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ABSTRACT

The compounds (C1R2P)(C0)5Mo, where R is CH_3 or C6H5, Teact
readily with a variety of nucleophilic reagents to give new (RZPX)(COJSMO
compleies. Reaction with water in the presence of triethylamine yields

[ (CH,) P (OH) ] (CO) Mo and [(CH) ;NHI{[(C¢Hg) ,PO] (CO) Mo}. In the first

3)2
product, dimethylphosphinous acid is stabilized as the hitherto unknown
tautomer of diphenylphosphine oxide. The corresponding complex of
-diphenylphosphinous acid was obtained upon base hydrolysis of [Cl(C6H5)2P]—
(CO) Mo as well as from the thermal reaction (CH),P (0)H with Mo (CO) 6
The two phosphinous acid derivatives react smoothly with [Cl(CHs)zP](CO)SMo
in the presence of triethylamine to yield (CO)SMOP(CHSJZOPRZMOCCO)5

R = CH3 or C6H5). Reaction between [CI(C6H5)2P](CO)5M0 and [(CZHS)sNH]'
{[(C¢Hg) ,POIMO(CO)} led to (COYMOP (CHg) 0P (CeHg) Mo (CO)g. The

bridging ligands in the three dimolybdenum complexes contain the very
uncommon diphosphoxane linkage. The complexes (RZPOR')(CO)SMO,
[R2P(NR"R'")](CO)5M0, and (RZPSCZHS)(CO)SMO are obtained from the
reactions with R'OH, R"R'"NH, and CZHSSH,.rgspectively. -Hydrogen sulfide
and 0C2H5)3N react with the chlorophosphine complexes to give

[(CH;) ,PSH]Mo (CO) ¢ and [(C,Hg) ;NH]{ [(C¢Hg),PO] (CO) Mo}. Also, (CH;),SiCl
reacts with [(C,H;) SNH]{[(C (Hs) ;P01 (CO) Mo} to generate [(C¢Hg),POSi-
(CHS)S](CO)SMO' Grignard reagents react with the chlorophosphine com-
plexes to give the expected (RZPR')(CO)SMO product and (CO)SMoPRzPRZMo-

(CO)S. Proton nmr and infrared spectrél properties of the new complexes
are given.
The synthesis of the metal carbonyl complekes 2-Mo(C0)5-2-X-
DMP(DMP = 5,5-dimethyl-1,3,2-dioxaphosphorinane) in which X = C1, OCH,,
1



OEZHS, SC6H5; CHS’ and N(CH3)2, and 2-M(C0)n-2-leDMP in whichAM = Cr,
W, Fe, and Ni, and n = 5,5,4,3, respectively, is reported. Analysis of
the proton nmr spectra of the new compounds suggest§ that a common
chair structure with the metal carbonyl positioned equatorially is the
predominant, if not exclusive, conformer for all of the complexes.

‘The complexes 2-Mo(C0)5-2-X-MTBP (MTBP = 5-methyl-5-tert-butyl-1,3,2-
dioxaphosphorinane) in which X = C1 and~0CH3 each exist as mixtures of
isomers. The c¢is- and trans-isomers of 2-CH30—MTBP have been separated.
The ?lcoholysis reaction of 2-M0(C0)5-2-C1-MTBP proceeds with inversion

of configuration at phosphorus. Mechanistic implications of this

Tesult are discussed.



INTRODUCT ION

The Alchemists of the Middle Ages were familiar with materials
containing phosphorus,1 but those substances were of little interest,
becauée they were of no use in converting common metals into gold. The
element today recognized as white phosphorus was first isolated in 1677
by Hennig Brand of Hamburg.2 The synthesis of elemental phosphorus by
the method of Brand wés most demanding aﬁd, if necessary todaf, would
dampen the spirits of all but the most dedicated chemists:

"Take a quantity of urine (not less for one experiment
than 50 or 60 pails full); let it lie steeping in one
or more tubs...till it putrify and breed worms, as
it will do in 14 or 15 days. Then, in a large kettle,
set it to boil on a strong fire...till the whole
quantity be reduced to a paste...and this may be
done in two or three days or more. Then take the said
paste, or coal; powder it, and add thereto some fair
water, about 15 fingers high...; and boil them
together for 1/4 of an hour. Then strain the liquor and
all through a woolen cloth...the liquor that passes must
be taken and boiled till it come to a salt...Then add...
the remainder of Aqua Fortis from Vitriol and Salt of
Niter a pound thereof to a half pound of the said salt
...and then for 24 hours steep'd in the most rectify'd
Spirit of Wine...Evaporate all in warm sand, and there
will remain a reddish salt. Take this salt, put it
into a retort, and...fire as high as you can for 24
hours. Sometimes, by the force of the fire, 24 hours
proves enough; for when you see the Recipient white,
and shining with fire...then the work is finished.

And you yay scrape it .off with a knife, where it
sticks." :

The chemistry of phosphorus has grown rapidly, and at the
present time an extensive inorganic chemistry of this.unique element
has &eveloped. The diverse nature of phosphorus-containing compounds
has been the basis for their wide application in a variety of in-
dustries.

The importance of phosphates in biological activity has been

3



¥ecognized, an& presently an increasing amount of work is being under-
taken to determine further the role of phosphorus in the process of
life. The structures of many complek compounds containing phosphorus
have been determined by X-ray crystallogra?hy, including that of
deoxyribonucleic acid, work significant enough to earn its researchers
a Nobel Prize.3

Kinetic studies of simple hydrolysis or esterification re-
actions at phosphorus have given éhemists insight into the specific.
mechanisms of reaction at the phosphorus atom. Much information con-
cerning the nature of the bond from phosphorus to other atoms has been
collected from spectroscopic investigations, particularly 3l-phosphorus
nmr.

Many réactions éf organophosphorus compounds parallel the
behavior of carbon in its chemistry. In this respeét the cleavage of
a phosphorus-halogen bond has assumed a prominent role in synthetic
organophosphorus chemistry. The chemistry of the phosphorus-chlorine
bond has been extensivel& investigated, and some general reactions
are outlined im Figure 1. Most of the reactions illustrated in -
Figure 1 proceed in good yield without difficulty. However, several
clgsses of reaction deserve special comment. The reaction of RZPCI
with ammonia does not giye the expected product, RZPNHZ’ but gives
the diphosphinoamine, R,PN(H)PR,, instead.® In fact, R,PN(H)PR,
itself is unstable and upon mild heating equilibrates to a mixture of
ammonia and (R2P)3N.4 Simple amino derivatives of PC13 are aiso
unstable at room temperature. The following sequence of reactions
(Eq. 1).illustrate§ the generai instabilify of primary amino-phos-

phone derivatives:5



Reactions of trivalent halophosphines.

Figure 1.



: NH3 -NHS . -NH3 '

6
2

Esters of the phosphinous acid show varying degrees of sta-

The only stable aminophosphine prepared by ammonolysis is (CFS)ZPNH

bility. Early work in this area1 shows the only product from the re-

action shown in Eq. 2

RZPCl + R'OH—-RZR'PO + HC1 (2)

to be a phosphine oxide. When a base was introduced to coordinate the
HC1 evolved in the reaction, the desired phosphinite éster RZPOR' could
be isolated in most in;tances. Some phosphinites, for example (CHS)ZPOCHS’
still rearrange7 spontaneously to the corresponding phosphine oxide in
spite of attempts to preserve the phosphinite structure.

In general, attempts to synthesize trivalent phosphorus

compounds which retain the phosphinous acid structure, R,POH, have been

2
unsuccessful inasmuch as a thermodynamically more stable phosphine oxide
structure, R,P(O)H, is obtained.® Bis(trifluoromefhyl)phosphinous acid,
(CFS)ZPOH, is the only well-documented species in this-class.9 However,
the acid tautomer is thought to play an importanf role in the activity
of many phosphine oxides. For example, rationalization of exchange

data for numerous organophosphorus compounds is possible only if the

following equilibria (Eq. 3-5) are considered to exist:

(R0) P (O)H == (RO),P(0R) 'O*2 (3)
C(H P (0)H(OH) == CH.P(0H), 13,14 4)
(CgHg) P (OHT= (CHg) ,Pom) 1° | (5)

6



The non-aromatic protons of phenylphosphinic ac1d C P(O)H(OH),
Teadily exchange with deuterium.14 The following mechanism is proposed

to account for the observed exchange:

C_H C.H C.H

6 5\p 0 6"'s +,on 6 S\P,on fast C6 s\P,o
iy ———

HO” « N\H _ HO/ Nu o~ po” )

C_H

”9

Each equilibrium above is shifted extenéively to the left, and attempts
to obtain physical evidence for the presence of the trivalent tautomer
have been unsuccessful.16

Phosphorus donor ligands have played a major role in the de-
velopment of the chemistry of transition metals, particularly metal
carbonyls.17 However, much of the chemistry in this area has dealt
with substitution products of simple phosphine ligands, e.g., triphenyl-
phosphine, trimethylphosphite, and tris(dimethylamino)phosphine. At
least one reason for this situation may be the difficulties encountered
in preparing suitable ligands, inasmuch as many of the potentially most
interesting phosphine ligands are prone to rearranée to thermodynami-
cally more stable species which are not capable of behaving as good
donors toward a transition metal. One segment of the research to be
reported in this thesis has dealt specifically with the problem of
preparing complexes of transitionvmetal carbonyls with thermodynamically
- unstable phosphorus ligénds.

The synthetic route used to prepare complexes of unstable
ligands of the general formula (CO)AMPRZX (where M is the metal, R is
any substituent on phosphorus, and X is the substituent which generally
rearranges‘in the trivalent species) waé the cleavage of a phosphorus

‘to chlorine bond in a pré-complexed'ligand. Conceptually, any of the

7



r;actions for the trivalent ligand shown in Figure 1 should be.appli-
cable to the qoordinated ligands. A secqu, specific approach to the
preparation of complekes of phosphinous a;ids was thé direct reaction
of RZP(O)H with a metal complex in an effort to shift the above-
mentioned equil}bria to the right by removal of the trivalent tautomer
as it is generated. |

Over a hundred years ago, Schutzenberger and Fontame18 re-
ported what may have been the first examples of reaction of a phosphorus-
halogen bond in a coordinated ligand. They found that [PtClZ(PCIS)]2

and Pt(PCl Cl2 were readily hydrolyzed to complexes characterized

3)2

as {PtC1,[P(OH) ;1}, and PtC1,[P(CH) respectively. {PtCl,[P(OH) 31},

3]2
was reported to react with potassium hydroxide or carbonate to give
a complex which they characterized as Ptz[P(OK)S]ZOZ. The reaction of

methanol or ethanol with [PtCl PC13] gave {PtClz[P(OR) }, but the

3]2
rgaction with ammonia was more complex. Ammonia also displaced a
chloride from platinum, and Eq. 6 was suggested to represent the

reaction:

[PtC1,(PC1)], + NHS > {Pt (NH,), (C1) [P(NH,) ;]1} * " C1™ + NH,C1 (6)

~ Arbuzov and Zoroastrova19 repeated the earlier work of Schutzenberger,
and although they characterized the products obtained from the reactions
with water and alcohols, no further informafion regarding the nature

or extent of the reactions of coordinated phosphine ligands was pro-
vided. However, they did show that'(fhosphorus trichloride)gold(I)
chloride, (PCIS)AuCI, also reacts with methanol to give a trimethyl-
phosphite gold (I) complex (Eq. 7)_:20 |

(PCIS)AuCI + 3CH30H -+ [P(OCHS)sAuCl] + 3HC1 7

-8



Although other metal complexes with phosphorus donor ligands
that have phosphorus-halogen bonds have been noted to show differing
degrees of reéctiyity toward water, détermination of the nature of
the product has not been of interest. Strecker and Schurigin21 found
Ir(PCiS)SCI3 to be inert to cold water. However, a refluxing solution
of silver nitrate and Ii‘(PCls)SCl3 yielded a prgcipitate of silver

chloride. Davis and~Ehrlich22 Treported (CuCl)zPCI to react readily

_ 3
with methanol, but the product is P(OCHS)SCuCI. The complex

(CuCl)ZPCI3 exists only under a significant atmosphere of phosphorus
trichloride,22 hence it is unclear whether the product is obtained
from reaction of a coordinated phosphine ligand or arises from tri-
methylphosphite generated from the excess PC13 present.

Wilkinson has noted the lack of reactivity of the phosphorus-

3

fluorine bond in tetrakis(trifluorophosphine)nickel(0).2 In fact,

Ni(PF3)4 can be steam distilled without decomposition. But more
recently Kruck and Hufler24 have demonstrated that sodium methoxide

will displace fluoride from phosphorus in Ni(PF to give the well-

3)4
known tetrakis(trimethylphosphite)nickel(0) complex (Eq. 8):

Ni(PF;), + 12 NaOCH,—=Ni[P(OCH,),], + 12NaF (8)

3 3]4

Bachman et aZ?5 also obtained Ni[P(OCHS) after treating Ni(PC1l

314 304
with sodium methoxide. However, when methanol alone is used as a
reactant with Ni(PC13)4, oxidation of nickel occurs to give Ni(CH30H)62+
and a variety of other products including chloride, phosphite, methyl

25 These authors suggest

chloride, phosphine, and dimethyl phosphonate.
that the HC1 produced from the methanolysis of phosphorus trichloride

reacts with the nickel complex via an oxidative-addition mechanism to

9

.



finally give nickel(II) and dimethyl phosphonate.

Hofler and Marre26 found that
(phosphorus tfichloride)pentacarbonylmolybdenum will react with methanol
to give (trimethyl phosphite)pentacarbonylmolybdenum (Eq. 9).

' + 3HC1 (%)

3 3 3

Mo(CO)sPCI + 3CH,OH Mo(CO)SP(OCHs)
The reaction of metal-complexed PC13 differs from that of trivalent
phosphorus trichloride inasmuch as no rearrangement1 takes place in
the coordinated ligand (Eq. 10).

PC1, + 3CH,OH -~ (CHSO)ZP(O)H + 2HC1 + CH.Cl1 10)

3 3 3

They were also able to prepare Mo(CO)SPCI3 via the reaction of a coor-
dinated aminophosphine (Eq. 11). This particular reaction may become
véluable as further applications for this general type of synthesis

become apparent.

Mo (CO) . P[N(CH + 6HC1 > Mo(C0)PC1, + 3(CH ) NH.C1  (11)

3)2]3 3
Austin obtained several interesting complexes of palladium
and platinum containing acids of phosphorus.27 The products cis-
PtClz[(C6Hs)2P(QH)]2 and Ei§;PtC12[(C6HS)(Cl)P(OH)]z, as well as the
palladium derivatives, were formed upon hydrolysis of the metal cbmplexes
of chlorodiphenylphosphine and dichlorophenylphosphine, respectively.
Of‘éarticular interest is the fact that hydrolysis of SiéfptCIZ(CGHSPCIZ)Z
may be controlled in order to displace only a single chloride per phos-
phorus. On the other hand, complexes of the type Pt[P(OR)ZO]z[P(OR)ZOH]2
(where R is CH3 or CZHS) are obtained from the reaction of tetrachloro-
platinate (II) ion with a trialkyl phosphite in water or with a dialkyl

phosphonate in alcohol28 as shown in Eq. 12.

2

4 + 4(RO),P(O)H > Pt[é(OR)ZO]z[PCOR)ZOH]Z + 2HC1 + 2C1°

10 (12)

" PtCl



The corresponding complexes where the R groups are phenyl are obtained
in poor yield by this synthesis and are more easily prépared by re-

. . . 29
acting PtClz[CHSCN]2 or PtClz[(CZHS)ZS] with diphenyl phosphonate.
PtCL, (CH,CN), + 4(CgHg0),P(O)H ~ P [(C4H:0),PO], [ (C4H 0) ,POH],

+ 2HC1 + 2CH,CN (13)

3
In any case, an equilibrium of the type shown in Eq. 14
(RO) 2P (d)H:—‘—" (RO)ZPOH | (14)

was postulated to account for the hydroxy structure on phosphorus in
the resulting complexes.zs’29

Although several different workers have apparently prepared
complexes of thermodynamically unstable ligands as summarized above,
each investigator Qas concerned only with a specific reaction or a
particular ligand. Prior to our work, no systematic investigation of
the reaction of a single coordinated phosphine ligand with a wide
variety of suitable reagents had been reported. In Part I of this
thesis, the extent of the'reactions of
chlorodiphenylphosphine- and chlorodimethylphosphinepentacarbonyl-
molybdenum, Mo(CO)sP(C6H5)2C1 and Mo(CO)SP(CH3)2C1 respectively, with
selgcted nucleophiles will be discussed. Particular emphasis will be
placed on the synthetic utility of the general reaction scheme and the
effects of the molybdenum-phosphorus boﬁd on the reactivity of the
complexes as well as their infrared and proton magnetic resonance

spectral parameters.

