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Most of the Cd(II) and Hg(II) complexes mentioned
in the literature are tetrahedral.2 The complexes
CdQ. and HgQ, are diamagnetic. Therefore, the
tetrahedral arrangements of the ligand molecules
around Cd(II) and Hg(II) are assigned to these com-
plexes.
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Phosphorus-31-phosphorus-31 coupling constants were determined from the 31P resonance spectra of trans-Fe(CO)LL’,
cis and trans-Mo(CO)LL’, and cis- and trans-Mo(CO)LL’' [L = P(OCH;%CR, L’ = P(N(CH;),)s, and L'’ = P(OCHj;);]

whose syntheses are reported for the first time.
plexes in which both ligands are identical.

These couplings are found to lie between those found for the analogous com-
Evidence is presented suggesting that the signs of the cis and trans complexes

are negative and positive, respectively. The CO stretching frequencies in the mixed complexes are found in every case to
lie between those of the analogous compounds wherein both ligands are the same.

Introduction

Few bis-monodentate phosphorus mixed-ligand com-
plexes have been prepared? although a considerable num-
ber of such compounds have been synthesized wherein
one of the ligandsis a chelate.? Mixed-ligand complexes
are useful in that quite precise values of 3'P-31P
couplings can be obtained directly from the *'P spectrum
sinice the phosphorus atoms are chemically nonequiva-
lent. We report here the preparation of frans-Fe-
(CO);LL’, cis- and trans-Mo(CO),LL’, and ¢is- and
trans-Mo(CO)sLL’". Throughout this paper L =
P(OCH2)3CR [R = C2H5 or C3H7], L’ = P(N(CH3)2)3,
and L’ = P(OCH;);. Comparison of the #P-3'P
couplings for these systems with those wherein both
ligands are the same? reveals the strong possibility

(1) Alfred P. Sloan Fellow.

(2) 8. O. Grim, D. A, Wheatland, and P. R. McAllister, Inorg. Chem., T,
161 (1968); R. Goodfellow, Chem. Commun., 114 (1968).

(38) L. W. Houk and G. R. Dobson, Inorg. Chem., 5, 2119 (1966), and
references therein.

(4) F. B. Ogilvie, J. M. Jenkins, and J. G. Verkade, submitted for publica-
tion,

that coupling in the frans complexes is positive whereas
in the cis systems it is negative. The magnitude of
the couplings appear to be consistent with the hy-
bridization and effective nuclear charge changes ex-
pected upon varying the ligands.

Experimental Section

Infrared spectra were obtained in the specified solvents on a
Perkin-Elmer Model 21 and Beckman IR 12 spectrometers.
Proton nmr spectra were observed in 10-209, solutions in CDCl;
on a Varian A-60 instrument using tetramethylsilane as an inter-
nal standard. Phosphorus-31 nmr spectra were observed in
saturated solutions in CDCl; on a Varian HR-60 instrument using
phosphoric acid as an external standard. Molecular weights
were determined from mass spectra recorded on an Atlas CH-4
single-focusing spectrometer at an energy of 70 eV. Micro-
analyses were run by Galbraith Laboratories, Knoxville, Tenn.

cis- and trans-Mo(CO ) [P(OCH,;);CC.H,] [P(IN(CH;)s}s] —The
monosubstituted complex Mo(CO);[P(N(CH;):);] was prepared
as described by King.? A solution of methylcyclohexane (80
ml), Mo(CO)s[P(N(CHjs).)) (3.01 g, 7.5 mmol), and P(OCH;);C-

(5) R.B. King, Innorg. Chem., 3, 936 (1963).
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TaBLE I

