Notes

the yield of the latter might be improved by reverse addition.
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Transition metals form complexes with a variety of ligands
containing a carbonyl functionality. Of these, the 8-diketonate
complexes, which are among the most common, derive their
stability from the formation of chelates with the bidentate
ligand. Some simple carbonyl compounds also form stable
metal complexes. Thus, monofunctional ketones such as
acetone, chloroacetone, and butanone! and aldehydes such as
acetaldehyde, propionaldehyde, and benzaldehyde,? as well as
esters such as methyl formate and ethyl acetate,® all form
stable complexes, especially with divalent transition-metal ions.
The carbonyl group in these complexes is usually coordinated
through an oxygen atom by ¢ bonding, and metal ions sur-
rounded by six oxygen atoms in an octahedral array have been
described.*

Although rare, there are some examples in which the
carbonyl group is 7 bonded to the metal. Thus, hexa-
fluoroacetone forms a 7 complex with nickel(0) in which
structural data clearly indicate a sidewise coordination of the
carbonyl group.® Benzaldehyde and benzophenone also form

0020-1669/79/1318-2311$01.00/0

Inorganic Chemistry, Vol. 18, No. 8, 1 979 2311

stable red complexes with (triphenylphosphine)nickel(0).6
More recently, a zerovalent nickel complex of ferr-butyl .
isocyanide was reported to afford stable complexes with
carbonyl compounds containing electron-withdrawing sub-
stituents.” The latter suggests that back-bonding is an im-
portant factor in the formation of = complexes of carbonyl
compounds with metals, particularly those in low formal
oxidation states. ‘

In this study we wish to employ polar substituents on the
aromatic ring of benzophenone to probe the mechanism of the
formation of = complexes of nickel(0). The parent member
of the series has been isolated as a red crystalline compound
with composition (Ph,C=0)Ni(PEt;),. The X-ray crystal
structure of the x-bonded carbonyl group is compared with
the 7 bonding of other unsaturated ligands.

Results and Discussion

The triethylphosphine complex of nickel(0) is isolated as
a colorless crystalline solid of composition Ni(PEt;),. The
complex is labile, and in organic solvents such as tetra-
hydrofuran (THF), benzene, or hexane it readily dissociates
to coordinatively unsaturated species (eq 1). For example,

K ¢
Ni(PEt;)s T Ni(PBt); S= Ni(PEt); (1)

K, and K; are 1.0 X 1072 and <107%, respectively, in THF
solution. The red color of the solution is associated with
Ni(PEt;); absorbing at 500 nm (e 3900).8

Product and Stoichiometry, Upon the addition of 1 equiv
of benzophenone, the band at 500 nm disappeared with the
concomitant growth of a new band at 330 nm. A red crys-
talline product I (eq 2) could be isolated from this solution,

0
NI(PEts)s + @—ﬂ_@ —_
i
@—c@ Ni(PEts); + 2PEts (2)

. I
A similar reaction occurred with acetophenone, but we were
unable to isolate a crystalline product. The addition of acetone
or methyl benzoate to the red solution under the same con-
ditions did not affect either the position, shape, or intensity
of the absorption band at 500 nm. The formation constants
with these carbonyl compounds are apparently small, since the
red color of Ni(PEt,); is not visible in a solution of Ni(PEt;),
in the neat solvent (e.g., acetone). Qualitatively, weak =
complexes with dimethylformamide (e.g., eq 3) are also in-

Nl(PEt3)4 + (CHg)zNHC—O -

dicated by solutions showing a much less intense absorbance
at 500 nm compared to that observed in noncoordinating
solvents such as THF, benzene, or hexane.

Upon coordination to nickel(0), the infrared stretching

. frequencies of the carbonyl groups of benzophenone and

acetophenone at 1680 and 1690 cm™!, respectively, disap-
peared.” The complexed benzophenone can be displaced from
nickel(0) simply by bubbling carbon monoxide through the
solution. The substitution reaction proceeds quantitatively
according to eq 4, as indicated by the complete reappearance

(PhCOPh)Ni(PEt,), + 2CO —
PhCOPh + Ni(CO),(PEt), (4)

of the carbonyl frequency of free benzophenone as well as the
growth of the characteristic bands at 1995 and 1935 cm™! for
Ni(CO),(PEt;),.)® The red complex of (benzophenone)bis-
(triethylphosphine)nickel is air sensitive and melts between

© 1979 American Chemical Society
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Table I. Phosphine Dependence of the Observed Second-Order
Rate Constant for = Nickel(0) Formation®

added kobsds added k obsds
[PEt ], M M ¢! [PEt,], M M5!
0 21.3 6.75 x 1073 8.50
2.25 x 107® 13.9 9.00 x 1073 7.28
4.50x 107® 11.1

% In toluene solution containing [Ni(PEt,),] =5 X 107* M and
[p-(V;N-dimethylamino)benzophenone] = § X 10°* M at 25 °C.

70 and 78 °C to afford a red liquid. The proton NMR
spectrum at 60 MHz in benzene-dg consists of partially re-
solved multiplet resonances for both the ethyl (6 0.3-1.7) and
phenyl (6 7.18 and 8,18) groups, but the *'P NMR spectrum
shows two sharp singlets at 19.37 and 19.51 ppm downfield
from phosphoric acid, consistent with the structure described
below.