11



EXPERIMENTAL

MATERIALS:
Solvents

Hexane, benzene, toluene, and chloroform purchased from
Lehigﬂ Valley Chemical Company, Easton, Pa., and methylcyclohexane
obtained from Matheson,-Coleman, and Bell (MCB), East Rutherford,
N. J., were distilled from phosphorus pentoxide (MCB) before use.
Carbon disulfide, petrﬁleum efher (20-40°), diethyl ether, and chloro;
benzene purchased from Baker Chemical Company, Phillipsburg, N. J.,
and acetonitrile—d3 obtained from Diaprep, Inc., Atlanta, Ga., were

used without further purification.

Reagents

| Chlorodiphenylphosphine and dichlorophenylphosphine were
purchased from Aldrich Chemical Company, Cedar Knolls, N. J., and
vacuum distilled before use. Phosphorus trichloride (Baker Chemical
Co.) was used as received. Chlorodimethylphosphine was prepared from

30 by the method of Parshall.31

tetramethylbiphosphine disulfide
Dichloromethylphosphine was a generous gift from the Department of
the Army, Edgewood Arsenal, Edgewood, Maryland.

| Gaseous ammonia (MCB) was used as received. Triethylamine
(Aldrich Chemical Company) was distilled before use. Methylamine was
prepared by base hydrolysis'of methylammonium chloride (Baker Chemical
Co.); dimethylamine was prepared similarly from a 40% aqueous solution
obtained from Aldrich Chemical Co. Both amines were dried by passage
through tubes filled-with‘pOtassium hydroxide. Aniline (Baker Chemical

Co.) was vacuum distilled before use.
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Ethanethiol, thiophenol (Aldrich Chemical Co. ), aqd hydrogen
sulfide (Baker Chemical Co.) were used as received.
Methanol, 1-propanol, 2-propanol (Lehigh Valley Chemical
Co.), ethanol (U.S. Industrial Chemicals Co.), tert-butanol, and
. 2,2-dimethyl-1,3-propanediol (Aldrich Chemical Co.) were used without
further purification. |
Diethylmaloﬁate (Aldrich Chemical Co.), methyl iodide
(Columbia Organic Chemicals, Columbia, S.C.), and trimethylchlorosila#e
(Baker Chemical Co.) were used as received.
Lithium aluminum hydride and methyllithium were purchased from
Alfa Inorganics (Beverly, Mass.), and antimony trifluoride was obtained
from Ozark-Mahoning Co., Tulsa, Oklahoma. Thallium cyclopentadienide
was prepared by the method of Hunt.32
Molybdenum and tungsten hexacarbonyls were geﬁerous gifts
from Climax Molybdenum Co., Greenwich, Conn. Chromium hexacarbonyl
was purchased from Pressure Chemical Co., Pittsburgh, Pa. Nickel
carbonyl was purchased frém Union Carbide Co., Linde Division. Each
of the above metal carbonyls was used as received. Triiron dodecacarbonyl

was prepared by a literature method.33
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EXPERIMENTAL TECHNIQUES

Infrared Spectra

| Routine scans were performed on a Perkin-Elmer Model 257
spectrometer. More precise spectra were obtained with a Perkin-Elmer
Model 21 spectrometer equipped with sodium chloride optics and calibrated
with polystyrene as a reference. High resolution spectra in the metal
carbonyl stretching region 2100-1800 cm-1 were obtained with a Perkin-
Elmer Model 621 spectrometer.

Certified n-hexane of 99 mole % purity (Fisher Scientific

Co., Fair Lawn, N. J.) was used as solvent in all cases unless noted
otherwise. Data were taken in solution using standard 0.05 mm sodium
chloride liqui& cells. Band positions are % 1 cm°1 for the Alcl)
s£retching mode of the (ligand)pentacarbonylmolybdenum complexes. B1
bands afe weak and positioned to + 2 cm-l. Band positions for over-

lapping A (2 and E modes were estimated by graphical resolution and

1
are accurate to * 2 cm'1 or better. Force constants34 were calculated

using the Fortran IV program CKL written in this laboratory.

Proton Magnetic- Resonance

All data were obtained with a Hitachi Perkin-Elmer R20A
nuclear magnetic resonance spectrometer employing tetramethylsilane
CHQS) as an internal chemical shift standard. Chemical shift values
are accurate to i 1 Hz'aﬂd coupiing cohstants to + 0.1 Hz., Frequency
measurements were taken with a Takeda Riken TR3824X frequency counter.

Double resonance and nuclear Overhauser effect (NOEj experi-
ments were performed using an R-201 proton spin decoupler.

Variable'temperature experimenté were performed using an

R-202VT variable température controller. Samples were allowed to
14



equilibrate for at least 30 minutes at a given teﬁperature before
recording spectra. At least two scans at each temperature were recorded
in order to reduce error in frequency assignments arising from drift
of the magnetic field during a variable temperature experiment.

' Complek proton nmr spectra were analyzed with the help of

35 Theoretical spectra were

the iterative computer'program LAOCN3.
drawn on a Cal Comp plotter using the Fortran IV program NMRLOR
written in this laboratory making use of data obtained directly from

the program LAOCN3. Details of the computer assisted analysis are

presented in the Appendix.

Melting Points and Analyses

Melting points were determined in Kimax capillary tubes
open to the atmosphere (unless noted otherwise) using a '"Mel-Temp"
apparatus (Laboratory Devices, Cambridge, Mass.) and are uncorrected.
Elemental analyses were performed by Baron Consulting Co., Orange,

Conn.

Molecular Weight

Molecular weights were determined cryoscopically in benzene.
Volatile compounds were examined by mass spectrometry employing an

Hitachi Perkin-Elmer RMU-6E instrument.

15



PREPARATION OF LIGANDS

Chlérodimethylphosphine was prepared by the method of Parshall.

30 and 40.6 ml

A mixture of 18.6 g of tetramethylbiphosphine disﬁlfide
of phényldichlorophosphine in a 200-ml flask fitted with a Podbielniak
distillation head was Heated in a nitrogen atmosphere until the mixture
became homogeneous at about 200°. The clear, yellow solution was
distilled using an oii bath temperature of up to 250° to give a clear
colorless liquid, bp 62-109°. Redistillation gave at least 9.4 g (46%)
of clear, colorless chlorodimethylphosphine, bp 77°. The product

possesses an obnoxious odor and ignites spontaneously upon contact

with the atmosphere.

Chloromethylphenylphosphine

Chloromethylphenylphosphine was prepared by either of two
syntheses described by Maier. P,P'-dimethyl-P,P'-diphenylbiphosphine
disulfide36 was cleaved With.sulfuryl chloride to give chloromethyl-
phenylphosphine=su1fide.37 The sulfide was converted to the free
phosphine by abstraction of sulfide with tri-n-butylphosphine.38 Al-
ternatively, dichlorophenylphosphine can be converted to chloromethyl-

phénylphosphine upon reaction with tetramethyllead.39
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PREPARAT ION OF COMPLEXES :

Phosphine)pentacarbonylmolybdénum.

(Chlorodiphenylphosphine)pentacarbonylmolybdenum and trans-bis(Chloro-

diphenylphosphine)tetracarbonylmolybdenum.

A mixture of 53 g of Mo(CO), 44 g of (CgHS),PCL, and 80 ml
of toluene was heated at reflux for one hour. The dark red solution
was allowed to cool, after whiéh 200 ml of petroleum ether (bp 20-40°)
was added. The mixture was filtered and the volume of the clear red
filtrate was reduced under aspirator vacuum to 100 ml. The concentrate
was filtered and the tan solid residue was retained. To this filtrate
were added 100 ml of petroleum ether and 5 g of anhydrous alumina.

The mixture was shaken and then filtered to yield a yellow solution
from which all solvent was removed under vacuum. Recrystallization
of the solid residue from hexane yielded 64 g (70%) of the pale yellow

40

monosubstituted product, mp 56-58° (1lit. = 57°). Anal. Calcd for

C17H1005C1M0P: C, 44.90; H, 2.19. Found: C, 45.38; H, 2.37.

The tan solid separated earlier in the work-up was re-
crystallized several times from hexane-benzene to yield 2 g of bright
yellow needles of trans-bis(chlorodiphenylphosphine)tetracarbonyl-
molybdenum, mp 153-154°; ir (UCO’ hexane)v1898 (w), 1884 (s) cm-l.
Anal. Calcd for C28H2004C12M0P2: C, 51.77; H, 3.08. Found: C, 51.69;
H, 3-28'

17



(Diphenylphosphinous acid)péntacarbonylmolybdenum.

-a. ‘Hydrolysis of " (Chlorodiphenylphosphine)pentacarbonylmolybdenum.

To a solution of 1 g of [Ci(CGHS)éP](CO)sMo in 15 ml of
acetone was added 4 ml1 of 1 M potassium hydroiide. The mixture was
allowed to stir for 1.5 hour at room temperature, then cooled in ice,
and acidified with dilﬁte hydrochloric acid to an apparent pH of
approiimately 2. The_hydrolysis product was extracted from the aqueous
mixture with hexane. The ektract was dried briefly wiﬁh anhydrous
magnesium sulfate and then filtered through a 2-cm layer of alumina on
a glass frit. Evaporation of the filtrate under aspirator vacuum
left the desired product as a nearly colorless oil admixed with a
small quantity of colorless crystals which were identified as
u-tetraphenyldiphbsphoxane-decacarbonyldimolybdenum.

Inasmuch as Mo(CO)SP(C6H5)20H is much more soluble ih hexane than is
u-tetraphenyldiphosphokane-decacarbonyldimolybdenum, it was possible

to effect a separation by washing the mixture with a very small amount
of hexane. Evaporation of the hexane washings yielded Mo(CO)SP(C6H5)OH.

Unfortunately, the relative yields of Mo(CO)SP(CGHSJZOH and

u-tetraphenyldiphosphokane-decacarbonyldimolybdenum in this preparation
are variable. Attempts to purify MO(CO)SP(C6H5)20H by .low-temperature
récrystallization;:sublimationuto}a_co1d-probei'and high-vacuum
distillation were unsuccessful. Further complications include the
conversion of Mo(CO)sP(C6H5)20H to u-tetraéhenyldiphosphoxane-
decacarbonyldimolybdenum under high vacuum over extended periods of

time or during column chromatography. Owing to these difficulties no

18



ﬁeltihg or boiling point has been determined for Mo(CO)SP(C6HS)20H.
The oil was further characterized by spectral observations and by
deriva;izatioﬁ upon reaction with triethylamine to yield a salt and
with diazomethane to give the methyl ester, Mo(CO)SP(C6HS)20CH3.
Anal. Calcd for C,_H, .0 MoP: C, 46.58; H, 2.51. Found C, 47.27;

177116
H, 2.51.

b. Thermal Reaction of Diphenylphosphine Oxide with Mo(CO)ﬁ.
41

A mixture of 1.3 g of Mo(CO)6, 1.0 g of (CGHS)ZP(O)H’
and 15 ml of methylcyclohexane was heated at reflux for 1.5 hr at
which time evolution of carbon monoxide had ceased. The cooled
soiution was filtered, and the filtrate was evaporated to drymess
uﬁder vacuum to give a waxy residue. This residue was extracted
with thfee 15-ml portions of hexane to yield a solution which was
clarified with charcoal, filtered, and evaporated to dryness to

yield [(C P(OH)](CO&SMO as a pale yellow oil. The maximum yield

6s)2
of Mo(CO)SP(C6H5)20H by this method of preparation was 50%. The
spectral properties of this product were identical with those of the

product obtained by method a.

Triethylammonium (Diphenylphosphinito)pentacarbonylmolybdenum.

A mixture of 1 g of [CI(C6H5)2P](CO)5M0, 1 ml of water, and
1 ml of triethylaﬁine in 10 ml of acetone was allowed to stir for
0.5 hr. Removal of the acetone under aspirator vacuum left a
solid residue which was slurried with 25 ml of water. That pért
of the residue which was insoluble in water was collected by filtra-

tion and recrystallized from hexane-benzeﬁe to give a 93% yield
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of the product as white crystals, mp 130°. Anal. Calcd for c2'3H26No6Mop:

C, 51.21; H, 4.82. Found: C, 51.66; H, 4.91.

(Methyl Diphenylphosphinite)pentacarbonylmolybdenum.

B To a solution of diazomethane in ether prepared from 1.25 g
of N,N'-diﬁeth&ﬁ-N,N'-dinitrosoterephthalamide42 was addéd'l g of
/[(C6H5)2P(0H)](C0)5Mo in 10 ml of ether. The resulting solution

was washed with 25 ml of water. The ether layer was dried.wifh-
magnesium sulfate, filtered, and evaporated to dryness to yield an
oily - residue. A solution of the oil.in 10 ml of hexéne was filtered
through a short (2 x 5 cm) column of alumina.” Removal of hexane
from the solution gave the product as an oil wﬁich crystallized

upon cooling at 0°. Infrared and pmr spectral properties of the
product as well as the melting point of 42-43° are in agreement with

the same properties of an analytical sample of Mo(CO)SP(C6H5)20CH3

prepared by the reaction of Mo(CO)sP(C6H5)2C1 with methanol as

described later.

(Chlorodimethylphosphine)pentacarbonylmolybdenunm.

A mixture of 33 g of Mo(CO)6 and 12 g of (CHS)ZPCI in 40
ml of methylcyclohexane was heated at reflux for five hours. The
dark-brown solution was. allowed to cool, 100 ml of petroleum ether was
added, and the mixture was filtered. Hydrocarbons and unreacted
Mo(CO)6 were removed from the filtrate under aspirator vacuum. The
resulting red liquid was distilled (93°, 0.30 Torr) to yield a

clear yéllow liquid which crystallized on standing in the refrigerator.
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The solid was recrystallized from hexane to give 22 g (53%) of
Mo(CO)SP(CHS)ZCI as white crystals, mp 36-37°. Anal. Calcd for

C7H605C1M0P: C, 25.29; H, 1.81. Found: C, 25.18; H, 1.86.

(Dimethylphosphinous acid)pentacarbonylmolybdenum.

A mixture of 1 g of [Cl(CHS)ZP](CO)SMo, 1 ml of water, and

1 m1 of triethylamine in 10 ml of acetone was allowed to stir at room

temperature for 0.5 hf. The mixture was-treated with 25 ml of water

and extracted with 10-ml portions of hexane. The hexane extracts

were combined, dried with magnesium sulfate, filtered, and evaporated

to dryness under aspirator vacuum. Distillation of the liquid residue
provided a 65% yield of the product as a clear, colorless liquid,

bp 83-84°(0.02 Torr). Anal. Caled for C,H,O_MoP: C, 26.75; H, 2.23.

776
Found: C, 26.61; H, 2.46.

p-Tetraphenyldiphosphoxane-decacarbonyldimolybdenum.

A mixture of l.g of [(CZHS)SNH}{[(C6HS)ZPO](COJSMO} and
1 g of Mo(CO)SP(C6H5)2C1 in 25 ml of anhydrous ether was allowed to
stir for 2 hr at room temperature. A white residue remained upon re-
moval of the solvent under aspirator vacuum. The reaction residue
was treated with two separate 15-ml portions of chloroform. Evapora-
tion of the combined chloroform e&tracts gave a solid which was re-
crystallized from ethanol-chloroform to yield 60% of pure
u-[P(_C6H5)20P(C6HS)2](CO)loMo2 as pale yeliow crystals, mp 157° dec.
Anal. Calcd for C,,H,.0..Mo.P.: C, 47.55; H, 2.33. Found: C, 47.57;

34720711 72 2°
H, 2.55.
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u-P,P-Dimethyl—P',P'-diphenyldiphosphoxane—decacarbonyldimolybdenum.

A mixture of 1 g of [(CZHS)SNﬂl{[(C6H5)2P0](CO)SMO} and 1 g
of Mo(CO)SP(CH3)2C1 in 25 ml of anhydrous ether was allowed to stir
for 2 hr at room temperature. Solvent was removed under aspirator
vacuum to yield, a white solid. This residue was extracted with two
15-m1 portions of hot hexane and filtered. Concentration of the filtrate
under a stream of nitrogen led to precipitation of |
u-[P(CHS)ZOP(C6H5)2](CO)loMoz. A 27% yield of pure product mp 84-86°,
was 9btained after several recrystallizations from n-hexane. Anal.
Calcd for C, H, O .Mo_ P.: C, 39.24; H, 2.18. Found: C, 38.90;

2416711 "2 2°
H, 2.34.

u-Tetramethyldiphosphoxane-decacarbonyldimolybdenum.

A solution consisting of 0.5 g of [dl(CHs)ZP](COJ Mo, 0.5 g
of [(CH3)2P(OH)](CO)5M0, and 0.1 g of triethylamine in 25 ml of anhydrous
ether was allowed to stir at room température for 15 min. Filtration
of the solution to remove the precipitate of triethylamonium chloride
yielded a clear filtréte from which the crude product was obtained
as an oil. Crystallization of the product from petroleum ether following
treatment with charcoal was achieved by slow evaporation of the solvent
in a stream of dry nitrogen. A 60% yield of u—[P(CHs)ZOP(CHS)z](CO)lOMo2
as white crystals, mp 66-68°, was obtained. Anal. Calcd for
C14H12011M02P2: C, 27.54; H, 197; mol wt, 610. Found: C, 27.78;

H, 2.08; mol wt, 584 (cryoscopic determination in benzene).

