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Summary: (CsMe;),Sm!-OEt, exhibits oxidative addition
reactions with alkyl and aryl halides faster than any f-
block organometallic compound studied to date. The
generalized stoichiometry displayed is (a +
b)(CsMe;),Sm!.OEt, + (@ + c)BRX — (a -
2¢)(CsMes),SmiIX + (b)(CsMe;),Sm'R + (c)/z-
[(CsMes),Sm,11X;], + (c)CsMe:R + (a + b)EL,O + (a -
b)Re products. On the other hand, (CsMe;),Eu'!-OEt,
undergoes a nonredox reaction with alkyl and aryl haiides,
acting only as a “Eu'’-Grignard” reagent according to the
stoichiometry: 1.0(C;Me;),Eu'-OEt, + 2.0RX — 1.0EuX,
+ 2.0C;MesR. Comparisons of the relative rates of re-
action between (C;Me;),Sm!-OEt,, (C;Me;),Eu'’-OEt,,
(CsMe;),Yb!.OEt,, and (C;Me;),U(CI)(THF) reveals the
series Sm > U > Yb >> Eu and supports the proposal
that the transition state for these inner-sphere “atom-
abstraction” oxidative addition reactions contains the an-
ticipated contribution from electron transfer.

We report herein the results of product, stoichiometry,
and preliminary kinetic and mechanistic investigations of
the alkyl halide oxidative addition reactions of
(CsMe;)oSm™-OEt, and (C;Me;),Eu-OEt,. The only other
detailed studies of organolanthanide and organoactinide
oxidative additions are our recent report!®° on
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(CsMe;), Yb.OEt, and our earlier report!4® on
(C;Me;),UL(CI)(THF).

Green/black crystalline (C;Me;),Sm™-OEt, was prepared
at Du Pont? from SmBr, and KC;Me, by using methods
analogous to the synthesis of (C;Me;),YbI.OEt,.2 The
complex was pure as judged by 'H NMR, elemental
analysis, and IR.

Benzyl chloride emerged as a typical and convenient
substrate for 'TH NMR product and stoichiometry studies
following an examination of 15 alkyl and aryl halide oxi-
dative additions to (C;Me;),Sm.OEt,. The product as-
signments provided below were made by comparison to
authentic bibenzyl, C;Me;CH,Ph,* (C;Me;),Sm™(CD)-
(OEt,),’ and a product or products of net composition
[(CsMe;);Sm,MICl,),.5

In a typical reaction, (CyMe;),SmOEt, (22 mg, 0.044
mmol), hexamethylbenzene (2 mg, 0.02 mmol) as an in-
ternal standard, benzene-dg (0.4 mL), and benzyl chloride
were combined in an NMR tube. The PhCH,CI was added
(0.25 equiv at a time) via gas-tight syringe until it was no
longer consumed and the excess was observable by 'H
NMR. During addition of the first 1.0 equiv of PhCH,Cl,
the 'H NMR C;Me; resonance of the green/black
(CsMe;),Sm'-OEt, solution shifts upfield from its initial
4 2.9 position to a broadened singlet at 6 0.9 (b s, 30 H, lw,
= 30 Hz) characteristic of (CsMe;),Sm!CL> Concomi-
tantly, the solution becomes orange, confirming the for-
mation of (C;sMe;),Sm™(Cl)(OEt,).> Further addition of
0.5 equiv of PhCH,CI (0.25 equiv at a time, 1.5 equiv total)

(2) Green/black (C;Me;),Sm™.OEt, shows A, = 680 nm and obeys
Beer’s law over the concentration range examined, (1.26-6.03) X 10* M
(eas0 260 £ 8 M ecm™!). 'H NMR (benzene-dg): 5 2.85 (s, 30 H, lw,, =
14 Hz), -4.88 (b s, 4 H, 1w, = 16 Hz), 20.88 (b s, 6 H, lw;, = 16 Hz).

(3) (a) Watson, P. L. J. Am. Chem. Soc. 1982, 104, 337. (b) Watson,
P. L.; Roe, D. C. Ibid. 1982, 104, 6471. (c) Watson, P. L. J. Chem. Soc.,
Chem. Commun. 1983, 276. (d) Watson, P. L. J. Am.Chem. Soc. 1983,
105, 6491. (e) Watson, P. L. J. Chem. Soc., Chem. Commun. 1980, 652.

(4) CsMesCH,Ph was identified by its characteristic 'H NMR spec-
trum (benzene-dg):1%¢ 5 2.65 (s, 2 H), 1.77 (s, 6 H), 1.57 (s, 6 H), 0.98 (s,
3 H), 7.03 (m, 5 H).