C-~-O STRETCHING FREQUENCIES AND 3'P-#1P CouprLING CONSTANTS
OF ¢ts COMPLEXES WITH IDENTICAL AND DIFFERENT PHOSPHORUS LIGANDS

vco,? cm -1
Complex?® Bz B A A,? Solvent 2Jpp, Hz
cis-Mo(CO)L", 1894 s 1908 sh 2012 m CHCl, 12.4 (£0.2)
c1s-Mo(CO),LL’ 1913 s 1930 sh 2031 m CHCL; 39 (£3)
c15-Mo(CO),L, 1937 s 1960 sh 2049 m CHCL 50 (£10)e
cis-Mo(CO),LL"’ 1935 s 1944 sh 1961 m 2048 m Cyclohexane 48 (=3)
ct5-Mo(CO)L"", 1921 s4 1926 sh¢ 1945 m< 2087 m9 Saturated hydrocarbon —40.5 (0.1)ee

¢ L = P(OCH;);CR (R = C;H;, C;Hy), L’ = P(N(CHs)e)s, L” = P(OCHjy)s.

° Reference 16.

C.H; (1.06 g, 6.5 mmol) was refluxed under nitrogen with mag-
netic stirring for 4 hr., The solution was filtered and then cooled
to —20° whereupon a mixture of the c¢is and frans isomers pre-
cipitated. Dissolving the precipitate in a minimum of hot
methyleyclohexane and cooling at 0° for 2 hr precipitated the
trans compound. The filtrate when cooled to —20° precipitated
the ¢is compound. Amnal. Caled for C;eHaaMoN;O:Py: C,
36.03; H, 5.48; N, 7.88; P, 11.62. Found: i¢rens compound:
C,85.90; H,5.47; N, 7.84; P, 11.63; cis compound: C, 36.02;
H, 5.44; N, 7.90; P, 11.64.
cis- and ftrans-Mo(CO),[P(OCH,);CC;H;] [P(OCH,;);] .—The

monosubstituted complex Mo(CO);[P(OCH,;);CC;H;] was pre-
pared as described by Verkade, et al.® A solution of methyl-
cyclohexane (125 ml), Mo(CO);[P(OCH,;);CC.H;] (8.2 g, 20.6
mmol), and P(OCH;); (10.0 g, 80.6 mmol) was refluxed under
nitrogen with magnetic stirring for 96 hr. The solvent was re-
moved under reduced pressure leaving an oily residue which was
eluted with benzene on a silica gel column. Six compounds were
obtained of which four were identified by comparison of their nmr
spectra with those of authentic samples described elsewhere.
The products collected in order of their elution were trans-Mo-
(CO)4,[P(O(:I‘Izg)s]z;‘i CiS—MO(CO)4[P(OCHa)3]2,4 trans-Mo(CO)4-
[P(OCH,;)sCCoH;} [P(OCH;);], P(OCH,)sCCoHs,8 c2s-Mo(CO)4[P-
(OCH,):CC.H;] [P(OCH;)s], and ¢rans-Mo(CO):[P(OCH,):C-
C.Hgl,.8

Mass spectra of both the c¢is- and trans-Mo(CO)[P(OCH,);C-
C.H;] [P(OCHS;);] showed the expected parent ion patterns from
490 to 498.

trans-Fe(CO ) [ P(OCH,);CC;H;] [P(N(CHj; ;] .~—The monosub-
stituted iron complex Fe(CO),[P(N(CHs;),);] was prepared as
described by King.5 A solution of tetrahydrofuran (75 ml),
Fe(CO) [P(N(CHj).)s] (8.8 g, 11.5 mmol), and P(OCH,);CC;H;
(2.1 g, 12.0 mmol) was irradiated with ultraviolet light (Hanovia
654 A lamp) for 36 hr. The solution was filtered and the filtrate
was taken to dryness. The solid residue was eluted with a 209,
ethyl acetate in petroleum ether (Skelly B) solution on a silica
gel column. Preliminary thin layer chromatography showed the
presence of seven compounds of which five were eluted from a
silica gel column. Except for the desired product, the eluted
compounds were identified by comparison of their nmr spectra
with those of authentic samples described previously. The
products obtained in order of their elution were unreacted Fe-
(CO)[P(N(CHs)y)s],5 unreacted bicyclic phosphite,® the de-
sired complex (frans-Fe(CO)[P(OCH,):CCsHy] [P(N(CHs)s)s],
Fe(CO)[P(OCH,);CCsHx],® and the oxide of the bicyclic phos-
phite.” A mass spectrum of Fe(CO);[P(OCH,;3CC;H,] [P(N-
(CHs)z)s] showed a parent ion at 479.