Kinetics and Mechanism of w-Complex Formation. The rate
of the reaction between Ni(PEt;), and benzophenone was
followed spectrophotometrically by monitoring the disap-
pearance of the 500 nm band. The formation of the =
nickel(0) complex obeys apparent second-order kinetics, being
first order in Ni(PEt;); and benzophenone according to eq 5,

~d[NiL;] /dt = Ko [PhRCOPh][NiL;] )

where L = PEt;. The observed second-order rate constant,
however, is diminished by added triethylphosphine as listed
in Table I. Quantitatively the inverse phosphine dependence
of the observed rate constant is given by eq 6 as illustrated

1 1 [PEt;]
= - + —
kobsd k ! K (6)

in Figure 1. The value of the phosphine-independent rate
constant k = 22.2 M~! 57! obtained from the intercept affords
a value of K = 4.2 X 107 M derived from the slope.

Such a relationship for the phosphine dependence would
obtain if the three-coordinate nickel(0) were the species directly
involved in w-complex formation (Scheme I).

Scheme 1
K
NiL, = NiL, + L (7

k
NiL; + Ar,C=0 —> (Ar,C=O)NiL, + L (8)

The kinetics of w-complex formation according to the
mechanism in Scheme I is given by the rate equation in eq
9, if the phosphine dissociation in eq 7 is fast, where kg =

d[NiL;] Kk
dr K, +[L]

K k,/{K| + [L]}, the inverse of which is equivalent to eq 6,
where k = k, and K = K,. Indeed, K; = 4.2 X 1073 M,

[Ar,COJ[NiL;] ®

Notes

Figure 1. Phosphine dependence on the rate of w-complex formation
between Ni(PEt;)4 and p-(V,N-dimethylamino)benzophenone in
toluene at 25 °C.

Log kg,
)
T
o
T

Figure 2. Hammett correlation of the rate of w-complex formation
from Ni(PEt;), and substituted benzophenones.

independently evaluated by a spectral technique (see eq 1),
is the same as that determined kinetically from eq 6.

The effect of polar, nuclear substituents on the rate of
m-complex formation was examined under standard conditions
by employing the ketone in excess to approximate zero-order
kinetics. The pseudo-first-order rate constant k; obtained in
this manner shows a first-order dependence on the concen-
tration of benzophenone as listed in Table II. The Hammett
correlation of the second-order rate constants for substituted
benzophenones with p = +2.0 is illustrated in Figure 2. These
rate constants (log k.pq) are also linearly related to the re-
duction potentials!'! of the corresponding substituted benzo-
phenones shown in Figure 3. In both cases, the rate of =-
complex formation is accelerated by relatively electron-de-
ficient benzophenones and retarded by electron-rich benzo-
phenones. :

Table II. Substituent Effects on the Kinetics of the Formation of Benzophenone = Complexes with Nickel(0)®

[4-RCH,- 104[Ni(PEt,),],

o R COC.H.], M M solvent Ky, s Kobsg,? M? 57! E,CV
—0.60 Me,N 5.0x 107° 5.0 benzene 0.11 2.2 %X 10 (1.34) -1.90
-0.17 CH, 5.0x 107 5.0 benzene 0.35 7.0x 10 (1.84) -1.76

0 H 5.0x 1073 5.0 benzene 1.2 2.4 X 10%(2.38) ~1.68
-0 H 1.0 x 107? 5.0 benzene 1.8 1.8 X 107 (2.25) —-1.68

0 H 1.5 x 1072 5.0 benzene 3.2 2.1 X 10%(2.32) -1.68

0.28 1 5.0x 1073 5.0 benzene 4.94 9.9 x 10%(2.99) -1.60¢

0.82 Me,N* 5.0x 1078 5.0 3.6 X 10 7.3 X 10° (3.86) -1.42
-0.60 Me,N 4.2 x 107° 4.2 hexane 3.9 x 10 (1.59) -1.90

0 H 4.2 X 107° 4.2 hexane 4.3 X 10?7 (2.63) —1.68

@ In benzene solutions at 25 °C, as described in the text. ? Logarithms in parentheses. € Reduction potentials of benzophenone in DMF
solution are from ref 11. ¢ A subsequent reaction affords the oxidative adduct PhCOC H,Nil(PEt,),. ¢ Interpolated value obtained from

Figure 3.
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Figure 3. Relationship between the electrochemical reduction po-
tentials of substituted benzophenones and the rates of w-complex
formation from Ni(PEt;),.

