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SUMMARY

Evidence for rhe existence of photochemlecally generated 19-electron
complexes is reviewed. The syntheais of the stahge 19-electron (LlE+&)
Cp'ﬂo(CO)Z(LZ—P,P') complex 1s described (Cp' = g ~CgPhH; Ly = 2,3-
bis(diphenylphosphinsimaleic anhydride). The spectroscople properties of this
complex are reported and discussed,

INTRODUCTION
For the past ten years, our laboratory has been investigating the chemistry
of organcmetallic radlcals., The most important discovery te cmerge from our
research is that many 17-electron organometallic radicals can react with
ligands to form adducts (ref. 1):
Keq

ML, + L' == ML L (1
17e” 1%e”
ML, = CpMo(C0)4, COW(GO)5, CpFe(0D),, Mn(C)g, ColCO),

L' = FRy, P{OR)3, NRq, Cl7, Br", I", (H4CN, THF, and

ather coordinatlng solvents

For lack cf a better name, we call the adducts that foerm in thess reactions 19-
electren adduets {or complexss) sluply because the sum of 17 valence electrons
from the metal radical and the two electrons from the ligand is nineteen. Wa
state emphatically, however, that no implicarion about the electronic ar
geometric structures of these complexes is implicd by this name (ref, 2).
Nineteen-electron adducts arte reacgtive intermediates, and they form only
transiently in reactlons invelving orgsnometallic radicals: we have never been
able te observe them spectroscopically by flash photelysis ar by other fast
kinetics techniques. For these reasons, It was necessary for us to devoce
considerable effort te establishing the existence of these fleeting species.

In this paper, we briefly review the Initial mechanistie evidence which led
us to propose the formation and exlatence of 1%-electron complexes. lan the
second part of the paper, we discuss the synthesis and characterization of a

stable 1%-electron adduct.

0010-8545,/90/307.70 © 1990 Elsevier Science Publishers B.V.
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EVIDENCE FOR PHOTOCHEMICALLY GENERATED NIKETEEN-ELECTRON COMPLEXES
Disproportionation reactions of the CpyHo,{C0% . complex

The initial evidence that 17-electron radicals react with ligands te form
19-eleclron adducts came from an investigation of the mechanism of the
photochemical disproportionation reactions of the CpyMog{CO}, complex in

benzena solution, eg 2 (ref. 3).

hy + -
GpoMog (L0, + 2 PRy Y — CpMo (GO} (PRy)," + CpMol(CD)y™ + CO (2)

Gur preliminary mechanistic studies established that the quancum ylelds for
thils disprepertionation reaction are greater than one, (Under some conditilens
quantum yields as high as 100 were obtained {(ref. 3}.) This result, coupled
with the fact that irradiation of metal-metal bonded dimers was known to
homolyze the mertal-metal bond (eq 3) (ref. 47, polnted to a radlecal chaln

mechanism.
hi
Mply, == 2 ML )
17a”

ML, = Mn(C0)5, Re(CO}5, CpM{C0)q (M = Gr, Mo, W),
CpFe(CO)z, Co(C0),

One poseible mechanismw, invelving only convenclonal clementary steps, Is sheown

in Scheme I.

T

CpyMog (C0)g S=—— 2 CpHo{CO), initiation {4y
—= CpMe(CO)y + L. — = Gplo(CO),L + &0 (5)
CPMO(GOY L + CpyMon{Cl)y — e CpHo(GOY,LY + CpyMoey(C0)g” (6)

16e”
Cp, Mo,(CO)g~ — = CpHo(CO};  + CpHo{GD)4 (7

|
CpMo(CO) LY + 1. - —a  CpMo(CO),yL," (%)

lée”

(Various radical coupling termination steps are not shown.)
hw + -
Overall: CpyMog(GO)g + 2 L ——w= CpHo((0)qly" + CpMe(CO}4™ + GO (%)

Scheme I



Hete that the primary photoprocess in this scheme is homolysis of the metal-
metal bond with the subsequent formation of 17-clectron metal radicals.
Follewing substitution {eg 5}, the next step is electren transfer from the
substituted 17-electron radlcal to an unreacted dimer molecule (ag 6.
Reduction of metal carbonyl dimers is known te ceusc fragmentation {eq 7)
giving the anienle product of the reactlon and the 17-electron radical (ref,
53. The latter species is recycled and the chain continues.

Desplte its orthodox features, this mechanise was Intuitlvely unsatisfying
because the 17-electron complex is the reduccant in the reaciion, That a 17-
electron complex would be the reductant seems unlikely because the dimers are

diffieulr to reduce: thelr reduccicn potentlals are usually on the order of
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1.5 volts or lower vs, AgfagCl (ref. &), Chemical intultlon suggests thal the

17-electron radicals are wot strong reductants hecause they are electreon
deficient.

