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ABBREVIATIONS

M metal

R alkyl or aryl group

Ph phenyl group

Me methyl group

Et ethyl group

Pr propyl group

Bu butyl group

Cp cyclopentadienyl group
Depe Et,PCH,CH,PEt,

Dppe Ph,PCH,CH,PPh,
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Diars 0‘C6H4 (ASI\’Iez)z

Bipy 2,2'-bipyridyl

Phen o-phenanthroline

En ethylenediamine

Py pyridine

DMG dimethylglyoximate ion
COD 1,5-cyclooctadiene
NBD norbornadiene

THF  tetrahydrofuran

A.INTRODUCTION

The chemistry of metal—nitrile complexes was reviewed by Walton in 1965
[1], and since that time there has been considerable interest in such complexes.
That organonitriles are of interest as ligands is not surprising in view of the
facts that the RC=N: group is isoelectronic with molecular nitrogen and that
organonitrile complexes can serve as convenient precursors for a wide variety
of coordination compounds.

The purpose of this review is to summarize the literature which has appear-
ed since 1965 that deals with the structural, bonding, and reactivity patterns
of organonitrile complexes of transition metals. The emphasis, however, will
be on the reactions which coordinated nitrile groups undergo.

In addition to Walton’s review [1], the coordination chemistry of organo-
nitriles has also been briefly summarized in the MTP Reviews [2] and in the
excellent book “The Chemistry of the Cyano Group™ [3].

B. STRUCTURAL STUDIES OF NITRILE COMPLEXES

Organonitriles have two potential roordination sites, namely the nitrile—
nitrogen lone pair (I) and the carbon—nitrogen triple bond (II). The majority

RC=N:—-M R CIEN:
i M
u
of the nitrile complexes involve interactions of Type I [1], but side-on inter-
actions, II, have been confirmed for a few complexes (vide infra Sect. B(ii)).

(i) Complexes with end-on nitrile—metal interactions

A list of the compounds whose structures have been determined by X-ray
diffraction techniques is given in Table 1 along with selected bond distances
and angles. For most compounds, the M—N—C angle is sufficiently close to
180° to suggest that the nitrile ligand is coordinated in a linear or #2nd-on
manner. In the past, non-linear metal-—nitrile linkages have been attributed tc
the partial use of sp2 hybrid orbitals by the nitrogen [4] and to crystal pack-
ing effects [5]. For example, it has been proposed that crystal packing effects,
caused primarily by the rigid nature of the N—C—C framework, are largely



TABLE 1

Selected structural parameters for transition metal nitrile complexes

Compound M—N-C M—N N—C Ref.

angle distance distance

(deg.) (&) Q)
[TiClsNCCOOC,H;s ], 178.1(2) 2.240(3) 1.112(3) 12
VO(NO3)3(NCCH3) ~180 2.24(3) 1.17(3) 13
VOCI;{NCCH3) 175.4(1)y 2.098(2) 1.137(2) 14
NbOCI3{NCCH3); 2 178.2(2) 2.245(9) 1.159(6) 15

175.9(2) 2.44(2) 1.12(1)
NbBrs(NCCHj3), 174(9) 2.03(10) 1.09(14) 16
WCI4(C,ClsN)(NCCCl3) ~180 2.37 1..07(5) 17
ReCl3(PPh3),(NCCH3) 175 2.05(3) 1.17(5) 18
ReCl4{NO)}NCCHj) 172(4) 2.07(5) 1.20(8) 10
{ AsPhs }[Re{(O)Brs(NCCH;)} 170(4) 2.31(®6) 1.22(8) 7
[NEt; ][ReBra(NO)(NCCH3)} 177(2) 2.153(11) 1.12(2) 11
[Fe(NCCH3)s }[FeCls 2 175.7(58) 2.190(10) 1.09(1) 19
[Fe(NCC;H;)s;Cl][FeCls ]2 ~180 2.08(av) 1.15(av) 20
[Rh{C;H,)3(NCCH3); ][BF4] ~180 1.98(2) 1.21(av} 9
[Ni(EtOOCC,H,COOEt),(NCCH;)} 178(8) 1.888(4) 1.129(6) 21
trans-PtCl,(NCCgHs )a 179.3(1) 1.950(15) 1.09(2) 22
Cu(NO3),(NCCHs), 175(5) 1.92(6) 1.03(7) 23
CuCI(NCCH3) 172.8 2.00(2) 1.14(1) 24
CuBr{NCCH3) 173.4(9) 2.00(2) 1.158(8) 25
[Cu(NCCHz(IHgCN)z ICl0, 169.7(5) 1.987(5) 1.18(8) 5
[Cu(NCCH3)4 ]Cl04 174(av) 1.98(av) 1.13(av) 26
[Cu(Cy 2H,oN3)31{SbClg 15 168.4(av) 2.110(av) 1.134(av) 6
CuCI{NCCsHs) 175.5(6) 1.949(7) 1.087(12) 27
CuBr(NCC¢H:) 172.3(5) 1.941(7) 1.087(12) 27

2 The zcetonitrile ligands are non-equivalent.

responsible for the departure of the Cu—N—C angle from linearity (169.7°)
in [Cu(NCCH,CH,CN),]ClO, {5]. The same effects are considered responsible
for the large C—C—C angle (114°) observed for the succinonitrile portion of
this complex [5]. Similar effects may account, for the angle (168.4°) observed
for the Cu—N—C angle in the dodecanedinitrile complex [Cu(C;,H,0N2);1**
[6]. The [Re(O)Bry(NCCH;)] ™ ion has a Re—N—C angle of 170°, but this
deviation from linearity is probably not significant due to errors in locating
the light-atom positions [7].

The C—N bond lengths of the coordinated nitriles are of interest from the
standpoint that spectroscopic measurements suggest that in many cases the
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C—N bond strength increases upon coordination (vide infra Sect. D(i)). From
such measurements, a small but significant shortening of the C—N bond length
is expected upon coordination. The C—N bond distances associated with coor-
dinated acetonitrile are in substantial agreement with this expectation. If the
equilibrium C—N distance in CH3CN is assigned the value of 1.155 A [8], the
distances for complexes listed in Table 1 are within experimental error of this
length or shorter. The long distance of 1.22 A reported for [Re(O)Br,-
(NCCHj;)T is attributed to errors in locating the light atom positions as de-
scribed before [7]. However, no explanations are given for the long C—N dis-
tances found in [Rh(C,H,)3(NCCH3),T" [9] and ReCl; (NO)(NCCH;) [10].
For the latter compound, it appears that this distance is also due to errors in
locating light atom positions because the C—N distance in [ ReBrs(NO)-
(NCCH;)T is accurately known to be 1.12 A [11].

(ii) Complexes with side-on nitrile—metal interactions

In contrast to complexes with end-on coordination, side-on coordination
has been confirmed for only one carbonitrile coraplex Pt(PPh,),(NCCF,) [28]
and for the cyanamide complex [Ni(CO)(NCNC;H,;0)], [29]. Even though the
results of the complete X-ray study have not neen published, it has been re-
ported that the platinum complex has the planar arrangement shown in 1II
[28]. The IR spectrum of III was found to display a strong band at 1734 cm™

PhaP F.
SN C'c 3
/Pt —lrlj
PhgP

which was assigned to the v(CN) band.
C. COMPLEXES PROPOSED TO CONTAIN SIDE-ON COORDINATED NITRILES

Even though side-on interactions have been confirined for only two com-
plexes (vide supra), such coordination has been proposed recently for several
other complexes. These include the cyanamide complexes [ Ni{CO)(NCNR.)].
[301 which are analogous to the piperidine complex which has been the sub-
ject of an X-ray crystallographic study [29]. The v(CN) bands for these [Ni-
(CO)(NCNR,)]. complexes were found at lower frequencies than the bands
in the free ligands and the values 2008 and 1988 cm™ reported for the di-
methyleyanamide and N-cyanopiperidine complexes, respectively. These
values represent shifts upon coordination of —204 and —227 cmi'! in the v-
(CN) bands.

Sutton and Zink [31] have recently reported studies of 8-cyanoquinoline
(L) complexes of the types ML,X, (M = Pd, Pt, Cu; X = Cl, Br) and [AgL,]-

Op-cxn
b



NO, [381]. A calculation utilizing expected bond lengths indicated that in
these the strongly coordinating quinoline nitrogen should hold the CN group
perpendicular to the metal at a distance of ca. 2.35 A. The ¥{CN) bands in
the IR spectra of the complexes were cbserved at slightly lower frequencies,
—3 to —8 em?, than the corresponding bands in the free ligands. It was pro-
posed that the small shifts result from weak nitrile—metal interactions rather
than from inductive effects associated with the coordination of the quinoline
nitrogen. In support of this proposal, it was found that the »(CN) of the un-
coordinated nitrile group in dichlorobis(3-cyanopyridine)palladium(II) was

8 cmi’! higher in frequency than in the free ligand.

It should be noted, however, that the CN stretching frequencies of remote,
uncoordinated nitrile groups in bidentate ligands have been observed to shift
upon coordination of one of the donor sites to either higher or lower fre-
quencies. For example, Walton has reported, in accord with the observation
of Sutton and Zink, a small increase in the ¥(CN) upon coordination of the
pyridine nitrogen in complexes of the type PdCl;(3-cyanopyridine), [32].

In contrast, however, Walton has reported a decrease of 20 cm™? for the anal-
ogous complex of 4-cyanopyridine [32]. Ford has also observed a decrease of
3 em™! upon coordination in the v(CN) associated with the remote nitrile
group in [Ru(INH;)s [1,3-CsH4(CN),]11%* [33]. For this last complex, however,
the significance of the small shift is not easy to access in view of the fact that
anion—cation effects have also been observed to cause shifts of this magni-
tude [33,34].