(Alkyl diphenylphosphinite)pentacarbonylmolybdenum Complexes.
A mixture of [(C6H5)2PC1]M0(CO)5 (1 g) and an alcohol (10 ml)

was heated at reflux for 1-1.5 hr. The resulting dark solution was
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a&ded to water (50 ml) and the product was extracted with two 10-ml1
portions of hexane. The combined hexane extracts were dried over
anhydrous magﬁesium sulfate, decolorized with 2 g of alumina and then
filtered. A crude product was obtained by evaporating the hexane
from the filtrate under a stream of nitrogen. Crystallization of the
(alkyl diphenylphosphinite)pentacarbonylmolybdenum complexes was
induced by scratching. These white solids were purified by re-

crystallization from hexane. Analytical and physical data are sum-

marized in Table 1.

(Alkyl dimethylphosphinite)pentacarbonylmolybdenum Complexes.

Crude (alkyl dimethylphosphinite)pentacarbonylmolybdenum
complexes were prepared from (CHS)ZPCI Mo(CO)5 by a procedure com-
pletely analogous to that used for the (alkyl .diphenylphosphinite)-
pentacarbonylmolybdenum complexes. The crude pale yellow to colorless
complexes were purified by vacuum distillation in a short path micro
distillation apparatus (Kontes K-287100). Analytical and physical

data are summarized in Table 2.

(Amino diphenylphosphine)pentacarbonylmolybdenum Complexes.

a. Gaseous amines. Anhydrous ammonia, dry methylamine,

or dimethylamine was bubbled through a solution of 1 g of [(C6H5)2PC1]-

Mo(CO)5 in 25 ml of diethyl ether for about 15 min. The resulting
mixture was filtered to remove the precipiated amine hydrochloride.
Removal of the ether from the filtrate under aspirator vacuum left a

whité solid which was recrystallized from ethanol.
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b. Aniline. (Anilinodiphenylphosphine)pentacarbonylmolybdenum
was prepared directly from [(C6H5)2PC1]M0(CO)5 and aniline (1:3 mole =
ratio) in diethyl ether. The white solid product was isolated and
purified according to the procedure used for the other solid complexes.

Analytical data and physical properties are listed in Table 1.

‘(Aminodimethylphosphine)pentacarbonylmolybdenum Complexes.

Crude (aminodimethylphosphine)pentacarbonylmolybdenum com-
plexes were prepared from [(CHS)ZPCI]MO(CO)5 by a procedure completely
analogous to that used for the (aminodiphenylphosphine)pentacarbonyl-
molybdenum complexes. The crude liquid products were vacuum distilled.

Analytical data and physical properties are listed in Table 2.

(Ethyl diphenylthiophosphinite)pentacarbonylmolybdenum.

An excess of ethanethiol (10 ml) was added to 1 g of
[(CGHS)ZPCI]MO(CO)5 dissolved in 5 ml of hexane. The solution was
stirred well and 1 ml of_triethylamine was added slowly. The resultant
precipitate of triethylammonium chloride was removed by filtration.
Excess ethanethiol and hexane were removed under aspirator vacuum to
yield the crude product. Pure (ethyl diphenylthiophosphinite)penta-
carbonylmolybdenum was obtained in 85% yield as a white crystalline
solid, mp 76-78°, upon recrystallization from hexane. Anal. Calcd

for C19H15M005PS: C, 47.30; H, 3.12. Found C, 47.25; H, 3.35.

jg;hyi dimethvlthiophosphinite)pentacarbonylmolybdenum.

Crude (ethyl dimethylthiophosphinite)pentacarbonylmolybdenum

was obtained from [(CHS)ZPCI]MO(CO)5 by a procedure completely analogous
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TABLE 1

Physical Properties and Analyses for
[(CGHS)ZPX]MO(CO)S Complexes

X M.p. : _ Yield Analysis found (calcd.) (%)
(°C) %) -
C H N
OCH3 43-44 87 48.06 3.08
(47.78) (2.87)
0C2Hs 47-49 80 48.87 3.31
(48.93) (3.22)
O-n-C3H7 47-48 55 49.53 3.36
(50.00) (3.54)
O-i-C3H7 47-48 67 50.14 3.32
(50.00) (3.54) ‘
NH2 100-101 (dec.) 92 46.88 2.89 3.53
. : (46.68) (2.75) (3.20)
NH(CH3) . 88-90(dec.) 87 47.61 3.41 3.09
(47.89) (3.13) (3.12)
N(CH3)2 114-116(dec.) 85 49,26 3.97 3.15
' (49.04) (3.44) (3.02)
NH(C6H5) 153-154 (dec.) 89 53.79 2.95 2.65
‘ (53.80) (3.12) (2.73)
SC2H5 76-78 83 47.25 3.35

(47.30) (3.12)
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TABLE 2

Physical Properties and Analyses for
[(CHS)ZPX]MQ(CO)5 Complexes

X B;p. Yield Analysis found (caled.) (%)
(°C/mniig) (%) c H N
OCH3 42-42/0.05 ' 89 29.55 2.75
(29.27) (2.74)
0C2H5 40-42/0.03 86 31.51 2.91
(31.58) (3.21)
O-n-C3H7 62-64/0.03 63 33.32 3.41
(33.72) (3.65)
0-.i-C3H7 66-67/0.03 67 33.06 3.71
. (33.72) (3.65)
NH2 . 74-75/0.05a 87 26.56 2.11 4.44
(26.81) (2.56) (4.46)
NH(CH,;) 70-71/0.03 74 29.61 3.27 4.12
: (29.34) (3.07) (4.28)
N(CH,), 83-84/0.04 66 31.45 3.81 4.46
b (31.64) (3.52) (4.11)
SC2H5 51 30.43 3.19

(30.17) (3.07)

2 M.p. 33-35°.

b B.p. uncertain; m.p. 33°.
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to that used to prepare (ethyl diphenylphosphinité)pentacarbonyl-
molybdenum. The pure product was obtained by vacuum distillation in
51% yield as a colorless liquid which solidified on standing, mp 33-35°,
Anal. Calcd. for C.H,,MoO_PS: C, 30.17; H, 3.07. Found: C, 30.43;

911 5
H’ 3.19.

Triethylammonium jDiphenylthiophosphinite)pentacarbonylmolybdenum.

Anhydrous'hydrogen sulfide was.bubbled through a solution
of 1 g of [(CGHS)ZPCI‘]MO(CO)5 and 1 ml of triethylamine in 15 ml of .
diethyl ether for approximately 15 min. Removal of the solvent under
aspirator vacuum left a solid mixture which was slurried with 25 ml
of water to dissolve the triethylammonium chloride. The water in-
soluble product was collected by filtration, dissolved in hot hexane/
acetone and treated with charcoal. The mixture was filtered; the
filtrate was concentrated in a stream of nitrogen céusing precipitation
of the white crystalline product, mp 116-117°(dec), in 77% yield.

Anal. Calcd. for C23H26M?N05PS: c, 49.75;.H, 4.69; N, 2.52.

Found: C, 50.00; H, 4.85; N, 2.66.

‘(Dimethyl thiophosphinous acid)pentacarbonylmolybdenum.

Dry hydrogen sulfide was bubbled through a solution of 1 g
of [(CHy),PC1IMo(CO)g in 25 ml Of diethyl ether. Addition of 1 ml
of triethylamine4to the Sqlution during passage of tﬁe hydrogen sulfide
led to formation of a gummy precipitate. After acidification of the
mixtﬁre with dilute hydrochloric acid, the ether layer was sebarated‘
and dried with anhydrous magnesium sulfate. Removal of the ether under

vacuum left an oil which had spect:al properties in agreement with
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those’predicted for the desired product. The compound was not success-
fully distilled or recrystallized. The acid did not form readily

isolable quaternary salts with trietﬁylamine or pyridine.

(Trimethylsilyl diphenylphosphinite)pentacarbonylmolybdenum.

A mixture of 1.4 g (2.6 mo}es) of [(CZHS)sNH]{[(CGHS)ZPO]-
Mo(CO)S} and 0.9 g (8.0 moles) of trimethylchloro;ilane in 15 ml of
anhydrous ether was allowed to stir at room temperature for 0.5 hr. .
Filtration of the mixture to remove precipitated triethylammonium
chloride yielded a yellow filtrate. The residue obtained upon
evaporation of the filtrate was recrystallized from hexane to give
the product as a waxy, white solid, mp 69-70°. The minimum yield is
65%. The complex was identified by its infrared and proton'nmr

spectral properties.

(Diphenylmethylphosphine)pentacarbonylmolybdenum.

a. A solution of methylmagnesium iodide was prepared from
0.130 g (5.4 mmol) of magnesium, 0.5 ml (5.4 mmol) of methyl iodide,
and 50 ml of diethyl ether. A solution of 2.2 g (5 mmol) of
[(C6HS)ZPC1]M0(CO)5 in 15 ml of ether was_added slowly to the Grignard
reagent with good stirring; the mixture was allowed to stir overnight.
This mixture was then poured into 75 ml of water and extracted with
three 25-ml portibns of efher. The ether layer was dried over magnesium
sulfate. The mixture was filtered, after which the ether was removed
undef aspirator vacuum from the filtrate to leave a yellow-brdwn residue.
This residue was dissolved in hexane and chromatographed on an alumina

column (2 x 8 cm.).> The product was eluted with hexane and preceeded
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fﬁe péle yellow band of unreacted [(C6H5)2PC1]M0(C0)S. The white solid
obtained upon removal of hexane from the eluent was recrystallized
from ethanol to give pure (diphenylméthylphosphine)pentacarbonyl—
molybdenum, mp 84°, in 20% yield. Anal. Calcd. for C18H13M005P:
C, 49.54; H, 2.98. Found: C, 49.72; H, 3.11.

b. A solution of metﬁylmagnesium iodide (0.05 mole) was
prepared from 1.20 g of magnesium, 7.10 g of methyl iodide, and 50 ml
of tetrahydrofuran. A solution of 2.2 g (0.005 mol) of Mo(CO)SP- .
(C6H5)2C1 in 15 ml of THF was added to the Grignard reagent. The
mixture was heated at reflux for one hour, after which it was worked-
up in a manner identical to that described in a. A yield of 0.5 g
(25%) of Mo(CO)s[P(CGHS)ZCHS] was obtained.

C. Metﬁylmagnesium jodide was prepared as in b. To the
cool Grignard reagent 1.0 g (0.01 mol) of CuCl was added. The resulting
suspension was stirred vigorously while the MO(CO)SP(C6H5)2C1 was
added; stirring was continued for an additional hour after which the
mixture was worked-up as.described in a. A yield of 0.90 g (40%)

of Mo(CO)s[P(C CHS] was obtained.

6Hs) 2

(Diphenylethylphosphine)pentacarbonylmolybdenum.

A solution of ethylmagnesium bromide (0.05 mol) was prepared
from 1.20 g of magnesium, 6.0 g of ethyl bromide, and 50 ml of tetra-
hydrofuran. A solution of 2.2 g of Mo(CO)P(C(H),Cl in 15 ml of THF
was added slowly to the Grignard reagent, and the resulting mixture
was heated at reflux for one hour. The cooled mixture was poured into

200 m1 of slightly acidic water and extracted with two 100-ml portions
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df ether. lThe ether layer was separated, dried over anhydrous MgSO,,

and filtered. Ether was removed under aspirator vacuum leaving a
colorless oillwhich solidified in a refrigerator. The solid was chroma-
_tographed on an alumina column (2 x 8 cm) and the product was eluted

with hexane. The solid obtained upon removal of hexane was recrystallized
from ethanol to give 0.8 g (34%) of pure (diphenylethylphosphine)penta-
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carbonylmolybdenum, mp 48° (lit. ~, mp 52°). Anal. Calcd. for

CIQHISMOOSP: C, 50.66; H, 3.34. Found: C, 50.79; H, 3.46.

(Diphenyl isopropylphosphine) pentacarbonylmolybdenum.

(Diphenylisopropylphosphine)pentacarbonylmolybdenum was
prepared from isopropylmagnesium chloride and Mo(CO)SP(C6H5)2C1 using
a procedure analogous to that for MO(CO)SP(CGHS)ZCZHS' The product
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was obtained only as an oil by this procedure (1it. ., mp 92°) and

was identified by its proton nmr spectrum.

u- (Tetraphenylphosphine)-decacarbonyldimolybdenum.

A solution of éthylmagnesium bromide (0.01 mol) was prepared
from 0.25 g of magnesium, 1 ml of ethyl bromide, and 25 ml of doubly-
distilled tetrahydrofuran. The Grignard reagent was cooled in an ice
bath and maintained near 5° as 4.56 g (0.01 mol) of Mo(CO)SP(C6H5)2C1
in-15 ml of THF was added slowly. The mixture was allowed to stir for
an additional houf, after-which it was'poured into 100 ml of cold,
distilled water. The orange solution was éxtracted with two 100-ml
portions of ether. The ether layer was separated, dried withngSO4,
and filtered. The ether was removed under aspirator vacuum leaving

an oily residue. Hexane (10 ml) was added to the 0il, causing preci-
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pitation of éolid. The solid was recrystallized from ether/ethanol

to give 0.2 g (12%) of the lemon-yellow crystalline product, mp 168-169
(dec). Anal. Calcd. for C34H20M0é010P2: C, 48.45; H, 2.38; mol. wt.,

842. Found: C, 48.15; H, 2.51; mol. wt., 870.

Reaction of Methylmagnesium Iodide with (Chlorodimethylphosphine)penta-

carbonylmolybdenum.

a. A solution of methylmagnesium iodide was prepared from
0.10 g of magnesium, 0.5 g of methyl iodide, and 25 ml of ether. A
solution of 1 g of [(CHS)ZPCI]MO(CO)5 in 10 ml of ethér was added to
the Grignard reagent and stirred for 20 hr. The resulting black
solution was added to 50 ml of water and extracted with two 15-ml
portions of hexane. The hexane extracts were dried with anhydrous
magnesium sulfate and filtered. Removal of hexane under aspirator
vacuum left a gold solid. Two recrystallizations from hexane/benzene .

yielded Mo (CO) .P(CH,).P(CH,) Mo(CO). as a white, crystalline solid,
5 372 3’2 5

mp. 140° (lit.,**

mp 140-141°). The proton nmr spectrum also agrees
with that reported.44' |

b. A solution of methylmagnesium iodide was prepared from
1.2 g of magnesium, 7.1 g of methyl jodide, and 50 ml of tetrahydro-
furan. To the cool Grignard reagent 1.0 g of CuCl was added. The
resulting suspension was stirred vigorously-while 1.7 g of Mo(CO)S-
P(CH3)2C1 in 10 ml of THF was added. Stirring was continued for
1 hr. The mixture was poured into 100 ml of water and extracted with
two 100-m1 portions of petroleum ether (20-405). The  extracts were

dried over MgSO, and filtered. The solvent was removed in an aspirator

4
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vacuum leaving a dark liquid. The liquid was distilled under high
vacuum to give 0.4 g (24%) of colorless Mo(CO)SP(CH3)3 which was
jdentified by comparison of its spectral properties to those of a

known sample.45

(Dimethylphenylphosphine)pentacarbonylmolybdenum.

A solution of phenylmagnesium bromide (0.05 mole) was pre-
pared from 1.2 g of magnesium, 7.8 g of bromobenzene, and 50 ml of
tetrahydrofuran. One gram of CuCl was added to the cool Grigard re-
agent, and the suspension was stirred vigorously as a solution of 1.5 g
of Mo(CO)SP(CH3)2C1 jn 10 ml1 of THF was added. The mixture was allowed
to stir for an additional hour, after which it was poured into 100 ml
of water and‘extracted with two 100-ml portions of petroleum ether
(20-40°). The exfracts were dried over MgSO4 and filtered. The solvent
was removed in an aspirator vacuﬁm, leaving a yellowloil. The oil
was dissolved in hexane and chromatographed on an alumina column
(2 x 8 cm). Removal of hexane from the eluent gave a colorless oil
which was crystallized frbm ethanol to give 0.17 g (14%) of white
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crystals of the pure product, mp 29° (lit. ~, mp 28-29°).

Reactions of Chlorodiphenylphosphine- and (Chlorodimethylphosphine) -

pentacarbonylmolybdenum with Methyllithium.

A solution of 5 ml of 2M methyllithium (0.01 mol) in ether
was diluted to 50 ml with additional ether. A solution of 5 mmole of
Mo(CO)SP(CH3)2C1 or Mo(CO)SP(C6H5)2C1 and 15 ml of ether was added
dropwise to the solution of methyllithium with vigorous stirring. The

solution became red in color, and the addition of n-hexane caused
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pfecipitation of a yellow solid. The yellow solid was colleéted by
filtration under nitrogen. The yellow solids smoldered spontaneously
in air. Infréred spectra of the solids (Nujol) and of the oils ob-
taineq upon reaction with methyl iodide indicate the presence of
cis-disubstituted metal carbonyls. No further characterization was

attempted.

Reaction of (Chlorodiphenylphosphine)pentacarbonylmolybdenum with

Sodium Cyclopentadienide.