(5) Orange (C;Me;),Sm!"(Cl)(OEt,) was prepared independently by
reaction of CHCl, with (C;Me;),Sm™OEt, in Et,0. The composition of
this well-established type of lanthanide complex,®>#!%!! while fixed with
certainty by the reaction stoichiometries with good mass balance, was
confirmed by elemental analysis on a crystalline sample prepared at Du
Pont. Caled for (C;Me;),SmM'CI(OEL,): C, 54.35; H, 7.60; Cl, 6.68; Sm,
28.35. Found: C, 54.25; H, 7.56; Cl, 6.49; Sm, 29.5% (repeat Sm analysis,
28.1%). The UV/visible spectrum displays a A, at 426 nm. The 'H
NMR spectrum is somewhat variable depending upon the amount of
Et,0 (or other ligands), the amount of Sm!!, and the amount of Sm!!!
species present, suggesting that aggregates form in solution.™
(CsMes),Sm'™(C1)(OEt,) alone shows (benzene-dg): 5 0.88 (s, 30 H, Iw; 5
= 10 Hz), 1.06 (b q, 4 H), 0.14 (b t, 6 H). The THF analogue exhibits
its 'H NMR C;Me; resonance at § 1.28 (s, 30 H). The resonances due to
bound THF were not observable under the conditions used.

(6) The composition [(CsMes)sSm,Cly], in solution following oxidative
addition, the conditions relevant to this work, is solidly based upon the
14 reaction stoichiometries in Table I (supplementary material), the
application of mass balance, and NMR data showing the presence of three
(different) types of CsMe; groups. 'H NMR (benzene-dg): 6 1.15 (s, 15
H, Iwy;; = 6 Hz), 0.32 (s, 15 H, Iw, ,, = 6 Hz), ~0.99 (s, 15 H, Iw; » = 6 Hz).
However, the molecular weight and thus z value are not yet known. On
the basis of the observation that ligands, L, such as pyridine or THF
cleave the aggregate to yield (C;Me;),SmCI(L) (by 'H NMR,* one is led
to think of z = 1 and a (CsMe;),SmCl-(CsMe;)SmCl, formulation.'
(However, the (CsMes)SmCl, half of this aggregate is not detected (may
not be detectable) by 'H NMR in the L = py or THF cleavage experi-
ments.) Note that z = 2 leads to possibilities such as
[(C5Mes)3SmCl)3-SmCl; and that equilibria which are possible under the
reaction conditions, such as (C;Mes),SmCl + SmCl; = 2(C;Me;)SmCl,,
and which we have demonstrated in the analogous Yb compounds (see
p 169, ref 1c), have yet to be ruled out. The independent synthesis of
[(CsMe5)sSmyCly], (red, A,y = 451 nm) from (C;Me;),SmICl(OEt,) plus
0.5 equiv of PhCH,Cl does give the same H NMR CsMe; resonances
listed above, but the high solubility of the product even in pentane has
frustrated isolation attempts (see p 229, ref 1c). Recent isolation attempts
at Du Pont produce an orange powder (possibly SmCl,)*? and red crystals;
efforts at single-crystal X-ray diffraction structural analysis are in
progress.
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causes the intensity of the & 0.9 resonance to decrease while
the resonances characteristic of the composition®
[(CsMe;);Sm,MICl,], increase by an equivalent amount.
The solution is now red, characteristic of the latter poly-
metallic samarium composition.®’ Bibenzyl and
C:Me,CH,Ph* are the only other products detected by 'H
NMR, and the above reaction accounts for all of the
starting (CsMes)oSm!.OEt,.

The reaction of (CsMe;).8m™OEt, with PhCH,Cl differs
from the analogous (C;Me;),YbI.OEt, reaction!®¢ in that
there is no evidence for the formation of a transient
(CsMe;),SmMCH,Ph species, either by 'H NMR or by
GLC. Moreover, experiments designed to maximize the
formation of (C;Mes),Sm™'CH,Ph (and successful in the
case of (C;sMe;), YbIL.OELt, plus PhCH,Cl)!2 show no toluene
by GLC after a methanol quench. [A 12-fold excess of
(CsMe;),Sm™OEt, and slow PhCH,Cl addition (8.7 X 1073
M total) followed by MeOH addition were used for this
experiment.] However, reactive alkyl complexes were
observed by NMR as expected based on the literature® in
the case of RX = PhCl, PhBr, and Phl
[(CsMe),Sm"Ph(THF): 'H NMR 6 1.49 (s, 30 H) in the
presence of THF?]. Evidence for an initial (CsMe;),Sm-
(neopentyl) product was also obtained when RX = neo-
pentyl chloride. In both the R = Ph and R = neopentyl
cases, the presence of the expected quantity of RH fol-
lowing a MeOH quench was demonstrated by GLC. The
details of these experiments are available for the interested
reader as supplementary material.

