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complexes? as well as in pure triphenylphosphine,® the
C-P-C angle averages 103°. On the other hand, in
all of these complexes the M—P-C angles are correspond-
ingly larger than the value expected for sp® hybridiza-
tion of phosphorus. This may indicate that in the pure
ligand and in its complexes the P-C bonds have a
p character more than sp?.

(37) See ref 26 and references therein. See also M. R. Churchill and
J. P. Fennessey, Inorg. Chem., T, 9563 (1968); F. A. Cotton and B. M, Fox-
man, ibid., T, 1784 (1968).
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Some of the P-C;;;—-C, angles seemn to indicate
significant bending of the rings when compared with
the ideal angle of 180°, although none is less than 173°.
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The magnitudes of 83W-3!P nuclear spin—spin coupling constants have been determined in a series of LW(COQO); complexes
and are found to increase linearly with a correlation coefficient of greater than 0.95 as the electronegativity of the substituents

on the phosphorus ligand L increases:

P(CH;0),CCH, < P(SCH,)CCyHu < P(N(CH;)CH,:);CCsHyy < P(OCH,);CCH; <

PF;. This trend can be interpreted in terms of the increasing s character of the #3W-3.P hond and the rise in positive charge

on phosphorus as more electronegative substituents are bound to phosphorus.

Carbonyl stretching frequencies for these

complexes have been assigned to A;l, B, A% and E modes and to the 3CO satellites of the E band. The approximate

method of Cotton and Kraihanzel was used to obtain the force constants ki, ks, and &;.

The stretching frequencies of the E

mode were found to increase in the series: P(N(CH;)CH,);CCsHiy < P(CH,0);CCiH; < P(OCH,);CCsHn < P(SCH,):C-

CeHy < PFi.

Attempts to correlate the ##W-31P coupling constants with the A;! or E mode frequencies and %; produced

correlation coefficients of 0.70, 0.79 and 0.51, respectively. Evaluation of the ligands in terms of o- and r-donating capacities
after the method of Graham resulted in correlation coeflicients of 0.55 and 0.35, respectively.

Introduction

The magnitudes of nuclear spin-spin coupling con-
stants for 3'P coupled to various heavy-metal nuclei
have been measured?~!° in hopes of gaining further
information on the nature of phosphorus-metal bond-
ing. It is generally agreed that spin-spin coupling is
transmitted through ¢ bonds and is a function of the
s character of the bonding atoms. Whether or not the
s-electron density may be increased by a synergic
mechanism which depends upon the »-bonding capacity
of the trivalent phosphorus ligand is still under discus-
sion.!! Theoretical calculations by Schneider and Buck-
ingham?!? suggest that the effect of = bonding on metal-
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(4) 8. O. Grim, D. A. Wheatland, and W. McFarlane, J. Am. Chem. Soc.,
89, 5573 (1967); S. O. Grim and D. A, Wheatland, Inorg. Chem. 8, 1716
(1969).

(5) S. 0. Grim, R. L. Keiter, and W. McFarlane, tbid., 6, 1133 (1967),

(6) S.O. Grim, D. A, Wheatland, and P. R. McAllister, ibi4., 7, 181 (1968).

(7) R. L. Keiter and S. O. Grim, Chem. Commun., 521 (1968).

(8) S. O. Grim and D. A. Wheatland, Inorg. Nucl. Chem. Letters, 4, 187
(1968).

(9) R. W. King, T. J. Huttermann, and J. G. Verkade, Chem. Commun.,
561 (1965).
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(12) W. G. Schneider and A, D. Buckingham, Discussions Faraday Soc.,
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phosphorus coupling constants is extremely small.
Pidcock, et al.,? and Allen and Pidcock?® have provided
further evidence suggesting that a =bonding coupling
mechanism is negligible.

On the other hand, the increase in 1%Pt-3!P coupling
values observed in ¢is and irans complexes of the type
L,PtCl; has been attributed by Grim and coworkers®
to an increasing w-acceptor capacity in the series:
R;P < RyCeH;P < R(C4H;)P. Moreover, in com-
plexes of the type LW(CO); it has been shown* that a
linear correlation exists between the increasing 1#¥W-31P
coupling constants and the increasing frequency of the
carbonyl E mode in the series: L = R;P < R.C¢H;P
< R(CgH;)P < (CeH;);P. More recently Grim,
McAllister, and Singer!® found a similar correlation
having a different slope among the phosphites: (4-Cs-
H7O)3P < (n-C4H90)3P < (CgHsO)aP < (CHaO)gP <
(CsH;0)5P.