Results and Discussion

As was observed earlier by Grim and coworkers,?
synthesis of the desired bis mixed-ligand complex can
be complicated by formation of several other products.
Thus the preparation of cis- and frans-Mo(CQ)LL"’

(6) J. G. Verkade, R. E. McCarley, D, G, Hendricker, and R. W, King,
Inorg. Chem., 4, 228 (1965).
(7) J. G. Verkade and R. W. King, ¢bid., 1, 948 (1962).

b Deviation =2 cm™! ¢ Reference 4. ¢ Reference 16.

[L = P(OCH,);CC;H;, L’ = P(OCHj;);] involved
the isolation of ¢is- and trans-Mo(CO),L"’, and trans-
Mo(CO),L, as well. Because the mixed-ligand frac-
tions contained traces (<5%) of the compounds that
were eluted immediately preceding or following the
desired compounds, elemental analyses were not
carried out.

The assignment of the stereochemistry of the mixed-
ligand complexes is unambiguous from the infrared
spectra in the carbonyl stretching region. The infrared
spectra of cis-disubstituted tetracarbonyl metal mole-
cules in this region are usually characterized by four
absorptions which have been assigned by various
workers to the Bs, By, A;l, and A;? vibrational modes.
These assignments have been verified by approximate
force constant calculations for a number of carbonyl
complexes having C,, symmetry®—!' and our frequency
assignments given in Table I were based on the same
spectral criteria. In several cases the B; mode was
obscured because of overlap of the B; and A,;! modes.
The single strong absorption in the frans-disubstituted
tetracarbonylmolybdenum complexes allowed unam-
biguous assignment of this band to the E, fundamental
as given in Table IT. The A,, and B;, fundamentals,
occasionally found in spectra of D, symmetry,® were
not observed in the compounds reported here. The
infrared spectra of the frans-disubstituted tricarbonyl-
iron compounds showed the expected single strong E’
absorption in the C-O stretching region.

TaBLE 11
C-O STRETCHING FREQUENCIES AND 3'P-31P COUPLING
CONSTANTS OF frans COMPLEXES WITH IDENTICAL AND
DIFFERENT PHOSPHORUS LIGANDS

veo,t cm —1— ——

Complex® E, Solvent tJpp, Hz
trans-Mo(CO)sL’s  1885s° Halocarbon oil +101 (£ 1)°
trans-Mo(CO)LL’ 1910s CHCls 141 (=£3)
irans-Mo(CO)sLe 1939s CHCls 210 (£30)°
trans-Mo(CO)4LL’" 1932s CHCl; 185 (£3)
trans-Mo(CO)L''s  1921s/ Saturated hydrocarbon +162(x5)cd

B’
trans-Fe(CO)sLs 1870s¢ Halocarbon oil +65(£10)°
trans-Fe{(CO)sLL’ 1899s Cyclohexane 183 (1)
trans-Fe(CO)sLa 1926s CH3Cle 300(=x=40)°

¢ = P(OCH;):;CR (R = CH;, C;Hy), L' = P(N(CHs)a)s,
L = P(OCHj);. ? Deviation =£3 cm.”! ¢ Reference 4.
@ Reference 16, ¢ Reference 5. / Reference 11.

(8) F. A. Cotton and C. S. Kraihanzel, J. Am. Chem. Soc., 84, 4432 (1962).
(9) C.S. Kraihanzel and F. A, Cotton, Inorg. Chem., 2, 533 (1863).