An alternative mechanism for the disproportionation reartions was proposed
by Tyler and Stiegman (Scheme 11} (ref. 3). This mechanlism is similar to the
pathway in Scheme I bur it differs in one important aspect: the electron

transfer occurs not from a 17-electron complex but Erom a 1%-electron complex.

Note that the 19-electron complex is formed by association of a 17-electron
complex with & 1igand (eq 12}. The 19-electron complex Is electronlcally

super-saturated, and it should be an excellent reductant, capable of reducing

the dimer.
hi

CPQMOE(CO)G _— CpHo(CO)a initiation (1

17
= CpMo(CO)y + L ——= CpMo{CO),L + €O an

17 17
CpMo(COY,L + L == CpMo(GO),L, (12

17 19
GpMo{COYpL, + Cp Mo, (C0), —w CPHMO{CO),L,* + CpyHo, (COY " (s
szuoz(co)a' —_— GpHo(CCI)3' + CpMo{C0) 4 {1

(Various radical coupling and electron transfer chaln
termination steps are not shown.)

b .
Overall: CppMo,(CO)g + 2 L ——m CpMa(CO),L,* + CpMo(CO);™ + CO (15

Scheme IT
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Several studies in the llterature supported our proposal that 19-electron
intermediates formed in the disproportionatien reactions. The flrst was a
study by Poé showing that the ligand subskitution reactions of the 17-electron
Re{C0) g radical were associatively acctivated (ref. 7). No 19-clectron
intermediates were detected In these reactlons (the 19-electron complex was
proposed to be a transition state), but this study was the first to suggest the
conecpt of assoclatively activated reactlons of 1J/-electron complexes.
Subgequent work by Trogler and Basole showed that the 6-coordinate V{Co g
complex also substituted via an assoclatively activated pathway (ref. 8), and

vnee again a 19-electron transition state was lnvoked.

Dispropegrticnation reactions with dppe

Our initlal evidence that 19-sleciron adducts formed in the disproportiona-
tion reactions and that these species were Intermediates, not just trapsition
states, came from experiments using dppe as the lipand (dppe — 1,2-hia{di-
phenylphosphine)athane} (ref. 3). We used this lipgand because we wanted to
neasure the guantun yields of the disproportionation reaccions, With mono-
dentate phosphine or phosphite ligands, there were problems wmaking these
measurements becesuse the ionilc dispropertionation products were not the only
products formed when the Cpylo, (GO}, complex Is irradiated, CpolMo,(CGO)gL and
CpaMoy (COY 4Ly also formed, undoubtedly by the coupling of the CpMo{cO),L
radical with either the CpHu(C0)3 ar CpMn(CO)zL radlcal:

CpaMop[CO o
L CpMoliCOYL, SpeloglCDle disproportionation

CpMo(CO)

CpMo(CO)L 2 CiaMoa(COJsL
CoMo{CO),L

;’E.O—(_.—.)z—— CPEMOZ(COJ¢L2

Thus, for most ligands {t was imposs!ible to measure the guantum yields for
dispropertionation because of the competing substitution side reactions.
However, we found thet dispropertionaticn was the only reaction when dppe was
the 1igand. This 1s an expected result Lf the pathway in Scheme II is
followed, but it 1s not expected for the pathway In Schews I {nvolving the 17-
electron reductant. The reasoning is as follows: When L = dppe, the rate

constant for attack by the second Iigand {(eq 12 in Scheme II) ia expected to be
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faster than the initial subatitution because the second attack L3 a ring
closure step . (Ring elosure steps are generally several orders of magnitude
faster than the actack of the lnitlel =znd of s chelate ligand.} The ring
elosure and subscquent electron transfer thus occur before combination of two
17-electron fragments gives the substitution products. Consequently, there are
no competing aubstitutlon reactions when L {s dppe, and the sole reaction is

given by:

hw
CpoMog (C0) g + dppe ——= CpNa(C{))zdppe+ + GpHo(CD)3' + CO {16)

On the other hand, i1f the pathway In Scheme I iz followed there 1s no
particular reason why a bidentate ligand should prevont the substitution
reactions. The efficiency of the formation of GpMe(CO)4(dppe-P) should be
independent of the dentlcity of the ligand and some substitution should occur
{as well as disproportionation). The substitution products would presumably be
szﬂoz(30}5(dppe—P), CpQHGE(CO)ﬁ(dppe-P)z, GpZHoz(GO)a{dppe—P,P') or perhaps a
dppe-bridged complex like CpyHo, (CO)5(u-dppe)Me, (GOXcCpy.  (The dppe-P
nomenclature indicates one F atom of dppe 1= coordinated; dppe-P,P’ Indicates
twn P atoms are coordinated.} The fact that no substitution preducts of any
kind vere observed was taken as evidence that 17-electren radicals were not
involved in the disproportionatian reactions because the ring closure reaction
te make the 19-electron specles was fast., Finally, alsc note that the quantum
yields of the reactions with dppe are high, even at very low concentrations.
4s Table 1 shows (ref. 3), It takes concentrations of monodentate ligands that
are one hundred- to a thousand-fold larper to give quantum yields that are
comparable to those obtalned with dppe at a lower cencentration, This result
Is consistent with the proposal that two phosphines must coordinste to the
metal center before electron transfer occurs, 1.e. that a 1%?-electron

intermediate must form.