The purpose of the present study was to determine
the extent to which the ¥¥W-3!'P coupling constant
depends upon wvarious parameters which have been
used as a measure of the ¢- and/or #-bonding charac-
teristics of the phosphorus ligand. In this work are
reported B3W-31P constants and carbonyl stretching
frequency assignments for complexes of the type LW-

(13) S. O. Grim, P. R. McAllister, and R. M. Singer, Chem. Commun., 38
(1969).
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(CO):, where L = PF:,-, P(OCHQ)gCC.aHu, P(CHQO),@—
CC.Hy, P(N(CH;)CH.)sCC;sHu, and P(SCH.)sCCsHu.
For all but the first ligand, the structures of these
donors are constrained so that configurational changes
on coordination are minimal and steric requirements
are relatively constant. The observed ¥¥W-*P cou-
pling constants for the complexes are compared to the
electronegativity of the phosphorus substituent, the
Al and E mode carbonyl stretching frequencies, the
Cotton—-Kraihanzel!* force constant %;, and the Ar
and Ac parameters derived by Graham.!®

Experimental Section

Infrared spectra of the carbonyl region from cyclohexane solu-
tions of the compounds were obtained on a Beckman Model 12
grating spectrometer using potassium bromide optics. The
spectrometer was calibrated with water vapor in the region be-
low 2000 cm™! and with carbon monoxide in the region above
2000 cm ™! just prior to the measurements. Proton nmir spectra
were recorded using neat samples or approximately 159, deu-
teriochloroform solutions with a Varian Associates A-680 spec-
trometer using tetramethylsilane as an internal standard.

The ¥P nmr measurements of saturated solutions in 15-mm
tubes were recorded with a Varian Associates HR-60 spec-
trometer using phosphoric acid as an external standard. Di-
chloromethane was used as a solvent for all of the ligands and
complexes except C;HpC(CH:S);,PW(CO); which required car-
bon disulfide to overcome solubility problems. The B88W-31p
coupling constant of PF;W(CO); in Freon was obtained from the
'F spectrum by using indor techniques. Thus 3P-1F decoupling
was observed in the YF spectrum while irradiation in the 3P
region was carried out.

Melting points are reported uncorrected. Analyses were done
by Gaibraith Laboratories, Knoxville, Tenn. Molecular weights
were determined from mass spectra recorded on an Atlas CH4
single-focusing spectrometer at an energy of 70 eV.

Tungsten hexacarbonyl was purchased from Pressure Chemical
Co. Hexamethylphosphoramide and trimethyl orthovalerate
were purchased from Eastman Organic Chemicals.

The triol (HOCH,)CC;H'¢ was prepared as previously
described as were P(CH,OH );,"” P(SCHj;);,38 CsH;NH,W(CO);,0
(CeHs0)PW(CO);,18 and (CoHs):PW(CO);.2* The complexes
(CsHs)aPW(CO)s, (C4H9)3P\V(CO)5, and CeHuNHz\V(CO)O were
kindly provided by R. J. Angelici.

(BrCH;);CCyHy;.—The tribromide was prepared from the
reaction of PBr; and (HOCH,):CC:Hy in a manner previously
described but in yields of no greater than 13%,.20 A greatly im-
proved synthesis resulted from the application of a modified
Michaelis—Arbuzov reaction.?? A solution of 279 g (0.9 mol) of
triphenyl phosphite, 157 g (1.0 mol) of benzyl bromide, and 53 g
(0.3 mol) of (HOCH,);CCyH;; was heated at 160° for 32 hr. The
solution was distilled under a pressure of 0.1 mm and a mix-
ture of phenol and (BrCH,);CC;H:; was collected within a tem-
perature range of 55~115°. The distillate was dissolved in 200
ml of ether and extracted with 0.1 N KOH. The ether layer was
dried with magnesium sulfate and stripped of solvent, and the
product was redistilled at 115° (0.1 mm) to give 87 g (78.29)
of product. The methylene resonance was observed at 3.89 ppm
in deuteriochloroform and at 3.36 ppm in a neat sample. The
proton resonances of the pentyl group were observed between
0.7 and 1.7 ppm as a broad second-order spectrum of peaks.

(14) F. A. Cotton and C. 8. Kraihanzel, J. Am. Chem. Soc., 84, 4432
(1962).

(15) W. A, G. Graham, I'norg. Chem.,T, 315 (1968).

(16) 8. C. Goodman and J. G. Verkade, ibid., 5, 498 (1966).
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(18) A. Lippert and E. Reid, J. Am. Chem. Soc., 60, 2370 (1938).

(19) R. J. Angelici and M. D. Malone, Inorg. Chem., 6, 1731 (1967).
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Inorganic Chemisiry

(HSCH:);CCsHi;.—The reduction of the tribromide to the
trimercaptan was effected by previously described methods.??
The new mercaptan was distilled at 110-115° (1.5 mm) in 409,
yield. The nmr spectrum obtained from a deuteriochloroform
solution showed a doublet (Jugcr, = 8.45 Hz) at 2.52 ppm. The
expected sulfhydryl proton triplet was lost in the pentyl proton
region which ranged from 0.65 to 1.8 ppm.

(CH;HNCH,;);CC;H,;.—The tribromidc was converted to the
triamine by methods previously described.?®* The new amine was
distilled at 70° (0.5 mm) in 579 yield. The proton spectrum of
a neat sample showed a singlet methyl signal at 2.32 ppm, a
methylene signal at 2.42 ppm, an NH signal at 1.5 ppm, and
pentyl proton resonances from 0.7 to 1.4 ppm.