Several studies have focused on Mn(I) and Re(I) complexes of the poten-
tially bidentate ligands malononitrile {35], succinonitrile [85], glutaronitrile
[35], phthalonitrile [35], and (o-cyanophenyl)diphenylphosphine [36,37].
For these ligands the following types of complexes have been proposed, large-
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M:=Mn; X:=ClI, maicnoritrile, succinonitrile
X=Br; malononmitrile, succinonitrile,

M:=Re, X=Ct,Br;

glutaromtrie, phthalomtrile

malononitrile , succinomtrile,
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ly on the basis of IR spectral data. The IR spectra of V—VII are reported to
be similar to each other in that they display very weak or undetectable bands
in the v(CN) region (2200—2300 cm!). Bands in the »(CO) region, e.g. at
1920 cm™! for VII (X = Cl) and at 2070 for Mn(CO)(succinonitrile)Cl, have
been assigned to the CN stretching vibration associated with the side-on coor-
dinated nitriles.

The formulation of V—VII as complexes with side-on coordinated nitriles
has proved to be controversial and data have been presented which indicate
that the pitriles may be end-on coordinated [ 38—40]. In support of the end-on
formulation it has been found that the Raman spectra of the Re(I) complexes
display strong bands at ca. 2250 cmi™? which can be assigned to end-on coor-
dinated nitrile groups. Furthermore, Dunn and Edwards have concluded from
isotopie substitution experiments that the IR bands originally assigned to the
v(CN) vibration in the Mn(CO;)(dinitrile)X are v(CO) bands [ 38]. Hence, the
following types of structures have been proposed for the complexes of type V
[38,391.

g 2 2 8
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The formulation of Mn(CO);(dinitrile)X (previously formulated as V) as
VIII requires that v(CN) vibrations associated with both the coordinated ni-
trile group and the free group appear as very weak bands in the IR spectra.
1t is fairly well established that the v(CN) associated with end-on coordinated
nitriles may be very weak in intensity or undetectable in an IR spectrum. This
intensity pattern has been reported for several complexes including Re(PPhj3),-
(CH;CN)Cl; [41] which is known to contain a linear Re—N—C grouping [18],
the platinum(II) complexes [Pt(L),(NCR){CH;3)]" (1. = PMe,Ph, AsMej;) [42],
and [Fe(p-CH;C,H;NC);NCCH,]?* [43].

The IR intensity patterns of remote, uncoordinated nitrile groups are not
as well documented. The absence of »(CN) bands at or near the frequencies
observed for the free ligand has been noted, however, for [Ru(NH;3)s[1,4-
CsHa(CN),]11°" [38], CpMn(CO),[1,4-C¢Ha(CN),] [44], and CpMn(CO),-
(NCCHCHCN) [44]. In contrast, the ¥(CN) associated with the free nitrile
groups in Re(CO);(PPh,CH,CH,CN),X (X = Cl, Br) [45] and [Ru(NH;);-
[1,3-C¢H4(CN),11%* [38] are readily observable in the IR spectra at essentially
the same frequencies observed for the free lijands.

Side-on coordination has also been proposed for several additional com-
plexes (see Table 2}. For these complexes, IR spectroscopic measurements,
particularily in the v(CN) region, have been e: tensively utilized to determine
the mode of metal—nitrile interaction. Howevei, as discussed in this and the



TABLE 2

Transition metal complexes proposed to have side-on coordinated nitrile groups

Complex v{CN) Av(CN) Ref.
Cp,;Mo(NCR) 46
R = CHj4 a —494
R =CF3 a —526
R = C¢H; a —489
(PPh3)}4Ru(NCCH;) - CH3CN 1910 —344 47
{(LzMePt)z‘l‘NCCGF‘;C(OEt)NH]2+ b 2141 —113 42
CA(NCCH,CN),Cl, 2200 —75 48
[Mo[C,Hs;O0C(O)CN1;51, 2200, 2120, 2060 - 49
2000, 1935
[WI[C,H;O0C(O)CNl13l, 2215, 2155, 2050 — 49
1995, 1902
[Mn(CO)[C,HsOC(O)CN1: 12 2120 —140 49
CpMn(CO) C,H;0C(O)CN] 2220 —40 49
Fe(CO)[C,H;O(CO)CN1; 2120 —140 49
{(PR3)3Co(NCR') ]n S0
R =n-CgHy4, R' = CgHs 2130 —114
R =n-CgH,,, R = CH; 2110 —156
R =n-C4Hy, R = CgH; 2120 —124
R =C¢Hs, R' = CgH; 2100 —144
{M(CO)3(Et; NCH;CN) 1, 51
M=Cr 2118 —102
M = Mo 2110 —110
M=W 2120 —100
Fe(CO)3(EtNCH,CN) 2110 —110 51
[Mn(CO),(Et,; NCH,CN)1;3 2145, 2120 —75,—100 51
[Cr(CO)3(Et,NCHACN) 1™ 2110 —110 51

a This value was not reported. ? L = PMe,Ph.

following section, structural assignments made on the basis of such measure-
ments should be viewed with scepticism.

D. SPECTROSCOPIC PROPERTIES OF COMPLEXES WITH END-ON COORDINATED
NITRILES

The discussion in the previous section indicates the important role that
vibrational spectroscopy has played in the assignment of the mode of nitrile--
metal interactions. Traditionally, the effect of coordination on the v(CN)
bands in the IR spectra of the nitrile complexes has been used to make the
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assignments. Shifts to higher frequencies have been considered characteristic
of end-on coordinated nitriles and shifts to lower frequencies characteristic
of side-on coordinated nitriles. Recently, however, it has become evident that
end-on coordination can cause the ¥(CN) to shift to either higher or lower
frequency. In view of these shifts, and the important role that vibrational
spectroscopy plays in bonding assignments, the recent literature which deals
with IR and Raman measurements of nitrile complexes will be summarized.
Some of Shriver’s recent reports describing acetonitrile adducts of main-group
elements will be included even though they do not deal with transition metal
complexes because they provide some of the few thorough spectroscopic
studies of nitrile complexes.

(i) Carbon—nitrogen stretching frequencies: v(CN) ‘‘coordinated” > v(CN)

“fr ce i3

Shriver has studied the vibrational spectra of several acetonitrile adducts of
Lewis acids including MX, - NCCH; (M = As, X =F [62], M=8b, X =Cl
[52],M = 8b, X = F [563]) and BX; : NCCH; (X = F [54], Cl [55], Br [55]).
For these end-on coordinated acetonitrile complexes, Shriver has noted that
the most obvious change in the IR bands is an increase in the v(CN) frequency.
For the BX; - NCCH, adducts, the shifts were observed to be about +100 em™!
which is significantly larger than the shift of +61 cm™* observed for SbF; - NC-
CH;. In regard to these shifts, Shriver has pointed out that the large, positive
Av(CN) observed for the BX; - NCCH, adducts does not necessarily indicate
that the BX; centers are stronger acids than SbF; and that the Ay(CN) may
not be directly related to acid strengths [53].

In addition to the increase in the v(CN) upon end-on coordination of
CH;CN, increases have also been observed for the CCN deformation band, the
CC stretch, and for some other combination bands [ 52—57]. For example,
the CC stretching frequency for CH;CN was observed to increase by ca. 30
cm! upon coordination in SbCI;NCCH; [52] and in fac-RhCl;(NCCH;); [57].

The increase in the ¥(CN) upon coordination has been attributed to an in-
crease in the CN stretching force constant which is due to an increase in the
strength of the CN ¢-bond [58,59]. The increase upon coordination in the
force constant associated with the CN bond has been confirmed for BF; - NC-
CH; [54], SbX; - NCCH; (X = Cl, F) [52], and AsFs - NCCH; {52] for which
the force constants were calculated to be 18.0—18.8 mdyn A™' compared to
17.4 mdyn A™! for free CH;CN.

The IR spectra of acetonitrile complexes frequently display two bands in
the v(CN) region. One is the »(CN) band and the other a combination band
resulting from the symmetrical CH; deformation and the C—C stretch which
porrows its intensity from the »(CN) band [60]. The assignment of the com-
bination band can be accomplished by comparing the spectrum of the CH;CN
adduct to that of the CD,CN adduct [54]. It should also be noted that the
combination band and the ¢(CN) band are subject to Fermi resonance cou-
pling so it is frequently necessary to correct the observed frequencies to ac-
count for it.



Walton has assigned bands to the ¥(CN) and combination modes in the
spectra of both the cis and trans isomers of Re(Cl),(CH;CN), [61]. For the
trans compound a single strong IR band was observed at 2285 cmi™! which was
assigned to the v(CN) band and a medium intensity band was observed at
2315 cm™! with a shoulder at 2305 cm™! which was assigned to the combina-
tion band. For the cis isomer, bands of comparable intensities were observed
at 2284 cm™! and 2310 em™! with shoulders at 229G and 2320 ecm™ . Again
the lower energy band was assigned to the v(CN) vibration. The ratio of the
intensity of the v(CN) band to that of the combination band was found to be
a major spectroscopic difference for the two isomers.

Dunn and Edwards have reported that the IR spectra of M,(CO)(NCCH,),-
X, (M = Mn, Re; X = Cl, Br, I) display two bands in the ¥(CN) region [62].
For example, bands at 2322 and 2298 cm™' are reported for Re,(CO)(NC-
CH,;),Cl,, but for this and the related complexes, the »(CN) frequency has
been assigned to the higher energy band.

(ii) Carbon-—nitrogen stretching frequencies: v(CN) *“‘coordinated” < v(CN)

“free b x}

Strohmeier and Guttenberger reported the first examples of nitrile com-
plexes assigned end-on coordinated formulations which displayed v(CN) bands
in their IR spectra at frequencies lower than those of the free nitriles [63,64].
Shifts of ca. —35 cm™' were observed for the benzonitrile and acrylonitrile
complexes of the type ARENECr(CO),NCR (ARENE = 1,3,5-C3sH3(CHs;)s,,
Ce(CHs3)s)-

Several additional nitrile complexes of group VIB metals which fit into this
category have also been reported. Included are th2 mixed nitrile—molecular
nitrogen complexes obtained by the following reaction [65]. For these com-
plexes the largest shifts in the v(CN)

6Hs

trans-Mo(N,), (Dppe), + RCN 2225 trans-Mo(N;)(NCR)(Dppe): + N,
RCN=CH;CN, C,H,CN, C¢H:CN, 4-CH;OCsH,CN, 4-NH,CH,CN,
4-CH,C4H,CN, 4-CIC¢H,CN, 4-CH,C(O)C¢H.CN,
2-CH;CoH.CN, L [1,4-C4Hu(CN), ]

bands were observed for the complexes containing benzonitriles with electron-
withdrawing substituents. Thus, a shift of —125 cm™! was observed for the
4-CH,C(O)C¢H,CN complex while a shift of only —42 ecm™' was observed for
the CH;CN complex.