The observed products include those probably formed
from followup, “Sm™~Grignard” reactions of the initial
oxidative addition product (C;Me;),SmCI(OEt,) (eq 1),

1.0(CsMe;),Sm"X (OEt,) + 0.5RX —
O.5/z[(C5Me5)3Sm2X3]z + O.5C5M€5R + 1.0Et20 (1)

analogous to the “Yb™-Grignard” reactions we recently
reported.'* This “Sm™-Grignard” reaction was inde-
pendently verified; it occurs immediately upon mixing of
(CsMe;),Sm™MX (OEt,) with 0.5 equiv of PhCH,X or CH;l,
for example, and obeys the stoichiometry shown in eq 1.
When the alkyl halide is t-BuCl, pentamethylcyclo-
pentadiene (CsMesR, R = H; eq 1) is observed. We have
not ruled out possible contributions from (CsMes),Sm™-R
or (CsMe;)o,Sm! “Sm~Grignard” reactions; evidence for the
former in the case of (C;Mes), Yb™-R is available.'** Some
evidence has been obtained that the [(CsMeg);Sm,Cl,],
product may be (C;Me;),;SmCL(C;Me;)SmCl, (z = 1) or,
perhaps more consistent with the data,
{[(CsMe;)sSmCl,]-SmCly} (z = 2).6 Precedent for several
types of Ln (Ln = Sm, Yb) aggregates and/or different Ln
coordination environments is also available.”®!! An ad-

(7) (a) Although the precise components of [(C;Me5)3Sm2013], and
their structures must await further data, the larger’ early lanthanides
are known’ to form multiple metal aggregates. (b) Shannon, R. D. Acta
Crystallogr., Sect. A: Cryst. Phys., Diffr., Theor. Gen. Crystallogr. 1976,
A32, 751. (c) Desolvated (C;Me;),SmCl has been crystallized and
structurally characterized as the cyclic, Cl-bridged trimer
[(CsMe;),SmCl]s. This is one of four different, crystallographically de-
termined coordination environments for (CsMe;),SmCI(L), species: Ev-
ans, W. J., private communication. We thank Professor Evans for making
this information available to us prior to publication: Evans, W. J.;
Drummond, D. K.; Grate, J. W.; Zhang, H.; Atwood, J. L. J. Am. Chem.
Soc., in press.

(8) (a) Evans, W. J.; Bloom, I.; Hunter, W. E.; Atwood, J. L. Organo-
metallics 1985, 4, 112. (b) Jeske, G.; Lauke, H.; Mauermann, H.; Swep-
ston, P. N.; Schumann, H.; Marks, T. J. J. Am. Chem. Soc. 1985, 107,
8091. (c) Jeske, G.; Schock, L. E.; Swepston, P. N.; Schumann, H.; Marks,
T. J. Ibid. 1985, 107, 8103.

(9) Stronger binding ligands, such as THF, were added to separate
overlapping (CsMe;),Sm resonances and to render homogeneous product
;;)Iutions containing the slightly soluble (C;Me;),;Sm™X(OEt,) (X = Br,
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ditional, slow reaction to form SmX;'? and more C;MesR
occurs when RX is present in large excess.

The final stoichiometry resulting from the initial oxi-
dative addition pathway and the followup reactions is given
in generalized form in eq 2. A table of the stoichiometry
coefficients a, b, and ¢ (eq 2) for 14 RX and ArX are
available as supplementary material.

(@ + b)(CsMes),.SmILOEL, + (@ + ¢c)RX—
(a - 2C)(CsM€5)QSmIHX + (b)(C5Me5)QSmIHR +
(c)/z[(C5Me5)3Sm2X3]z + (C)C5M€5R + (a + b)EtzO +
(a — b)Re products (2)

Preliminary kinetic studies have been performed by
monitoring the loss of (C;Me;),SmE.0EL, at A, = 680 nm.
The key results are (a) that the reactions of Sm™ are at
least 10? times faster than the corresponding reactions of
Yb and (b) that ligand (Et,0) loss as found for Yb(II)!ec
and U(III)!4e appears to be necessary to achieve the en-
hanced rates observed, suggesting an inner-sphere pathway
as documented earlier for Yb(II)!2¢ and U(III).'1%¢ A table
of comparative Sm!l, Yb, and U™ rates documenting the
relative rates Sm > U > Yb and the details of the pre-
liminary kinetic studies are also available as supplementary
material.