TABLE 1
Quantun ylelds for the disproportionation of CpyMog{C0), with various ligands

upen Irradiation at 405 nm in benzene.

Ligand Concentration [

dppe G.001 1.63

dppe 0.01 7.8, 11.8, 6.4
PPhy(GHq) 0.2 2.0

P(OCH4) 5 2.0 1.2
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It is possible to formulate alternatlve explanations for the
dispreportienatien reaction of GpyMoy (0}, with dppe that de net invelve 19-
electron complexes. Our discussion and dismisaal ¢f these alternatives is
found in ref. 1.

x'8 L t
reaccions of the CEQHQEL;Qlﬁ_ggmplgx

& consideratlon of all the mechanistlic possibllities for the disproportiocna-
tion reactions led us to the conclusion that theve are only three reasonable
species that can act as photogenerated reductants in these reactions (in
benzene solution). As discussed above, tuo of these specles are the 17-
eleclron CpMo(00),L complex {Scheme I} and the other is the 19-electron
CpHo(CO)ZLz complex {Scheme IT). The third posaibility 1s the 17-electraen
CpMo(CO)L, species; a mechanlsm showing how this specles could form and how it
could be invelved in the dispropertlonation reactlon 1s shown In Scheme III
(ref, 9).

h
CpoMo, (COY, e CpHo(C0), initlatlon  (17)
17
—= CpMe{C0)y + L ——= CpMo{€0)yL + CO (18)
17 17
CpMo(CO)yL + L ——a= CpMo(COILy + CO {19)
1§ 17
CPMO(COIL, + OpyMo,(C0) —a CpHe(COIL,* + CpyMo, (COY " (20}
CpgMo, (C0) g~ ——= CpMo(C0);™ + CpMo{CO) (213
CpHO(C0),1* + €O —— = Cplo{CO),L," €223
16e”

{(Varlouws radical coupllng and electron transfer chaln
termination steps are not shawn.)

e -
Overall: sznoz(co)ﬁ + 2L — - Cpﬁo(00)2L2+ + CpMo(COY4” + CO (23
Scheme ITT

We were able to eliminate the pathway in Scheme IIT by using & tridentate
ligand (ref 9). The legic of the experiment wae as follews, If CpHo(CO)L2 is
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the reductant then electron transfer from this species yields the 16-electron
CpMo(CD)L2+ species, as chown {n eq 20; this cation then reacts with CO to form
the GpHo(C0)2L2+ complex {eq 22}. However, If the ligand is tridentate then
the CpMo(CO)LQ+ species has a dangling, unceordinated ligand end that can
coordinate to the wvacant coordination site to form the CpHo(CO)La+ complex.

The coordination of the dengling end of the tridentate ligand ocught to be
faster than the reactlen with €0 {eq 32) because thls ls a ring-closure step
and such steps ate usually fast.

Tha experiment was carried cut with the tridentate triphes ligand (criphos =
bis(2-{diphenylphosphine)ethyljphenylphosphine) . Irradiation of CpyHiay (CO) ¢
and triphos gave the preducts shown in the following equation:

CpZMoz(CO)G + triphos —BEAD- CpHo(CU);_.(triphos-P,P')+ + GpHo(CO)a' + €O (24)
Note that the only catienir product formed was the CpHo{CG)(triphos-P,P’)+
species, where the P,P' nomenclature indicates that two of the phosphorus atoms
in the Lriphos ligand are coordinated. Because no CpHD(CO)(Lriphos-P,‘P’,P”)+
forwed, it was concluded that 17-electron intermediates of the form CpHo(GO)L2
are not lpportant in the disproportlenatlon reactlons of the Mo complex.
Nineteen-electron reductants are the only species consistent with the resulcs

using dppe and triphoes.

itlal evidence for 19-glec nterme t t ed) ; o onatl
reactions of the Mn,{(CO};, complex

Following our finding that 19-electron species are important intermediates
in the disproporilenation reactiocns eof the CpZHoz(CO)G complex, we turned gur
artention to the disproportionation reactlions of other metal-metal bonded
diwers to see 1f 19-electron complexes were alsc important in these reactions
({ref 103y, We did this because we wanted to generalize the concept that 17-
electron metal radicals resct with ligands to fovm 1l9-electron adducts, and the
disproporticnation reactions provided a convenient way to study this problem.
In particular, our work with the CPZ"“Z(CO)S complex provided us with a clever
trick to test for 19-glectron complexes: use wultidentate ligandz and check
for {1} an increased afficiency of the reactlon, (2) the absence of
substitution products, and {3) the absence of ring-closure products in
experiments snalogous to the one with triphos.