Tom Dieck and co-workers have reported over sixty nitrile complexes of
Types X, XI and XII for which »(CN) shifts from —102 to +11 cm™* were ob-
served [66,67]. Some of the typical v(CN) frequencies are summarized in
Table 3. The IR spectra of these complexes are reported to be very solvent
dependent. For example, the spectrum of Mo[P(n-C.Hs)3],(CO);NCCHs
displays bands at 2182 and 2159 cm ' when recorded in nujol and at 22006
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R=CeHg , n-CyHg
Ry= CHCH, 1,2-, 1,3, and 1,8-CgHCN

and 2202 cm™! when racorded in benzonitrile. The structures of the com-
plexes of type XII are not known with certainty. Dimeric formulations are
favored, however, for the 1,3- and 1,4-CcH,(CN), complexes, while the struc-
tures of the acrylonitrile and phthalonitrile complexes are unknown.

The manganese(l) complexes CpMn(CO).NCR in which the nitrile is benzo-
nitrile, a substituted benzonitrile, fumaronitrile, or cinnamylnitrile have been
thoroughly studied and their IR spectra display negative Av(CN) [44,68].
Shifts of —11 and —43 cm™! were reported for the NCCsHs; and NCC.Fs com-
plexes, respectively.

Complexes of the iron-group metals have provided the most examples of
shifts of this type. In particular, a large number of ruthenium complexes
have been reported which belong to this category. The [Ru(NH;);NCR}**
complexes, which are analogs of the molecular nitrogen complex [Ru(NH;),-
N,]?*, have been thoroughly studied largely through the efforts of Ford [33,
69—72]. In fact, he recognized that negative shifts in »{(CN) bands are general-
ly observed for nitrile complexes in which the nitrile occupies a site that can

TABLE 3
IR data for Mo complexes of types X and XI

Complex type PR3 R;CN P(CN) (nujol) Ap(CN)
X PPh, CH;CN 2265 +13

X P(n-Bu)z CHLCN 2249 —3

X P(n-Bu)s CsHsCN 2197, 2185 —33, —45
X PPh; 4-CH3CsH4CN 2213, 2208 —18, —23
X P(n-Bu)s 4-CH;CgH4CN 2204, 2189 —27,—42
X1 P(n-Bu)s CH;3CN 2231 —21

X1 P(n-Bu)s CsHsCN 2167 —63
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coordinate molecular nitrogen [33]. For these [Ru(NH;)sNCR]?** complexes
the largest shifts were observed for complexes containing substituted benzo-
nitriles in which the substituents are electron-withdrawing groups. Thus, a
shift of —59 cm™! was observed for the 4-cyanobenzoic acid complex but a
shift of only —28 cm! was observed for the 4-methoxybenzonitrile complex
[33]. In contrast to the Ru(Il) complexes, the isoelectronic {Rh(NH;);NCR]>*
complexes were found to display »(CN) bands at frequencies higher than these
of the free nitrile [33,783]. The chemical and spectroscopic properties of many
of the Ru(U)—nitrile complexes have been incluged in a review [74] and, con-
sequently, they will not be summarized herein.

Similar shifts for the ¥(CN) bands have also been reported for cis- and
[trans-Ru(NH;)4(NCR),1** (R=C¢Hs, C4Fs) [33], [Ru(NH,R)sNCR,]1%*
(R=CH,, n-CsH,, n-C;H,, i-CsH,, i-CsH,, ; R,=CsH;) [75], [CpRu(PPhs).-
NCCH,;T' [76], Ru(H).(PPh;);NCR (R=CH,, CsH;) [77,78], and RuCl,(L),-
(NCC4¢Hs), (L=CO, phosphine, amine) [79]. Typical shifts are represented by
the values of —37 and —5 c¢m ' observed for the C4H,CN and CH;CN com-
plexes of Ru(H),(PPh;),NCR, XIII [77,78].

H Ct

P ) d
.. | W Moo || _pwed™
“Ru>” ~Os ="
RCNT [ ~pp, RCNTT | Tay,
,73 eep
PPhy ol 4
XUt XtV

Shifts of —40 and —85 cm! (benzene and chloroform solutions, respec-
tively) have been reported for the ¥(CN) in the benzonitrile complex XIV
[80]. In contrast, the spectrum of the analogous CH;CN complex was found
to display a »(CN) band at 2280 em™' which represents an increase of 26 cm™!
[80].

Several nitrile analogs of molecular nitrogen complexes of the iron-group
metals have been reported and, as noted by Ford [33], shifts to lower fre-
quency are observed faor the »(CN) bands. Included are [frans-M(H)(NCR)-
(Depe),]* (M = Fe, Ru, Os) [81], [trans-Fe(H)Y(NCR)}(Dppe).]* [82], [trans-
Fe(NCR),(Depe),12* [83], and [trans-Fe(CH)(NCR)(Depe),]* [83]. These
complexes are summarized in Table 4.

Nitrile complexes of cobalt, iridium, and nickel have been reported which
provide negative Ay(CN) values. The propionitrile and acetonitrile complexes
Co(H)(PPh;);NCR [84], which are analogs of Co(H)(PPh;);N,, yield shifts of
ca. —45 cm™'. The iridium complexes Ir(H)(Cl), (PPh,),NCR (NCR = benzo-
nitrile or substituted benzonitrile) [85] and Ni[P(O-0-CcHCH;)3]sNCCgH;
[86] also yield negative Av(CN) values.

It has been proposed that the decrease of the »(CN) upon coordination is
due to a decreased CN bond order caused by m-bonding between the metal d
orbitals and the 7% orbitals of the CN group [33]. In addition to th~ avidence
cited immediately below, the rates of hydrolysis observed for the {..u(NH;)s-
NCR]?* complexes are also in accord with this #-bonding proposal. This evi-
dence is discussed in Sect. F(ii).
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TABLE 4
Complexes of the types [trans-M(X)(NCR)(L—L); }[anion] #

M X L—L NCR Y(CN) Av(CN) Ref.
Fe H Depe CgHs;CN 2168 —64 81
Ru H Depe  CgHsCN 2221 —11 81
Os H Depe  CgHsCN 2196 —36 81
Fe H Depe  CH;CN 2228 —26 81
Fe H Dppe CH3CN 2250 —4 82
Fe* H Dppe CH;CN 2250 —4 82
Fe H Dppe CgHzCN 2205 —26 82
Fe Cl Depe  CH3;CN 2242 —12 83
Fe Cl Depe CsHzCN 2179 —52 83
Fe Cl Depe  1,2-C¢Hs(CN), 2170,2230% —60, 0 83
Fe Cl Depe  NCCH,CN 2157, 2224 ®¢ —121, —54 83
Fe NCCH, Depe NCCH; 2254 0 83
Fe NCCH,C(OQ)CH; Depe NCCH,CO,CH; 2255 —1 83
Fe NCCH,CgH;s Depe NCCH,CgHs d 83
Fe NCCH,CH,CN Depe NCCH,CH,CN .2222, 2236 —35, —21 83

a All are BPh, salts except the [Fe(H)(NCCH,)(Dppe), " ion which is a ClO4 salt; it is marked
with an asterisk by the Fe.

b Assigned to the free nitrile group.

¢ Note the large negative shift (—54 cmi’!) for the nitrile group which is presumably uncoordi-
nated.

d No detectable #{CN) band was observed in the IR spectrum.

The ring nitrogens in the nitrile coordinated cyanopyridine complexes,
[Ru(NH;);NCCsH,N] 2%, were found to be more basic than in the free cyano-
pyridine even though the complex is positively charged [70,74]. This basicity
pattern is consistent with the delocalization of the positive charge on the
protonated ring nitrogen through the metal—nitrile -system [70]. Further-
more, protonation of the remote ring nitrogen lowers the ¥{CN) another
29 em ! [70]. This shift is in accord with the w-bonding proposal and suggests
that protonation increases the w-delocalization.

The electronic spectra of many of these complexes have been recorded and
bands are cbhservable which have been assigned to metal-to-ligand charge-trans-
fer absorptions [66,68,74,87]. Thus, an intense band is observed at 376 nm
for [Ru(NH;)sNCC,H.]** which has been assigned to the Ru—nitrile charge-
transfer [ 33]. In contrast, similar bands are not obtained for the isoelectronic
species [Rh(NH;);NCC4H;]** for which the IR spectra show »(CN) bands at
higher frequencies than the free ligand [73].