(10) F. A, Cotton, tbid., 8, 702 (1964).

(11) R. Poilblanc and M. Bigorgne, Bull. Soc. Chim. France, 1301 (1962).
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TaBLE III
NMr DaTa FOR MIXED-L1cAND COMPLEXES
S(H), %P afpm,S° s(up),¢ s(H),Y  sem s(up),¢
L ppm Hz ppm L’ or L” ppm Hz ppm
cis-Mo(CO),LL"’ P(OCH:);CC:H; 4.17 4.2 —139.6 P(OCHs)s 3.61 11.7 —164.3
trans-Mo(CO),LL"’ P(OCH,);CCoH; 4.21 4.3 —148.0 P{OCHy;); 3.61 11.7 —176.4
cis-Mo(CO ), LL’ P(OCH:):CCeH; 4.16 4.2 —138.0 P(N(CHjs)2)s 2.60 10.0 —145.0
trans-Mo(CO)LL’ P(OCH,);CCH; 4.22 4.2 —147.9 P(N(CHs))s 2.62 10.2 —133.7
trans-Fe(CO);LL’ P(OCH;)sCCsHx 4.21 4.9 —168.4 P(N(CHjs)a)s 2.60 10.0 —164.3
@ Methylene protons. * Downfield from tetramethylsilane (£0.01 ppm). ¢ Deviation 0.1 Hz. ¢ Downfield from HzPOy4 (£0.5

ppm).

Where both ligands are identical in the ¢is- and
trans-disubstituted molybdenum complexes as well as
the trams-disubstituted iron complexes, the stretching
frequencies decrease in the series P(OCH;);CR > P(OC-
H;); > P(N(CHs)y)s. In other known carbonyl com-
plexes which contain these ligands the same order is ob-
served.*!? It has been suggested by Darensbourg and
Brown'? that if the ligand increases the charge on the
metal, the M-C o-bond strength decreases and hence
lowers the carbonyl stretching frequency. Bigorgne!*
has concluded that the inductive effect of the ligand
affects the M~C-0O = bonds while others believe that the
carbonyl frequency decreases as the r-bonding capacity
of the ligand decreases.®~!° Regardless of the mech-
anism which accounts for carbonyl stretching shifts,
the order of the above ligands in their effect on »(CO)
is consistent with any of these points of view on
basicity grounds. Thus there is chemical evidence
that the lone-pair basicity on phosphorus in these
ligands increases in the series P(OCH,);CR < P(OCHjs)s
< P(N(CHj)y)s.1% It is not surprising then that the
mixed-ligand complexes Mo{(CO),LL’, Mo(CO),LL",
and Fe(CO);LL’ are found to have values for »(CO)
which lie between those of the analogous complexes
in which the ligands are identical (i.e., Mo(CO)sL,,
Mo(CO),L%; Mo(CO)L,, Mo(CO),L"y; and Fe-
(CO)sLs, Fe(CO)3L"). Had solubility considerations al-
lowed the use of the same solvent throughout this
study, the carbonyl frequencies for the mixed-ligand
systems might well have been miore nearly the average
of the values obtained for the nonmixed analogs as
was observed previously.?:?

The nmr data other than the 3:P-3'P coupling values
are given in Table III. The proton nmr spectra of
the ¢is-molybdenum complexes and frans-Mo(CO),[P-
(OCH.);CCoH;][P(OCH3)3] consist of two doublets
(excluding the CyH; proton resonances) whose intensity
ratio allowed their unique assignment to the OCHS,,
N(CHj);, or OCH: groups each coupled over three
bonds to a phosphorus atom. Although similar as-
signments could be made for the OCH, and N(CHj),
proton resonances in the remaining two frans com-
plexes, the doublets were significantly perturbed as
shown in Figure 1.

(12) R. L. Keiter and J. G. Verkade, I'norg. Chem., 8, 2115 (1969).