The linear correlation of the rates with the reduction po-
tentials of the benzophenone as well as the positive Hammett
p value indicates that the electron density flows from the nickel
center to the incipient benzophenone ligand in the transition
state for w-complex formation. However, electron transfer is
not complete, since the well-characterized ESR signals of
neither the paramagnetic nickel(I) species!? nor the benzo-
phenone ketyl'? can be observed. ‘Furthermore, when the
benzophenone ketyl (prepared independently) was added to
solutions of either nickel(I) or nickel(II), the reverse process
involving electron transfer from the ketyl obtained (eq 10 and
11). 1In both cases, the formation of the (benzophenone)-

K*(PhCOPh)™ + BrNi(PEt;); ——
: (PhCOPh)Ni(PEt;), + PEt; (10)
2K*(PhCOPh)™ + Br,Ni(PEt;), ——>
(PhCOPh)Ni(PEt;), + PhCOPh (11)

nickel(0) complex was readily observed by its characteristic
visible absorption, proton NMR, and IR spectra.

The substituent effects on the rates of w-complex formation
suggest several mechanisms. [The inverse phosphine de-
pendence indicates that the fully coordinated tetrakis(tri-
ethylphosphine)nickel is not directly involved.!¥] The rate-
limiting step presented above in Scheme I is an associative
process in which the = complex is formed by a direct ligand
displacement of phosphine from the three-coordinate Ni(PEts);
by benzophenone. An alternative dissociative process is in-
cluded in Scheme 11, in which the loss of phosphine from the
four-coordinate benzophenone adduct in eq 14 represents the
important activation process (Scheme II).

Scheme II
K
NilL, = NiL, + L (12)
NiL, + Ar,C=0 = (Ar,C=O)NiL,  (I3)

k
(Ar,C=O)NiL, —» (A,C=O)NiL, + L  (14)

However, without the actual detection of (Ar,C=0)Ni-
(PEt;3); as an intermediate, the distinction between the
mechanisms in Schemes I and 1T is difficult to make rigorously.
The solvent dependence of the rate of 7-complex formation
in Table III is rather small, but suggests a slightly decreasing
order: hexane > toluene > THF.

Crystal Structure of (Benzophenone)bis(triethylphos-
phine)nickel. To avoid decomposition, a crystal of I was placed
in a gaseous stream of cold nitrogen on the goniostat and
maintained at ~145 °C throughout the characterization and
data collection. The X-ray structure shown in Figure 4 in-
dicates that the carbonyl group bonded to nickel has a trig-
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Table III. Solvent Dependence of the Rate of
n-Complex Formation®

kobsds kobsd,
solvent Mttt solvent Mgt
hexane 49 THF 11
toluene 22 :

% For p-(N,N-dimethylamino)benzophenone at 25 °C. [ArCO-
Ph} = 5.0 x 107* M and [Ni(PEt,),] =5.0 x 107* M.

Table IV. Bond Distances (&) for Ni[(C,H,),CO} [P(C,H),],
A B dist A B dist

Ni(1) P(1)  2.136(1) C@©) H(®6) 0.985(27)
Ni(1) P(2)  2190(1) CU0) H7)  1.006 (36)
Ni(l) O(1) 1.849(2) Cdl1) H®) 1.016 (45)
Ni(l) C(1) 1.974(3) C(12) H©O) 0.894 (41)
P(1) CU4) 1.832(4) C(13) H(0) 0.963(59)
P(1)  C(16) 1.831(4) CA14) H(l1) 1.029 (46)
P(1) C(18) 1.829(4) C(14) H(12) 0.963 (44)
P(2) C(20) 1.837(4) C(15). H(13) 1.048(53)
PQ2)- C(22) 1.834(4) CQAS) H(4) 0.876 (50)
P2) C(24) 1.830(4) C(15) H(1S) 0.827 (64)
o) C(1) 1.335@) C(16) H(16) 0.989 (44)
C(l) CQ2) 1.509(5) C(16) H(17) 0.978 (43)
C(1) C@B). 1.491(5) CU7) H(18) 0.975(53) -
C2) C3) 1.397() CUI7) HU9 0.892 (43)
C2) C(7) 1.390() CA7T HQRO) 1.175(52)
C(3) C@4) 1.389(5) C(18) H(Q1) 0.924 (44)
C4) C(5)  1377(6) C(I8) H(22) 0.911 (48)
C(5) C6) 1.399(5) C(19) H23) 0.917 (43)
C6) C(7) 1.384(5) C(19) HE24) 0.867 (39)
C8) €O  1.392(5) C(19) HQS) 1.015 (66)
C(8) C(13) 1.406(5) C(20) HQ26) 0.921 (47)
C(9) C(10) 1.381(5) C(20) HQ7) 1.051(43)
C(10) C€(1) 1.390(6) C(21) H(28) 1.058 (59)
c(l) C12) 1.373(7) CQ1) HEZ9 0.904 (51)
C(12) C€(13) 1.388(6) C(21) H(30) 1.010(53)
C(14) C(15) 1.512(6) C€(22) H(31) 0.931(51)
C(16) C(17) 1.516(6) CQ2) H(32) 0.901 (55)
C(18) C(19) 1.518(5) C(23) H(33) 0.795 (50)
C(20) C(21) 1.526(6) C(23) H(34) 0.963 (46)
C(22) C(23) 1519(5) C(23) H(35) 0.970 (73)
C24) C(25) 1.517(5) C(4) H(36) 0.744 (55)
C(3) H() 092340 C@24) HGB?) 0.996 (37)
C(4) H(2 1031(30) C@25) H(38) 0.844(51)
C(5) H(3) 0.978(42) C@25) H(39) 0.923(33)
C(6) H(4)  0.926(49) CR5) H@0) 0.949 (40)
C(7) HG)  0.82241)

onal-planar configuration, with bond distances and angles listed
in Tables IV and V, respectively. The nonbonded contact
distances are normal, showing the data crystal to be composed
of an array of neutral molecules. '