In addition to the evidence cited above, other features of the IR spectra of
these complexes have been proposed to be in accord with the m-bonding pro-
posal. It was found, for example, that the shifts in the »(CN) paralleled the
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electron density on the metal for the Mo(CO),(PR;);(NCR), complexes (X)
[66]. Larger negative shifts were found for the P(n-C;Hq); complexes than for
the P(C¢Hs)s complexes which suggests a greater amount of 7-bonding for the
P(n-C;H,); containing complexes which is in agreement with the relative donor
abilities of the two phosphines. Also, the IR spectra of both [cis-Ru(NH3s)s -
(NCR.,]?* [32] and Mo(CO),(PR;),(NCR), [66], in which NCR is for example
benzonitrile, showed two well separated v(CN) bands indicative of strong cou-
pling between the two nitrile ligands. The coupling, which has been attributed
to the 7 interaction [66], is not evident in the spectra of complexes such as

TABLE 5
Metal—nitrogen stretching frequencies of selected nitrile complexes
Complex p(MN) em’!
IR Raman Ref.
AsFsNCMe 281 270 52
SbhClsNCMe 232 222 52
ShFsNCMe 277 52, 53
MX;NCR 220—245 92
M = Nb, Ta; X = Cl, Br; R = CH3, CDj3, C2Hs
V(O)(NO3);NCMe 407 404 93
[M‘NCMe)e 1** 237—315 94
M = Mn, Fe, Co, Ni, Cu
[M({(NCMe)4 1k 163—444 94
M = Cu, Ag, Pd
Cr(CO)3(NCMe)3 552, 495 90
Mo(CO)3(NCMe)s 533, 481 90
W(CO)3(NCMe); 538, 481 90
M, (CO)eX2(NCMe), 210—234 62
M=Mn, Re; X=Cl, Br, I
CoX(DMG)NCR 435446 g5
X =Cl, Br, I; R = Me, CH,CH
cis- and trans-RhCl3(NCMe); 456 57
[trans-RhCl4(NCMe), 1™ 457 57
[RhCls(NCMe)]2~ 429 57
cis-PtClz(NCPh), 109, 104, 100 89
cis-PtCl,{NCMe), 120, 100 124 89
cis-PtBr,(NCMe), 116, 95 117,104 89
trans-PdCl,(NCPh), 104 92 89
trans-PdBra(NCPh)» 90 89
trans-PdCl, (NCMe), 125 89

trans-PdBr;(NCMe), 117 107 89
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cis-SnCl, (NCR), [1] and fac-Re(CO)3(NCCsH;),Br [88] which show positive
Ap(CN) values.

Results from proton NMR studies of the [Ru(NH;)sNCR}?* complexes have
been interpreted in terms of the m-bonding proposal [72]. It was observed for
example, that coordination to Ru(Il) causes shielding of the mete and para
protons of benzonitrile. In contrast, coordination to the isoelectronic [Rh-
(NH,)s] 3* metal center caused deshielding of these protons. The shielding at
the meta and para sites is rationalized in terms of increased electron density
due to metal-to-ligand w-donation.

(iiv}) Metai—nitrogen stretching frequencies

Reports of v(MN) assignments for transition-metal nitrile complexes are not
very numerous compared to the large number of these complexes that have
been isolated. Moreover, the values that have been reported vary from ca. 100
cm! for trans-PdX,(NCPh), (X = Cl, Br) [89] to ca. 525 em™ for M(CO);-
{NCMe); (M = Cr, Mo, W) {90]. This wide range, and the fact that the v(MN)
bands can be difficult to detect [90,91], contribute to uncertainties in assign-
ments. Most authors, however, have recognized these uncertainties and have
made only tentative assignments.

There are, however, some excellent spectroscopic studies of nitrile com-
plexes which can be cited. Foremost are the aforementioned studies by
Shriver of MX (NCMe) (M = As, Sb; X = F, Cl) [52,568]. For these complexes,
bands appearing from 222 to 281 cmi™! have been assigned to the v(MN) fre-
quencies (see Table 5). It should be noted that the »(SbN) band for SbF;-
(NCMe) was originally assigned to a band appearing at 671 cm™' [52], but the
assignment was subsequently changed on the basis of additional data [53].
This gives some indication of the difficulties encountered in determining
assignments even with thorough IR and Raman measurements.

Representative examples of nitrile complexes for which metal—nitrogen
stretching assignments have been made along with the assigned band positions
are presented in Table 5.

E. LIGAND PROPERTIES OF NITRILES

The ligand properties of organonitriles can be discussed only for end-on
coordinited complexes in view of the fact that few examples of well character-
ized side-on coordinated complexes are known. In this regard, it should be
noted that the basicity of the nitrogen lone pair has been the center of con-
siderable research and the topic has been reviewed [96].

Nitriles are generally considered to be relatively moderate ¢g-donors and -
aceceptors toward transition metals. Mossbauer studies indicate that this is the
case for complexes of the types [trans-M(H)L(Depe),]" (M = Fe, Ru, Os) and
the following order has been determined for the ¢g-donor and w-acceptor abil-
ities of various ligands including acetonitrile and benzonitrile [97].
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CO > 4-CH,0C4H,NC > (CH;);CNC > P(OCH,3); ~ P(OC¢Hs)s
> Ng ~ NCCﬁHs > CH3CN

It has been postulated, however, that the o-donor properties are more impor-
tant than the w-acceptor properties in accounting for differences in the ligand
properties of different nitriles in the [trans-Fe(H)(NCR)(Depe).]" system
[83].

Mossbauer studies of [Ru(NH;)sL]1?" (L = neutral, 2 electron-donor ligands)
have been reported and the following order of m-acceptor character deter-
mined from the isomer shift data [98]. An increase of 0.1 mm s! in the iso-
mer shift of [Ru(NH3)sNCR]?* over [Ru(NH3)¢1**

NO* >> CO > SO, > N, > CH;CN ~ C4H;CN > En > Py ~ NH;

was observed and considered indicative of the fact that nitriles are better -
acceptors than ammonia. The isomer shifts of both the CH;CN and C,H;CN
complexes were found to be —0.82 which suggests that both have similar 7-
acceptor capabilities. Infrared studies, however, suggest that benzonitrile is a
better w-acceptor than acetonitrile [33].

A 5°Mn NQR study of CpMn(CO),L has provided the following ordering of
ligands from v(+ 2 = = 2) data [99]. For the phosphorus

CH;CN > C;H;CN > Py > piperidine
o-donor strength

m-acceptor strength
P(OPh)3 > PPh3 > P(n'C4H9)3 > PMQ3

donors the ordering was observed to follow the general order expected for the
donor—acceptor characteristics. For the nitrogen donors, however, it should
be noted that the ordering suggests that CH;CN is a weaker donor and/or
better acceptor than C¢H;CN which may not be the case [33,66].

The results from a 3>*Cl NQR study of some d® transition metal complexes
including ¢rans-L,PdCl, complexes have been reported. For these palladium
complexes the charge on the chlorine atoms was found to increase as shown
below [100]. The results were proposed to be indicative

PhCN < EtCN < P(n-C Hy)s < As(n-C;H,); < Py < piperidine

of the relative donor abilities of the ligands. As expected, the donor abilities
of propionitrile is greater than that of benzonitrile.

Acetonitrile has been included in the ligands evaluated using Cotton—
Kraihanzel force constant methods on the IR spectra of M(CO):L and M(CO),-
L, (M = Cr, Mo, W). From CO force constants Cotton determined that CH;CN
functioned as a weak mw-acceptor, and that the M=N*=C" and M™—N*=C" forms
could be assigned relative weights of 0.05 and 0.95, respectively [101].
Graham, on the other hand, has applied his method of separating inductive
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and mesomeric efrfects to M(CO)sNCCH; and concluded that CH;CN is a rela-
tively pocr o-donor and a poorer m-acceptor than cyclohexylamine [102].
Brown and Dobson, however, have treated the spectrum of W(CO);NCCH;
utilizing a revised version of Graham’s method and determined that CH;CN is
a better m-acceptor than cyclohexylamine [103]. The ordering and w-param-
eters reported by Brown and Dobson are shown below.

C0(0.64) > P(OPh);(0.38) > PPh;(0.19) ~ P(n-C;H,);(0.19) > CH3;CN(0.04)
> C¢H,,NH,(0.00) ~ C,H,NH,(0.00)

Tungsten—acetonitrile bond energies of W(CO)s—.(CH:CN), (n =1, 2, 3)
have been calculated utilizing differential scanning calorimetric data from the
following substitution reactions [104]. For all three

W(CO)s—,.(CH;CN),, + nCO — W(CO)¢ + nCH;CN

complexes the bond energies were fourtd to be approximately 45 kcal mol™*
which is comparable to the W—CO bond energy.

For the [trans-Pt(CH;)(NCR)L,]* (L. = AsMe,;, PMe,Ph) complexes in which
the nitrile is a para-substituted benzonitrile it has been observed that the
v(CN) decreases as the electron-withdrawing ability of the substituent in-
creases [42]. This trend has been considered consistent with a da—r* overlap
which increases as the energy of the 7* orbitals decreases [44]. However, the
magnitude of the Jpcy, ca. 80 Hz, in these complexes was found to change
little as the para substituent changed. From this coupling data it was con-
cluded that nitriles are relatively weak donors and that the donating abilities
of the substituted benzonitriles are similar.

The platinum complexes [trans-Pt(R)L,L']*, [fac-Pt(Me);(AsMe;),L'}",
and [trans-Pt(Me),(PMe,Ph),L;1%" (L = AsMe;, PMe,Ph; R =Me, Ph; L' =
neutral 2-electron ligands including 4-MeOC¢H,CN), have been the center of
trans-effect studies based on carbon-13 NMR measurements [105—107]. The
results from these studies are substantially in accord with the theory that the
magnitude of the trans-effect caused by L/ is directly related to the hybridiza-
tion in the Pt—L' and Pt—R o¢-orbitals [105—107]. The one-bond platinum—
carbon coupling constants, !Jp,y , are sensitive to the hybridization and these
data have been used tc determine the following trans-effect order. This order
is similar to those determined by

carbene > CO = isocyanide > arsine > nitrile

other methods [108].

The most prominent ligand feature of organonitriles in transition metal
complexes is the ease with which they can be replaced by other ligands. This
has been the basis for well known synthetic procedures including the prepara-
tion of olefin derivatives of palladium and molybdenum from Pd(Cl), (NCCs-
Hs). [109] and Mc{CO),{NCCH,); [110].

Ease of replacement of coordinated nitriles has been noted, for example,
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by Treichel for {trans-Pt(NCCH;)}(CNCH;)(PPh;).]* in which the CH;CN can
be replaced by Me;N, Py, PPh;, Et,P, (MeO).P, Me,S, MeNC, I, C1", CN™,
N3;7, NO,; and OH™ [111]. Similarly, the acetonitrile in the manganese and
rhenium complexes [M(CO)sNCCH;]"*, [M(CO)3(NCCH;),1", and [M(CO),-
Ls; . (NCCH,)]* can be replaced [112,113], and the pentacarbonyl complexes
have proved to be convenient starting materials for complexes of the type
[M(CO);L]* [113].