A solution of NaCsH5 in 25 ml of tetrahydrofuran-was prepared
from 0.30 g of sodium and 1 ml of freshly distilled cyclopentadiene.47
The solution was transferred to an addition funnel from which it was
added dropwise to a solution prepared from 3.3 g of Mo(CO)SP(C6H5)2C1
and 20 nl of THF. The resulting mixture was allowed to stir for 4 hr,
after which the red-orange solution was poured into 100 ml of water
and was extracted with three 50-ml portions petroleum ether (20-40°).
The extracts were dried over MgSO, and filtered. Removal of solvents
under aspirator vacuum left an orange oil. Addition of 15 ml of hexane
to the oil causéﬁ precipitation of a tan solid which was collected by
filtration and washed with 25 ml of hexane.

Hexane was removed from-the filtrate under aspirator vacuum,
leaving a colorless oil. The oil was chromatographed on a short
(2 x 8 cm) alumina column with hexane as elpent. The hexane was re-
moved -under aspirator vacuum, giving a white solid. The solid was
recrystallized from ethanol to give 1.26 g (36%) of pure (cyclopenta-

dienyldiphenylphosphine)pentacarbonylmolybdenum, mp 98-99°. Anal.

Caicd. for C22H15M005P:. C, 54.32; H, 3.10. Found: C, 54.,18; H, 3.22.
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The tan solid isolated earlier in the work-up was recrystallized
from ethanol/chloroform to give 1.36 g (42%) of pure p-cyclopentadienyl-
bis(diphenylpﬁosphinopentacarbonylmolybdenum), mp 197°(dec.). Anal.
Calcd. for C, H, Mo, O, P C, 51.65; H, 2.65; mol. wt. 906.

39724 72710 2
Found: C, 51.41; H, 2,70; mol. wt., 1000 *100 (melting point biphenyl).

Reaction of (Chlorodimethylphosphine)pentacarbonylmolybdenum with

Sodium Cyclopentadienide.

This reaction was carried out between Mo(CO)sP(CH3)2C1
(3.4 g) and NaC5 5 in a manner identical to that described above.
Removal of solvent from the reaction extract gave only an oil. The
0il was placed on an alumina column (2 x 8 cm) and developed with
hexane. Hexane eluent gave a colorless oil identified as
(cyclopehtadienyldimethylphosphine)pentacarbonylmolybdenum by its nmr
spectrum. A 50/50 hexane/benzene mixture gave a yellow band from
which a yellow o0il, presumably u-cyclopentadienyl-bis(dimethylphos-
phinopentacarbonylmolybdenum), was obtained. Pure benzene eluted an
orange band from which another yellow o0il was obtained whose idéﬁtity

is still uncertain.

Attempt to Prepare (Dichlorophenylphosphine)pentacarbonylmolybdenum.

A mixture of 10.6 g of Mo(CO)., 7.2 g of dichlorophenylphos-
phine, and 25 ml of toluené‘was heated at reflux for about 1 hr at
which time the theoretical amount of carbon'monoxide had been evolved.

The cooled mixture was filtered, diluted with 50 ml of petroleum

ether (20-40°0, treated with 3 g of alumina, and filtered again.
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This process was repeated twice, at which time the filtrate was a
clear yellow solution. Solvents were removed under aspirator vacuum.
Attémpts to purify the complex by distillation under high
vacuum and by low-temperature recrystallization from petroleum ether
were ﬁnsuccessful. |
An infrared spectrum of the unpurified complex indicated

that it was a monosubstituted derivative of molybdenum hexacarbonyl.

Attempt to Prepare (Chloromethylphenylphosphine)pentacarbonylmolybdenum.

A mixture of 5.3 g of Mo(CO)G, 3.0 g chloromethylphenyl-
phosphine, and 25 ml of toluene was heated at reflux for 1 hr. The
cooled mixture was filtered, diluted with 50 ml of petroleum ether,
treated with 3 g of alumina, and filtered again. This process was
repeated twice. Solvent was removed under aspirator vacuum. Attempts
to purify the crude product by high vacuum distillation and low
temperature recrystallization were unsuccessful.

Infrared and nmr spectra indicated that the unpurified

residue was 95% of the desired product.

Attempted Reaction of [(C_H.).PC1]Mo(CO). with Antimony Trifluoride.
" a4 L™

A mixture of 2 g of [(C6H5)2PC1]M0(C0)5, 0.5 g of antimony
trifluoride, and 25 ml of hexane was allowed to stir overnight. The
solution was filtered and slow removal of hexane under.a stream of
nitrogen gave a mass of pale yellow crystals, mp 58°. These crystals
were further identified as unchanged starting materials by masé

spectroscopy.
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Attempted Reaction of [LCHS)APCI]M0(§0)t with Antimony Trifluoride.

A mixture of 1.5 g of [(CH3)2PC1]M9(CO)5, 0.5 g of SbF3,
and 25 ml of hexane was allowed to stir overnight. The solution was
filtered and hexane was removed under aspirator vacuum. The resulting
residﬁe was identified as unchanged starting material by its nmr

spectrum.

Attempted Reaction of [LCHSlnPCIJMo(CO)r with Phenol and Sodium

Phenoxide.

A mixture of 2 g of [(CHS)ZPCI]MO(CO)5,0.6 g. of phenol,
and 25 ml of ether was heated at reflux for one hour. Ether was re-
moved at aspirator vacuum, leaving a liquid residue. An nmr spectrum
of this crude residue indicated that no reaction had taken place.

A suspension of sodium phenoxide in hexane was prepared
from 0.56 g of phenol and 0.14 g of sodium metal. A solution of 1 g
of [(CHS)ZPCI]MO(CO)5 in 10 m1 of hexane was added dropwise to the
sodium phenoxide suspension. The resulting mixture was heated at
reflux with vigorous stirring for 2 hr. The mixture was filtered
and the solvent was removed under aspirator vacuum. Distillation of
the remaining liquid under high vacuum gave a mixture of 60% (Phenyl
dimethylphosphinite)pentacarbonylmolbydenum and 40% (chlorodimethylphos-
phine)pentacarbonylmolybdenum as &etermined by an nmr spectrum of the

mixture.

Attempted Reaction of [(C‘HL.)ZPCI]MO(CO)r with Diphenylamine.
A SIS o

A mixture of 1 g of [(C6H5)2PC1]M0(CO)5, 0.8 g of diphenyl-
amine, and 25 ml of tetrahydrofuran was allowed to stir for 1 hr.

No dipheﬂylammonium chloride had precipitated; chromatography of the
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reaction mixture after removal of tetrahydrofuran on an alumina column

using hexane as eluent gave unchanged [(C6H5)2PCI]M0(CO)5.

Attempted Reaction of [(CHsl_ZPCI]Mo(COJt with Acetic Acid.

A mixture of 1.1 g of [(CHS)ZPCI]MO(CO)S and 15 ml of glacial
acetic acid was heated at reflux for 1 hr. The mixtufe was added to
50 ml of water and extracted with two 10-ml portions of hexane.

Hexane was removed under aspirator vacuum. An nmr spectrum of the
remaining liquid was identical to that of [(CHS)ZPCI]MO(CO)S.

The unchanged [(CHS)ZPCI]MO(CO)5 was then added to a
solution of 0.5 g of silver acetate in 15 ml of water and shaken. Heat
was evolved. Upon cooling, the solution was filtered and extracted
with two 10-ml portions of hexane. The hexane extracts were dried
over magnesium sulfate and the hexane was removed under aspirator

vacuum. An nmr spectrum of the remaining liquid indicated that it was

[ (CH,) ,P (OH) ]Mo (CO) . .

Attempted Reaction of [(CEHSAQPCI]MO(COI5 with [(nglePH]Mo(CO)S.

A. (Diphenylphosphine)pentacarbonylmolybdenum;

A mixture of 2.64 g of Mo(CO)., 1.86 g of diphenylphos-
phine, and 25 ml of diglyme was heated at reflux until gas evolution
ceaged. The cooled mixture was added to 100 ml of water and extracted
with two 25-ml portions of ether. The ether layer was dried with
magnesium sulfate. The ether was removed under aspirator vacuum,
leaving a white solid. This solid was recrystallized from ethanol to
give white crystals of [(C6H5)2PH]M0(CO)S, mp 740, in 80% yield,

48

J(PH) = 331 Hz. (Lit. > mp 73-75%; J(PH) = 331 Hz.)
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B. _A mixture of 1 g of [(C6H5)2PC1]M0(C0)5, 1 g of [(CGHS)ZPH]-
Mo(CO)s, 1 ml of triethylamine, and 25 ml of hexane was heated at
- reflux for 2 hr. No precipitate of triethylammonium chloride was
observed in this time. An nmr spectrum of the residue remaining

after removal of hexane indicated much unreacted (diphenylphosphine) -

pentacarbonylmolybdenum.

Attempted Reaction of [(CSESlQPCIJMo(CO)S_with Cyclopentadienylthallium.
A mixture of 4.57 g of [(C6H5)2PC1]M0(CO)5 dissolved in .
15 ml of tetrahydrofuran was added to a well-stirred suspension of
freshly sublimed TlCSH5 in 25 ml of tetrahydrofuran. The mixture was
stirred for 2 hr. The resultant mixture was filtered, and THF was
removed from the filtrate under aspirator vacuum leaving a white solid.
The residue was eitracted with several 25-ml portions of 50/50 boiling
chloroform/ethanol. Cooling causéd precipitation of.crystals identified
as u-(tetraphenyldiphosphoxane)-decacarbonyldimolybdenum.
The experiment was repeated several times with the same
result. However, none of the bridged complex was formed if the solvent
THF was triply distilled from LiAlH, to insure removal of all water.

4
In this case [(C6H5)2PC1]M0(C0)5 was recovered unchanged in 95% yield.

Attempted Reaction of [(CHSlQPCI]Mo(CO)C with Cyclopentadienylthallium.

A mixture of 0.5 g of [(CH3)2PC1]M0(CO)5, 0.41 g of TlCSHS,
and 25 ml of THF was allowéd to stir for 4 hr. The mixture was fil-
tered and the precipitate was washed several times with hexane to
yield a pale orange filtrate. All solvent was removed under aspirator

vacuum leaving a gummy oil. This oil was dissolved in 10 ml of
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pétroleum ether, treated with charcoal, and filtered. Slow removal of
solvent under a stream of nitrogen caused precipitation of a white
solid, mp 650; which was later identified as u-(tetramethyldiphos-
phoxane) -decacarbonyl-dimolybdenum by comparison of its physical

properties with that of an authenic sample.

Attempted Reduction of [(%gslzpc'l]Mo(CO)c with Lithium Aluminum

Hydride or Calcium Hydride.

A mixture of 2.5 g of [(C6H5)2PC1]M0{CO)5 in 20 ml of
diethyl ether was added dropwige to a well-stirred suspension of 0.06
g of lithium aluminum hydride in 26 ml of ether. The mixture was
stirred for an additional hour and then filtered. Ether was removed
under aspirator vacuum leaving a yellow material which was identified
as unchanged starting material from its melting point and nmr spectrum.
A similar procedure using CaH2 also failed to give

(diphenylphosphine)pentacarbonylmolybdenum.
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'RESULTS AND DISCUSSION

Synthesis and Characterization of Products

Introduction

Sever?I techniques have been available to synthetic chemists
for the preparation of derivatives of transition metal carbonyls.49
In most cases a direct thermal reaction between a metal carbonyl and
a ligand in an appropriate solvent has }ielded the desired product
as shown in Eq. 15. Generally, the temperatures afforded by refluxing
tetr;hydrofuran or methylcyclohexane have been sufficient for most
reactions, although less reactive metal carbonyls can be forced to
undergo substitution reactions at temperatures as high as 250°. The

use of solvents such as n-octane, xylene, or diglyme is not uncommon.

M(CO)_ + ligand 4 [M(CO)__ (1igand)] + CO (15)

Some metal carbonyls react stubbornly under even extreme
thermal conditions but readily entertain substitution reactions in
the presence of ultraviolet light (Eq. 16).

W(CO), + L - W(CO)_L + CO : (16)
6 5

The use of ultraviolet irradiation for the preparation of metal
carbonyl derivatives is of particular value when a complex of poor
thermal stability is to be synthesized. In‘other cases, the necessary
reaction temperature may be lowered drastically by substituting a
halopentacarbonylmetallate for the ¢ofresponding metal hexacarbpnyl
(Eq..17-18)..

M(CO) + (CHg) NI [(¢2H5)4u+][M(00)51]‘; co 7)
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[M(CO)S}‘ + L > M(CO) L + I ' (18)

_ M=Cr, Mo, W
Still another route to substituted metal cérbonyl complexes
is available which is useful when ligands having poor donor properties
are employed. 5 labile complex may be prepared using a poor ligand
such as tetrahydrofuran or acetonitrile (Eq. 19-20).

Mo(CO) + THF > [Mo(CO)g (THF)] (19)
[MO(CO)S(THF)] + L > Mo(CO)SL + THF (20)

This -synthesis is of particular value in prepafing suﬁstituted octa-
hedral metal carbonyl possessing a specific stereochemistry. For

~ example, bicycloheptadiene displaces two carbonyls from mutually cis
positiéns in molybdenum hexacarbonyl (Eq. 21). The bicycloheptadiene
molecule may éubsequently be displaced by two other donor atoms to
give exclusively cis- substitution (Eq. 22).

Mo(CO)6 + > [Mo(C0)4[C7H8)] (21)

[Mo (CO) , (C,Hg)] + 2P(CHc) ; > cis-Mo(CO) ;[p(céu (22)

5)3]2
In contrast, the direét thermal reaction bétween_molybdenum hexacarbonyl
and two moles of triphenylphosphine gives exclusively trans- Mo(C0)4-
[P(C6H5)3]2. This general method is also applicable to the preparation
of trisubstituted complexes in which, for example, cycloheptatriene-
tricarbonylmolybdenum is the starting point for cis-trisligandtri-
carbonylmolybdenunm.

In all of the methods described above for the preparation
of derivatives of transition metal carbonyls there is:one feature shared
by each technique. Ultimgtely, a metal carbonyl and a ligand combine
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fé form a complex. Apparently, complexes prepared by these routes are
limited only by the ligands which may be synthesized. Unfortunately,
many potentiaily interesting phosphine ligands cannot be prepared,
inaschh as they rearrange to different thermodynamically preferred
structures wﬁich are not capable of behaving as ligands. On the other
hand, metal carbonyl coﬁplexes are known for many transient species
which are incapable of independent existence. The unavailability

of free cyclobutadiene makes the preparation of cyclobutadiene—metai.
complexes difficult. However, the dehalogenation of 3,4-dichlorocyclo-

butene (C H C12) with various metal carbonyl derivatives provides a

44
suitable route to several cyclobutadienemetal complexes such as shown
in EBq. 23-25.°0>°1
Fez(CO)9 + C4H4CI2 > C4H4Fe(C0)3 + 6CO + FeCl2 (23)
NazRu(CO)4 + C4H4C12 > C4H4Ru(CO)3 + 2NaCl + CO (24)
NazM(CO)5 + C4H4C12-+ C4H4M(CO)4 + 2NaCl + CO (25)
M = Cr, Mo, W) _
The cyclobutadigpe derivatives C4H4Fe(CO)3 and C5H5C0C4H4 can also
be obtained by ultraviolet irradiation of a-pyrone
and an appropriate metal carbonyl as shown in Eq. 26-27.52
| Fe(CO H,C(0)0O -+ Fe(CO),C,H, + 2CO + CO 26
e(CO)¢ + C,H,C(0)0 + Fe(CO) ,C, H, + €0, (26)
H.Co (C ¢ ,H,C(0)0 + C_H.CoC H +2co;co 27
CgHgCo(C0), + C,H,C(0)0 > CoH CoC H, 2 (27)
Carbene complexes of transition metals are now well documented53
(Eq. 28-29), although no free carbenes have been isolated.
M(CO)6 + CH3L1-+ M(CO)S[C(CHS)(OLi)] (28)

© M(C0) ¢ [C(CH,) (OLi)] + (CHy) ;0BF, - M(CO) 3 [C(CH;) (OCHZ)] +

CHSOCH3+ LiBF (29)

4
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The existence of transition metal complexes of unstable
organic species encouraged development of a synthefic procedure capable
of producing complexes of thermodynamicaily unstable phosphorus ligands.
Presumably, the availability of the loneielectron pair on phosphorus
in its trivalent compounds plays a significant role in £he behavior
of any one particular compound to rearrange. Binding the lone pair
of phosphorus to a transition .metal carbonyl group appeared to be one
reasonable way of eliminating its partiéipation in troublesome rearrahge—
ment reactions.

One logical and very exploitable synthetic technique became
apparent for the preparation of complexes of unusual phosphine ligands:
Instead of preparing a specific ligand for complexation from a reactive
phosphine substrate, first bind the reactive ligand to a metal carbonyl
and then generate the desired complex using reactions analogous to
those for a trivalent phosphine discussed earlier in this thesis.
Complexes derived from dialkyl or diarflchlorophosphines were ekpected
to undergo reactions with a variety of nucleophiles to yield complexes

of a new phosphine. The scope of this synthetic procedure will be

discussed in Part I of this thesis.