Mn2(80)10 disproportianates with amine ligands as follows (refs. 10 and 11):

Mny(C0)1q + 3 MRy L ¥n(C0)3(NRy )y + Mn{CO}5™ + 2 GO (25)
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The following mechanism is suggested by comparison te the mechanism of

CpyMo, (CO) . disproportionation,

Mn, (COY 1 e 2 Mn(CO} 5 (26)
—= Ho(GO)g + NR; —= Mn{CO),NR; + CO @n
Hn(CO), NHy + Ry ——s HMn(C0)q(NRy), + CO (28)
Mn{GD) 3(8Rq)y ¢ NRy ——m Mn(CO)}q(HRy) 4 (29)
MA{CO) 3 (NR3)y + Mng{CO) y —— Mn{0O)3(NRy)3* + Mny(GD) q” (30)
Mn, (CO) g~ —= Mn(C0)g™ + Mn{CD)g (31)

f

(Yarious radical coupling termlnation steps are not shown.)

Overall: an(cc)lo + 3 NR3 —_— Hn(CO)3(NR3)3+ + Mn(CD)S' + 2 CO (323
Schema IV

Note that our trick of using a bldentate ligand will not werk with this
reactlon because the 19-electron species {s of the form Mn(C0D)q(NRq)y.
However, a tridentate ligand should form this 19-electron specles efficiently.
In fact, that 1s what we found {ref. 10). The guantum yileld results for the
dispreporticnation of Hn2(00)10 with amine ligands of different denticities are
shown in Table ?. These data show that dispropertionation 1s inefficient with
mpnodentate amines, slightly more efficient with the bildemtate amine Heqen
(especially when the Meqen is concentrated), and very efficient with the
tridentate dien ligand (even at wery low concentrations}. Our proposed
explanation for this increased efficiency was identical te the explanation for
the increased efficiency using the bidentate ligands in the Gp,Mo,(CO)g
reactions. Analogous to the disproporticnation teactions of CpyMo,(C0), with
bidentate ligands, we also found that no substitutfon preoducts were formed In
the dispropertionation resctlons of Kny{CO)qy with tridentate ligands.

In summary, our study of the Mn2(00)10 complex provided additional evidence
for 19-electron complexes, and most Important, it provided the first avidence
that the reaction of 17-electron radicaels with ligands to form 19-electron

adducts may be a general reactlom type.



TABLE 2
Quantum yields of disappearance for Mn,(CO)yp In the disproportiemation of
HnE(CO)loa with wvaricus llpgends upon irradiatlon at 366 nm.

Ligand Cancantrattonb #°
pyridine neat (=12 M} 0.10, 0.10
N(CH,CH4) tfleat (=7 M) 0.11, ©.10, 0.20
{(CHz ) pNCHoGHa N (H) (GHA) neat (=8 M) 1.2

Z.0M 0.17, 0.28
NH(CHy CHolH9 ) o 0.1 M 6.3, 7.8

0.2 M 10.7, 19.1

The concentration of an(GOJ is 1.4 w lﬂ_& M. The disappearance of
h““Q(CO)lﬂ was monitored at 3%% .
In benzene solution.
“Each number represents an independent detarmination of the quantum yield. The
error for each measurement ls approximately 10%.

ary o e expected disproportio

At this polnt It 1s appropriate te systematlze the various Intermediate
species that could be acting as reducing agents In the disproportionation
reactions. The example is given for the case af the CpoHoy(G0), dimer because
it is the mwost thoreughly studied of the dimers. A sgimilar analysis could be
applied te the other dimers, however. 4s discuscged previously {(ref. 3}, thres
possible species in benzene solution are the 1l7-electron CpMo(CO),L and
CpHo(GO)L2 complaxes {(Schemes T and ITI) and the 19-electron Cpﬂc(CU)sz
species (Scheme II). Slightly different reductants are proposed in CHyCl,
solution because the cationlc product is CpMo(GO)3L+ (ref, 13):
CpyMo, (COYg + L EH_h:_l_.... CpHo(C0) 4L + CpMo(CO) 5" (33)

2472

Thus, possible reductants i{n CHyCH; inelude the 17-electron Cpﬂo(CO)zL
{Scheme V) and CpHo(CO}3 {=cheme not shown) species and the 19-eleactron
CpMa(CO) 4L (Scheme V1) complex. Each of these reductants will give different
products depending on the denticity of the Ligaﬂd. The predicted and actual
products are shown In Table 3.
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hy
sznoz(co)s _— 2 -::1:;1.\1¢':(C0):‘1 initiation
17