[M(CO)sNCCH;]* + L -~ [M(CO);sL]* + NCCH;
L = P(OPh)s, PPh;, PMe,Ph, C;H,N

Organonitrile derivatives of transition and actinide metal halides have con-
tinued to receive a considerable amount of attention since Walton’s review
[1] and such complexes provide convenient starting materials for the corre-
sponding hexahalogeno saits. Thus, MX,(NCCH;), (M = Th, Pa, U, Zr),
MX(NCCH;) (M = Nb, Ta), and PaBr;(NCCH;); readily react with quater-
nary ammonium halides to yield the [MX¢]"™ salts [114].

Several complexes containing more than one acetonitrile have been report-
ed for which there is a difference in the labilities of the CH;CN ligands
[115—118]. The 'H NMR spectrum of [CiF,Fe(CO),(NCCHj;);]" is reported
to display two signals at 7 7.51 and 7.56 with relative intensities of 2 and 1,
respectively, and these are assigned to the CH; resonances [115]. The unique
CH,;CN ligand is much more labile than the other two and it rapidly exchanges
with CD;CN at ambient temperature. In accord, it is also reported that the
unique CH;CN ligand is more readily replaced by Lewis bases than the other
two [115]. Thus, reaction of the complex with an excess of ligand was found
to yield only the monosubstituted derivative. In fact, it is reported that further

[C3F,Fe(CO),(NCCHs)5]* -0—“—> [C,F,Fe(CO),(NCCH,),L]* + CH;CN
40—5C%

L = PPh,, AsPh;, P(OMe),, P(OEt);, P(OPh),

replacement of the CH;CN groups could not be accomplished even under
vigorcus reaction conditions.

It is also reported that the complexes [ M(H)(CO)(NCCH;).(PPh;),]* (M =
Ru, Os) [116] contain acetonitrile ligands of differing labilities. Thus, the
[M(H)(CO)(NCCHs),(PPh3),]* complexes are reported to be verstile synthetic
intermediates because one CH,;CN group is more readily replaced than the
other. For example, reaction of the complex with an excess of CO under mild
conditions followed by PPh; yields [M(H)(CO),(PPh,);]* rather than [M(H)-
(CO)3(PPh;).1" [116].

Lewis and co-workers have reported several acetonitrile complexes of ruthe-
nium and osmium which contain non-equivalent CH3CN groups [117]. The
NMR spectra of [cis-M(allyl)(diene)(NCCHj3).]* (M = Ru, allyl = 7°-C3Hs, 1°-
(CH,)CHCHCH,, diene = NBD, COD; M = Os, allyl = °-C;H;, diene = COD),
[cis-Ru(diene)(L-L)(NCCH;),]** ((diene)(L—L) = NBD-Bipy, NBD-Phen,



18

NBD-Diars, COD-Bipy), [M(diene)(NCCH3;),] ** {M = Ru, diene = NBD, COD;
M = QOs, diene = COD), and [Ru(L—L)}(NCCH,;),}**(L—L = Bipy, Phen, Diars)
dispiay two resonances due to non-equivalent CH,;CN groups. For example,
resonances at 7 7.49 and 7.90 are observed for the [ Ru{NBD)(n3-C;H;)-
(NCCH;), 1" complex. Exchange studies utilizing CID;CN indicate that the
CH1CN groups trans to the chelating ligands in the [Ru(L—L)(NCCH5),] **
and [Ru(diene)(NCCH;),]** complexes exchange more rapidly with the sol-
vent than those that are mutually trans. Two of the acetonitrile ligands in
fcis-M(NO),(NCCH,),1** (M = Mo, W), which are structurally related to the
ruthenium complexes, have also been observed to be more labile than the
other two [118]. The addition of CD3;CN to a CH;NO, solution of the tung-
sten-containing complex at 25° causes one of the two signals in the NMR
spectrum to disappear after ca. 1 h. It is assumed that the two ligands trans to
the NO groups are the more labile.

Even though coordinated nitriles can usually be replaced by phosphines
and phosphites, it has been reported that nitriles can.compete for coordina-
tion sites with P(IIT) donor ligands in the hydride-containing complexes
Pu(H),L, (L = PMePh,) [119] and Co(H)L; (L’ = triarylphosphite) [120].
Benzonitrile was found to compete effectively with the phosphine for the
coordination site which

Ru(H),Ls = Ru(H),L, + L ':)—:i} Ru(H),L3(NCCHs)

results from the dissociation of Ru(H),L, (also see complex XIII). For the
cobalt complexes, triphenylphosphite, L’, readily displaced CH,CN from
Co(H)L5(NCCHs,), but, under similar conditions, the bulky tri-o-tolylphos-
phite, L', did not displace CH;CN from Co(H)L} (NCCH;). These results have
been accounted for in terms of the steric requirements of the P(111) donor
ligands and the nitriles [119,120], and they emphasize the small steric re-
quirements of end-on coordinated nitriles.

Benzonitrile and acetonitrile have been ranked with other ligands as shown
in the following list. The list presumably describes the order

CO > CH5CN ~ C(H.CN > NH, > Py > N, > Me,CO > THF

in which ligands can displace each other from [trans-Fe(H)L(Dppe).]" [82].
That acetonitrile and benzonitrile rank above pyridine is rather surprising,
but it should be noted that the nitrile complexes of this type do afford IR
spectra in which the v(CN) bands are shifted to lower frequencies.

F. REACTIONS OF COORDINATED NITRILES

(i) Reactions with alcohols, thiols, ammonia, and amines

Clark and Manzer have studied the reactions of [irans-P{{(CH;3)CIL (L =
PMe,Ph, AsMe;) [42] and [trans-Pt(CF3)Cl(PMe,Ph),][121] with AgX
(X = BF,, SbF, ", PF) in the presence of nitriles. With nitriles such as 4-
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CH;0C¢H,CN the corresponding [trans-Pt(CX;)L,NCR] complexes were ob-
tained. However, when pentafluorobenzonitrile and 2,3,5,6-tetrafluorotere-
phthalonitrile were used with AgBF, in the presence of alcohols (e.g., CH;0H,
C,H;OH, n-C;H,0H) imino—ether complexes could be isolated. It was postu-
lated that these facile reactions proceed via nucleophilic attack of the alcohol
on a side-on

AgBFa,
Pt(CH,)CIL, .F_R‘*C%‘l*_*, AgCl + [P{(CH,)L,N(H) = C(OR,)R]BF,

coordinated nitrile group [42,121].

Manzer has also reported that the reaction of CODPt(CH;)Cl with AgPFg
in methanol in the presence of C4F;CN vyields the corresponding imino—ether
complex [122]. Again, it was proposed that the reaction proceeds via attack

T
t— Nirg.
“Cfe OCH
3’
XV

upon a side-on coordinated nitrile by a free methanol.
Nitrile ligands in [trans-CsClsNi(L),(NCR)]* have been converted to the
corresponding imino—ether ligands {123]. With the exception

[C6ClsNi(L),(NCR)]* + R,OH — [C4ClsNi(L),N(H) = C(OR,)R]"
L = PPhMe,; RCN = CH;CN, C(H;CH,CN, CsHsCN; R,0OH = CH,;0H, C,H;OH
L = PPh,Me; RCN = CH;CN, C,H;CH,CN; R,0OH = CH;0H

of the C¢H;CH,CN reaction, a catalytic amount of triethylamine was required
in order to obtain a reaction. The IR spectra of all the nitrile complexes used
as starting materials displayed v(CN) bands at higher frequencies than the free
nitrile which is consistent with end-on coordinated nitrile groups.

Ros et al. have synthesized a series of cationic platinum(II) complexes con-
taining 2-CH,C¢H4CN groups which are presumably of the following structure
[124—126].

+

2+

Pt Pt
=P \Nc _mCT L

xvi
L = PPh,, }Ph,PCHCHPPh,

The nitrile groups in these complexes are very susceptible to nucleophilic
attack and the triphenylphosphine containing complex readily reacts with
alcohols, thiols, primary amines, and secondary amines to yield the corre-

sponding imino-ether, imino-thioether, and amidine groups. The monomeric
formulation for the products is favored on the basis of conductivity and
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L~~~P‘,—’CH2CGH4CN*\ P * 2 L. _--CHp
L =N CCgHyCHy T L HE-— t— Pt pec
H N
N = CH0, C2HsO, i-CyH0, CgHsCH,O, CH,S,
CaHgS, CeHsCHLS, (CHa)aN, (CoHs),N,

(CH3)(CeHsIN, CoHyoN , 4-CH3CeHNH,
4-CHyQCH,NH

spectroscopic data [125].

It has been proposed that the first step of the addition reaction is the coor-
dination of HN in place of the nitrile and that this is followed by attack of
the free nitrile group on the coordinated HN. The isolation of monomeric
complexes of the type [cis-L,Pt(L')(CH,CsH,CN)I'” (L' = N;7, NH;) from
the dimers has been accomplished [124] and is considered to be in accord
with the proposal. Furthermore, the N;” complex yields a tetraazolate com-
plex upon heating, presumably by attack of the free CN group on the coordi-

nated N3~ [124].

PhaPo .Gt
_opt” | i}
PhaP TSN=C: Cl—Cu—Ny,
NO'N
N Ci
Vit XViit

Metal ions such as Cu?* have been observed to promote the addition of
alcohols to the nitrile group in cyanopyridines. Thus, an imino-ether complex,
which has been assigned the structure shown in XVIII, has been obtained
from a mixture of copper(II) chloride and 2-cyanopyridine in methanol [127].
Similarly, when amines (e.g., NH;, CH;NH,, (CH;),NH) were added zo the-
mixture the following were obtained [128].