(Chlorophosphine)pentacarbonylmolybdenum Complexes.

Most of the reactions of coordinated phosphine ligands in
this study were effected on two specific complexes. (Chlorodiphenyl-
phosphine)pentacarbonylmolybdenum, Mo(CO)SP(C6H5)2C1, and (chlorodi-
methylphosphine)pentacarbonylmolybdenum, Mo(CO)SP(CHS)zCl, were used
as model complexes for several reasons. First, molybdenum hexacarbonyl
jis-commercially available and reiatively inexpensive. The ligands

chlorodiphenylphosphine and chlorodimethylphosphine are commercially
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éQailable, although the latter is prepared more economically in the
laboratory. The halophosphine complexes are air-stable solids and hence
easily handled, weighed, and transferred with minimum difficulty.
Further, all the complexes prepared were readily characterized by
physical methods. The complexes were particularly well-suited to

study by proton'magnetic resonance and infrared spectroscopy.

The pentacarbonylmolybdenum complexes of chlorodimethyl-
phosphine and chlorodiphenylphosphine  were prepared by classical
thermal syntheses. Molybdenum hexacarbonyl and chlorodiphenylphos-
phine were heated in toluene at reflux for one hour giving the product
in 70% yield. Significantly, chlorodiphenylphosphinepentacarbonyl-
molybdenum had been prepared prior to our work, but in only 21% yield.
The synthésis reported in this thesis is a marked improvement in both
time and efficiency over the method of Thomp50n.40 Chlorodiphenyl-
phosphinepentacarbonylmolybdenum is a low-melting, pale-yellow,
crystalline solid. It is very soluble in most organic solvents but
may be recrystallized from cold hexane. The complex was not sublimable
at pressures as-low as 10-4 torr, but it did give a mass spectrum.

Chlorodimethylphosphinepentacarbonylmolybdenum was prepared
from molybdenum hexacarbonyl and chlorodimethylphosphine in refluxing
mefhylcyclohexane. The product was obtained in 53% yield after a
reaction of five hours. The longer time for the chlorodimethylphos-
phine reaction compared to the analogous chlorodiphenylphosphine re-
action may be attributed to the low boiling point of chlorodimethyl—

phosphine, and thus its lower concentration in the reaction vessel.
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After'a portion of this work had been published, Ehrl and Vahrenkamp54
reported the ;ynthesis of Mo(CO)SP(CH3)2C1 by the ultraviolet irra-
diation of a mixture of molybdenum héxacarbonyl and chlorodimethyl-
phosphine. However, they achieved a yield of only 20%. Chlorodimethyl-
phosphinepentacarbonylmolybdenum is a low-melting, white, crystalline
solid. It is soluble in most organic solvents, although it may be
recrystallized from'cqld hexane. The complex is volatile enough to

be purified by vacuum sublimation.

There is a remarkable difference in the stability of the
metal complexes of the halophosphines and the uncomplexed halophos-
phines. Whereas chlorodimethylphosphine bursts into flame upon
contact with air and chlorodiphenylphosphine is oxidized upon standing
in air, ‘both compiexes have been stored as long as a year in a re-
frigerator with onlylslight decomposition. The metai carbonyl complexes
oxidize more rapidly in solution, and solutions of these compounds
are best handled under a protective nitrogen atmosphere.

Successful reactions upon a coordinated phosphine ligand
were also carried out on dichloromethylphosphinepentacarbonylmolybdenum.
This complex was prepared by a method analogous to that for Mo(CO)S-
P(CHS)ZCI. Not surprisingly, Mo(CO)SPCH3C12 is a low-melting, white,
crfstalline solid and also volatile enough to be purified by vacuum
sublimation. | |

Attempts to prepare and purify dichlorophenylphosphinepenta-
carbonylmolybdenum were unsuccessful. Although Mo(CO)SP(C6H5jC12 was
ultimately obtained as an impure yellow liquid, the complex could not

be purified further by low-temperature recrystallization or vacuum
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distillation. Infrared spectroscopy and proton magnetic resonance
suggested the compound was at least 95% pure.

Sevéral attempts were made to obtain chloromethylphenyl -
phosphinepentacarbonylmolybdenum, Mo(CO)s[P(C6H5)CH3(C1)], in pure
form. Unfortunately, this complex presented the same problems as
Mo(CO)S(PC6H5C12) in pufification, and ultimately only a product
judged 95% pure by proton magnetic spectroscopy was obtained. The
complex Mo(CO)s[P(CGHS)CHS(Cl)] was of interest for two specific reasbns.
First, complexes with physical properties intermediate between
Mo(COJSP(C6H5)2C1 and Mo(CO)SP(CH3)2C1 would have been available for
study. Magnetic resonance is especially sensitive to small changes
in the electronic environment of protons and would have been an
interesting tool in the study of a series of Mo(CO)s[P(CGHS)Cﬂs(X)]
complexes. Second, the phosphorus atom in Mo(CO)s[P(C6H5)CH3(C1)]
is asymmetric, and the possibility for optical isomers exists for this
'complex. Resolution of a single, reactive phosphine complex into
its pure optical isomers éould lead to a simple way to generate op-
tically pure complexes of many optically active ligands via reaction
of the coordinated ligand.

The existence of optical isomers for Mo(CO)s[P(C6H5)CH3(C1)]
maf be one reason for the difficulty in obtaining the complex as a
crystalline solid; Presumably, a racemic mixture of Mo(CO)S[P(Csﬂs)-
CHS(CI)] is generated in the thermal reaction between Mo(CO)6 and
P(C6H5)CH3(C1). Hence, the equal amounts of each complex in the

racemic mixture would lower the melting point of each far below its
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real value. The actual melting point of Mo(CO)s[P(C6H5)CH3(C1)] is
expected to be low, i.e., less than 40°, inasmuch as the melting

points of Mo(CO) P(C Hs) Cc1 (57°), Mo(CO)SP(CH3)2C1 (37°), and

Mo (CO) P(CH )2 6 5 (30%) are all also relatively low. Generally, if
the pﬁosphine ligand is a solid, the monosubstituted molybdenum penta-
carbonyl complex is also a solid. In this respect, it would seem
appropriate to prepare complexes of tert- C4H9PC1 (mp 48°) or ligands
derived therefrom, espec1a11y tert- C4 9P(CH3)C1, as reasonable compounds
from which to extend a study on reactions of coordinated phosphine

ligands. Ligands of the type (RO)PCIZ, (RO)ZPCI, R NPC12, and (RZN)ZPC1

2
are also potentially interesting ligands on which a series of complexes

might be based.

Complexes of Phosphinous Acids, Thiophosphinous Acids, and Diphosphoxanes

The reaction between a chlorophosphinepentacarbonylmolybdenum
complex and water yields a complex of the corresponding phosphinous
acid as shown in Eq. 30.

Mo (CO) PR2C1 + HZO -+ Mo (CO) PRZOH + HC1 (30)
Since the lone pair on phosphorus is coordinated to the metal, no re-

arrangement of the type shown in Eq. 31

R

,POH > R,P (O)H | (31)

occurs.,

The reaction of (chlorodimethylphosphine)pentacarbonyl-
molybdenum with water gives (dimethylphospﬁinous acid)pentacarbonyl-
molybdenum in good yield under mild conditions. Triethylamine
coordinates the hydrochloric acid generated from the reaction (Eq. 32).

Mo (CO) (P.(CH;) ,C1 + H0 + N(CHg) 5 -+ Mo(CO)gP (CHy) ,0H + (CH) NHC1 (32)

2
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(Dimethylphosphinous acid)pentacarbonylmolybdenum is a colorless
liquid which may be purified by distillation under high vacuum.

The acid complex may also be prepared by the reaction of water alone
on the Mo(CO)SP(CH3)2C1, but hydrolysis is considerably faster in the
presenée of a base.

Several specific observations lead to the assignment of a
phosphinous acid structure for the ligand in this complex. First, the
positions and intensities of the jnfrared active bands in the 2100-
1900 cm"1 region attributed to metal-carbonyl stretching clearly
indicate that the phosphorus ligand is coordinated to the molybdenum

34,55,56  a1s0 the infrared spectrum exhibits

atom through phosphorus.
broad hydroxyl stretching bands centered near 3200 cm-l. In dilute
carbon tetrachloride solution, the broad band disappears and a sharp
hydroxylAband is noted at 3610 cm-l. This dependence of u(OH) on
concentration is typical of strongly hydrogen bonding molecules.
Griffiths and Burg report the appearance of a strong hydroxyl stretch-

1 9 The proton nmr spectrum of

ing band at 3620 cm = for. (CF5) ,POH.
Mo(CO)SP(CHSJZOH-shown in Figure 2 provides further information to
support the structural assignment with the presence of an acidic
proton. In particular, the chemical shift for the hydroxyl proton
is sfrongly concentration and temperature dependent, Figure 3, and no
splitting of the signal by phosphorus-31 is observed.

The reaction of water with chlorodiphenylphosphinepenta-
carbonylmolybdenum parallels the chlorodimethylphosphinepentacarbonyl

system. However, in the presence of triethylamine, a salt, triethyl-

ammonium diphenylphosphinitopentacarbonylmolybdenum, is formed rather
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Figure 2. The NMR spectrum of Mo(CO) P(CH,),OH. Chemical shifts

shown in ppm from internal TMS.
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than the (diphenylphosphinous acid)pentacarbOnylmoiybdenum (Eq. 33).

Mo (CO) (P (CHL)CL + HO + 2(CH.) N

2 (33)

[(C2H5)3NH][Mo(CO)SP(C6H5)20] + (Czﬂs)SNHCI
Acidiﬁication of the salt with dilute hydrochloric acid in acetone
gives the diphenylphosphinous acid complex in variable yield (Eq. 34).
[(C,H) {NH] [Mo (CO) (P (C(HS) 0] + HCL (C,H) {NHC1 + Mo (CO) cP(CcH),0H  (34)

(Diphenylﬁhosphinous acid)pentacarbonylmolybdenum was
characterized by the same methods described for (dimethylphosphinous
acid)pentacarbonylmolybdenum. In addition, several other observations
confirmed the acidic nature of the diphenylphosphinous acid complex.
First, the facile reaction of the acid complek with triethylamine or
potassium hydroxide lead to the formation of salts (Eq. 35-36).

+ -
Mo (CO) P (C4H) ,OH + KOH > K~ [Mo(CO) ;P (C¢H) 017 + Hy0 (35)

Mo (C0) P (C¢Hg) LOH + (C,Hg) :N -+ [(C,H) zNH] [Mo(CO) <P (CHg)O] (36)

Second, carbene insertion into the -OH bond gave an ester (Eq. 37).
The insertion reaction is characteristic of an acidic proton.58

Mo (CO) P (C4H) ,0H + CH N> Mo (CO) g [P(CEH) ,0CH;] + N, (37)

Several attempts to prepare salts of (dimethylphosphinous
acid)pentacarbonylmolybdenum under mild conditions failed. Thus,
triethylamine and potassium hydroxide did not give a reaction with
Mo(CO)SP(CGHS)ZOH; This difference in acidity may be'attributed to
the greater electron withdrawing capability of phenyl groups compared
to méthyl groups. A similar argument has been used to explaiﬁ the
strength of inorganic acids.59 Further, dimethylphosphinic acid,

60

(CHz) ,P(0)OH, has been described as "a very weak acid." The penta-
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cérbonylmolybdenum complex of dimethylphosphinous acid is expected to
be .a weaker acid than (CHS)ZP(O)OH, since a pentaéarbonylmolybdenum
group is, on the whole, less electronegative than an cxo group.59
Organic chemists have studied the inflﬁence of substituents
on aromatic rings upon the acidity of organic acids.56 Generally,
small differences in the electronic and steric nature of the substituents
have been reflected in the strength of the acid and is the basis for
the well-known Hammett relationship. The concept of acid strength
might be applied to metal carbonyl complexes of acid derivatives of
phosphorus in order to assess the nature of the metal-phosphorus bond.
Thus, for a given phosphinous acid, e.g., (CHS)ZPOH, a series of
complexes (Co)nM[p(CHS)ZOH]’ where M is one of several transition
metals, would be synthesized. The value of Ka for the acid complex
might reflect subtle differences in the electronic nature of the OH
bond. These differences in the observed values of Ka might be
directly related to the nature of the transition metal-phosphorus
bond. In particular, most electronic effects in transition metal=
phosphines are rationalized on the basis of pi bonding between the
metal and ligand. In this respect, interesting relationships between

34,55,56 might

Ka and the Cotton-Kraihanzel simplified force constants
apﬁear. Also of interest in the study of the acidity of metal com-
plexes of phosphofus acids are the nature of substituents on phosphorus
and the presence of other ligands on the métal carbonYI‘- Many bio-
logiéal systems have been shown to involve transition metal ions, and

basic studies of the type described above may provide further inform-

ation on the role of transition metals in body processes.
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The (diphenylphosphinous acid)pentacarbonylmolybdenum com-
plex was also prepared by a completely different route taking advantage
of the equilibrium (Eq. 38) suggested to exist for diphenylphosphine
15.

oxide.

(o 6H5) 2P (O)H==—=(C 6HS) 2POH (38)
Reaction of molybdenum ﬁekacarbonyl with (C6H5)2P(O)H gave Mo(CO)s-
P(C6H5)20H in 50% yie;d. The success of.this reaction has sub-
stantiated the existence of the proposed equilibrium. Presumably
reaction occurs between the metal carbonyl and the unstable acid tautomer
of diphenylphosphine oxide. As the trivalent isomer is trapped by
complexation‘wifh a metal carbonyl, the equilibrium must shift to the
right to maintain the required concentration of the trivalent species.
The spectral propérties of the product prepared by either route are
identical.

A similar réactién was effected between Mo(CO)6 and dimethyl
phosphite, (CHSO)ZP(O)H. Although infrared and proton nmr spectroscopy
indicated that (dimethylphosphorous acid)pentacarbonylmolybdenum,
KCH30)2POH]M0(CO)5, had in fact been prepared, a sample of reasonable
purity could not be obtained by the usual purification methods.

Of the two procedures developed for the preparation of metal
complexes of unstable trivalent acids of phosphorus, the hydrolysis
procedure does haﬁe some édvantages over the thermal method. First, the
hydrolysis procedure is fast and can be carried out at ambient tempera-
ture 6r lower. Purification of the complexes is less tedious Since
there can be no excess ligand precursor as a contaminant. The hydrolysis

reaction also gives'product in much higher yield, and the problems of
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multiple substitution and thermal decomposition offen encountered in
thermal reactions are eliminated. A qualitative comparison of the
purity of Mo(CO)sP(C6HS)20H prepared by each method showed the hydrolysis
product to be more pure than the thermal reaction product.

. The reactions of Mo(CO)sP(C6H5)2C1 and MO(CO)SP(CHS)ZCI
with hydrogen sulfide closely parallel the analogous reaction with

water. Thus, Mo(CO)sP(CH3)2C1 and H,S react in the presence of tri-

2
ethylamine to give (dimethylthiophosphinous acid)pentacarbonylmolyb-
denum (Eq. 39).

Mo (CO) P (CH;) ,C1 + H,S + (C,Hc) N > Mo (CO) [P (CH,) ,SH]
+ (C,Hg) ;NHC1 (39)

Several attempts to obtain a purified product were unsuccessful. The
thioacid complex decomposed both on attempts at high vacuum distillation

and column chromatography. Like Mo(CO)SP(CHS)ZOH, MO(COSP(CHS)ZSH

does not readily form salts with either triethylamine>or pyridine.
Chlorodiphenylphosphinepentacarbonylmolybdenum reacts with
HZS in the presence of (C2H5)3N and gives a salt (Eq. 40), triethyl-

ammonium diphenylthiophosphinitopentacarbonylmolybdenum.

2S + 2N(C2H5)3+

- Mo(CO)P(CeHg) ,CL + H
[ (C,Hg) NH] [Mo (CO) P(CH) ,S] + (CHg) (NHCI (40)

This salt was very similar to [(CZHS)SNH][Mo(CO)SP(C6Hs)20] in its
appearance and in its physical and spectral properties. However,
several attempts to prepare (diphenylthiophosphinous acid)pentacarbonyl-

molybdenum from the salt led to unworkable polymeric residues (Eq. 41).
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[ (C,Hg) ;NH] [Mo(CO) (P (CgH),S 1 + HC1-/> Mg(cojs[p(csus)zsn] a1y

No attempt was made to prepare the thioacid complex using diphenyl-
phosphine sulfide as a source of diphenylthiophosphinous acid by taking
advantage of an equilibrium similar to that shown in Eq. 38.

| (CGHS)ZP_(S)H === (C¢H,),PSH (42)

The pentacarbonylmolyb&enum‘complexes of phosphinous acids
are the sources of several other unusual metal complexes. The reaction
between a phosphinous acid and a chlorophosphine should give a diphos-
phoxane -- a binuclear phosphorus compound connected with an oxygen
bridge (Eq. 43).