(CsMe;),Eul.OEt, reactions with RX provide an inter-
esting comparison in that they differ from the other lan-
thanides and actinides examined to date. Of particular
interest is that no oxidative addition, Eu(III) products are
observed. The starting europium complex
(C;Mes),EuOEt, was prepared as a dark red solid!® in
a manner completely analogous to that used for the
(CsMe;), YBILOEt, and (C;Me;),Sm!-OFEt, complexes.?
Reactions of (C;Me;);Eul-OEt, with RX = PhCH,Cl and
t-BuCl monitored by 'H NMR yield solids and C;Me;R
(R = CH,Ph and H, respectively) as the only organic
products. No organic products indicative of a Eu(I1/III)
redox reaction were found for any substrate. Elemental
analysis of the solid isolated from a reaction of PhCH,Cl
with (C;Me;),Eu~OFEt, suggests the empirical formula
EullCl,-0.5Et,0.1% (C;Me;),Eul.OEt, appears, therefore,
to act solely as an “Eu'~Grignard” reagent (eq 3).

(10) (a) Marks, T. J. Science (Washington, D.C.) 1982, 217, 989. (b)
Marks, T. J. Prog. Inorg. Chem. 1978, 24, 51. (c) Evans, W. J. J. Orga-
nomet. Chem. 1983, 250, 217, (d) Johnson, D. A. Adv. Inorg. Radiochem.
1977, 20, 1. (e) Marks, T. J.; Ernst, R. D. Comprehensive Organometallic
Chemistry; Pergamon: Oxford, 1982; Vol. 3, Chapter 21, p 173. (f) Evans,
W. J. Adv. in Organomet. Chem. 1985, 24, 131. (g) An X-ray crystal
structure of (CsMe;),SmCI(THF) has appeared. Evans, W. J.; Grate, J.
W.; Levan, K. R.; Bloom, L; Petersen, T. T.; Doedens, R. J.; Zhang, H.;
Atwood, J. L. Inorg. Chem. 1986, 25, 3614.

(11) (a) Evans, W. J.; Peterson, T. T.; Rausch, M. D.; Hunter, W. E,;
Zhang, H.; Atwood, J. L. Organometallics 1985, 4, 554. (b) Evans, W. J.;
Grate, J. W.; Hughes, L. A.; Zhang, H.; Atwood, J. L. J. Am. Chem. Soc.
1985, 107, 3728. (c) Evans, W, J.; Grate, J. W.; Choi, H. W.; Bloom, I;
Hunter, W. E.; Atwood, J. L. Ibid. 1985, 107, 941.

(12) Orange SmCl; was synthesized from (C;Me;),Sm!“OEt, (103 mg,
0.208 mmol) and 0.5-mL each of ¢-BuCl (4.6 mmol) and PhCH,Cl (4.3
mmol) in 1.0 mL of toluene.’* Elemental analysis shows that the material
is impure and contains variable amounts of Et,0. Caled for SmCl;-OEty:
Sm, 45.45; Cl, 32.14; C, 14.52; H, 3.05. Found: Sm, 40.02; Cl, 32.63; C,
19.03; H, 2.75. Caled ratios: Sm;Cl;C,H;(0. Obsd ratios: Sm;Clzs-
Cs9H105015. .

(13) Dark red (C;Me;),Eul.OEt, shows no detectable resonances in the
'H NMR under the reaction conditions. A typical sample for a 'H NMR
monitored reaction consisted of (C;Me;),Eu>OEt, (20 mg, 0.040 mmol),
hexamethylbenzene (2 mg, 0.012 mmol), and 0.5 mL of benzene-d.

(14) Interestingly, Eull! ions have been found to accept a single elec-
tron from 2-hydroxy-2-propyl radicals to give Eu'l, again showing the
stability of Eu(II). Muralidharan, S.; Espenson, J. H. Inorg. Chem. 1984,
23, 636.

(15) Anal. (after drying in vacuo for 15 min) Caled for EuClyOEt,:
Eu, 51.17; Cl, 23.88. Found: Eu, 51.14; Cl, 24.11. A second sample,
submitted for analysis after being subjected to additional drying (=~2 h)
in vacuo, best fits a 0.5Et,O complex: Eu, 58.51; Cl, 27.44; C, 8.21; H, 1.55.
Caled for EuCl,-0.5Et,0: Eu, 58.46; Cl, 27.28; C, 9.24; H, 1.94.
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1.0(C;Mey),Eul-OEt, + 2.0RX —
1.0EUX2 + 2.0C5M95R + 10Et20 (3)

These results and the decreasing rates of oxidative ad-
dition Sm! » UM > YbI »> Eull, which mirror their
decreasing reduction potentials,'®'7 ~-2.0,17 -1.3,17 ~—
1.4,1724 and ~-0.8!"2 (V vs. SCE), respectively, must be
reconciled with any intimate mechanism proposed for
these “atom-abstraction” oxidative additions. The pres-
ence of a single electron transfer component in these “atom
abstractions” as well as in others!® is strongly implied.!?
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Dissertation, University of Oregon, 1983.