’—- GpHo(CO)3 + L ——- Gpﬂu(CO)zL + o0
17 17

CpMo(CO)zL + szN.oz(CO)s — - Cpﬁa(c0)2L+ + CpEHoz(CO}G'
17 16

Cpoy (€0}~ ——= GpMo(CO}q™ + GpMo{CO)}4

|

CRMO(CO) LY + GO — = CpMo(CO) 3Lt
16

(Various radlcal coupling and electron transfer chain
termination steps are not shown.)

hy
Overall: CpQHoz(GD)B + L — CpHo(CO):;L"' + CpHo(CO)g'

Scheme V
hee
szﬁoz(cu)s _ 2 CpHo(CG)3 initiation
L] 17
ko (K, )
2
- CpMo(CO)q + L = CpMo(CO),L
17 L 19
k;
CpMo(C0) 4L + CpgMay(C0)g ——m- CpMo(GD)4L* + CpyMo, (C0)4~

19

k
4
CpoMo,(C0)g~ ——mm CpMo(€0)4” + CpHo(CO},

One of several termination steps:

ks
CPMa(CO)4L + GpMo{CD); ——w= CpMo(COY4L" + CpMo(CO)y

19 17

hv -
Overall: Gp2H02{00)6 + L - CpHo(CD)3L+ + CpMe(C0) 45

Seheme VI

(34)

(35)

(36)

(35

(38)

(39)

(403

{41)

(42)

(43)

(as)

(453
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TABLE 3
Predicted and actual products from the disproportionation of szﬁo(CO)6 with

moncdentace, bidentate, and tridentate ligands.

Reducing Species Ligand Predicted Product Actual Froduect
In CHoRLs
CpMo (6014 L CpMo{CO) LY €p¥o(C0)4L*
L Opio(00)4LY * CPMo(CO) 5 {Ly) "
L
CpMo(CO) 5L L CpMo (€0, L, " CpHo{Coy Lt
LL CpMo(C0Y 5 (Ly) €pifo(C0Y, (Ly)T
CpMo (G041 L Cpo{co) 41 cpito(co) 51t
L GpMa(COY (1) P CpMo (0}, (Ly) "
in Banzene
£pMo(€O),L L Cpo(G0) 4Ly" CpHo(CO) HLy"
i Cpto(C0)4(Ly)* CpHo(CO) o (Ly3*
{Y L CpMo(CO), (L)t B CpMo(CO) (L)}
. 3 AL EN PHo (G075 (1)
L L
Cpo(CO)L, L CpMo(COILy* CpMo (O} Ly"
EL CpHo(CO){Lz)L: CpHo(60) {1y "
L
e + +
rLL Cpio(CO) (Ly) CpMo (00D 5 (1)}
L
. +
Gpio {00} 5L,y L Cpio(C0),L, CpMo{CO) Lyt
£L Cpta(C0) 5Ly} " CpHo (€0} 5(Ly)
e
LLL CpMo(C0Y (L)Y Cpuo(co)z(l.z)‘;
L L

2The (Lz)‘ or L, nomeaclature indicates one atom in the chelating ligand is

)

L
uncoordinated.

bThe CpHo{CO)3L§ product is not predicted because the 19-electron CpHo(CO)3L\
I L
complex will substitute rapidly.
The products were predicted by uslng the appropriate denticlty of ligand in
the appropriate reaction scheme. For example, if a bidentate ligand ls used
and the reductant in CH2012 is the CpNo(CO), complex then the species formed
after elactron transfer is CpHo(CG)3+; subseguent reactlon with ¢the ligand
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would yield the CpMo(CD)S(Lz-P)+ speclies. A comparison of the actual and
predieted products shows that only {n the case of the 19-£lectron CpH.O(CO)aL
reductant de the predicted and actual products match up. This result was taken
as evidence for a 19-electron reductant in CHoCl, selutlion. The one subtlety
assoclated with this conclusion is that the CpHo(CD)a(Lz-P]+ might be the
predicted product rather than GpHo(CO)z(Lz-P,P')+ when using a chelating ligand
in CHyCly solution. However, 1%-electron complexes substltute rapidly,
particularly when an uncoordinated end of a chelating ligand 1s dangling
nearby, and thus CpHo(CO)ZCLz—P,P')+ Is the predicted product,

A sipilar cowparison of the predicted and actual products ln benzene
solution is alse shown In Table 3. Note that In this case it was not possible
to differentiace between the l7-electron Cpﬁo(CDJZL and 1%-electron Cpﬂo(co)QLQ
reductants simply on the basis of the catfonic product. However, as described
previously, that differentiation could be made on the basis of other reactlvity

factors.