1 o TR 1
R,POH + R,PC1 + R' N > R,P-0-PR, + R' NHC1 (43)

Attempts to prepare several alkyl or aryl diphosphoxanes have yielded
compoundS (Eq. 44) characterized as rearrangement products of the

desired species.61

R,P-0-PR, > R,P(0)PR, ‘ S : Y

Prior to the work described in this thesis, only two isolable diphos-
phoxanes had been reported. Both compounds contained stabilizing
fluoro groups. Burg9 prepared (CFS)ZPOP(CFS)2 via a unique synthesis

(Eq. 45)
2(CF,) ,PC1 + Agzcosf (CF3) POP(CF,), + 2AgCl (45)

while Rudolph 93.21,62 prepared F,POPF,. 'TetraphenyldiphosphokaneGs

and (CFS)ZPOP(CH3 9 have been postulated-as unstable intermediates,

)2
but in general compounds isolated from attempted syntheses of diphos-

phoxanes are rearrangement and disproportionation products.61’63
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| The reaction between [(CZHS)SNH][MO(CO)5P(C6HS)ZO] and
Mo(CO)sP(C6H5)2C1 gave a dinuclear metal complex containing the pre-
viously unknown tetraphenyldiphosphoiane linkage (Eq. 46).
[(C ) 3] [0 (CO) 5P (Cgi) 0] + Mo(CO)sp(c6H5)2c1 >
Mo (CO) (P (CGHS) LOP(CHL) Mo (CO) g + (C,Hg) (NHC1 (46)

The u-tetramethyldiphosphoxane-decacérbonyldimolybdenum complex was
prepared by an analdgous procedure (Eq. 47),

Mo (CO) P (CH,) ,0H + Mo (COP(CHZ) ,C1 + (CH) N
Mo (CO) cP (CH,,) ,0P (CH,) Mo (CO) g + (C,Hg) ;NHCL (47)

and a mixed substituent diphosphoxane was also synthesized (Eq. 48).

[(C,Hg) NH] [Mo (CO) 5P (CgHg) ,0] + Mo (€O) P (CHy) ,C1 >
Mo (CO) P (C¢H,) ,OP (CH,) Mo (CO) ¢ (48)

The diphosphoxane complexes are white or pale-yellow, crystalline
solids which are thermodynamically and air-stable. These complexes
are not soluble in non-polar organic solvents but exhibit reasonable
solubility in polar solvénts»such as chloroform or ether.

Several observations support the structures assigned to the

diphosphoxane metal complexes. The molecular weight of Mo(CO)sP(CHS)Z-

OP(CH3)2M0(CO)5 was determined cryoscopically in benzene. Unfortunately
the other complexes exhibit poor solubility in cold benzene and their
molecular weights could not be determined with confidence. The mass
spectrum of Mo(CO)SP(CGHS)ZOP(C6H5)2Mo(CO)5 does not show a peak
corresponding to the molecular ion; the ion with the highest m/e value

was
{ (CO) Mo [P (CHL) 0P (C H) 1) + The ion
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{tC°)2M°[P(C6“5)zOP(C6”5)2]}+ was readily noted, and
{Mo[P(CGHS)ZOP(CGHS)Z]}+ was the most abundant ion in the mass
spectrum. |

The infrared spectra of the complexes in the metal carbonyl
stretching region clearly indicate that the phosphorus atoms of the
diphosphoxane 1igand are bound to the molybdenum carbonyl moieties
inasmuch as the positions and intensities of the stretching bands
are as expected for a monosubstituted molybdenum carbonyl?4 The
organophosphorus ligand cannot have the isomeric structure RZPPRZ(O)
inasmuch as there is no evidence of a phosphorus-okygen stretching
mode in the 1450-1100 cm_1 region. However, strong bands at 860,
895, and 874 cm'1 (Nujol) for the complexes in which the diphosphoxane
is [(C6H5)2P]20, f(Csﬂs)zdP(CHS)z, and [(CHS)ZP]ZO’ respectively,
are assignable to the P-O-P asymmetric stretching mode.64 The phosphine
oxide derivatives (CH;),P(0)OP(0) (CH:,")2 and (CHc) ,P(0)OP(0) (C¢H),

are reported to have asymmetric stretching bands at 988 and 962 cm-l,

respectively.64 Bands aésignable to the symmetric P-O-P stretch were
also present in‘the spectra, but an unambiguous assignment is not
possible.

Finally, apparent triplets for the methyl proton nmr signals
[Mo(CO)sP(GHS)Z]ZQ and M°(CO)SP(C6H5)2°P(C“3)2M°(Co)s must arise
from coupling of the methyl protons wifh both phosphorus nuclei in
the X _AA'X'

6 6
this coupling is discussed in greater detail in the chapter on nmr

and AA'X6 spin systems resPecfively.65 The source of

in this thesis.

In a formal sense the metal diphosphoxane complexes can be
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considered as anhydrides derived from the corresponding acids (Eq. 49).

Mo (C0) gPR,OPR Mo (COY + H,0 - 2Mo (CO) 5 (PR,OH) - (49)

Several attempts to prepare the corresponding acid cémplex from
[Mo(CO)SP(C6H5)2]20 failed. However, the reverse reaction proceeds
readily and varying amounts of [Mo(CO)SP(C6H5)2]20 were isolated from
all preparations of Mo(CO)SP(Céﬂs)ZOH. Under the dehydrating con-
ditions of heat or high vacuum or both, significant amounts of
MO(CO)SP(CGHS)ZOH were converted to the diphosphoxane complex. This
one fgct could partially account for the difficulty in obtaining
analytically pure samples of MO(CO)SP(CGHS)ZOH’

Qualitatively, the stability of the diphosphoxane complexes
[Mo(CO)SP(CHS)z]zO and [Mo(CO)SP(C6H5)2]20 is the same inasmuch as
both have been stored in closed vials for over a year with only minimal
decomposition. The ease of formation of [Mo(CO)SP(C6H5)2]20 directly
from_(diphenylphosphinous acid)pentacarbonylmolybdenum may reflect the
greater acidity of the diphenylphosphinous acid complex.

The thermodynamic stability of‘(CFf:,,)ZPOP(CFS)2 has been
considered to be a result of strong two way o*ygen to phosphorus =
bonding and the weakened basicity of phosphorus due to the fluoro-
carbon substituents which discourages formation of a phosphine oxide
structure by way of an Arbusov-type rearrangement.61 The absence of
an infrared band assignable to POP asymmetric stretching in [(CF3)2P]20
confirms its linearity and strengthens the m bonding argument. On
the other hand, the thermodynamic instability of {Niz(C0)4[(CF3)2POP-
(Cstz]} provides further evidence for the low basicity of phosphorus
in the bridging fluérocarbon ligaﬁd.66 VIn contrast to the nickel
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Cbmplékes, the molybdenum carbonyl complexes prepared in this work
exhibit excellent thermal stability. Presumably the basicity of
phosphorus in. (o 6H5) 2POP (C 6H5) 5 OT (CH3) ZPOP (CHS) 2 is not much
diffe?ent from (C6H5)3P or P(CH3)3 for which very stable complexes
are known. The greater thermodynamic stability of the u-tetraalkyl-
diphosphokanedecacarboﬁylmolybdenum complexes over the p-tetrafluoro-
alkyldiphosphoiane—nickel carbony{ is not surprising. The greatest
factor in the stability of these molybdenum-diphosphoxane complexes.
must be reflected in the strength of the molybdenum-phosphorus bond,
and hence the inability of these s&stems to undergo an Arbuzov re-

arrangement.

Complexes of Esters of Diphenyl- and Dimethylphosphinous Acid.
" Few complexes of alkyl phosphinites and alkyl thiophosphinites,
RZPOR' and RZPSR', have been prepared directly because of the tendency

for the free phosphorus ligands to rearrange. Although metal carbonyl

compléxes of phosphites, P(OR,), are well known, Jones and Coskran67

5)
were the first to prepare metal carbonyl complexes of an alkyl phos-
phonite, R'P(ORiz; no complexes of alkyl phosphinites had been reported
prior to this work. Complexes of these ligands may be prepared in-
directly by exploiting the chemical reactivity of the P-Cl bond in
coordinated halophosphine ligands.

The general reaction used to prepare the alkyl phosphinite

is given below in Eq. 50.

Mo (CO) PR,C1 + R'OH -+ Mo (CO) SPRZOR' + HC1 ' (50)
— t - - 1 -
R = CHcor R' = CH,, CHe, n C.H,, i C.H,
CH '

3
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Aikyl thiophosphinites are prepared in similar fashion (Eq. 51).

Mo(CO) (PR,C1 + CH.SH + N(C,Hg) 5 >

2 2's
Mo (CO) PR SC H.  + (C,H) NHCL (51)
R = CHg, CHc

The reactions of the halophosphine complexes with alcohols
to give (alkyl diphepylphosphinite)- and (alkyl dimethylphosphinite)-
pentacarbonylmolybdenum proceed readily in hot alcohol. The reactions
with the less acidic n-propanol and iso-propanol require reflux
conditions for one and a half hours. The desired products are obtained
in excellent yields. The alkyl diphenylphosphinite complexes are
white, low-melting solids which may be purified by recrystallization
ffom a hydrocarbon. The alkyl dimethylphosphinites are clear or pale-
yellow liquids which may be purified by distillation under high vacuum.

Both (ethyl diphenylthiophosphinite)- and (ethyl dimethyl-
thiophosphinite)pentacarbonylmolybdenum exhibit physical properties
which parallel those of the oxygen esters. However, the thioesters
can be prepared only in the presence of triethylamine. This difference
in reactivity m;& reflect a lower nucleophilicity for sulfur at phos-
phorus or may arise from a lack of sufficient reaction temperature in
the thiol reaction medium, inasmuch as ethanethiol boils af only 35°
compared to ethanol at 794.

(Trimethylsilyl diphenylphosphin%te)pentacarbonylmolybdenum
was prepared by the reaction of triethylammonium diphenylphosphinito-
pentacarbonylmolybdenum with chlorotrimethylsilane (Eq. 52).

[(CZHS)SNH][MOCCO)SP(C6H5)20] + (CH3)35101 >

: Mo(CO?S[P(C6H5)ZOSi(CH3)3] + (C,HG) ;NHCI (52)
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The trimethylsilyl diphenylphosphinite complex is a white
crystalline solid which is stable in air and readily purified by
recrystallization.

All of the complexes prepared in this work were characterized
by their nmr spectra; the infrared spectra of these compounds in the
metal carbonyl stretching region exhibited the pattern predicted for
a monosubstituted metal carbonyl.sg"61

The reaction of Mo(CO)SP(CH3)2C1 with phenol proceeds in

poor yield (30%), and attempts to separate Mo(CO)S[P(CH3)20C6H5]

_from unreacted Mo(CO)SP(CH3)2C1 have been unsuccessful. The use of
sodium phenoxide as a nucleophile improves the percentage of
M&(CO)S[P(CH3)20C6H5] obtained to 55%, but complete separation of pro-
duct and'reactant was not possible. Even though phenol is more acidic
than alkyl alcohols, phenoxide is a poorer nucleophile than alkoxide,
because the negative charge on oxygenrmay effectively be delocalized
onto the aromatic ring system58 in phenol by any one of the resonance

structures shown in Figure 4.

Figure 4. Resonance structures of the phenoxide anion.

Complexes of Amino Phosphines
Metal carbonyl complexes of amino derivatives of phosphorus

ligands have been limited to those in which no hydrogen is bonded to
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68

ﬁitrogen. King = has prepared an extensive series of complexes of

P[N(CH Jones and Coskran67 have synthesized complekes of

69

32135
CHSP[NfCHz)z]Z. Recently Atkinson and Smith ™~ prepared several com-
plexeg with the general formula [RZNP(C6H5)2]nM°(CO)6-n’ Significantly,
they were unable to prepare [(CHS)ZNP(C6H5)2]M0(CO)5 and could prepare
[(CZHS)ZNP(CGHS)Z]MO(COj5 only under very severe conditions in a
Carius tube.69

All attempts to prepare HZNP(CHS)2 have led only to
NH[p(CHS)ZJZ’ which itself easily equilibrates to NH3 and N[P(CHS)Z]S
on mild heating.4 The only aminophosphine obtainable by ammonolysis
is HZNP(CFS)Z'G However, complexes of (CHS)ZNP(CGHS)Z’ HZNP(CH3)2,
and many other aminophosphine ligands not capable of independent exis-
tence have been prepared indirectly by exploiting the reactivity of
the P-Cl1 bond with aminés in coordinated halophosphiﬁe ligands.

In general, the aminophosphine complexes were prepared by

the route shown in Eq. 53.

Mo (C0) ;PR,C1 + 2HNR'R" > Mo (CO) ;PR,NR'R" + H NR'R'CI (53)
R : R’ R"
CeHg H H
H CH,
cﬁs | cH,
H | CeHe
CH, H ' H
H CH,
CHg . CHy
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The reactions procee& readily at room temperature in a variety of sol-
vents. The aminodiphenylphosphinepentacarbonyimolybdenum complexes
are all white solids which may be purifiea by recrystallization from
ethanol. The aminodimethylphosphinepentaéarbonylmolybdenum complexes
are a;l colorless liquids, eicept for Mo(CO)S[P(CH3)2NHé]which has a
melting point o% 33-35°. The complekes are stable to air. Although
Mo(CO)S[P(C6H5)2N(CH3)2] could not be prepared by a direct thermal
:route,69 no ektraordinary difficulty was encountered in preparing
this complex by the reaction of a coordinated ligand.

Special care must be taken to use extremely dry amines in
the synthesis of aminophosphine cbmplexes. The presence of water
causes a different reaction to take place. For eiample, the reaction
shown in Eq. 54

H,0

2 Mo (C0) [P (C H) N (CH (54)

302 3) 5]

Mo (C0) P (CcH,) ,C1 + 2HN(CH
does not give the desired aminophosphine derivative but instead gives
an ammonium salt (Eq. 55).

H.0

)., #
372

(HZN(CHS)Z][Mo(CO)SP(CGHs)éo] + HZN(CH3)2C1 (55)

Mo(C0) (P (CH) ,C1 + 2HN(CH

The reaction proceeds in even a different manner with
chlorodimethylphosphinepentacarbonylmolybdenum. A wet amine does not
give the desired aminophosphine derivative, nor does it give an
ammonium salt of the (dimethylphosphinous acid)pentcarbonylmolybdenum,
but it does give a diphosphokane (Eq. 56).

2Mo(CO)5P(CH3)2C1 + 2HN(CH3)2+ [Mo(CO)SP(CﬁS)Z]ZO +

2NH,, (CH,) ,C1 . (56)
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iﬁ fact, this last reaction represents a reasonable synthesis for
u-tetramethyldiphosphoxane-decacarbaonyldimolybdenum inasmuch as no
Mo(CO)s[P(CHSjZOH] need first be prepared and isolated for reaction
with Mp(CO)SP(CH3)2C1. _

The aminophosphine complexes prepared in this study are of
interest for further reéctions, First, the lone electron pair on
nitrogen is available for reaction. The acidity of phosphorus acid
derivatives of metal::complexes has been discussed abové; in much |
the same spirit, the amino derivatives should retain the base properties
of the amine. Quaternary ammonium salts should be preparable as in
Eq. 57.

Mo (C0) ¢ [P(C(HS) NCH;) )] + CH,I > {Mo (CO) ¢ [P (CHL) N(CH,) ;13T (57)
Ion exchange with [(CZHS)SNH][OP(C6H5)2M°(CO)5] would give an unusual
salt containing cationic and anionic coordinated ligands (Eq. 58).

{Mo(CO)S[P(C6H5)2N(CH3)3]}+I° + [(CZHS)ZNH][OP(CGHS)ZMO(CO)S] >
{Mo(CO)S[P(C6H5)2N(CH3)3]}+-{[0P(C6H5)2]M0(C0)5} + H(C2H5)3NI (58)

Unusual chelating agents could be prepared. This cis-

Mo(CO)4[PR2NH2] Eould coordinate to transition metal ions giving new

complexes as shown in Eq. 59.

gi§;Mo(C0)4(PR2NH2) + Cu(ﬁ03)2~——v
' ' (59)
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The electronic and steric properties of these new ligands would be
invéstigated by standard techniques.

The complekes Mo(CO)S(PRzNHR') could be starting materials
for thé P-N-P bridged metal complexes similar to the diphosphoxanes
(Eq. 60).

amine

Mo(CO) PR NHR' + (ClPRz)Mo(CO)5 (CO)SMOPRZN(R')PRZMO(CO)S'(60)

Other reactions typicai of secondary amines might also be carried out-
on the coordinated aminophosphine metal complex (Eq. 61).

MO(CO) PR NHR' + (CH3)3SiC1 > Mo(CO)SPRzN(R')Si(CH3)3 (61)

Reactions of Coordinated Phosphine Ligands with Grignard

Reagents and Organolithium Compounds

Dialkyl and diarylhalophosphines react with Grignard and

organolithium reagents to give trisubstituted phosphorus compounds

(Eq. 62).