P(SCH.);sCC;H;1.—The thiophosphite ligand was prepared by a
procedure previously described but with some modification.??
To 17 g (0.08 mol) of trimercaptan stirred at 70° under nitrogen
was added dropwise over a period of 30 min 13 g (0.08 mol) of
P(N(CHs))s. The temperature was raised to 120° and held at
that point for 16 hr. A viscous light yellow oil formed which was
not distillable at 170° (0.1 mm). Purification was afforded
chromatographically by eluting the oil with Skelly B on a silica
gel column. The light yellow oil was obtained in 509 yield
(10 g). The proton nmr spectrum, in addition to the broad
pentyl region ranging from 0.8 to 1.5 ppm, consisted of a doublet
(Jpscr, = 2.12 Hz) at 2.85 ppm. The ligand (mol wt 252) ex-
hibited a parent peak in the mass spectrum at 252.

P(N(CH;)CH,);CC:;H;;.—The triamine was converted to the
bicyclic aminophosphine by methods previously described.2??
The new ligand was found to distil at 80° (0.5 mm) and was pre-
pared in 869, yield. The proton nmr spectrum of a deuterio-
chloroform solution showed two doublets (Jpycu; = 16.45 Hz
and Jpxon, = 3.30 Hz) at 2.55 and 2.58 ppm, respectively.
The pentyl proton resonances ranged from 0.8 to 1.5 ppm. The
parent peak of the mass spectrum of the ligand (mol wt 243) was
at 243.

P(N(CH;)CH,);CC;H;.—The ligand was prepared in a way
identical with that of the pentyl analog described above. The
product, which distilled at 60° (0.5 mm), was obtained in 84.69
yvield. The proton nmr spectrum was identical with that of the
pentyl analog except for the propyl proton region (0.7-1.4 ppm).

P(CH,0);CC.H;.—This ligand was synthesized from C,H,C-
(OCH3;); and P{CH,OH); by using previously described meth-
ods.?* The sweet-smelling liquid distilled at 63° (0.75 mm) and
was prepared in 299 yield. The proton nmr spectrum, in addi-
tion to the broad butyl region (0.8-1.8 ppm), showed a doublet
(Jpon, = 7.84 Hz) at 4.37 ppm. The expected parent peak at
190 was not observed in the mass spectrum. The peak of highest
mass at 160 probably resulted from the relatively facile loss of
CH,0 from the ring system.

PF;W(CO);.—This compound was generously donated by R.
Clark of Florida State University.

C:H1;C(CH,0);PW(CO);.—The complex was prepared by the
method of Magee and coworkers.® The white crystals were ob-
tained in 229 yield, melted at 147-148°, and had a parent peak
in the mass spectrum at 527 as expected. The H nmr spectrum
showed a methylene proton doublet at 4.22 ppm (Jpocr, = 4.50
Hz) and pentyl proton resonances from 0.8 to 1.6 ppm. Aunal.
Caled for WPCH7Os: C, 31.82; H, 3.24; P, 5.87. Found:
C, 32.08; H, 3.27; P, 6.26.

CH,C(OCH,);PW(CO);.—To anhydrous benzene under nitro-
gen were added 4.2 g (0.01 mol) of C:H;NH;W(CO)s and 2.0 g
(0.01 mol) of P(CH,0)CC4H,. The reaction was carried out at
room temperature for 24 hr. The solution was filtered, evap-
orated to an oil, and eluted on a silica gel column with benzene.
The white crystals (1.5 g) were obtained in 299, yield, melted at

(22) A. C. Vandenbroucke, Jr., E. J. Boros, and J. G. Verkade, I#norg.
Chem., T, 1460 (1968).

(23) B. L. Laube, R. D. Bertrand, G. A. Casedy, R. D. Compton, and
J. G. Verkade, ¢bid., 6, 173 (1967).

(24) E. J. Boros, R. D. Compton, and J. G. Verkade, 1bid., 5, 498 (1966).

(25) T. A. Magee, C. N. Matthews, T. 8. Wang, and J. H, Wotiz, J. Am.
Chem. Soc., 83, 3200 (1961).
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114-115°, and had a parent peak in the mass spectrum at 513 as
expected. The 'H nmr spectrum revealed a methylene proton
doublet at 4.47 ppm (Jecr, = 1.35 Hz) and butyl proton reso-
nances from 0.7 to 1.7 ppm. Anal. Caled for WPCy3H;50s:
C, 30.33; H, 2.84; P, 6.02. Found: C, 30.52; H, 3.01; P,
5.99.

C:H,,C(CH,S );PW(CO);.—This complex was prepared by
displacing aniline in the manner described above. A yield of
65.29, of the off-white complex was obtained. The compound
had a melting range of 158-160° and a parent peak at 575 in the
mass spectrum as expected. The 'H nmr spectrum showed a
methylene proton doublet at 3.10 ppm (Jpscr, = 4.00 Hz) and
pentyl proton resonances from 0.7 to 1.6 ppm. Amnal. Caled
for WPC1H175:05: C, 29.17; H, 2.97; P, 5.37; S, 16.69.
Found: C, 29.41; H, 3.09; P, 5.25; S, 16.89.