SYNTHESIS OF STABLE RINETEEW-ELECTRON COMPLENES
Addition v s fo e 1%-elactron a et

In addition to the early experiments discussed above, the results of sther
experiments now provide additlional evidence for Lhe existence of 19-electron
complexes. In particular, the work of Kochl, Basolo and Trogler, and others
provides strong evidence for the existence of these species (ref 15). Perhaps
the strongest evidence Is the isolation of adducts formed by the veaction aof
1¥-alactron rtadicals with 1igands. An exanple 1s shown in the equation below
(ref. 16 and 17):

L.
Cop(C0)y === 2 Go(CO);, — = Go(GC)sly + GO (46}
17e” 19e”

0

PhgP.

Lz = 0

Ph,P

o)

In discussing why this particular 1%-electron complex is stable, It is
impettant to point out that the stability of the 19-electron adducts depends
critleelly on their electronle structure. At one extreme of the stabilicy
range are 19-electron specles whers the 1%th electron 1s primarily mecal-
localized in & M-L antibonding corbital. Adducts such as this are believed ta
be invelved in many of the assoclatively activated substlicution reactlons of



13l

17-elactraon speciles (rafs., 7 and 3), At the other extreme of stabllity are the

relatively stable adducts, such as the Go(CGJ3L2 (Lg= 2,3-bix{diphenylphos-
phino)maleic anhydride) specles shown above, that are perhaps best described as
18-electron complexes with reduced ligands.

{(T.L. Brown coined the term 15+§
complexes for these specles.)

The relative stahility of the 184§ complexes Is
atrributed to the fact that the extra elcctron 1s ner in a metal-ligand
antihonding orbital but rather In a ligand-hased orhital (usually a x*
orbital). For example, ESR studies showed that the odd electron in the
Co(CU)aLz molecule 15 in an orbital that 1s primarily localized on the La
ligand (refs. 16 and 17}. Because of thelr relative stabilicy, moet of the
synthetic and reactivity studies of 1%-electron adducts have focused on the

18+§ cype species, [It is important to emphasize that, although most of the

work has been done with molecules of the 18+§ type, other types of 12-electron

complexes have now bean spactroscopically detecred and characterized (refs. 1&-

20} .

In molecular orbital terms the stabllity of the 1844 complexes is explalned
by the dlagram in Fig. 1.

r L]

L _1-‘ Y L. 4_ _1_-—L (="
17

“ x
17 Y
AL @) AL
ML, L' ML,L
19 18
a b

Fig. 1. (a) A simplified molecular orbital scheme for the interaction of &
ligand with a 17-electron metal radical. (b} The mglecular orbital schema for
the case In which the ligand also has a low energy a orbital.

The scheme In Flg. la shows the interactlon of a L7-electron metal radfcal with

a ligand to form a 1%-electron complex. HNote that the three electrons are

distributed such that the bonding orbital is fully vecupied and the mecal-

1ligand antibonding orbital 1s cccupled by a single electron, To a first



132

approxlimation, half of a metal ligand bond is formed, apd this bond fermatiem
is the driving force for the formation of the 19-slectron complex (ref. 21} .

1f the ligand (oxr any ligand) has & low energy o orbital, then the MO diagram
for the 19-electron adduct 1s that shown in Fig. 1b. Note thet the unpaired
electron now cccupies the * orbital; this 1s the predicted situation far an
184§ complex. Because of Fenske's success In using the Ly ligand to synthesize
the Co(CO)3L2 complex, we declded to use the L2 ligand te synthesize other
stable 1%-electron (18+8) complexes. In the remalnder of this paper I will
focus om the synthesis of the Cp'Ho(CO)z(LQ-P,P') complex (Cp’' = n5-C5PhﬁH)
(refz. 22 and 23).

Synthesis of the Cp'Mo{CQi.Lo complex
The Gp'Ho(CD)z{L?-P,P‘} conplex was synthesized by irradiation of a THF
solutien of sz'Moz(CO)B and L, (ref, 23):

h
Cpy MOn(COYg + 2 Ly ——m 2 Gp'MO(GO)p(Ly-P,P') + 2 GO )

During the irradiation, rhe Cpy Moy (COYg bands at 2007, 1950, 1924, and 1903
en”? disappeared and new product bands appeared at 1958 and 1B36 cm'l, The
product from this reaction was stable emcugh to {sclate, and the elamental

analysis is conmsistent with the formulation Gp'Mu(CO)z(Lz—P,P'). & crystal

struckure confirmed this assignment {see Flg. 2} (ref. 23

Fig. 2. <Crystal structure af the 19-electron {qS—CSPh&H)Ho(GO)ELZ complex.
The melecule has & four-laegged planc stool structure. The phenyl rings on the
Cg ring and phosphorus atoms have been cmitted for clarity.
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The infrared spectrum of the complex {1938 and 1386 cm'l) 1s similar co the
spectra of related CpHo(CO)z(PR3)2+ complexes (Table 4). This result strongly
suggests that the CpMo{C0)4(L,-P.P’) complex contalns Mo In the +2 oxidation
state and a reduced, radical anion L, ligand, i.e. the complex is an 18+§

complex .