3 T2+

@ cOCH3 @\ +

C,OCH 3

! i
CHa0 G N cn—(iu —Ny
O J amine

XX

Amidine and imino-ether complexes have also been reported to result from
the addition of primary aromatic amines, methanol, and ethanol to the nitrile
groups in Re(Cl),(NCR). (R = CHj, CsHs) to yield, for example, XXI [129].
The platinum complex originally formulated as Pt(NH3); (CH;CN), - Cl, - H,O
has also been shown to be an amidine complex of the stoichiometry [Pt(NHj;),-
[N(H)C(NH,)CH;1.]** in which the imine nitrogens are bound to the platinum
[130].
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““ [X R= CH3; Ar = 4-CGH4CH3, 3‘CGH4F, 4C6H4C02CZH5,

Cl ’
CL_‘\ ‘ » ‘““=c\“ R= CGHS;A!' = 4-CGH4OCH3
Re
L S L A
f-X1 G
w ci
xXXxi

Attack on a nitrile carbon by a deprotonated —NH, group has been pro-
posed to account for the tridentate amidine containing product [Co(en)-
[NH,CH,C(NH,)NCH,CH,NH,]Cl1]?* which results when [cis-Co(en),(NH,-

Ho
/N’-’_%W“‘"~ cN
’@ﬂu\\ _,,“H'Lcm

w0
e

XX

CH,CN)CI1]?* is placed in neutral or basic solutions [131,132].

(ii) Reactions with water and hydroxide ion

The majority of the studies of metal-catalyzed reactions of nitriles have
focused on hydration reactions. For example, the platinum complex contain-
ing the bridging cyanoalkyl group, [(PPh;),PtCH,C,H,CN1],** (XVI), which
was reported to react with alcohols, thiols and amines (vide supra) was also
observed to hydrolyze yielding a dimeric amide containing complex XXIII
[125]. Treatment of the amide with hydroxide ion was observed to yield

o '1 2+
Leel - rCH2¢5H4CNH2 T gy
L— \N*“agce"‘%ﬂzc/ \LJ

xxm

the corresponding neutral imido complex. The imido complex was found to
be dimeric by molecular weight measurements.

Bennett and Toshida have described the homogeneously-catalyzed hydra-
tion of nitriles by low-valent phosphine complexes {133]. Acetonitrile and
propionitriie yielded 150 moles of acetamide and 300 moles of propionamide
per mole of the catalyst frans-Rh{OH)(CO)(PPh,),. Other catalysts studied
include: Pt(CsHg)(Dppe), Pt(CsHg)(PPhs),, PH(CH;)(NHCOCH;)(PPh;),,
Pt(CcHg)(OH)(Dppe), trans-Ir(OH){(CO)(PPh;),, and the aforementioned
trans-Rh(OH)(CO)(PPhj;),. The authors conclude that M—OH species either
present in the original catalyst or obtained from reaction with water are
necessary before the complexes function as catalysts. Mechanistic details for
these reactions have not been eiucidated, but insertions into M—OH bonds
are favored over intermediates involving side-on metal—nitrile interactions.



22

Several studies have been concerned with the metal-catalyzed hydration of
the nitrile groups in 2-cyano-1,10-phenanthroline and 2-cyanopyridine which
vield the corresponding carboxamides [127,134—138]. Breslow et al. have .
concluded that in these reactions the metal ions, such as Cu?*, Ni**, and Zn?*,
serve to stabilize the negative charge which forms on the nitrogen when an
external (uncoordinated) hydroxide ion attacks the nitrile carbon [134]. An

@g---ow

M-—N
XXiv

analogous reaction scheme has been proposed to account for the isoxazoline
product which results from the reaction of trishydroxymethylaminomethane
with 2-cyanopyridine in the presence of Cu?* [139].

The hydrolysis in basic solution of the cyano-group of 2-cyano-9-hydroxy-
quinoline has been studied recently [140]. As expected, the kinetic study
results are in general agreement with those obtained by Breslow for 2-cyano-
1,10-phenanthroline [134] and indicate that Ni?*, Co?* and Cu?* strongly
catalyze the hydration. It has been suggested that the mechanism may involve
attack either by an uncoordinated hydroxide as shown in XXIV or by a coor-
dinated hydroxide as shown in XXV.

Studies of the Hg?*-catalyzed hydrations of the uncomplexed nitrile groups
in cis-[Co(en), (NH,(CH,),CN)X1?* (X =Br;n =1, 2) [141]} (X = Cl, Br;
n = 1) [132] have been reported. For these systems, the hydrolysis of the
nitrile group was found to be strongly catalyzed by the Hg?*. It was found
that the rate of hydration of the propionitrile derivative (n = 2) was signifi-
cantly slower than that of the acetonitrile derivative (n = 1). From the results
obtained it was suggested that the reactions proceeded via a Hg?* assisted re-
moval of the coordinated X~ followed by attack on the nitrile carbon by a
coordinated hydroxide group as shown below [141].

Several studies have focused on the hydrolysis in basic solution of coordi-
nated nitriles in complexes of the type [M(NH;);(NCR)]"** (M = Co, Ru, Rh,
Ir). Many of the studies have involved the Co(III) complexes [Co{NH;)s- '
(NCR)]>".
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[(NH,)sCo(NCR)] 3* + OH" > (NH;)s CoN(H)C(O)R

R Me Ph 3and 4 PhOH 2,3 and 4 PhiCN 3 and 4 PhCHO 4 PhC(O)CH;
Ref. 142 143 143 138,144 138, 144 138, 144

Spectroscopic studies have been used to establish the end-on bonded nature
of the nitrile in [Co(NH;3)sNCR]?* and the N-bonded nature of the products
[188,142—145]. For these Co(III) systems, the coordinated nitriles were
found to hydrolyze about 10° times faster than the free nitriles. The data ob-
tained are consistent with attack on the coordinated nitrile carbon by a free
hydroxide ion.

Ford has recently expanded the base hydrolysis studies to include the d*
and d° complexes [Ru(NH;)sNCR]}** (R = CHj;, C¢Hs) [146], [Ru(NH;)s-
NCCH;]?* [146], [Rh(NH;)sNCR]?* (R = CH,, C¢H;) [146,147], and [Ir-
(NH;)sNCCgH;13* [147]. The rates observed for the hydrolysis reactions of
the Rh(III) and Ir(III) complexes were comparable to those cbserved for the
Co(III) complexes. Within this series, the rates of hydrolysis of benzonitrile
followed the order Co(III) > Rh(III) > Ir(IlI) with the difference between
Co(IIl) and Rh(III) greater than that between Rh(IiI) and Ir(III). Ford has
pointed out that this ordering follows that of the ionic radii, Co®* (0.53 A)
< Rh3* (0.67 A) < Ir®** (0.73 A) and suggested that the rate differences for
these metals are due mainly to the relative abilities of the metal c-..uers to
stabilize the negative charge which forms ca ine nitrile nitrogen [147].

For the ruthenium complexes, marked differences between Ru(II) and
Ru(III) were observed for the rates of hydrolysis [146]. The rate studies show-
ed that Ru(III) provided a rate enhancement of about 10® which is the largest
increase yet observed for a [M(NH;)sNCR]*” complex. In contrast, the rates
observed for the Ru(II) complexes proved to be at least 10° slower than those
of the Ru(III) complexes. The relative rates were rationalized in terms of the
w-acceptor abilities of the metal centers, i.e. Ru?* >> Ru®* [146]. It was
noted, however, that the rate of hydrolysis of benzonitrile was greater than
that of acetonitrile for the [ Ru(NH;3);sNCR] ** complexes which is counter to
the relative m-acceptor abilities of these nitriles. Thus, it was suggested that
electronic effects in addition to the w-acceptor strengths are important in
determining the rates.

Ford’s study also showed that the buffers utilized in the hydrolysis reac-
tions were involved in the reactions [146]. In accord with this observation, it
was proposed that in the studies utilizing the CO,>"—HCO;  buffer, one path-
way for the formation of the amido group could involve attack by the carbo-
nate ion on the nitrile carbon.

“0C03

XXV



Ford has clearly established that marked differences exist between the
nitrile complexes of Ru(Il) and Ru(III) [33,146]. Taube has designed a cata-
lytic system for the hydration of nitriles which is based on these differences
[148,149]. The scheme, shown below,

[Ru(NH,)sCl1** %;» [Ru(NH)NCRJ?* 2228 [Ru(NH,);NCR}**

RCN H,O
OH"

RC(O)NH, + [Ru(NH;);H,0)*" 5:'—3% [ Ru(NH;)sN(H)C(O)R]**

is based on the ability of Ru(Il) to stabilize nitrile coordination which en-
courages the nitrile to bond and the ability of Ru(III) to promote the hydrol-
ysis. ]
It has also been observed that TiCl, [150] and PdCl, [151] catalyze the
hydration of nitriles. Chloro-, bromo-, and iodoacetonitrile were readily hy-
drolyzed by PdCl, and the corresponding amides obtained in yields of
76—80%. The TiCl, catalyst system which proved effective consisted of a
mixture of TiCl,, CH;CO,H, and H,O. For the latter system, it was proposed
that the hydrolysis proceeds through intermediates of the type R—C=N:TiCl,.

(iii) Reduction of the nitrile group

Schrauzer et al. have examined the mechanism of reduction of nitriles in
systems modeled after nitrogenase [152,153]. The model systems, based on
molybdate ion and sulfur containing ligands such as cysteine, catalyze the
reduction of saturated nitriles to alkanes and NH;, and the reduction of HCN
to CH;NH,. The reductions are stimulated by the presence of ATP and in-
hibited by CO and N,. A comparison of the results obtained from the reduc-
tion in the model system with the results obtained from nitrogenase indicates
that molybdenum is the active site in both systems. The authors favored side-
on, dihapto, Mo-nitrile interactions, XXVIII, over end-on interactions, XXIX.

N ~el) _.-NcR
—Me ¢ /'ﬁo\uca
” R
XX1X
XXV

for the active sites in the non-enzymatic processes. For a related reaction see
the reduction of [Cp,Mo(Cl){CF;CNH,)]" which is described in Sect. F(iv).