The carbonyl group in I is associated with nickel by a

P ]

sideways attachment to form a rigid O-Ni-C ring. The length

" of the C=0 bond of 1.335 (4) A is approximately 0.1 A longer

than that (1.23 A) of the free benzophenone structure.!® The
same bond extension is observed in the (hexafluoroace-
tone)nickel(0) complex in which the C=0 bond length is 1.32
(2) A. The lengthening of the C=0 bond can be interpreted
in terms of the Dewar—Chatt—Duncanson model of 7 bonding!6
as arising from a back-donation from a metal d orbital into
the antibonding =* orbital of the carbonyl group. Such a
back-bonding is expected not only to weaken the C=0 bond
but also to lead to a change of the configuration of the carbonyl
carbon from an idealized sp? hybridized state toward an sp?
state upon coordination. Indeed, such an expansion of the
internal angle C(2)—C(1)—C(8) from 122° in the free ligand
to 119.3 (3)° upon coordination is observed, although of
limited magnitude.

_The structural parameters involved in 7 bonding of carbonyl
ligands to nickel are compared in Table VI. The coordination
of the carbonyl group to nickel is not symmetrical in I, the
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Table V. Bond Angles (deg) for Ni[(CH,),CO} [P(C,H,),],

Notes

A - B C angle A B C angle
P(1) Ni(1) P(2) 106.0 (0) P(1) C(14) H(11) 105.6 27)
P(1) Ni(1) o) 153.4 (1) P(1) C(14) H(12) 113.2 (25)
P(1) Ni(1) C(1) 112.8 (1) C(15) C(14) H(11) 110.2 (24)
P(2) Ni(1) o) 100.6 (1) C(15) C(14) H(12) 112.8 (26)
P(2) Ni(1) C) 141.2 (1) H(11) C(14) H(12) 101.1 (36)
o) Ni(1) C() 40.7 (1) C(14) C(15) H(13) 110.3 (28)
Ni(1) P(l) C(14) 115.2 (1) C(14) C(15) H(14) 116.3 (30)
Ni(1) P(1) C(16) 113.8 (1) C(14) C(15) H(15) 113.9 (38)
Ni(1) P(1) C(18) 117.0 (1) H(13) C(15) H(14) 111.9 (39)
C(14) P(1) C(l6) 102.7 (2) H(13) C(15) H(15) 98.9 (48)
C(14) P(1) C(18) 102.9 (2) H(14) C(15) H(15) 104.2 47)
C(16) P(1) C(18) 103.4 (2) P(1) C(16) H(16) 104.4 (21)
Ni(l) P2) CQ20) 117.9 (1) P(1) C(16) H(17) 103.5 (24)
Ni(1) P(2) C(22) 108.3 (1) c(17) C(l6) H(16) 109.2 (24)
Ni(1) PQ2) C(24) 120.7 (1) can C(16) H(17) 114.7 (24)
C(20) P(2) C(22) 103.3 (2) H(16) C(16) H(17) 111.3 (35)
C(20) P(2) C(24) 100.8 (2) C(16) C(17) H(18) 107.1 (31)
C(22) P(2) C(24) 103.7 (2) C(16) C(17) H(19) 108.0 (30)
Ni(1) 0o(1) c) 74.7 (2) C(16) c(1n H(20) 111.2 (24)
Ni(1) C() o) 64.6 (2) H(18) cany: H(19) 121.5 (42)
Ni(1) C1) C(2) 116.3 (2) H(18) c(17n H(20) 100.7 (39)
Ni(1) C(1) C(8) 110.7 (2) H(19) C(17) H(20) 108.1 (35)
o) C) C(2) 116.0 (3) P(D) C(18) H(Q1) 107.0 (28)
o) C) C(8) 117.8 (3) P(1) C(18) H(22) 104.3 (31)
C(2) C() C®) 119.3 (3) C(19) C(18) H(21) 111.3 (29)
C(1) C(2) C(3) 119.5 (3) C(19) C(18) H(22) 109.1 (28)
C) CQ) C(h 123.2 (3) H(21) C(18) H(22) 107.2 (39)
C(3) C(2) C(n 117.0 (3) C(18) C(19) H(23) 105.7 (25)
C(2) C@3) C4) 121.8 (3) C(18) C(19) H(24) 109.1 27)
C@3) c4) C(5) 120.0 (3) C(18) C(19) H(25) 119.7 (34)
Cc4) C(5) C(6) 119.4 (3) H(23) C(19) H(24) 115.7 (36)
C(5) C(6) C(7) 119.7 (3) H(23) C(19) H(25) 95.5 43)
C2) C() C(6) 122.0 (3) H(24) C(19) H(2S) 110.8 (40)
c) C(8) C(9) 123.9 (3) P(2) C(20) H(26) 111.9 (31)
c) C(8) C(13) 118.9 (3) P(2) C(20) - HQ27) 108.3 (22)
C(9) C(8) C(13) 117.2 (3) cQ2l) C(20) H(26) 105.5 (30)
C(8) (o)} C(10) 121.4 (3) C(21) C(20) HQ2T7) 110.0 (23)
(6(¢)] C(10) C(11) 120.5 (4) H(26) C(20) HQ27) 106.6 (37)
C(10) c(n C(l2) 119.2 (4) C(20) C(21) H(28) 109.6 (31)
C(11) C(12) C(13) 120.5 (4) C(20) c@2n H(29) 113.3 (32)
C(®8) C(13) C(12) 121.2 (4) C(20) C(21) H(30) 116.0 (32)
P(1) C(14) c1s) 112.9 (3) H(28) C2L) H(29) 105.7 (44)
P(1) C(16) c(17) 113.2 (3) H(28) cl) H(30) 107.7 (44)
P(1) C(18) C(19) 117.3 (3) H(29) C@21) H(30) 103.8 (42)
P(2) C(20) c@2n 114.2 (3) P(2) C(22) H@GED) 108.3 (28)
P(2) C(22) C(23) 118.3 (3) P(2) C(22) H(32) 108.3 (36)
PQ2) C(24) C(25) 113.9 (3) C(23) C(22) H(@31) 108.3 (30)
C(2) C(3) H(®1) 119.6 (23) C(23) C(22) H(32) 108.6 (36)
C4) C(3) H(1) 118.1 (23) H@L) C(22) H(32) 104.1 (45)
C(3) C4) H(2) 117.7 (18) C(22) C(23) H(33) 113.3 (36)
C(5) C4) H(2) 122.1 (18) C(22) C(23) H(34) 107.4 (28)
C(4) C(5) H(3) 120.3 (25) C(22) C(23) H(35) 104.6 (45)
C(6) C(5) H(3) 120.0 (25) H(33) C(23) H(34) 108.4 (43)
C(S) C(6) H4) 125.9 (28) H(33) c@23) H(35) 120.1 (52)
c) C(6) H4) 114.3 28) H(34) C(23) H(@3S) 102.0 (48)
C(2) C(7) H(S) 120.9 (30) PQ2) C(24) H(36) 105.1 (43)
C(6) C(7) H(S) 117.1 (30) PQ) C(24) H(37) 104.4 (22)
C(8) C(9) H(6) 115.3 (17) C(25) C(24) H(36) 106.7 (42)
CQ1o0) c9) H(6) 123.3(17) C(25) C(24) H(37) 115.6 (20)
C(9) cao) H(7) 116.0 (19) H(36) C(24) H(37) 110.8 (45)
C(11) C(10) H(7) 123.4 (19) C(24) C(25) H(38) 110.4 (31)
C(10) c11) H(8) 125.4 (27) C(24) C(25) H(39) 111.4 (21)
C(12) c(l) H(8) 115.0 (27) C(24) C(25) H(40) 104.8 (22)
C(1D) C(12) H(9) 119.1 (28) H(38) C(25) H(39) 108.2 (37)
C(13) Cc(12) H(9) 120.4 (28) H(38) C(25) H(40) 113.3 (41)
C(8) C(13) H(10) 116.7 (29) H(39) C(25) H(40) 108.8 (31)
C(12) C(13) H(10) 122.0 (29)