RPC1 + JR'MgX—+R.PR" + ] MgXCl (62)
R'Li LiC1

Conceptually, a vast number of phosphine complexes are preparable by

similar reactions (Eq. 63).

Mo(C0) g PR.C1 +{1-ng ——»  Mo(CO) PR,R (63)
R'Li

However, the results of this investigation have shown that Grignard

reagents react reluctantly at best with Mo(CO)SPRZCI to give
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Mé(CO)SPRzR'; and the reaction with R'Li follows a different pathway

altogether.

Grignard Reagents

The chlorophosphine metal carbonyl complexes'employed‘in
this study showelittle reactivity toward Grignard reagents under
classical reaction conditionms. Equimolar quantities of methylmagnesium
iodide and Mo(CO)SP(C6H5)2C1 were allowed to react for 24 hours, but
oniy a 20% yield of Mo(CO)sP(C6H5)2CH3 was obtained. Under the same
conditions, Mo(CO)SP(C6H5)2C1 did not react with either ethylmagnesium
bromide or phenylmagnesium bromide to give the desired products.
Further, Mo(CO)SP(CHS)ZCI did not react with any of the reagents named
above to give the desired dimethyl-R'-phosphine complex.

However, two ways were found to improve the yields of the
desired products in the Grignard reaction. First, a 10:1 molar ratio
of Grignard reagent to metal complex was employed. The reaction mixture
was heated at reflux for one hour after the addition of the metal
complex to the Grignard solution was completed. No significant dif-
ferences in the yields of products were observed when either diethyl
ether or tetrahydrofuran was used as a reaction solvent. Using this
method of synthesis the pentacarbonylmolybdenum comblexes of diphenyl-
methylphosphine, diphenylethylphosphine, and diphenylisopropylphosphine
were obtained in better than 25% yield after reaction times of about
one hour.

A second method which improved the yield of the desired
Grigﬁard‘product was the addition of copper(I) chloride to the or-

ganomagnesium halide prior to adding the reactive metal complex. In
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this way the pentacarbonylmolybdenum complexes of diphenylmethylphosphine,
dimethylphenylphosphine, and trimethylphosphine were prepared in 40%
yield. OtherAphosphine derivatives should be readily preparable in
reasonable yield by this method.

Organic chemists have used cuprous chloride as a catalyst
for the addition of Grignard reagents across double bonds.70’71
Gilman72 obtained methylcopper as a yellow, ether-insoluble, apparently
polymeric solid (CHSCﬁ)n. However, in the presence of-methyllithium;
a complex is formed (Eq. 64).

Et O

.2 .
(CHSCu)n + CH3L1 — (CH3) 2Cu(0Et2) 2L1 | (64)

On the basis of nmr exchange studied House 33_31,71 suggested that the
above equilibrium lies far to the right. Presumably, a similar equili-
brium exists with CHSMgI (Eq. 65):

3MgI -_— (CH3) 2Cu (OEtz) 2MgI (65)

(CH,Cu) ~+ CH
The overall lack of reactivity of coordinated phosphine
ligands with Grignard reagents warrants some discussion. First of all,

compounds of the type R,PCl1 and RZP(O)CI both react readily with

2

Grignard reagenfs to give R, PR' and RZP(O)R', respectively. The

2
differences in reactivity between a trivalent halophosphine and its
metal carbonyl complex apparently are not related directly to a change
in the coordination number of phoéphorqs from three to four. The lack
of reactivity of the phosphorus-chlorine Eond with Grignard reagents
upon complexation must then reflectAsome difference in phosphorus due

to bonding with a transition metal. The nature of the Grignard reagent

must also be considered. One of the most important characteristics
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of organomagnesium compounds is the polar nature of the carbon-metal
bond. Although this does give the alkyl group considerable carbanion
character, the bond also has definite covalent charaéter. Further,
typical solvents for Grignard reactions are of low ion;§olvating power.
These facts make Grignard reactions more complicated than a simple
combination of carbanions with a suitable reactive site.73

A typical Grignard reaction with an organic ketone is shown
in Figure 5. The action of magnesium as.a Lewis acid by coordinating-
with the carbonyl oxygen atom is an important factor in the reaction.

It hés been suggested that one molecule of Grignard reagent coordinates
to the ketone while a second donates the alkyl group to the carbonyl
carbon. Evidence for this interpretation was presented by Swain74,

who showed that the addition of magnesium bromide, which should
coordinate more strongly to a carbonyl group tﬁan a Grignard reagent,
doubles the yield of .addition product in the reaction of n-propyl-
mégnesium bromide with diisopropyl ketoﬁe.

Clearly, the lone electron pair on phosphorus in its trivalent
compounds may also coérdiante to the magnesium atom in a Grignard
reagent and reaction can occur. Compounds such as R2P(O)C1 may coordi-
nate to the Grignard reagent through the phosphoryl oxygen in a fashion
similar to that suggested for organic ketones. On the other hand, a

phosphine ligand of the type R PCl coordinated to a transition metal

2
carbonyl moiety is no longer capable of coordination to the Grignard
reagent through phosphorus. The coordinated phosphorus atom probably

behaves as a Lewis acid by use of its low-1lying 3d orBitaIs. Reaction
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A

Figure 5. Proposed mechanism of reaction between a Grignard
reagent and a ketone.
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6f thé coordinated phosphine ligand with a Grignard reagent must occur
through an intermediate coordinated to magnesium via the chloride on
phosphorus or even by coordination through a carbonyl group on
molybdenum cis to the reacting ligand. The addition of CuCl to the
Grignard reagent generates the complex'{(CH3)2Cu(ether)2}-. The
charge on the ion should reside mostly on copper making it a reasonably
good nucleophile, and the formation of a phosphorus-copper bonded
intermediate which can decompose to the desired product is not unlikely.
The low yields obtained in these reactions may also reflect a steric
problem encountered at phosphorus. If the mechanism involving two
molecules of Grignard reagent for addition at a carbonyl carbon atom
may be applied to the reactions at coordinated phosphorus, manifestation
of a steric probléﬁ is not difficult to envision. The phosphorus atom,
coordinated to a large transition metal carbonyl moiéty, bonded to
two alkyl or aryl groups, and already entertaining a solvent coordinated
copper complex, must also be approached by a second Grignard reagent
for the transfer of the élkyl group.

Two unexpected products were also obtained from the reaction
of Mo(CO)SP(CH3)2C1 and Mo(CO)SP(C6H5)2C1 with Grignard reagents.
Whgn Mo(CO)SP(CH3)2C1 was allowed to react with CHSMgI under classical
conditions, a small yield of (CO)SMoP(CHS)ZP(CHs)zMo(CO)5 was obtained.
In a similar fashion, (CO)SMoP(C6H5)2P(C6H5)2M0(CO)5 was obtained from
Mo (C0) gP (CHE) ,C1 and C,H MgBr. '

u-Tetramethylbiphosphine-decacarbonylmolybdenum has been
synthesized by the reaction of Mo(CO)6 with (CH3)4P2.44 However,

attempts to synthesize (CO)SMoP(C6H5)2P(C6H5)2M0(C0)5 with a bridging
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(CéHs)ZPP(CGHS)2 ligand have lead only to a product with bridging
diphenylphosphido-groups.44’75
P(CH3)2
(co) ,Mo - - --Mo(CO)
4 \’/ 4
P(CH

32

The mechanism by which the bridging phosphine compieiés
were formed in this study is unclear. .The complekes are formed in léw
yield, and even this yield depends strongly on reaction conditions.
The amount of product formed decreases markedly with long reaction
times, increased reaction temperatﬁre, and acid hydrolysis of the
reaction mixture. The effect of light on the reaction has not been
considered. A laige numbér of reactions of Grignard reagents with
organic halides suchlas in the equation below, are kﬁown to yield pro-
ducts attributable to free readical intermediates, but the mode of
formation of the radical intermediates has not yet been explained any
more clearly than that sﬁggested by an "oxidation-reduction" process
by Kharasch76 in Eq. 66.

C6H5CH2C1 + CHSMgI-+ C6H5CH2CH2C6H5+ CH4 + C2H6 + C2H4 + CGHSCHZCH3(66)

Recently, the reaction of benzylmagnesium chloride with triphenylmethyl
chloride has been_examined.77 Significant quantities of (CGHS)SCC—
(C6H5)3 and 1,2-diphenylethane were found in the reaction mixtures.
Also, an esr signal was observed during the reaction of benzylmagnesium
chloride with trityl chloride which was not present in the esr spectra

of the reagents. The authors77 suggested a mechanism with a free-

radical species present to account for their observations (Eq. 67-71).
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CH_Ph ‘ CH_Ph

2 / 2
Ph,C-C1 + Mg =———> Ph,C-Cle+--Mg 67)
3 3
N \
C1 C1
(1) (I - (II1)
cyzph
Ph,C-Cles Mg ——s PhC* + Cl-Mg + *CH_Ph (68)
3 3 2
\ \
c1 c1
(I11)
Ph,C + .-CHZPh—vPhSC-CHZPh (69)
Ph,C+ + +CPh;— Ph,C-CPh, (70)
PhCH2~ + +CH,Ph~>PhCH,~CH,Ph (71)

The proposed pathway suggests that on mixing the two reactants
the organic hal%de associateé with the Grignérd reagent in a fast step
through the partially negatively charged chlorine and partially posi-
tively charged magnesium atoms. The authors also suggest77 that this
assdciation should polarize the carbon-chlorine and magnesium-carbon
bonds further. The complex (III) may break down by the formation of
radical species, and the sfability of the resultant radicals, which is
related to the ease of their formation, controls the rate of the
reaction77.

An analogy between the organic reactions discussed above and
the formation of bridged-phosphine metal carbonyls is compelling.
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A mechanism for the formation of the complexes is proposed in Eq. 72-76.

R' . R'

Mo(CO) PR.C1 + Mg/ == Mo(CO)_PR _-Cle++Mg (72)
5 2 5 2 :
N N
c1 c1
RI
Mo(CO)PR,-Cl:* Mg Mo(CO) PR, + ClMg + ‘R (73)
o :
C1 c1
2 Mo(CO) PR, > Mo(CO) ;PR,PRMo(CO) ' (74)
2R'+ -+ R'R'
Mo (CO) PR, + R'+ > Mo(CO) PR R (76)

This mechanism is useful for several reasons. . First, it rationalizes
the formation of Mo (CO) PRZPR Mo(CO)s. It also accounts for the forma-
tion of Mo (CO) PR R', of which a small quantity is obtained in this
reaction. The low yields of products obtained might reflect a very
weak interaction between the Grignard reégent and the chlorophosphine
complex in Eq. 72. Subsequently, even the small concentration of acti-
vated complex formed in reaction 72 must still give rise to radical
species in reaction 73; the presumed slow step of the reaction.

The speculation above has no undiéputable experimental support.
However, several means are available to the chemist to further investi-
gate the nature of this proposed free-radical reaction. Obviously,
esr experimeﬁts are in order for this mixture of reactants. Also, an

nmr experiment focusing on the phenomenon of chemicaliy induced dynamic
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n;clear’polafization (CIDNP) would help to determine the preseﬁce of
free radicalsf78 Further, the presence qf'radical scavengers, such as
Ce3+, could lower the yield of bridged product if a free radical
mechanism is important.

An at?empt to prepare Mo(CO)SP(C6H5)2P(C6H5)2M0(CO)5 by

the reaction between Mo(CO)SP(C6H5)2C1 and MO(CO)SP(CGHS)ZH failed

(Eq. 77).
Mo(CO) (P (CH) ,C1 + Mo (CO) P (CcHe) H + N(CH), 7£>
Mo (C0) P (CHg) P (CHe) Mo (CO) ¢ + (CHg) NHCL (77
The reasons for the lack of success for this reaction may be eitensive,
but several points are inviting. First, neither reactant is by itself
a nucleophile, Presumably, Mo(CO)SP(C6H5)2H is acidic enough to react

with N(CZHS)S to give a nucleophile (see "General Discussion' below)
(Eq. 78),

Mo(CO)P(CH)H + N(CH);  [Mo(CO)GP(CHg),1™ + NH(CHL) W (78)
but the nucleophile generated may be tooilarge to attack another
coordinated phosphine ligand. The fact that diphenylamine, (C6H5)2NH
did not react with Mo(CO)sP(C6H5)2C1 although aniline (CGHSNHz)xreadily
gave a product, supports a steric'argument against reaction. On the

other hand, the two radical species, Mo(CO)SP(CGHS)z', need not form

an activated complex but can combine directly to form [MO(CO)SP(CGHS)Z]Z'

Organolithium Compounds

Methyllithium does not seem to react with coordinated phos-

phine ligands in the classic organic sense. Methyllithium reacts
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with Mo(CO)SPRZCI apparently to yield a carbene complex as shown in
Eq. 79. ' | OLi
(CO) MOPR,C1 + CH,Li (CO)#(PRéCl)MoC\\ (79)
CH3
The iﬁtermediate lithium salts were obtained as pyrophoric yellow
solids. The infrared sbectra of these complexes in the metal carbonyl
stretching region clearly indicated the presence of cis-disubstituted
metal carbonyl comple*es. | |
Attempts to prepare esters of the carbene salts with CHSI
and CHsos(F)O2 led to the formation of malodorous red oils

OLi OCH,,
(C0)4(PR2C1)M0-C\\\ + CH,T > (C0) , (PR C1)Mo=C (80)
CH, CH,

The infrared spectra of these oils obtained after chromatography on
alumina suggest the pfoducts to be cis-disubstituted-tetracarbonyl-
molybdenum- complexes.

Organolithium reagents have been shown to exhibit greater
carbanion character in the presence of strong chelating amines. Of
great interest is the possibility that coordinated phosphine ligands
might react in the classical sénse with alkyllithium reagents with such

a éhelating agent present.
- . + =
Mo(CO)SPRZCI + {L1[N(CHS)ZCHZCHZN(Cﬂslz]} [CHS] -

Mo (CO) (PR,CH, - | - (81)
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‘Reactions of Coordinated Phosphine Ligands with

Sodium Cyclopentadienide

Sodium cyclopentadienide, NaCSHs, is a reagent well-known
to organometallic chemists as a precursor to w-cyclopentadienyl-metal
compléies. In'recent years cyclopentadiene rings sigma-bonded to
ﬁarious metals have been of intense interest to inorganic chemists.
Several compounds are known in which the nmr spectrum of the o-bonded-
riﬁg suggests that all the cyclopentadiene protons are equivalent:.79
Molecules in which rapid site exchange causes configufations in which
the nuclei are magnetically equivalent are said to be fluxional. Also,
certain cyclopentadienyl-group IV compounds react with metal carbonyls

to give products in which the ring becomes w-bonded to the metal and

the group IV moiety becomes sigma bonded to the metal,80 or in other

cases the entire moiety is m-bonded to the metal.81
A 80
Mo(CO)S(NCCHS)3 + (CHS)SSnC5H5'+ n—CSHSMo(CO)SSn(CH3)3 (82)
. : ‘as i 81
Mo(CO)6 + (CH3)381CSH5 > {n-[(CH3)351C5H4]M0(C0)3}2 (83)

The complexes of the type Mo(CO)S(PR )‘were of particular interest

28sMs
for two Teasons. First, the o-bonded ring might be expected to react

with the metal carbonyl in some way to form a w—CSH5 complex. It was

also of interest to determine whether a large Mo(CO)SPRz- group would

undergo site exchange on the n-CSHs ring.

The reaction between Mo (CO) .PR.C1 and NaC.H, was carried

out by adding the NaCSH5 solution to a solution of coordinated phos-

phiné ligand. (Chlorodiphenylphosphine)pentacarbonylmolybdenum gave
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fﬁo products upon reaction with NaCSHS' ‘The expected product,
Mo(CO)S[P(C6H5)2C5H5], was obtained a§ a white, crystalline solid.
The second complek obtained from the same reaction analyzed for
[Mo(CQ)SP(C6H5)2]2C5H4. The same reaction with Mo(CO)SP(CH3)2C1
gave at least three products which were separated by column chromato-
graphy on alumina. Ali products were obtained as oils. The first to
be eluted from the coiumn was formulated.as MO(CO)S[P(CHS)ZCSHS]
on the basis of its nmr spectrum. The second oil obtained is probabiy
[Mo(CO)SP(CH3)2]2C5H4, but a sample sufficiently pure for analysis
was not obtained. The nature of the third component is not known at
this time. |

Structural assignments for the two Mo(CO)S(PRZCSHS) compounds,
where R = CH3 or CGHS’ are based on the following information. First,
each Mo(COJSP(C6H5)2C5H5 product gave a correct analjsis for carbon and
hydrogen. Secondly, both Mo(CO)SPRZCSH5 complexes exhibited features
in the infrared metal carbonyl stretching region characteristic of
Mo(CO)sL complexes. Finally, the nmr spectrum of Mo(CO)SP(CH3)2C5H5
gave resonances.at expected field strengths and of proper intensity for
resonance appears as a doublet at

a -P(CH moiety. The P(CH

39 2C5Hs 32
§1.68, J(HP) = 7.0 Hz. A complex multiplet at 8§6.58 (3 protomns) is
aséigned to the vinyl protons, and a broad singlet at §3.16 (2 protons)
is assigned as thé methyléne resonance of the cyclopeﬁtadiene ring.