C:H,;C(CH,(CH;)N),PW(CO);.—This white complex was
prepared as described above in a 61.29% yield. The compound
melted at 83-84° and its mass spectrum showed a parent peak at
566 as expected. The 'H nmr spectrum showed doublets for the
NCH; and NCH,; protons at 2.77 ppm (Jpxcr; = 15.60 Hz) and
2.92 ppm (Jence: = 4.80 Hz), respectively, and pentyl proton
resonances from 0.75t0 1.55 ppm. Anal. Caled for WPCHy-
N3;0s: C, 36.00; H, 4.11; N, 7.99; P, 5.75. Found: C, 33.62;
H, 4.39; N, 7.60; P, 6.03.

((CH;):N);PW(CO);.—The aniline-displacement reaction was
used to prepare the white complex. The compound was puri-
fied by eluting the crude reaction mixture with petroleum ether
(bp 60-80°) on a silica gel column. The desired complex was
found in the first fraction collected. A mass spectrum exhibited
the expected parent peak at 486. The 'H nmr spectrum showed a
methylene proton doublet at 1.90 ppm (Jpncu; = 10.8 Hz).

(CH;S8);PW (CO )s.—Irradiation of 50 ml of a tetrahydrofuran
solution containing 1.72 g (0.01 mol) of (CHsS);P and 3.5 g
(0.01 mol) of W(CO)s with a uv lamp (200-W Hanovia Model
645A) for 14 hr produced a dark blue solution. The solution was
filtered through charcoal to remove decomposition product and
the filtrate evaporated to 10 ml at which time it was eluted
with a 259, ethyl acetate in Skelly B solution through a silica gel
column. The light yellow solid (0.2 g) in the first fraction gave a
mass spectrum containing the expected parent peak at 495. The
H nmr spectrum in benzene consisted of one doublet (Jpsch; =
12.95 Hz) at 2.00 ppm.

Results

The phosphorus-31 nmr spectra of the LW(CO);
complexes consist of a 1:11.5:1 system of equally
spaced peaks which results from the coupling of 14.83%
abundant ¥W with 1009, abundant *P. The mag-
nitude of the ¥3W-31P coupling constants reported in
this research and some of those reported previously
are listed in Table I. The relative signs have not been
determined.

The infrared spectra of the carbonyl stretching region
were characterized by the A% Ayl, E, and the 13CO
satellite of the E band. In addition to these four
absorptions, the forbidden B; of very weak intensity
was observed in several of the complexes. The assign-
ments shown in Table II are based on previous work
with similar complexes.'*?*® In amine complexes the
Ay band is observed at a lower frequency than the E
mode!” but for phosphines the A;! band is often obscured
or occurs as a shoulder of the E band.* In the com-
plexes reported here the Aj! band was found to be at a
higher frequency than the E band in each case. In the
complex ((CH;),N);PW(CO);, the E mode was ob-
served to be split into two peaks of nearly equal inten-

(26) R. Poilblanc and M. Bigorgne, Bull. Soc, Chim. France, 1301 (1962).

183W-31P SpIN~SPIN COUPLING INTERACTIONS 2117

TABLE I
PHOSPHORUS-31 NMR DATA FOR
PENTACARBONYLTUNGSTEN COMPLEXES?®
~—Chemical shift,> ppm~— -J 183w_31p,°

Compound Free ligand Complex Hz
CiH,C(OCH.);PW (CO); +81.0 +40.7 234
C:H1uC(CH,0)sPW(CO)s —92.8 —115.0 393
CsHn(CH,8):PW (CO)s? —32.8 —31.1 276
C:HuC(CH.N(CH;)),PW(CO); —86.6 ~ —112.0 3818
(CeHs)sPW(CO)s® +6.0 —20.6 280
(C4Hy )2 (CeH: )PW(CO)s¢ +26.2 +0.8 235
C4H(CeH; ) PW(CO )50 +17.1 —-7.9 250
(C4H,)sPW(CO);¢ +32.3 +6.4 200
PF;W(CO)s/ —97.8 485

@ Phosphorus-31 chemical shifts relative to external 85%;
phosphoric acid in dichloromethane unless otherwise indicated.
b These values are precise to 0.5 ppm. ¢ These values are
precise to =5 Hz. ¢ Measured in carbon disulfide. ¢ These
values are taken from ref 4. / This coupling constant was ob-
tained from the F spectrum by the indor method. The chemi-
cal shift of the free ligand was taken from H. 8. Gutowsky and
D. W. McCall, J. Chem. Phys., 22, 162 (1954). The indor ex-
periment does not directly afford a 3P chemical shift relative to
85%, phosphoric acid.

sity. This type of splitting has been observed in some
amine complexes!1® but was not observed previously
for ((CH;):N);PMo(CO);.? The average of the two
E mode components observed for the latter complex
in our expanded spectrum (1942.5 and 1934.5 cm™!)
agrees well with the value of 1938.0 cm~! reported
earlier for this band.?