Ni-O distance of 1.849 (2) A being 0.125 A shorter than the
Ni-C distance of 1.974 (3) A. This asymmetry is also reflected
in the bond angles. Thus, the O(1)-Ni(1)-P(2) angle of 100.6
(1)° is smaller than the C(1)-Ni(1)-P(1) angle of 112.8 (1)°
by 12.2°. It should be noted that in the (hexafluoro-
acetone)bis(triphenylphosphine)nickel complex, the Ni~C and
Ni~O distances are approximately equal, being 1.89 (2) and
1.87 (1) A, respectively. The two nickel-phosphine distances

are also significantly different in I. The bond which is trans
to carbon is 2.190 (1) A, which is 0.054 A longer than the
Ni~P bond trans to oxygen of 2.136 (1) A. A similar phe-
nomenon has been observed in several = complexes in which
the two ends of the unsaturated coordinated ligands are at
different distances from the metal. For example, in Ni[P-
(0-o-tol);],[H,C=CH(CN)] (II), the cyano end of the olefin
is significantly closer to the metal, and the trans phosphite
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Figure 4. oRTEP drawing of the molecule Ni{(C¢H;s),CO][P(C;Hs)s]5.
All thermal ellipsoids are drawn at the 50% probability level, and
hydrogens have been given an artificial By, = 0.5 A2 for artistic
purposes. The drawing also shows the numbering scheme used in the
tables. :

Table VI. Comparative Structural Data of n-Bonded Carbonyl
Complexes of Nickel(0)