TABLE 4

Infrared data for CpMo(CO)2L2+/° complexes.

1

Complex p(Cm3), cm” Solvent Reference
€p'Ma(00)4(Ly-F,P7}* 1958 5, 1886 s CH,CL, this work
Cpﬂo(CO)z(PPh3)2+b 1978 5, 1901 vs 24, 25
CPMO(CO) 5 (PEE,),*D 1961 s, 1883 s CH,CL, 26
CpMo (G0} 5 (dppe) 1980 =, 1915 s CH2612 26

4Cp = 57-CoPhH.
bop - n7-CgHs.

The reaction of the Cpy "Moo (CO) dimer with L, to form Cp'Ho(CO)z(I?-P_P‘)
likely follows the pathway in Scheme VIT.

b
Cpy*M0,(CO)y === 2 Cp'Mo(CO); (58)
Cp'Ho(CO}y + F P —= cp'(co)3uD’P‘) (49)

P

Cp'(CD)-_;'Ho/P‘l} fast Cp'(CO)zHo::]l:) + CO (50)

Ph, ©

P

Fp - 0
P
Ph, o)
Scheme VII

Note that the reaction of Cp'Ho(CO)a(Lz-P) to glve Cp'Mo(CO)Z(Lz-P‘P’) (eq 50)

should be facile. Substitution reactiens of 19-electron complexez are known to
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follow dissoclatively activated pathways (ref, 17), and the rates of such
pathways lnerease as the steric bulk of the complex Increases {ref. 27).
Therefore, the conversien of Cp'Ho(GU)3(L2~P} ta Cp’ﬂo(GO)Q(Lz—P,P') isa
facilitated by the steric bulk of the Cp' ligand. The rapiditcy of the ring
closure reaction (eq 50) apparently accounts for the failure te observe
apectroscopically the Gp’Ho(CO)3(L2-P) specles at room temperature and alse Eor
the absence of a back-reaction teo reform the sz'Noz(GG)6 dimer.

It was possible to observe spectroscoepically the intermediate Cp'Mo{CO)3(L,-
P) species by irradiating a CH2C12 solucion of sz’ﬁoz(co)ﬁ and L, at -26° ¢,
The four-line ESR spectrum of the product, suggested to be Cp’Mo(CO)3(L2-P), is
shown in Flg. 3a, This spectrum is slowly couverted te that of the
Cp'Mo(CO)g(Lz-P,P') complex, even at -20° (Fig. 3b-e),

UL i
a «w'ur'mwfmw\rw i

i
|
i
H
l

‘ I
b mwwl,«fwj} TV R e
t ('"J ““\( \lr‘
c *Wﬁ(wl o r}\(%w LMMW&
l

d *MM’ &MJ I pesd! WJ\}F”MM‘M

Fig. 3. ESR spectra following the irradlation (X > 320 nm} of (qs-CsPhaH) -
Moy (CO)g and in THF at -20 °C. The spectrum in {a) was taken 1nm6diate§y
after frradistion. Spectra (b)-{e) follow at 10 min intervals.
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The ESR spectrum of the Cp'Me(C0)9(ly-P,P’') complex should be a 1:2:1
triplet if the two phozphorus atoms are equivalent. However, the room
tepperature ESR spectrum of Cp'Mo(C0)5({Ly-P,P’) showed four major lines (Fig.
4a). [The small lines in the Pigure are due to the coupling with Mo (I -
5/2, 13.78%) and QTHO (I = 5/2, 9.60%).] When che temperature of the solution
wag increased, the two major signals in the middle of the spectrum mexrged, and
eventually (at T = 185 90) a three-line signal formed wirth an intenslcy ratico
of 1:2:1 (Fig. 4f). The spectral changes are reversible, and the four-line

spectrum resppesred when the temperature was lowered to room temperature.

a k'
Lo

b 54°C _h—w'};l-»—--——“'l”f et
- i ,
Fo
Lo

c. s —"'ljr“---“”if (,.__4.-1?_
" | .
I
! i
. H

d. 1sc — J_r__ A A
I ILI i]'
i ;
H fi

e 1M8°C __ — _.Jif_, S
Pl
. ! )

f. 185°c —- Jl’:. U _Jir_____

i

Fig. 4. ESR spectra of the 19-electron (95-C5Ph4H)Ho(CO)2L2 vomplex at varlous
temperatures.