The method of Cotton and Kraihanzel'* was used to
calculate force constants from the A;?, A}, and E mode
frequencies given in Table II. The values of ks, &1, and
k; refer to the C-O stretching force constants of the four
equivalent C-O groups, the CO trans to L, and the inter-
action constant between the CO groups, respectively.
The A;! bands of the bicyclic phosphite and bicyclic ami-
nophosphine complexes appeared as well-defined shoul-
ders of the E mode in expanded spectra. The assign-
ment of the A;! band of the bicyclic thiophosphite com-
plex was somewhat more difficult as it falls so close to
the E band that the shoulder is not defined even at max-
imum expansion. For this reason force constant calcu-
lations were made by assuming that the A;' mode occurs
5.5 cm™! higher than the E mode as was experimentally
observed for the P(OCH,);CC;Hy complex. The small
changes in force constants arising from a 2-cm™ error
in the A,! frequency assignments do not reverse any
trends or in fact alter any of the arguments which
follow in the discussion.

The force constants listed in Table IT have been used
to calculate o- and =-bonding capacities after the
method of Graham.’®-%® The two equations Aky = Ac
+ 2A7 and Ak, = A¢ 4+ Ar as derived by Graham
are solved to give A7 = Aky — Aksand Ao = Ak, — AT,
By choosing a reference compound such as an amine
complex in which the 7 bonding may be assumed to be

-zero, relative scales of ¢-bonding and =-bonding

(27) R. B. King, Inorg. Chem., 2, 936 (1963).
(28) R. P. Stewart and P. M. Treichel, ibid., T, 1042 (1988).
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TaBLE 11

o
C~0O STRETCHING FREQUENCIES (¢M~!) FORCE CONSTANTS (MDYN/A), AND ¢- AND 7-BONDING
PARAMETERS FOR LW (CO); CoMpPLEXES IN CYCLOHEXANE

L Ayl Bi* Ayt E

CsHy NH, 2071.0 ¢ 1916.5 1929.0
PF; 2103.0 ¢ 2007.0 1983.0
P(OCH;);CC:Huy 2085.5 1989.0 1963.5 1958.0
P(SCH.)sCCsHys 2081.0 1990.5 1965.0¢ 1959.5
P(N(CH;)CH,;);CC;Hy 2071.5 ¢ 1949.0 1943.0
P(CsHs)s 2072.0 ¢ 1947.5¢ 1942.0
P(CH,0);CC4Hy 2079.0 1983.0 1965.5 1951.5
P(C4Hs)s 2067.5 ¢ 1941.0/ 1934.0
P(N(CHj):)s 2070.0 1971.0 1940, 5¢

1931.5
P{OC,;H;)s 2078.0 ¢ 1959.0 1944.5
P(OC¢Hs); 2083.0 ¢ 1965.0 1957.5
P(SCH;);/ 2062.0 ¢ 1946.0 1939.5

¢ Precision lowered by weak intensity and poor definition of these peaks.

and 0.08, respectively. ¢ Not observed.

CCsHy; analog.
complex.
A;!value was approximated from a poorly defined shoulder.

capacities emerge. In this study, CeHuNH,W(CO);
was selected as the reference compound.

Plots were constructed of the “¥W-2'P coupling
constants vs. the A;' and E mode frequencies and the
ki, Ao, and Aw parameters for the complexes. The
mathematical description of the results is given in
Table III. Plots were also made of the ¥¥W-#'P cou-
plings vs. the Pauling, Allred-Rochow, and Sanderson
electronegativity scales for the atoms directly bound to
phosphorus in the ligand. The complexes used in
determining the least-squares lines in the electroneg-
ativity plots involved the ligands P(C.Hg)s, P(SCHa)s-
CC5H11, P(N(CHg)CHz)gCCaHu, P(OCH2)3CC5H11, and
PFs. Thus P(C5H5)3, PC5H5<C4H9)2, P<C3H5)2C4H9,
and P(CH,0);CC.H; were not included since they
involved groups such as unsaturated phenyl rings in
the case of the butyl derivatives and oxygens bonded
to the phosphorus carbon atoms in the last compound.
Apparently the alterations in the effective electroneg-
ativity on phosphorus compared to that determined
by the butyl groups in P(CsH,); is small since all of
these compounds lie on or very near the least-squares
lines. The equations for all of the least-squares lines,
the standard deviations from this line, and the correla-
tion coefficients are given in Table IV.

Discussion

Observation of the low-intensity 3!P resonance satel-
lites due to ¥8W in spectra of the LW(CO); complexes
requires an extremely high solubility of approximately
409%,. Polycyclic ligands form complexes which are
generally less soluble than ligands of the open-chain
variety. This is especially true for the phosphite and
thiophosphite ligands in the case of LW(CO);. An
ethyl group in the ‘‘tail” position of the polycyclic
phosphite gave a complex with enough solubility to
obtain a 3P chemical shift (identical with that of the
complex in which an n-pentyl group was in the '‘tail”
position) but the 33W-31P satellites were still unob-
servable above the noise. Thus it was necessary to