0 a 0 o ¢

(Ph,P)ZNi|C| (map)zuiﬂ . (CysP)zNiu
bond dist or angle C/Fa\CFa Ph/ \Ph \\o
C=0, A 1.32 (2) 1.335 4) 1.22 ()
A(C=0),° A 0.09 0.10 0.06
Ni-C, A 1.89 (2) 1.974 (3) 1.84 2)
Ni-0, A 1.87 (1) 1.849 (2) 1.99 (2)
Ni~-P(transto C), A~ 2.249 (7) 2.190 (1)
Ni-P(trans to O), &  2.175 (6) 2.136 (1)
LO=Ni~C, deg 41.3 (D 40.7.(1) 37
9,2 deg 6.9 3.3
8,° deg 48 63.4

¢ Fromref 5. Tricyclohexylphosphine complex taken from
ref 17. ¢ Extension of the C=0 bond length upon coordination.
4 Dihedral angle between the planes Ni-P(1)-P(2) and Ni-C(1)~
O(1) (represents a measure of the twist of the unsaturated coordi-
nated ligand toward the coordination plane). € Angle between the
C=0 bond and the normal to the substituent plane of the carbonyl
group (represents a measure of the nonplanarity of the bonded car-
bonyl group).

ligand is closer to the metal than is the cis phosphite.!® In
(t+-BuNC),Ni[-BuN=C=C(CN),] (III), the more elec-

Bu

H\ /CN i

¢
OhP A ¢ BdNC_, 53 N
(@- ¥s \2% W 87 |0

poNile 23N

S <0y y/ 55
L $ hs
(OO0} P)/ \c B&NC \c
3 PN N
H H —CN

CN
II II1

tronegative nitrogen is closer to the metal, and the ligand trans
to the nitrogen is also closer to the metal.!® Likewise, the
phosphine ligand trans to the more electronegative oxygen in
(hexafluoroacetone)bis(triphenylphosphine)nickel is signifi-
cantly closer to the metal than the other phosphine.

Such a trans influence in 7 complexes of electron-rich
zerovalent nickel with unsaturated C=C ligands derives from
an important contribution from 7 back-bonding. Thus, the
presence of an electron-withdrawing substituent, which-lowers
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Table VII. Dihedral Angles (6) for Trigonally Coordinated
Nickel(0) Complexes with n Ligands

7 complex 9, deg ref
CH, 3.8 (2) 21
(Ph3PINI I ct
N
CH3/ \CH3
(Ph,P),Ni(CH,=CH,) 5 22
CHy
<@§-o>sp 2NI{CHa ==CH,) 6.6 18
[(CeH,),PCH,] ,Ni(Me,C=CMe,) 16.5 23
(-BuNC),Ni(TCNE) 23.9(2) 24
CH3 '
@—O>3PJZNI(CHZ=CHCN) 3.9 18
(t-BuNC),Ni{[#-Bu-N=C=C(CN), ] 7.9 (3) 19

the energy of the antibonding =* orbital of the unsaturated
ligand, favors the formation of the = complex. Replacement
of a trigonal carbon with a more electronegative atom has an
effect similar to the introduction of an electron-withdrawing
substituent.?’ With either type of unsaturated ligand, the more
electron-deficient terminus will have a stronger w-accepting
capability and lead to shorter bonds with both trans ligands.

Coordination of benzophenone to nickel(0) also destroys the
coplanarity of the carbonyl group in the free ligand. The two
phenyl groups in I are bent away from the metal, the extent
of bending indicated by a 8 in Table VI of 63.4° rather than
90° for the angle subtended by the C=0 bond and the normal
to the C(2)-C(1)-C(8) plane. The bending is smaller than
that observed in the hexafluoroacetone complex in which g
is 48°, presumably due to restoring forces which tend to
preserve the m conjugation between the carbonyl group and
the phenyl rings. Moreover, the difference in 3 is not ac-
counted for by steric effects since the phenyl group is expected
to be bulkier than the trifluoromethyl group.

The carbonyl group in the (benzophenone)nickel(0) complex
is also twisted out of the coordination plane of nickel which
is common in trigonal-planar d'° structures. The angle §
between the plane defined by P(1)-Ni-P(2) and O(1)-
Ni~C(1) is 3.3° which is small compared to that of other
trigonally coordinated nickel(0) complexes containing -
bonded ligands listed in Table VII. The carbon atom is about
0.024 A above the plane defined by P(1)-Ni-P(2), and the
oxygen atom is 0.051 A below this plane. No satisfactory
explanation is available to account for this distortion from
planarity in these systems.

Experimental Section

Materials. Tetrakis(triethylphosphine)nickel(0) was prepared
according to the literature method.?® The benzophenones either were
available commercially or were prepared according to standard
literature procedures. All operations involving air-sensitive nickel
complexes were carried out with Schlenk flasks under an argon
atmosphere by using standard bench-top techniques. Solvents used
were all redistilled from sodium/benzophenone under argon first and
then redistilled from Ni(PEt;), under argon prior to use.

Interaction of Benzophenone with Ni(PEt;),. The infrared study
of the interaction between benzophenone and Ni(PEt;), was carried
out in 0.05 M THF solutions. Spectra were recorded on a Per-
kin-Elmer 467 spectrometer. After addition of gaseous carbon
monoxide to the reaction mixture, the red color disappeared, and the
spectrum was the same as that of a mixture of benzophenone and
Ni(CO),(PEt;),.