Fleisher and Krishnamurthy have reported that a mixture of the water
soluble meso-tetra{p-sulfonatophenyl)porphyrinatocobalt(III) complex and
sodium borohydride catalytically reduces acetonitrile [154]. The active re-
ducing agent is proposed to be a Co{I) complex of the porphyrin.
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Sargeson and Creaser have demonstrated that the end-on bonded nitrile
ligands in [Co(NH;)sNCR]J** (NCR = NCMe, NCCH,CO,Et, NC(CH,),CH-
(COMe),, NC(CH,),CN, NC(CH,);NO,) are reduced by NaBH, at a rate that
is at least 10° times as great as that of the free nitrile [155]. The reductions
yield the corresponding amine complexes, and, for example, [Co(INH;)sNH,-
CH,CH,]** was obtained in 50% yield when the corresponding acetonitrile
complex was treated with NaBH, in aqueous solution at a pH of 9.

(iv) Miscellaneous reactions
It has been observed that the reaction of malononitrile, NCCH,CN, with
ZnCl, in ethanol yields a zinc complex of 2,4-diamino-5-cyano-6-ethoxy-

NHo

N
L= qu@gzt

XXX

pyridine (L) of the fype ZnCl,L., [156]. It was proposed that coordination of
the malononitrile to the Zn promotes addition of ethanol to yield an imino-
ether, that the resulting NH group attacks the nitrile carbon of a second
malononitrile, and that cyclization occurs to yield L.

Complexes of the stoichinmetry Cp.MoNCR have been obtained and it has
been postulated that the nitrile groups are side-on coordinated (see Sect. C)
[46]. The CF;CN complex has been observed to react with gaseous HCI in
toluene to yield a product which has been assigned the following iminium-

S
HKH
cp\m/é\ci:s
ce”  TSct
XXX1

containing formulation. This iminium-containing complex yields NH; and un-
identified hydrocarbons when treated with NaBH,.

[Cp,Mo(Cl)(CF,CNH,)]" + NaBH, 2% NH, + CpMoH, + hydrocarbon

Under the conditions reported, the reduction is not very efficient with only
part of the iminium-containing complex undergoing reduction, and the yields
of NH; are very low.

REFERENCES

1 R.A. Walton, Q. Rev., Chem. Soc., 19 (1965) 126.
2 D.W.A. Sharp (Ed.), MTP International Reviews of Science, Inorganic Chemistry,
Butterworth, London; J.A. McGinnety, Series one, Vol. 5, 1972, pp. 264—265;
S.M. Nelson, Series two, Vol. 5, 1974, pp. 208—210..
3 Z. Rapport (Ed.), The Chemistry of the Cyano Group, Interscience, New York, 1970.
4 R.D. Willett and R.E. Rundle, J. Chem. Phys., 40 (1964) 838.



26

oy

QWY W~1;

12
13
14

15

16
17
18
19
20
21
22
23
24

25

J.F. Blount, H.C. Freeman, P. Hemmerich and C. Sigwart, Acta Crystallogr., Sect. B,
25 (1969) 1518.

S. Gorter and G.C. Verschoor, Acta Crystallogr., Sect. B, 32 (1976) 1704.

F.A. Cotton and S.J. Lippard, Inorg. Chem., 5 (1966) 416.

B. Swanson, D.F. Shriver and J.A. Ibers, Inorg. Chem., 8 (1969) 2182.

G. Del Piero, G. Perego and M. Cesari, Cryst. Struct. Commun., 3 (1974) 15.

T.S. Khodashova, V.S. Sergienko, N.A. Ovchinnikova, M.A. Glushkova and M.A.
Porai-Koshits, Russ. J. Inorg. Chem., 20 (19735) 403

G. Ciani, D. Giusto, M. Mannassero and M. Sansoni, J. Chem. Soc., Dalton Trans.,
(1975) 2156.

G. Constant, J.d. Cubaynes, J.C. Daran and Y. Jeannin, J. Coord. Chem., 4 (1974) 71.
F.W.B. Einstein, E. Enwall, D.M. Morris and D. Sutton, Inorg. Chem., 10 (1971) 678.
J.C. Daran, Y. Jeannin, G. Constant and R. Morancho, Acta Crystallogr., Sect. B,

31 (1975) 1833.

C. Chavant, J.C. Daran, Y. Jeannin, G. Constant and R. Morancho, Acta Crystallogr.,
Sect. B, 31 (1975) 1828.

T.A. Dougherty, Ph.D. Thesis, Iowa State University, 1967.

M.G.B. Drew, K.C. Moss and N. Rolfe, Inorg. Nuel. Chem. Lett., 7 (1971) 1219,
M.G.B. Drew, D.G. Tisley and R.A. Walton, Chem. Commun., (1970) 600.

G. Constant, J.C. Daran and Y. Jeannin, J. Organometal. Chem., 44 (1972) 353.

G. Constant, J.C. Daran and Y. Jeannin, C.R. Acad. Sci., Ser. C, 277 (1973) 1013.
I.W. Bassi and M. Calcaterra, J. Organometal. Chem., 110 (1976) 129.

J.W. Lauher and J.A. Ibers, Inorg. Chem., 14 (1975) 640.

B. Duffin, Acta Crystallogr., Sect. B, 24 (1968) 396.

M. Massaux, M.J. Bernard and M.T. Le Bihan, Bull. Soc. Fr. Mineral. Cristallogr., 92
(1969) 118. )

M. Massaux, M.J. Bernard and M.T. Le Bihan, Acta Crystallogr., Sect. B, 27 (1971)
2419.

I. Csoregh, P. Kierkegaard and R. Norrestam, Acta Crystallogr., Sect. B, 31 (1975) 314.
M. Massaux and M.T. Le Bihan, Acta Crystallogr., Sect. B, 32 (1976) 1586.

W.J. Bland, R.D.W. Kemmitt and R.D. Moore, J. Chem. Soc., Dalton Trans., (1973)
1292,

K. Krogmann and R. Mattes, Angew. Chem., Int. Ed. Engl., 5 (1966) 1046.

H. Bock and H. tom Dieck, Chem. Ber., 99 (1966) 213.

J.E. Sutton and J.I, Zink, Inorg. Chem., 15 (1976) 675.

R.A. Walton, J. Inorg. Nucl. Chem., 28 (1966) 2229.

R.E. Clarke and P.C. Ford, Inorg. Chem., 9 (1870) 227.

dJ. Chatt, G.J. Leigh and N, Thankarajan, J. Chem. Soc. A, (1971) 3168.

M.F. Farona and K.F. Krause, Inorg. Chem., 9 (1970) 1700.

D.H. Payne and H. Frye, Inorg. Nucl. Chem. Lett., 89 (1973) 505.

D.H. Payne, Z.A. Payne, R. Rohmer and H. Frye, Inorg. Chem., 12 (1973) 2540.
J.G. Dunn and D.A. Edwards, Chem. Commun., (1971) 482,

J.G. Dunn and D.A. Edwards, J. Organometal. Chem., 102 (1975) 199.

B. Storhoff and A.J. Infante, Inorg. Chem., 13 (1974) 3043.

G. Rouschias and G. Wilkinson, J. Chem. Soc. A, (1967) 993.

H.C. Clark and L.E. Manzer, Inorg. Chem., 10 {(1971) 2699.

F. Bonati, G. Minghetti and R. Leoni, J. Organometal. Chem., 25 (1970) 223.

M. Herberhold and H. Brabetz, Chem. Ber., 103 (1970) 3896.

B.N. Storhoff, J. Organometal. Chem., 43 (1972) 197.

J.L. Thomas, J. Am. Chem,. Soc., 97 (1975) 5943.

E.O. Sherman and P.R. Schreiner, Chem. Commun., (197€) 3.

N.J. Ali, M.Y. Al-Janabi and M. Shanshal, Z. Naturforsch., Teil A, 29 (1974) 1787,
J. Chenard, D. Commereuc and Y. Chauvin, C.R. Acad. Sci., Ser. C, 273 (1971) 1469.



27

W.R. McWhinnie, J.D. Miller, J.B. Watts and D.Y. Waddan, J. Inorg. Nucl. Chem., 37
(1975) 2329.

S.C. Jain and R. Rivest, Inorg. Chim. Acta, 3 (1969) 249.

D.M. Byler and D.F. Shriver, Inorg. Chem., 13 (1974) 2697.

D.M. Byler and D.F. Shriver, Inorg. Chem., 12 {1873) 1412.

B. Swanson and D.F. Shriver, Inorg. Chem., 9 (1970) 1406.

D.F. Shriver and B. Swanson, Inorg. Chem., 10 (1971) 1354.

J. Reedijk, A.P. Zuur and W.L. Groeneveld, Rec. Trav. Chim. Pays-Bas, 86 (1967) 1127.
B.D. Catsikis and M.L. Gogcd, Inorg. Chem., 8 (1968) 1095.

K.F. Purcell and R.S. Drago, J. Am. Chem. Soc., 88 (1966) 919.

K.F. Purcell, J. Am. Chem. Soc., 83 (1967) 247.

J.B. Milne, Can. J. Chem., 48 {(1970) 75.

A.D. Hamer and R.A. Walton, Synth. React. Inorg. Met.-Org. Chem., 4 (1974) 573.
J.G. Dunn and D.A. Edwards, J. Organometal. Chem., 27 (1971) 73.

W. Strohmeier, J_.F. Guttenberger and F.J. Miiller, Z. Naturforsch., Teil B, 22 (1967)
1091.

J.F. Guttenberger and W. Strohmeier, Chem. Ber., 100 (1967) 2807.

T, Tatsumi, M. Hidai and Y. Uchida, Inorg. Chem., 14 (1975) 2530.

F. Hohmann and H. tom Dieck, J. Organometal. Chem., 85 (1975} 47.

H. Friedel, I.W. Renk and H. tom Dieck, J. Organometal. Chem., 26 (1971) 247.
M. Herberhold and H. Brabetz, Chem. Ber., 103 (1970) 3909.

P.C. Ford and R.E. Clarke, Chem. Commun., (1968) 1109.

R.E. Clarke and P.C. Ford, Inorg. Chem., 9 (1970) 495.