E13C) k1 ks ki Ak Aky Ac? Ar
4 15.04 15.72 0.35 O 0 0.00 0.00
1952.0 16.59 16.45 0.29 1.47 0.73 —-0.01 0.74
1928.0 15.79 16.10 0.31 0.75 0.38 +4+0.01 0.37
1930.56 15.80 16.09 0.30 0.76 0.37 —0.02 0.39
1914.0 15.86 15.87 0.31 0.52 0.15 —0.22 0.37

15.54 15.86 0.31 0.50 0.14 -—=0.22 0.36
1921.5 15.83 1599 0.31 0.79 0.27 —0.25 0.52

¢ 15.44 15,75 0.32 0.40 0.03 —0.3¢4 0.37
1902.6
¢ 15.74 15.91 0.31 0.70 0.19 -—0.31 0.51
14 15.35 15.79 0.29 0.29 0.07 —=0.15 0.22
¢ 15.50 15.78 0.30 0.46 0.06 —0.34 0.40

b Uncertainties in Ae and Ax estimated in ref 15 to be 4=0.12

4 Value obtained by assuming A;! was 5.5 cm ™! greater than the E mode as in the P(OCHj)s-
The A;! mode was not resolved although the breadth of the band was virtually equal to that of the P(OCH;);CC:Hun
¢ Value obtained by assuming A;! was 4.5 cm ™! greater than the E mode as has been previously discussed in ref 19.
¢ E mode split into two approximately intense peaks.

/ The

TaBLE III
StATISTICAL DATA OF PLOTS® OF E MODE, 41, A;! MODE, Ao, AND
Ax 95, Jussw_np CoUPLING CONSTANTS

Parameter Cor-

8. reln
J iy _3ip Equation Std dev, » coeff
E mode 3y = 0.124x -+ 1910 9.761 cm ™! 0.79
ki y = 18.65 X 1073% 4+ 15.11 0.311 mdyn/cm 0.51
Ai'mode y = 0.1458x + 1914 14,11 cm™? 0.70
Ao y= —7.718 X 107 + 0.524 0.119mdyn/cm 0.55
Am y = 539.5 X 10~% + 0.2487 0.1472cm™! 0.35

@ These plots include all complexes for which both Jussw_sip
and carbonyl data are recorded in Tables I and [1.

TABLE IV
STATISTICAL DATA OF PLOTS OF ELECTRONEGATIVITIES 5.
Jwssw_up CoupLING CONSTANTS

Electronegativity wtd Correln
scale ¢s. Jl83ywy._3lp Equation dev, v coeff
Sanderson® y = 5.386 X 10~% + 1.287 0.1042 0.99
Pauling? y = 5.039 X 10~% + 1.445 0.1663 0.97
Allred—-Rochow? 3 = 6.137 X 10~% + 1.070 0.2247 0.96

a R, T. Sanderson, “Inorganic Chemistry,”” Reinhold Publish-
ing Co., New York, N. Y., 1967, p 78 * F. A. Cotton and G.
Wilkinson, ‘“Advanced Inorganic Chemistry,” 2nd ed, Inter-
science Publishers, New York, N. Y., 1966, p 103.

synthesize ligands in which the bridgehead-carbon
group was n-butyl or #u-pentyl. No P resonance
satellites could be observed for (CH;S);PW{(CO); in
view of the relatively small yields in which it was ob-
tained and its general instability.

The BW-3P coupling constants increase in the
series: (C4Hg)aP < (C4Hg)2C0H5P < P(CHzo)aCC4H9
< CH(CeH;),P < P(SCH,);CC:Hy < (CeHs)sP <
((CH3):N);P < P(N(CH;)CH,);CC;Hu < P(OCH;)s =
P(OCH,);CC;:Hy < (CeH;0)5P < PFs.

The upward trend in ®3W-%P coupling appears to
parallel rather well the increase in electronegativity of
the substituents on phosphorus. This is demonstrated
by the correlation coefficients of 0.96, 0.97, and 0.99
for the plots of the couplings against the Allred-Rochow,
Pauling, and Sanderson electronegativity scales, re-
spectively (pertinent data in Table IV).
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Insofar as 133W-3!P coupling is generally agreed to
occur through bonding orbitals having s char-
acter,?3:12 the correlation with electronegativity can
be explained without invoking = bonding. Walsh?®
has argued that the replacement of a group X attached
to a carbon by a more electronegative group Y results
in less s character in the C-Y bond than in the C-X
bond. This has been discussed further by Bent,* who
pointed out that atomic s character concentrates in
orbitals which are directed toward the most electro-
positive substituents, Furthermore, the magnitudes
of phosphorus—phosphorus coupling constants in di-
rectly bonded phosphorus nuclei with appropriate sign
considerations can be explained in terms of higher s
character in the P-P bond as more electronegative sub-
stituents use less of the phosphorus 3s electrons.?® For
our LW(CO); complexes, the above arguments appear
to be applicable since the W({COQ); moiety serves as the
most electropositive substituent on phosphorus in each
of the complexes and as the remaining substituent
groups on phosphorus are replaced by more electroneg-~
ative ones, the s character should increase in the tung-
sten—phosphorus bond. It is also expected that the
positive nuclear charge on phosphorus will increase
with more electronegative substituents and this effect
has been shown to be even more important than the s-
character term in the coupling equation on theoretical
grounds.?* The few structural data available on phos-
phorus ligands and their derivatives seem to be con-
sistent with the idea that the substituent-phosphorus—
substituent angles on the ligand very likely decrease
with increasing electronegativity of the substituent
in coordination complexes.?3?