The four-line spectrum arises because the CgPhyH ring (s unsymmetrically
substituted, and therefore the phosphorus stoms are magnetically Inequivalent
(see the structure in Fig. 2}. BRotatlon of the ring will "exchange® the
phosphorus atoms, and fast rotatlon of the ring will make the twe phosphorus
atoms magnetically equivalent. Therefore, we attribute the dynamic ESR
spectrum te rotatlion of the CqPh,H rinmg. By approximating the effect of the
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ring rotatlon as & "twoe-site exchange® case (ref. 22), we caleculated the rate
constants for the ring rotaclen. A plot of In{k/T) vs 1/T vielded the
follewing activation parameters: ﬂH3 - 2.2 # 0,1 keal mol'l, as* - -22.9 + 0.3
cal ¥°1 mo1~1.

Te econfirm cur assumption that ring rotation ecaused the dynamie ESR spectrum
of the (qs—CEPhaH)Mo(GO)Q(L2~P,P') complex, we synthesized the 19-electran (qﬁ-
CbPhs}Ho(CO)z(LZ—P,P’) complex. (Note the symmetrically substlicuted phenyl
ring.) The ESR spectrum of this complex was a 1:2:1 triplet, consistent with a
structure in which the two phosphorus atoms asre magnetlcally equivalent because
the ring 1s symmetrically substituted., Further details of the fluxional
precess can he found in ref. 2Z.

&n interesting feature of the dynamlec ESR speetra in Fig. & is that the 3lp
coupling constant (8.92 G) at high temperature is not the average of the two
coupling constants (%.01 and 9.%4) at the low temperature limit. Ideally, the
high-temperature coupling constant should be the average. We attribute the
non-ideal behavior observed with this molecule to a decrease in the electrom
withdrawing ability of the qS-CbPhaH ligand as the temwperature is Inecreased.

We suggest that, as the temperature 1s increased, the electron withdrawing
ability decreases because rapid dynamic rotation of the phenyl ringa destrovs
the extensive conjugatlion in the ligand. The decreased electron-withdrawing
ability of the n5-CsPhaH ligand will polarize the ¢dd electron toward the
oxygen atows of the L, ligand. Consequently, there will be less unpalred
electron spin density on the twe phesphorus atoms at higher temperatures and
the 31? coupling constancs will be spaller than at lower temperatures. In
support of this propeosal, we note chat our previous study of the 19-electron
Ca(C0)4Ly vomplex and its CO-substituted derivatives showed that the phosphorus
coupling conatants decreased as the electron-denating ability of the
substituting ligands increased (e.g. Co{CD);L,, ap = 9.72; Co{C0)5L,(PPhy), ap
- B.22) (ref. 17). In addition, HMR spectroscopic results on dismagrnetic
complexes containing the n5~CSPhhH ligand are consistent with the proposzal that
phenyl ring rotation increases with increasing temperature. Thus, Castellani
and Trogler (ref. 28) showed that the proton signal In the qs-CsPh“H ligand
shifted vpfield as the temperature Increased. The upfield shift was actributed
to rapid phenyl ring rocatlon; the rotatlion caused tha loss of dashlelding from

the ring currents of adjacent coplanar phenyl rings.

Co i H t o -
complexes

The electronic spectrum of the Co(CO);L, complex in CHyCl, ia shown in
Fig. 5.
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Fig. 5. Electronlc absorptlon spectrum of the €a(C0)4L, cemplex (2.0 x 1073 9]
In CH,CL,.

The spectrum shows a weak, bread, low energy band that is typical of the
electrenie spectra of tha 18+8 complexes containing the L, ligand.

(C‘pﬂofCO)z -
(Ly-P,E") exhibits & similar band at 665 nm (¢ = 270).)

According to the MO
scheme in Flg. 1, the lowest energy band in 18+4 complexes 1= a “*(LZ) B

a*(Ho—P) transition. However, the MO scheme in Fig. 1| way be a simplificatlon

in that if the s* molecular orbital is high In energy then CO x" orbitals may

lie to lower energy, as shown In Flg. 6. TIf chis is the case then the lowest

energy transition would be an interligand charge-transfer transition (ref. 29).

Distinguishing between the transitions is mot straightforward. An Xa

caleulation (ref, 30) on the Co(CO)4l, complex showed that the o and co £*

orbitals had nearly the same energles, and it could not therafore distinguish

between the twe possibilicies. The band 1z solvatochromic (Fig. 7), but beth

the x*+o* and TLET transitions should exhibit this behavier. ILLT hands are

generally weak {(ref. 293, and the small extinction coefficlent ls consistent
with this assigrment,

137
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Fig. 6. Moleccular orbital scheme for the interaction of a 17-elecrtron metal

radical with a ligend showing how a lowest energy Ly{x )*CO(F*) transition
could arise,
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Fig, 7. Plot of v{max) vs. the Reichardt Ep solvent parameter for the lowest
energy band in the Co(C0)3L, complex.
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Woerk is continuing in our lab on the identification of the low enerpy bands in

these and other 1B+4 complexes.
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