In kinetic studies, the rate of disappearance of Ni(PEt;); was
followed at 500 nm. Separate solutions of Ni(PEt;), and benzo-
phenones were prepared in Schlenk flasks under argon and transferred
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Table VIII. Crystal and Diffractometer Data for
(Benzophenone)bis(triethylphosphine)nickel

empirical formula NiC,,H,,0P,
color of crystal dark red
space group P2, /n
cell dimens (~145 °C; 18 rflctns)

a 11.209 (6) A

b 19.243 (10) A

¢ 11.911 (6) A

g 96.65 (4)°
Z (molec/cell) 4
14 2551.83 A®
calcd density 1.242 g/cm?®
wavelength 0.71069 A
mol wt 477.25
linear abs coeff 8.993 cm™!
detector to sample dist 22.5cm
sample to source dist 23.5 cm
takeoff angle 2°
average « scan width at half-height 0.27°
scan speed 3°/min
scan width 2 + dispersion
single bkgd time at extremes of scan 10s
aperture size 3 X 3.5 mm
limits-of data collecn

min 26 4°

max 26 50°
total no. of rflctns collected 8079

no. of unique intensities 4056

no. with £ > 0.0 3810

no. with F > op 3756

no. with £ > 2.33¢F 3630
final residuals

Rp 0.0499

Ryrp 0.0709
goodness of fit for last cycle 1.375
max & /o for last cycle 0.05

by means of glass syringes to a Durrum-Gibson stopped-flow
spectrophotometer. The reactions were carried out under pseudo-
first-order conditions with benzophenone in excess. Reactions in
hexane were followed on a Cary 14 spectrophotometer by using
equimolar solutions of both reagents.

Varian T-60 and XL.-100 NMR spectrometers were used to record
H and *'P NMR spectra, and a Varian E-112 spectrometer was used
for the ESR studies. Equal amounts of a 0.05 M THF solution of
Ni(PEt;), and benzophenone were mixed and sealed in a quartz tube.
Upon irradiation with a mercury lamp without any filter, a small signal
appeared at ~170 °C with a g value of 2.0030 and line width ~13
G. No hyperfine structure was observed. The signal disappeared when
the light was turned off.

X-ray Structure Analysis. Equimolar amounts of Ni(PEt;), and
benzophenone were mixed in a solvent consisting of a 1:10 mixture
of toluene and hexane. The solution was cooled very slowly to —60
°C overnight to yield clusters of thick dark red needles. A small
fragment, measuring 0.25 X 0.31 X 0.32 mm, was cleaved from a
larger crystal and used for characterization and data collection. The
sample was mounted on a glass fiber with silicone grease and cooled
on the goniostat to —145 °C, the temperature at which all mea-
surements were done. Because of suspected air sensitivity, the sample
was mounted in a dry-nitrogen glovebag and transferred to the
goniostat while bathing the crystal in dry nitrogen.

The diffractometer utilized for data collection was designed and
constructed locally.2® A Picker four-circle goniostat equipped with
a Furnas monochromator (HOG crystal) and a Picker X-ray generator
was interfaced to a T1980B minicomputer, with Slo-Syn stepping
motors to drive the angles. Centering was accomplished by using
automated top/bottom-left/right slit assemblies which are the basis
of the diffractometer alignment. The minicomputer was interfaced
to a CYBER172-CDC660 multimainframe system where all com-
putations were performed.

Complete crystal and diffractometer data for the continuous §-26
scan technique are given in Table VIII. The data were reduced in
the usual manner and the structure solved by a combination of direct
methods and Patterson techniques. [All computations were made by
using the ITUMSC interactive XTEL program library, which consists
of local code and selected programs adapted from those described

Notes

by A. C. Larson (Los Alamos code) and J. A. Ibers (Northwestern
University Library).] Nonhydrogen atoms thus located were refined
isotropically, and a difference Fourier synthesis phased on the refined
positions located all hydrogen atoms. Final full-matrix refinement
using anisotropic thermal parameters for nonhydrogen atoms and
isotropic thermal parameters for hydrogens converged rapidly. All
data with F > o5 (based on counting statistics) were used in the
refinement. Owing to the nearly equidimensional size of the crystal
and the low linear absorption coefficient, no absorption correction
was deemed necessary. An isotropic extinction parameter was included
in the final refinement but did not differ significantly from zero.

The final positional and isotropic thermal parameters are given
in Table IX, and observed and calculated structure factors are available
(supplementary material).
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Although cyanide rapidly reduces copper(II) to copper(I)
when mixed together in aqueous solution,? it has recently been
shown possible to isolate stable ternary copper(II) complexes
containing coordinated cyanide and nitrogen donor bases.?
This communication discusses the interaction of copper(il),
2,2,2"”-terpyridine (terpy), and cyanide, the isolation of two
stable complexes [Cu(terpy)CN]NO;-H,0 and [Cu(terpy)-
CN]CIO,, and their magnetic properties.