Although the =-bonding capacity of ligands is gen-
erally believed to be a factor which partially controls
carbonyl stretching frequencies in LM (CO); molecules
(M = Mo, W),1%152 it has been postulated that
basicity arguments alone adequately explain certain
trends in carbonyl stretching frequencies.!* Moreover,
intensity studies suggest that substituting L for a CO
group in an M(CO)s molecule decreases C-O bonding by
weakening the M-C ¢ bonds without appreciably
altering the M-C = bonding.? The extent to which
the CO stretching frequencies of the carbonyl groups
decrease upon substitution by L will depend upon the
extent to which the energy of the = orbitals on the metal
are lowered which in turn depends upon both the o-
donating and the w-accepting capacities of the ligand.
Employing the assumption that metal-carbonyl =
bonding is influenced by other ligands present in the
complex, the carbonyl stretching frequencies have been
used in a variety of ways to infer the r-bonding capac-
ity of the ligand. The values of raw frequency data
have been used to compare wm-bonding character, espe-

(20) A. D. Walsh, Discussions Faraday Soc., 3, 18 (1947).

(30) H. A. Bent, Chem. Rev., 81, 275 (1961).

(31) E. G. Finer and R. K. Harris, Chem. Commun., 111 (1968).

(32) D. M, Grant and W, M. Litchman, J. Am. Chem. Soc., 87, 3994
(1323; F. Ogilvie, R. J. Clark, and J. G. Verkade, I'norg. Chem., 8, 1004

(1969).
(34) D. J. Darensbourg and T. L. Brown, tb1d., 7, 959 (1968),
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cially from values of the A;! mode which stem from the
CO group trams to L. As A;' stretching frequency
values increase for a given series of ligands, the C-O
bond order should increase as a result of increased -
bonding in the metal-phosphorus link. Grim, et al.,*
have plotted the E mode stretching frequencies of a
number of LW(CO)s complexes vs. the B¥W-31P cou-
pling constants and have observed a straight-line
correlation between these two parameters. As they
were unable to assign the A;! mode for all of the com-
plexes because of overlap with the E mode, the E mode
was used as a reasonable approximation since the A;!
and the E modes have very similar stretching fre-
quéncies. Although there is a general increase in the
E mode carbonyl stretching frequency with the value
of Jisw_ap, the linear correlation data in Table III are
rough in view of the low correlation coefficient of 0.79
and the relatively small errors in the two parameters.
It should be noted, however, that the range in these
parameters defined by the (CiH,y)sP and (CeH;)sP
complexes was much smaller for the much better linear
correlation observed by Grim and coworkers.* The
A;! mode could be observed for all but three of the com-
plexes and reasonable estimates could be made for
two of these unobserved peaks (Table IT). The correla-
tion coefficient of 0.70 for the plot of the A;! mode
against B3W-3'P did not represent a significant im-
provement. Although force constants are more reli-
able than raw frequency data for bonding interpreta-
tions, values of & (CO stretching force constant trams
to L) plotted vs. ¥¥W—-%'P coupling constants revealed
a large decrease in the correlation coefficient (0.51).
This result tends to suggest that the increase of ¥5W-3'P
coupling at best only roughly parallels the rising of the
m-acceptor properties of the phosphorus ligand.

The o-bonding and w-bonding capacities of the
ligands calculated in the manner of Graham?® are shown
in Table II. A positive value of the o or 7 parameter
implies that the ligand is a ¢ or = acceptor whereas a
negative value implies that the ligand is a ¢ or = donor
compared to the reference compound CeHuNH(CO)s.
The order of increasing w-acceptor character (Aw) of
the ligands in the complex is: P(OCeH;); < P(CeHs)s <
P(C4H9)3 o= P(N(CH3)CH2)3CC5HH = P(OCHQ);;-
CCsHu < P(SCH,)sCCsHu < P(SCH3)3 < P(OCoHs)s <
P(CH;0);CCsHjy < PF3. On electronegativity grounds
it seems strange that the first three members of this
group are not reversed in order and that P(CH:O);-
CC H; appears so late in the series. In any case the
correlation coefficient of the ¥*W-3'P coupling values
with Aw (0.35) clearly implies a negligible correlation.
Moreover the standard deviation of 0.16 is twice as
large as the error in Aw. These results would be ex-
pected if indeed 3SW-3!P coupling were not dependent
upon = bonding in the W—P link.