(13) D.J. Darensbourg and T. L. Brown, ibid., 7, 950 (1968).

(14) M. Bigorgne, J. Inorg. Nucl. Chem., 26, 107 (1964).

(15) D. W. White and J. G. Verkade, to be submitted for publication, It
should be noted that a concomitant decrease in w-acceptor character in this

series is not ruled out and this could also give rise to the observed trends in

»(CO).
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Figure 1.—Proton nmr spectra (not including the C;Haz+:
chain): (a) trans-Fe(CO):[P(N(CH;):)s) [P(OCH,);CCsHA]; (b)
l/’a?lS—)iO(CO)q[P(N(CHs)g)a] [P(OCHZ)SCCQH)]

LNy

The reason for the simple and perturbed doublets
in the *H nmr traces of these compounds became
clear upon observation of the *'P resonance absorptions.
The two c¢ts compounds exhibited simple AX patterns
consisting of two doublets (broadened by 3Jpx coupling)
in the 3'P region whereas that of the trans-Mo(CO);-
[P(OCH,);CC,H;|[P(OCHjs)s], although showing some
AB character, was very nearly an AX spectrum. The
81P spectra of the other two #rans compounds were
distinct AB patterns similarly broadened by 8Jpn. The
spin classification of the pertinent nuclei in the latter
compounds (excluding the C,H,,:+1 protons) can be
designated M, ABY, where M and Y are the protons
in P(N(CHg)z)g (m = 18) and P(OCHQ};;CR (‘VL =6>,
respectively, and A and B are the phosphorus nuclei
in the aminophosphine and bicyclic phosphite. The
amount of perturbation in the proton region depends
on Jsp and the difference in chemical shift of the A and
B nuclei (va — vg). If Jap K (va — ws), then no
perturbation is observed as is the case for frams-Mo-
(CO)4[P(()CH2)3CC2H5][P(OCHg)g} If JAB =~ (I'A —_
vg), then the perturbation is similar to that observed
for the other two frans compounds (Figure 1). If Jau
>> (va — va), apparent triplets would be produced
in the proton nmr spectrum. In the two M,ABY,
systems reported here the AB coupling (®Jpp) results
in 2m -+ 1 pairs of lines in the M region and 2n + 1
pairs in the Y portion of the spectrum even though Javy
and Jgy are zero. Hence the doublets in the proton
spectra (Figure 1) reveal the envelopes of the 2m —+ 1
and 2z 4 1 lines as a perturbation on the doublets.

In all of the complexes, *Jpp in the mixed-ligand
complexes is intermediate in value between the values
for the two analogous complexes in which both ligands
are the sume (Tables 1 and II). This might well be
expected if the coupling contribution {rom each phos-
phorus is of the same sign. On the basis of the pres-
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ently available!® sign data for transition metal com-
plexes, it is very likely that the signs are negative in
the c¢is mixed-ligand complexes and positive in the
trans (Tables I and II). In the theory of Pople and
Santry'? the signs of coupling constants are dependent
upon the inverse of the energy difference (¢; — ¢,) !
and the product of coefficients of the s atomic orbitals
of the coupling sites in the molecular orbitals ¥,
(occupied) and ¥; (unoccupied). A tentative sug-
gestion as to what molecular orbitals ¥, and ¥; might
be responsible for the signs of %2Jpp recorded here for
our complexes is given elsewhere. *

In the present absence of a detailed molecular orbital
treatment for transition metal complexes, the trends in
the magnitudes of *Jpr can best be understood in terms
of the s-orbital character of the bond connecting the
coupling nuclei and their effective nuclear charges,
both of which are parameters in the valence-bond
treatment of the Fermi contact term.® This term,
which is generally conceded to be the dominant cou-
pling effect,®12:18=2% is expected to increase as the

(16) R. D. Bertrand, F. Ogilvie, and J. G. Verkade, Chem. Commun.,
756 (1969),

(17) J. A. Pople and D. P. Santry, Mol. Phys., 8, 1 (1964).