(18) (a) Tamblyn, W. H.; Vogler, E. A.; Kochi, J. K. J. Org. Chem.
1980, 45, 3912. (b) Blackburn, E. V.; Tanner, D. D. J. Am. Chem. Soc.
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(19) Collman, J. P.; Hegedus, L. S.; Norton, J.; Finke, R. G. Principles
and Applications of Organotransition Metal Chemistry; University
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Summary: NMR and IR spectral data of the pentanoyl
nickelate complex are presented and are consistent with
a mononuclear nickel complex. This nickel acylate com-
plex is thermally stable in THF at ambient temperature
(+20 °C) for prolonged periods (24 h) but decomposes
rapidly in air.

The nickel acylate complex formed from the reaction
of nickel tetracarbony! with an organolithium reagent has

Scheme 1
RLL + Ni(CO),
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Table I. Spectral Data for the Pentanoyl Nickelate

(Co) NI—-—L—R

o

HO

Complex
O—Li
(CO) ,Ni==C
? \\CH CH,CH,CH
2772772773
Carbon Number 2 1 3 4 5 6
IR
»(CO),%f
'H NMR §® 13C NMR &4 cem™!
2.555 (t, J = 7.50, 2 H, Hg,) 317.018 (C1) 1980 (w)
1.625 (m, J = 7.50, 2 H, Hc)) 205.296 (C2) 1935 (s)
1.356 (m, J = 7.35, 2 H, Hg,) 66.476 (C3) 1535 (m)
0.973 (¢, J 7.20,3 H, H) 27.752 (C4)
24.012 (C5)
15.013 (C6)

¢8Solvent: THF-ds. Reference: residual proton on a-carbon of
THF at +3.700 ppm. J values in Hz. ®'H chemical shifts of 10.6
M BuLi in THF are +1.576, +1.362, +0.975, and —0.891 ppm.
¢Solvent: THF. Reference: a-carbon of THF at +68.600 ppm.
4Chemical shift of Ni(CO), in THF is +192.964 ppm; chemical
shifts of 10.6 M BuLi in THF are +159.367, 82.201, 26.032, and
14,405 ppm. ¢Solvent: THF. Range of scan: 2500-1500 cm™.
fCO stretch for Ni(CO), in THF is 2050 cm™; in this spectrum,
there is a weak peak at 2025 cm™ which corresponds to Ni(CO), in
THF with added LiOT{,

not been structurally well-characterized.! This lack of
characterization may be due, in part, to the instability of
this complex in the presence of oxygen.? In addition,
temperatures greater than 0 °C have been reported! to
cause decomposition of the nickel acylate complex in ether,
while temperatures greater than -20 °C and prolonged
reaction times have been reported® to produce undesirable
side reactions in tetrahydrofuran (THF).

Attempts to determine the structure of the nickel acylate
complex based on the products isolated from the reaction
of the complex with an electrophile have resulted in con-
troversy. As shown in Scheme I, when the nickel acylate
complex is allowed to react, in ether, with an allylic halide
or a conjugated enone,’* one acyl group is transferred to
the final product, thus suggesting a monomeric structure,
such as 1, for this complex. Similar results have also been
observed from the reaction of the nickel acylate with
quinone ketals in THF.2 However, when the nickel acylate
complex is allowed to react with a proton source, such as

(1) Collman, J. P.; Hegedus, L. S. Principles and Applications of
Organotransition Metal Chemistry; University Science Books: Mill
Valley, CA, 1980; p 488.

(2) (a) Semmelhack, M. F.; Keller, L.; Sato, T.; Spiess, E. J.; Wulff,
W. J. Org. Chem. 1985, 50, 5566-5574. (b) Semmelhack, M. F.; Keller,
L.; Sato, T., Spiess, E. J. Ibid. 1982, 47, 4382-4384.

(3) Hegedus, L. S. Ph.D. Thesis, Harvard University, Cambridge, MA,
1970, pp 85-92.

(4) Corey, E. J.; Hegedus, L. S. J. Am. Chem. Soc. 1969, 91, 1233-1234,
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