The order of decreasing o-donating capacity (Acg) of
the complexed phosphorus compounds is: P(CsHg); >
P(SCH;); > P(OC:H;); > P(CH0);CCH, > P(CeHj)s
> P(N(CHj3)CH,)sCCsHu > P(OCiHs); > P(SCHa)s-
CC:Hu > PF; > P(OCH,);CCsHy. Again' some of
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the orders are somewhat unexpected on electronega-
tivity grounds, particularly the result that PF; is com-
parable to P(OCH,)sCC;Hy in o-donor capacity, It
is possible, however, that ‘‘normal’ basicity orders
are not necessarily operative when the ligand is com-
plexed to a transition metal.® If indeed BSW-31P
coupling occurs through orbitals having s character,
a better correlation with A¢ than with Ar might have
been expected since increasing s character of the phos-
phorus lone pair in the complex should parallel its
decreasing o-donating character. The poor correlation
of BIW-31P coupling with Ae could arise from the small
range in Acs values for these phosphorus ligands (40.01
to —0.34) and the large standard deviation (0.12) in
the correlation compared to the acknowledged error®
(0.12) in the Ag evaluation.

We tentatively draw the following conclusions from

Inorganic Chemaislry

these studies. (a) Increases in the electronegativity
of the phosphorus ligand account very well for the rise
in B¥W-3P coupling constants in W(CO);L. complexes.
(b) Although greater ligand electronegativity is ex-
pected to raise the w-acceptor capacity of the ligand,
the rise in ¥W-3'P coupling can be explained quite
well without invoking = bonding as a coupling mech-
anism. (c) No significant correlation was found between
tungsten—phosphorus coupling and the carbonyl stretch-
ing frequencies, force constants, and the A¢ and Arx
quantities in the series of complexes studied.
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Ferrous phthalocyanine dissolves in dimethyl sulfoxide to give a diamagnetic blue solution.

The rate of exchange of imid-

azole (Imid) for dimethyl sulfoxide at the axial sites to give green FePc(Imid), obeys the rate law

d[FePc(Imid),]
di

At 25° AH¥ = 17.3 kcal/mole and ASF = 1.8 eu.

= 4,17 X 1013¢~11900/ET[FePc] [Imid] M 1sec™?

Replacement of coordinated dimethyl sulfoxide by the first imidazole

molecule is rate determining and exerts a powerful trans effect on the exchange of the second dimethyl sulfoxide ligand.

Introduction

"One family of inorganic reactions convenient to
follow experimentally involves ligand exchanges at a
low-spin d® octahedral center. The majority of studies
have been on Co(III) complexes, with a number on
Rh(III) and Pt(IV) systems.! Ferrous complexes
have biological importance, but far fewer are low-spin
than is the case with Co(III), and easy oxidation to
Fe(IIT) is an experimental complication. Work to
date has been restricted to tris-diimine complexes, e.g.,
tris(o-phenanthroline)iron(II) perchlorate.?

It has been known for 30 years that derivatives of
fefrous phthalocyanine (FePc) (Figure 1) of the for-
mula FePc(base),® are low-spin®® d® complexes, and it
seemed that a study of axial ligand replacement rates

(1) (a) C. H. Langford and H. B. Gray, ‘“Ligand Replacement Reac-
tions,”” W. A. Benjamin, New York, N. V., 1965, Chapter 3; (h) F. Basolo
and R. G. Pearson, “Mechanisms of Inorgahic Reactions,” 2nd ed, John
Wiley & Sons, Inc., New York, N. Y., 1967, Chapters 3 and 4.

(2) (a) I. M. Kolthoff, O. L. Leussing, and T. S, Lee, J. Am. Chem. Soc.,
70, 2348 (1948); (b) D. W. Margerum, ibid., 79, 2728 (1857); () D. W.
Margerum and L. P. Morgenthaler, ibid., 84, 706 (1962); (d) J. Burgess and
R. H. Prince, J. Chem. Soc., 4697 (1965).

(3) (a) P. A. Barrett, E. F. Bradbrook, C. E. Dent, and R. P. Linstead,

J. Chem. Soc., 1820 (1939); (b) H. Senff and W, Klemm, J. Prakl, Chem.,
154, 73 (1939).

would be of interest. The system has a fixed geometry,
with the ligands undergoing replacement #rans to each
other. The advent of a variety of dipolar aprotic
solvents such as dimethyl sulfoxide (DMSO), N,N-di-
methylacetamide (DMA), or trimethyl phosphate has
removed the serious experimental disadvantage of
ferrous phthalocyanine-—its insolubility in common sol-
vents, This paper describes the exchange of axially
bound dimethyl sulfoxide by imidazole at a ferrous
phthalocyanine center in dimethyl sulfoxide as solvent.
Some preliminary results at 25° have been presented in
ref 4.

Experimental Section

Purification of Materials.—(a) British Drug Houscs reagent
grade DMSO was purified by two methods, each of which gave
samples of the same refractive index, producing the same kinetic
results.

(i) The solvent was dried over solid potassium hydroxide,
decanted, and then distilled at ~1.5 mm at 40°. Distillation
was through a 2-ft vacuum-jacketed column packed with stain-
less steel gauze helices, with a nitrogen gas bleed. The middle
three-fifths of the distillate was retained, treated with calcium

(4) J. G. Jones and M. V. Twigg, Inorg. Nucl. Chem, Letters, B, 333
(1969).