(18) D. M. Grant and W. M. Litchman, J. Am. Chem. Soc., 87, 3994
(1965).

(19) W. G. Schneider and A. D. Buckingham, Discussions Faraday Soc.,
84, 147 (1962).

(20) A. Pidcock, R. E. Richards, and L. M. Venanzi, J. Chem, Soc., A,
1707 (1966).

(21) A. H. Cowley, W. D. White, and S. L. Mannatt, J. Am. Chem. Soc.,
89, 6433 (1967).

(22) E. G. Finer and R. K. Harris, Chem. Commun., 110 (1968).
(23) F. Ogilvie, R. J. Clark, and J. G. Verkade, Inorg. Chem , 8, 1904 (1969).
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electronegativity of the organic substituents on the
phosphorus ligands is augmented. Such a trend is
clearly seen in the experimentally observed rise in the
absolute magnitude of 2Jppin the order M [P(N(CHjs),)s ]z
< M[P(N(CHj)s)3][P(OCH);CR] < M[P(OCH-);CR ],
where M is the metal carbonyl moiety in the cis-molyb-
denum, {rans-molybdenum, or trams-iron complexes
(Tables I and II). The similar order for the remaining
series M[P(OCHj;);] < M[P(OCH,);][P(OCH,),CR | <
M[P(OCH,);CR]; is reasonable only if P(OCH;);CR
is effectively more electronegative than P(OCH,)s.
Displacement studies on the BH; adducts of these
phosphites confirm this point inasmuch as the bicyclic
phosphite is indeed the poorer Lewis base, 15

The larger values of 2Jpp in the frams- than in the
cts-molybdenum complexes may be attributable to the
fact that the o-bonding electrons of trans-phosphorus
nuclei share the same p,-metal molecular orbital
whereas those cis donot.  Although larger trans than cis
couplings are generally observed,*?* it should be
pointed out that chromium complexes appear to be
anomalous in that the opposite observation has been
made?*?® with all of the ligands studied.
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The vibrational spectra of M(*2C¥0)s, M(*3C1%0)s, and M (12C80)q, with M = Cr, Mo, or W, have been observed.

Infrared

spectra are reported for the vapors and solutions (in CCl, for Cr and Mo and in CS; for W); Raman spectra are reported

for the solutions and solids.

From the results most of the fundamental vibrations have been assigned. Force constants,

with standard deviations, have been calculated for a general quadratic valence force field. A set of stretch—stretch inter-

action constants is presented which can be transferred, with discretion, to other metal carbonyls.

vibration and shrinkage effects are calculated.
dipole interaction.

Introduction

The bonding in metal carbonyls has held the atten-
tion of numerous research chemists in recent years.
Some very important clues to the nature of the bonding
lie in the values of the force constants describing the
boud strengths, the directionul forces, and the interac-
tious amoug the bonds and bond angles. Unfor-
tunately, for metal carbonyls, as with most polyatoic
molecules, there is not enough information in the vibra-
tional spectrum of the normal molecular species to

Mean amplitudes of

It is shown that the CO, C’O’ force constants are best explained by a dipole-

define the general quadratic potential constants.
Therefore, in the past, one has resorted to various more
or less arbitrary approximations!-?* concerning some of
the force constants in order to calculate values for the
other force constants. Some chemists®—* have taken

(1) H. Murata and K. Kawai, J. Chem, Phys,, 87, 605 (1857).

(2) L. H. Jones, Spectrochim. Acta, 19, 320 (1963).

(3) F. A. Cotton und C. S. Kraihanzel, J. Am. Chem. Soc., 84, 4432 (1062).

(4) C.S. Kraihanzel and F. A. Cotton, Inorg. Chem., 2, 533 (1963).

(5) H. D. Kaesz, R. Bau, D. Hendrickson, and J. M. Smith, J. Am. Chem.
Soc., 89, 2844 (1967),



