 1.0 mmol) in pentane

2 3

(50 mL). The colorless solution was stirred for 1 h and the pentane
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was removed under reduced pressure. The residue was extracted with
pentane (2 x 30 mL) and the extract was concentrated to ca. 15 mlL.

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

collected and dried under vacuum. Anal. Calcd for C21H62N68i7Thz
¢, 30.5: H, 7.51: N, 10.2. TFound: ¢, 30.2; H, 7.28; N, 10.1. The
infrared spectrum showed v N3 at 2105 cmmlb

Preparation of [(MeBSl)ZgiZUCHZS;(Me)ZNSLMeB(Me3$iN3)s

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 621H62N68i7Uz C, 30.3; #H, 7.45: M, 10.1.
Found: C, 29.9; H, 7.62;: N, 10.3. The infrared spectrum showed

v Ny at 2103 cm™t and the mass spectrum gave a (M-28)" ion at 804.
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Table

I

H Nuclear Magnetlc Resonance Data

{(a}

Compound (Me381)2N Me381N MeZSL CHZ MeBC
T, M= 7h (D 0.37 0.38 0.56 0.49
TT, M = Th 0.36 0.90 0.33 2.04 1.29
VI, M = Th 0.54 0.44 0.61 5.51 and  1.56
5.430)
J = 13 Hz
TX, M = Th 0.48 0.41 0.62 5.49 and
4,15 P
= 13 Hz
X, M = Th 0.46 0.64®) 0.23 1.04
0.45 (&)
T, M= pld ~23.3 ~9.90 +2.,08 ~128.6
TI, M = U 5,85 -19.9 +8.58 +33.6 ~11.8
VI, M = U ~3.88 ~10.8 +5.91 48,7180 141
IX, M = U -6.69 ~17.0 +2.74 ~11.0 ()
X, M= U ~3.59 ~19.6(€) ~11.8 72.9
m2789(e)

in benzene-d,. at 28°C, chemical shifts are expressed in §-units

6

(positive numbers are to high frequency) relative to Meﬁsia

a AB spin system, see text.

broadened resonance (vb ig ca. 10 Hz).
5 ca

see ref. 1.

these equal-area resonances are due to Me

and coordinated Me

3

SlNge

Free MeBSiN

3

3

SiN of the metallocycle

resonates at 0.20.



Table II

13C Nuclear Magnetic Resonance Data

(a)

Compound (Megﬁl)zN Me381N Mezsl CH2 ¥E3CCN Megng Megslch
. _ (b)
I, M = Th 3.46 g 4.52 g 5.55 g 68.8 t
g=117%" 7= 117 g = 118 J =120
TI, M = Th 4.10 g 3.45 g 4.36 g 34.4 ¢ 27.9 g 43.3 s 191.5 s
g = 119 J = 118 J = 116 I = 116 g = 127
VI, M = Th 2.82 g 5.16 g 6.56 ¢  110.1() 29.8 g 58.2 s 150.0 s
J = 118 J = 118 J = 118 J = 125
1%, M = Th S 3.52 g 4.90 g 5.75 g 100.4(
g =117 g =117 J = 118
X, M = Th 3.40 g 251 g 561 ¢ 68.4 t
J = 119 g = 118 3= 118 J = 120
2.01 gt
J = 119
H
1, u=oy® ~40.8 g +24.5 g +49.6 g () &
J = 118 J = 118 J = 118 g
IT, M = U ~32.6 g ~21.4 g'9 45,71 g  -65.1 ¢ 17.7 ‘9! (£) (£)
J = 118 J = 118 J = 117 J = 116 J = 126
Vi, M =0 ~16.4 g ~15.7 g'9  48.63 g +95.3 ¢ 21.1 g (£) (£)
T = 118 J = 118 g = 118 3 = 155 J = 126

{a) in benzene-d, at 28°C, chemical shifts are expressed in S-units (positive numbers to high
frequency) relative to Me4Siw

(b} see fﬁfa]lm

(¢) The C{"H} resonance is at & 110.1 whereas the gated-decoupled spectrum vields a pair of
doub}@ts with coupling constants of 154 and 158 Hz,

(d) The C{"H} resonance is at & 100.4 whereas the gated-decoupled spectrum yields a pair of
doublets with coupling constants of 152 and 154 EHz.

(e) The ThOC=CH, resonance is a singlet at § 172.6.

{(f) not observed.

(g) Assigned by heteronuclear decoupling.

{h) J is the one-bond C-H coupling constant expressed in Hertz,

(1) These resonances are due to Me3SiN cf the metallocycle and of coordinated MeESiN3, Free Me3SiN3
resonates at 2.04 ¢ (J = 118).
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