P.C. Ford, R.D. Faust and R.E. Clarke, Inorg. Chem., 9 (1870) 1933.

R.D. Faust and P.C. Ford, J. Am. Chem. Soc., 94 (1972) 5686.

R.D. Faust and P.C. Ford, Inorg. Chem., 11 (1972) 899.

P.C. Ford, Coord. Chem. Rev., 5 (1970) 75.

W.R. McWhinnie, J.D. Miller, J.B. Watts and D.Y. Waddan, Inorg. Chim. Acta, 7
(1973) 461.

T. Blackmore, M.I. Bruce and F.G.A. Stone, J. Chem. Soc. A, (1971) 2376.

W.H. Knoth, J. Am. Chem. Soc., 94 (1972) 104.

R.O. Harris, N.K. Hota, L. Sadavoy and J.M.C. Yuen, J. Organometal. Chem., 54
{1973} 259.

J.D. Gilbert, D. Rose and G. Wilkinson, J. Chem. Soc. A, (1970) 2765.

J. Chatt, D.P. Melville and R.L. Richards, J. Chem. Soc. A, (1971) 1169.

G.M. Bancroft, M.J. Mays, B.E. Prater and F.P. Stefanini, J. Chem. Soc. A, (1970)
2146.

P. Gianoccaro, M. Rossi and A. Sacco, Coord. Chem. Rev., 8 (1972) 77.

J.M., Bellerby and M.J. Mays, J. Chem. Soc., Dalton Trans., (1975) 1281.

A. Misono, Y. Uchida, M. Hidai and T. Kuse, Chem. Commun., (1969) 208.

D.M. Blake and M. Kubota, J. Am. Chem. Soc., 92 (1970) 2578.

C.A. Tolman, Inorg. Chem., 10 (1971) 1540.

D.A. Chaisson, R.E. Hintze, D.H. Stuermer, J4.D. Petersen, D.P. McDonald and P.C.
Ford, J. Am. Chem. Soc., 94 (1971) 6665.

B.N. Storhoff, Ph.D. Thesis, University of Iowa, 1969, p. 103.

R.A. Walton, Can. J. Chem., 46 (1968) 2347.

M_F. Farona, J.G. Grasselli and B.L. Ross, Spectrochim. Acta, Part. A, 23 (1967)
1875.

R.A. Walton, Can. J. Chem., 44 (1966) 1480.

G.A. Ozin and R.A. Walton, J. Chem. Soc. A, (1970) 2236.

D.W. Johnson and D. Sutton, Can. J. Chem., 50 (1972) 3326.

d. Reedijk and W.L. Groe.wald, Rec. Trav. Chem. Pays Bas, 87 (1968) 1079.
D.G. Batyr, M.P. Starysh, V.N. Shafranskii and Y.Y. Kharitonov, Russ. J. Inorg.
Chem., 17 (1972) 1728.



28

96
97

93
99

100
101
102
103
104
105
106

107
108
109
110
111
112
113
114
115
116
117

118

119
120
121

122
123
124
125
126
127
128
129
130
131

132
133
134
135
136
137
138
139
140

J. Grundness and P. Klaboe, in Z. Rappoport (Ed.), The Chemistry of the Cyano
Group, Interscience, New York, 1970, pp. 123—166.

G M. Bancroit, R.E.B. Garrod, A.G. Maddock, M.J. Mays and B.E. Prater, J. Am.
Chem. Soc., 94 (1972) 647.

R.A. Prados, C.A. Clausen and M.L. Good, Inorg. Chem., 2 (1973) 201.

W.P. Anderson, T.B. Brill, A.R. Schoenberg and C.W. Stanger, J. Organometal.
Chem., 44 (1972) 161.

C.W. Fryer and J.A.S. 8mith, J. Chem. Soc. A, (1970) 1029.

F.A. Cotton, Inorg. Chem., 3 (1964) 702.

W.A.G. Graham, Inorg. Chem., 7 (1968) 315.

R.A. Brown and G.R. Dobson, Inorg. Chim. Acta, 6 (1972) 65.

R.H.T. Bleijerveld and K. Vrieze, Inorg. Chim. Acta, 19 (1976) 195.

H.C. Clark, L.E. Manzer and J.E.H. Ward, Can. J. Chem., 52 (1974) 1973.

M.H. Chisholm, H.C. Clark, L.E. Manzer, J.B. Strothers and J.E.H. Ward, J. Am.
Chem. Soc., 95 (1973) 8574.

H.C. Clark and J.E.H. Ward, J. Am. Chem. Soc., 96 (1974) 1741.

T.G. Appleton, H.C. Clark and L.E. Manzer, Coord. Chem. Rev., 10 (1973) 335.
M.S. Kharasch, R.C. Seyler and F.R. Mayo, J. Am. Chem. Soc., 60 (1938) 882.
R.B. King and A. Fronzaglia, Inorg. Chem., 5 (1966) 1837.

P.M. Treichel and W.J. Knebel, Inorg. Chem., 11 (1972) 1289.

R.H. Reimann and E. Singleton, J. Chem, Soc., Dalton Trans., (1874) 808.

D. Drew, D.J. Darensbourgh and M.Y. Darensbourgh, Inorg. Chem., 14 (1975) 1579.
D. Brown, G.W.A. Fowles and R.A. Walton, Inorg. Synth., 12 (1970) 225.

D.W. Hensley and R.P. Stewart, Jr., Inorg. Chem., 10 (1976) 2418.

B.F. Cavit, K.R. Grundy and W.R. Roper, Chem. Commun., (1972) 60.

R.R. Schrock, B.F.G. Johnson and J. Lewis, J. Chem. Soc., Dalton Trans., (1974)
951

B.F.G. Johnson, A. Khair, C.G. Savory and R.H. Walter, Chem. Commun., (1974)
744.

D.H. Gerlach, W.G. Peet and E.L. Muetterties, J. Am. Chem. Soc., 94 (1972) 4545.
L.W. Gosser, Inorg. Chem., 15 (1976) 1348.

T.G. Appleton, M.H. Chisholm, H.C. Clark and L.E. Manzer, Inorg. Chem., 11 (1972)
1786.

L.E. Manzer, J. Chem. Soc., Dalton Trans., (1974) 1535.

M. Wada and T. Shimohigashi, Inorg. Chem., 15 (1976) 954.

R. Ros, J. Renaud and R. Roulet, J. Organometal. Chem., 104 (1976) 393.

R. Ros, J. Renaud and R. Roulet, J. Organometal. Chem., 104 (1976) 271.

R. Ros, J. Renaud and R. Roulet, J. Organometal. Chem., 87 (1975) 379.

P.F.B. Barnard, J. Chem. Soc. A,{1969) 2140.

S. Suzuki, M. Nakahara and K. Watanabe, Bull. Chem. Scc. Jpn., 44 (1971) 1441,
G. Roushias and G. Wilkinson, J. Chem. Soc. A, {(1968) 489.

N.C. Stephenson, J. Inorg. Nucl. Chem., 24 (1962) 801.

D.A. Buckingham, B.M. Foxman, A.M. Sargeson and A. Zannella, J. Am. Chem. Soc.,
94 (1972) 1007.

K.B. Nolan and R.W. Hay, J. Chem. Soc., Dalton Trans., (1974) 914.

M. Bennett and T. Toshida, 4. Am. Chem. Soc., 95 (1973) 3030.

R. Breslow, R. Fairweather and J. Kaena, J. Am. Chem. Soc., 89 (1967) 2135.

K. Sakai, T. Ito and K. Watanabe, Bull. Chem. Soc. dpn., 40 {(1967) 1660.

S. Komiya, S. Suzuki and K. Watanabe, Bull. Chem. Soc. Jpn., 44 (1971) 1440.
K. Watanabe, S. Komiya and 8. Suzuki, Bull. Chem. Soc. Jpn., 46 (1973) 2792.
R.J. Balahura, Can. J. Chem., 52 (1974) 1762.

R. Breslow and M. Schmir, J. Am. Chem. Soe., 93 (1971) 4960.

C.R. Clark and R.W. Hay, J. Chem. Soc., Dalton Trans., (1974) 2148,



141
142

143
144
145
146
147
148
149
150
151
152

1538
154

155
156

29

D.A. Buckingham, A.M. Sargeson and A. Zanella, J. Am. Chem. Soc., 94 (1972) 8246.
D.A. Buckingham, F.R. Keene and A.M. Sargeson, J. Am. Chem. Soc., 95 (1973)
5649.

D. Pinnell, G.B. Wright and R.B. Jordon, J. Am. Chem. Soc., 94 (1972) 6104.

R.J. Balahura, P. Cock and W.L. Purcell, J. Am. Chem. Soc., 96 (1974) 2739.

R.B. Jordan, A.M. Sargeson and H. Taube, Inorg. Chem., 5 (1966) 1091.

A.W. Zanella and P.C. Ford, Inorg. Chem., 14 (1975) 42,

A.W. Zanella and P.C. Ford, Inorg. Chem., 14 (1975) 700.

S.E. Diamond, B. Grant, G.M. Tom and H. Taube, Tetrahedron Lett., 46 (1974) 4025.
S.E. Diamond, G.M. Tom and H. Taube, J. Am. Chem. Soc., 97 (1975) 2661.

T. Mukaiyama, K. Kamio, S. Kobayashi and H. Takei, Chem. Lett., (1973) 357.

8. Paraskewas, Synthesis, (1974) 574.

G.N. Schrauzer, P.A. Doemeny, R.H. Frazier, dr. and G.W, Kiefer, J. Am. Chem. Soc.,
94 (1972) 7378.

G.N. Schrauzer, G.W. Kiefer, P.A. Doemeny and H. Kirsch, J. Am. Chem. Soc., 95
(1973) 5582.

E.B. Fleischer and M. Krishnamurthy, J. Am. Chem. Soc., 94 (1972) 1382.

LI Creaser and A.M. Sargeson, Chem. Commun., (1975) 974.

J.L. Silver, M. Y. Al-Janabi, R.M. Johnson and J.L. Burmeister, Inorg. Chem., 10
(1971) 994.