Magnetic interactions in these complexes should be of-

interest being that [Cu(terpy)CN]NO;-H,0 is a one-di-
mensional polymeric chain containing cyanide, which bridges
between adjacent copper(II) ions* whose unpaired spins should
be in near-orthogonal molecular orbitals. Such chains ideally
should be ferromagnetic and only one example of a one-di-
mensional ferromagnetic S = !/, chain is presently known.’

Experimental section

Synthesis of [Cu(terpy)CN]X. X = Cl0,~. A 0.100-g (4.3 x 10™*
mol) portion of terpy was dissolved with heating in a 20-mL aqueous
solution containing 0.092 g (4.3 X 107 mol) of Cu(NO;),-3H,0. An
aqueous solution (8 mL) of KCN (0.028 g; 4.3 X 107 mol) was added
dropwise with stirring to the aforementioned hot solution, and this
was followed by 5 mL of aqueous NaClOy (0.053 g, 4.3 X 10~ mol).
Blue crystals of product separated, were washed with ice-cold water,
and were dried over P,Os for 24 h. Anal. Caled for [Cu-
(CisH N3)CNICIO,: C, 45.51; H, 2.63; N, 13.26. Found: C, 45.54;
H, 2.59; N, 13.31.

X = NO;~. Blue crystals of the complex [Cu(terpy)CN]NO;-H,0
were isolated as previously described.*

Infrared spectra were run on a Perkin-Elmer 521 and magnetic
susceptibilities were determined from 1.7 to 100 K by using a PAR
vibrating sample magnetometer as previously described.®

Results and Discussion

An initial plot of 1/x vs. T for the NO;™ salt indicated
Curie—Weiss behavior with an intercept of approximately —1
K, thus showing the presence of weak antiferromagnetic
interaction. A more sensitive indication of the antiferro-
magnetic nature of the magnetic exchange is obtained from
a plot of xT vs. T (Figure 1), as shown by the decrease of x7T
at low temperature. Because of the linear chain structure of
the salt, the data were fit to the high-temperature series
expansion of Baker et al.” for the S = !/, Heisenberg anti-
ferromagnet. The results of the least-squares analysis of the
data are shown as the solid line in Figure 1, with J = -0.44
cm™! and g = 2.087.. A comparable, although somewhat
poorer, fit could also be obtained from the S = !/,, Ising model
predictions® with J = —0.53 cm™ and g = 2.105. However,
because of the nearly isotropic g tensor for Cu?* salts, the
Heisenberg model is more appropriate, and the value of J =
~0.44 cm™! is to be preferred.

In our discussion of the mechanism of superexchange re-
sponsible for J = -0.44 cm™!, the structure of [Cu(terpy)-
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Figure 1. Plot of the function x,7T vs. temperature for [Cu(ter-
py)CNINO;-H,0. The dots represent the experimental values; the
solid line represents the best least-squares fit.
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Figure 2. Geometry of the one-dimensional polymeric chain, [Cu-
(terpy)CN]NO;-H,0.

Table I. Exchange Coupling Constants and Structural Parameters
for Cyanide-Bridged Copper(1I)

J, struc- cyanide
compound? em™  ture® bridging®
[Cu(terpy)CN]NO;H,0 -0.44 SPY (e,a)
[Cu,(bpy),CNI(PF,),< ~9.4 TBP (e,e)
[Cu, (phen) ,CN] (PF,),¢ -29 TBP  (ee)
[Cu, (tren),CN](PF,),% —~88 TBP (a,a)

[Cu,([14]4,11-diene-N,),CN](CIO,),¢ —4.8 TBP  (e.)

¢ bpy = 2,2-bipyridine; phen = 1,10-phenanthroline; tren =
2,2',2"-triaminotriethylamine; [14]4,11-diene-N, = 5,6,6,12,14,14-
hexamethyl-1,4,8,11-tetraazacyclotetradeca-4,1 1-diene. ® Key:
TBP = trigonal bipyramidal; SPY = square pyramidal. € Key: a=
axial; e = equatorial; (e,a) represents (C bond, N bond). d Ref-
erence 9. ¢ Reference 8.

CN]NO4H,0 should first be mentioned here. Each cop-
per(II) is in a square-pyramidal environment with the ter- '
pyridine nitrogen and cyanide carbon bonding equatorially;
the apical position is occupied by a cyanide nitrogen which
bridges from an adjacent Cu(terpy)CN* unit.# This is
qualitatively illustrated in Figure 2.

The very weak antiferromagnetic coupling observed in
[Cu(terpy)CN]NO;-H,0 may be compared with the anti-
ferromagnetic exchange interactions occurring in the four other
known cyanide-bridged copper(II) complexes listed in Table
I. The four complexes studied by Hendrickson®!? all have
trigonal-bipyramidal geometry and an anticipated d 2 ground
state for copper(II). In each case antiferromagnetic super-
exchange can be rationalized by invoking overlap of d,z with
o orbitals on CN~. For [Cu(terpy)CN]NO;-H,0, the an-
ticipated ground state is d,2. 2. Considering for simplicity the
qualitative structure shown above, we find the d,»_> orbital
on Cu, has a symmetry-allowed overlap with the highest filled
a MO on cyanide. The latter however is essentially orthogonal
to d,2_,2 on Cu,, and hence sizable antiferromagnetic super-
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