The nmr spectrum of,Mo(CO)SP(C6H5)2C5H5 is complicated by overlapping
phenfl and vinyl proton regions.

Several structures are possible for the Mo(CO)SPRZCSH5 com-

plexes (Fig. 6). However, assignment of structure C to these complexes
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Figure 6. Possible isomers of Mo(CO)S(PRZCSHS), R = CH3 or C6 5
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is favored at the present time. The nmr spectrum of Mo (CO) P(CH )2 5 5

5Hs ring,

hence structure A is ruled out. Both isomers B and C give rise to the

demands a 3:2 ratio for the vinyl: methylene protons of the C

3:2 proton ratio in the nmr spectrum. However, the spectrum of B should
_ be further complicatéd since phosphorus should split the methylene protons
of the ring into a doublet inasmuch as the interacting nuclei are
separated by only thréq bonds. The absence of strong coupling in the
methylene resonance is taken as direct evidence for the presence of .
isomer C. | |

The nmr spectrum of MO(CO)S[P(CGHS)ZCSHS] shows no changes over
" a temperature range of -30° to + 100°. Presumably, the cyclopentadienyl
ring has no fluxional character in this metal carbonyl complei. However,
the metal complex ﬁust undergo some rearrangement to arrive at the as-

signed structure C. Direct reaction between Mo(CO)5PR2C1 and NaCSH5

would give the reaction in Eq. 84:
Mo(CO) PR C1 + Na© —» Mo(CO) (R P 7-: (84)
H

The phosphorus atom initially‘must share a carbon atom with hydrogen.
Subsequent rearrangement to isomer C may occur by a number of processes
and will not be discussed in this thesis.

The second product obtained in the reaction of Mo(CO)SP—
(C Hs) Cl with NaCsHsls also of interest. The high-meiting complex
is formulated as [Mo (CO) p(CGHS) ]2 S 4 with a bridging cyclopentadien&l
group. A bridging cyclopentadienyl group is not unknown in organometallic

chemistry. Hoxmeier gz.gi.sz reported a mixed molybdenum-manganese

complex containing a bridging CcH, group:

(CgHg) MoH,, + CHoMn(CO) ¢ + CcH (CO)Mo-u-CcH,-Mn (CO), + CH
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The metals were bonded to the C5H4 ring as shown in Figure 7.
Fischer 93_31:83 synthesized a palladium éomplex containing a

bridging cyclopentadienyl group.

PdBr2 + 4NaC5H + C_H - de(CSHS)ZCSH

5 56 (86)

6
These authors were unable to unequivocally assign the points of attach-
ment of the cyclopentadienyl ring to the palladium atoms, however.

The nmr spectrum of [MO(CO)SP(CH3)2] C5H4 shows a triplet

2
for the methyl groups on phosphorus. This triplet structure for the
methyl resonance is characteristic of methyl groups in. the presence
of twé phosphorus atoms coupled to each other. No methylene resonances
were observed for this compound. On the basis of these observations
the best structural assignment for these complexes is shown in Figure 8.

This structure has the protons of the C5H4 ring in a vinyl environment,

and the two phosphorus atoms are close enough to allow virtual coupling.

80



Qm«;oh
(5 e

Figure 7. Crystal structure of CSHS(CO)Mo-u—C5H4-Mn(C0)5.
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-u-CcH,-PR, Mo (CO) .

Figure 8. Proposed structure for Mo(CO)sPR2 sty
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"GENERAL DISCUSSICN

Many of the compleﬁes prepared in this study contain organo-
phosphorus ligands whi;h have not been reported to exist in the free
state or are known to be thermodynamically unstable with respect to
" rearrangement to a four-covalent phosphorus (V) compound. In particular,

7
(CH3)2POCH3 has been rgported to rearrange to (CH3)3PO, and all the

compounds (CH;),POH, (CHg),PSH, (CHg),PNH , (CHy) PNH(CH,), (CHp),-

POP(CHS)Z, (C6H5)2P0H, (C6H5)2PSH, (C6H5)2PNH2, (C6H5)2P0P(C6H5)2,
and (CGHS)ZPOP(CHS)Z are previously unknown.

In addition to leading to complexes of thermodynamically
unstable ligands, fhe reactions of coordinated phosphine ligands as
employed in this study open a new, useful synthetic pathway to organo-
metallic chemists. Several of the most attractive features of this
method of synthesis aré listed below:

1. Complekes of thermodynamically unstable phosphine ligands

may be readily prepared.

2. A single halophoﬁphine complex can be the starting

material for a vast number of phosphorus complexes of a

given transition metal. Only the desired halophosphine

need be synfhesized, and the appropriate complex may be
prepared in bulk quantities.

3. Low molecular weight alkyl phosphines are extremely

84 The use of a'precomplexed phosphine ligand

toxic.
minimizes the need for handling toxic material. Further,
the prepardation of many phosphines often requires

‘utilization of difficult, time-consuming syntheses.
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- 4. Most phosphines are air-sensitive and must be stored
individually under a protective atmospheré of dry nitrogen.
In contrast, the halophosphine complex needs only to be
protected fiom direct sunlight and atmospheric moisture.

The solid complekes are also readily weighed and transferred.
5. Reactions proceed with recovery of product in excellent
yield, even when only one- to two-gram quantities of complex
are reacted. Hence, the proces§ developed here is relativelf
ineipensive in terms of the quantities of reagents required
to obtain sufficient amounts of complexes for physical
measurements.
6. Finally, thermal substitution reactions and photochemical
syntheses can often lead to mixtures containing more highly
substituted products and thermal or pﬁotochemical decompo-
sition products as well as the desired product. The reactions
of coordinated ligands prbceed without any significant
side reactions. Product isolation is uncomplicated, and no
unseparable mixtures of complex and ligand are obtained as
in some classical syntheses.45
A decrease in the reactivity of the phosphorus-fluorine bond
in transition metal complexes of several fluorophosphines compared to

23,24 A lower reactivity for the

the free phosphine has been noted.
phosphorus-chlorine bond in the chlorophosphinepentacarbonylmolybdenum
complexes prepared here compared to the uncomplexed phosphines has

also been observed. To qualitatively illustrate the decreased reactivity
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of'the'complexes, the relative rates of cleavage of the phosphorus-

chlorine bond in (C6HS)2PC1, Mo(CO)SP(C6H5)2C1, and Mo(CO)SP(CH3)2C1

were examined. Equimolar amounts of tﬁe phosphine or halophosphine
complex and methanol were dissolved in benzene, and the methanolysis
. was followed by proton nmr.

Conversion of all the (CGHS)éPCI to (CGHS)ZPOCHS was complete
within the time required to prepare the sample and record its spectrum,
i.e. less than five minutes. On the other hand, the rate of reaction-
of the complexes was verybmuch slower and was followed for a period
of several days. The reaction of Mo(CO)SP(CH3)2C1 with methanol was
"most easy to follow. As Mo(CO)S[P(CHs)ZOCHs] was formed, a doublet
upfield from the PCH, resonance of the chloro-complex appeared due

3
to the PCH, resonance of the methyl dimethylphosphinite complex. The

3
doublet due to the Poggs resonance was partially obscured by the Eﬂs
resonance of CHSOH. A series of spectra showing this reaction is
reproduced in Figure 9. Even after 48 hr the reaction is only about
half completed. The same ieaction using Mo(CO)SP(C6H5)2C1 and CHSOH
was half complete in about 24 hr. Thus, the relative rates of
methanolysis follow the order (C6H5)2PC1>>M0(CO)SP(C6H5)2C1>M0(C0)5—
P(CHSJZCI. In general, chlorophosphines and phosphoryl chlorides,
RZPCI and RZP(O)CI, respecpively, react with alcohols at comparable
rates. Seemingly then, differences in réactivity of the free ligand
and complexed ligand are not related directly to a change in the co-
ordination number of phosphorus from three to four. The significant
change in rate upon complexation must reflect a major difference

between the phosphorus-oxygen and phosphorus-molybdenum bonds. Re-

moval of electron density on molybdenum by phosphorus through dw-dw
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Figure 9. Time dependent proton NMR spectra of the reaction betweeﬂ
methanol and Mo (CO) P(CHS) Cl. The doublet arising from the

P(CH ) -resonance of Mo (CO) P(CHS) Cl (ca. 1.5 ppm) decreases with
time as the upfield P(CHs)z-resonance due to Mo(CO) P(CH ) OCH3
grows. The doublet due to the POCH3 resonance (near 3 ppm) is
partially obscured by the CHs-resonance of unreacted methanol.
Reaction times: A 3% hr

' B 5% hr
C 9 hr
D 21 hr
E 27 hr
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bonding with molybdenum will make the 3d levels less available for
forming a five coordinate intermediate in a presumed SNZ rate deter-
mining step at phosphorus. No evidence was obtained for dissociation
of the molybdenum-phosphorus bond.

A small degree of oxygen-phosphorus pr-dw bonding has been
postuléted in or*der to rationalize the rates of reaction of several

phosphoryl fluorides,85

R2P(O)F. The rate of nucleophilic displacement
of fluoride from (CZHS)ZP(O)F by hydroxide was observed to be much
greater than for (CZHSO)(CZHS)P(O)F and (CZHSO)ZP(O)F. When the

groups on phosphorus are ethoxy, the empty d orbitals'on phosphorus

are partially occupied as a result of pi bonding with the filled p
orbitals on oxygen. Therefore, less bonding is possible between the
incoming nucleophile and the phosphorus atom.85 Since 7 bonding in
these systems is expected to be much less than. in the metal complexes,
the marked decrease in reaction rate is not surprising.

Another factor in the rate of hydrolysis or esterification
at a coordinated phosphine ligand which must be corisidered is the steric
effect of the large pentacarbonylmolybdeﬁum group. Preéise analysis
of the mechanism of the reactions of coordinated phosphine ligands
must be based upon complete kinetic studies of the metal complexes.
However, some speculation is not inappropriate at this time. First,
the effect of the size of the ﬁetal coordinéted to phosphorus upon the
rates of reaction might be evaluated. A series of complexes with a
particular chlorophosphine ligand could be prepared with a variety of
meta} carbonyis or transition metals each differing in size or stereo-
chemistry: Mo(CO)Si, Fe(CO)4-, Ir(CO)Cl(L)-, Ni(CO)S;, and CuCl-.

Second, the actual mechanism by which the reactions of co-
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ordinated phosphines takes place is of interest. The qualitative
rate experiment described above in this thesis is consistent with

either an S, 1 or an SN2 mechanism at phosphorus. Therefore, extensive

N
kinetic studies must be undertaken to discover the actual mechanism.
However, most displacement reactions at phosphorus are sécond order
reactions;85 and.the reaction of a coordinated phosphine ligand will
most likely be found to proceed zigjan Sy2 mechanism a1505 Since
displacement on phosphorus does depend on.nﬁcleophilic basicity, some
interaction between the nucleophilé and an open ofbital must exist.85
Interéction of nucleophile and an open d orbital may merely be a
stabilization of an SNZ transition state. This would iower the acti-
vation energy for the reaction since bond formation would be well
developed before bond breaking became significant. On the other hand,
the interaction of nucleophile and orbital could be strong enough

to give a definite intermediate with a trigonal-bipyramid structure.

Reaction would be of the type shown in Eq. 87.

k X k

l B | '¢R 3
X 1SR 2 :
2 N

When k3>>k2 the formation.of the intermediate is rate-determing and the
rate should depend on the strength of the nucleophile.85 When k2>>k3,
the breakdown of the intérmediate to give product is rate-determining
and the nature of the leaving-grdup becomes impor'cant.85

Third, the role of acid catalysis must be examined inasmuch

as HC1l is generated by the methanolysis of the chlorophosphine complexes.
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This HC1 could force the équiliﬁrium in Eq. 88 to fhe left.

ROHT=RO™ + H" | | | | (88)
and hence lower the rate of methanolysis. The presence of a base
such as pyridine could also affect the rate by shifting the alcohol
equiliﬁrium to the right and hence increase the rate, or it could
lower the rate by behaving as a competing nucleophile at phosphorus

and cause k, to assume greater importance.

2
Although the.synthetic utility of reactions of coordinated
phosphine ligands enjoys several advantages over more classical syn-
thetic routes, some limitations of this technique have been encountered.
. In particular, the Mb(CO)SPRZCI compounds employed here shdw little
reactivity toward Grignard reagents under classical reaction conditions
as described earlier. Attempts to prepare the complexes Mo(CO)s-
P(C6H5)2H and Mo(CO)SP(CHS)ZH by reduction of the appropriate Mo(CO)SPRZCI
compound failed. Alsd, several attempts to convert the chlorophosphine

complexes into the fluorophosphine complexes (Eq. 89-90) via reaction

with antimony trifluoride were unsuccessful

4Mo (CO) (PR,G1 + LiAlH, + 4Mo(CO) (PR H) + LiAlCl (89)

4 4

(90)

3Mo (CO) (PRC1 + SbF; -+ 3Mo(CO)g(PR,F) + SbCl,

2 3

4 and SbF3

to form the corresponding phosphines and'fluoroph05phines, respectively.

Both RZPCI and RZP(O)CI react readily with LiAlH

Thus, as was the case with Grignard reactions, the differences in
reactivity between the free ligand and the coordinated ligand with
LiAlH4 and SbF3 are not directly related to a change in the coordination
number of phosphorus»from three to four. The lack of reactivity of the
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coordinated phosphine ligand must refleét some significant aspect of
the'phosphorusfmolybdenum bond. The 3d electronic levels of phosphorus
are involved in rw-bonding with molybdenum making formation of inter-
mediates suitable for decomposition into products difficult.

., The Li’ and A1H4' ions in LiAlH4 interact with considerable covalent
character.86 Further, A1H4' is expected to be a poor nucleophile
inasmuch as the charge_on the ion may be distributed over four hydroggn
atoms. Antimony trifluoride is only weakly basic. The inductive
effect of three fluorine atoms greatly reduces the dipole at antimony
making the lone pair relatively unavailable for coordination to phos-

. phorus in an activated complex. Presumably, halophosphines react

with SbF, through the lone pair on phosphorus (or pairs on the phos-

3
phoryl oxygen for the corresponding oxides) in the formation of fluoro-
phosphines.

Several halophosphine complexes have been prepared by the

reaction of coordinated phosphine ligands, however. The preparation

of Mo(CO)sPCI3 by the reaction of Mo(CO)sP[N(CH3)2]3 with HC1l was
discussed in the Introduction to this thesis.26 Bromo- and iodophos-
phine complexes may be prepared similarly as shown in Eq. 91-93.26
- Mo(C0)P[N(CH), 15 + GHC1 + Mo(CO) PCl, (91)
Mb(COJSP[N(CH'S)Z]3 + GHBr - Mo(CO)S-PBr3 (92)
Mp(COJSP[N(CHS)Z]3 + 4HI +-Mo(C0)5[N(CH3)2PIZ] | 93)

The same type of procedure87 has led to the formation of mixed halogen

halophosphine complexes as shown in Eq. 94.

_Mo(CQ)S[PFzN(CzHS)Z] + 2HBr ~» Mo(CO)sPFzBr + CZHSNHZBr (94)
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Recently Hbfler88 reported the formation of fluoro.complexes by dis-
placement of diethylamino groups. The degree of substitution can be
controlled by éhoosing appropriate fluorinating agents as illustrated
in Eq. 95-96.

m-CHMN(CO), CEHLPIN(CHL),1, + 4HF > m-CoH.Mn(CO), (CoHLPF,) (95)

CSHSMn(CO)z[PhP(NEtz)z] + PhC(O)F-+ CSHSMn(CO)Z[PhP(F)NEtZ] (96)

A discussion-about the success éf the reactions cited abové'
is necessary inasmuch as the complexes under study here failed to
undergo similar reactions. The major difference between the P-Cl and
. P-NR2 complexes employed by each group of workers is the réady avail-
ability of a lone pair on nitrogen. Presumably, this lone pair may
interact with a variety of reagents to give activated complexes suitable
for collapsing into the desired pro@ucts. In a formal sense the lone
pair on nitrogen may behave in a similar fashion to the lone pairs on
oxygen of organic carbonyl groups in their reactions with Grignard
reagents. The possibility exists that complexes with nitrogen or

oxygen groups on phosphorus may readily undergo reaction with Grignard

reagents, SbFs, and LiA1H4, e.g.

Mo (CO) ¢ (PR,NR',) + R"MgX > Mo (CO) ¢ (PR,R") (97)

Mo(CO)S[P(OR)zCl] + R'"MgX ~» MO(CO)S[P(OR)ZR"] _ (98)

However, =w-C Mn(CO)ZPCI3 has been reportéd89 to undergo reduction by

sfs :
sodium borohydride to give the phosphine complex, Eq. 99,

T ~CgH Mn (CO) PC1, + NaBH, > m-C.H

st 3 4 gHgMn (CO) ;PH, (99)

The reasons for the success of this reaction are not entirely clear.

“The results of this work regarding the reactivity of coordinated
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phosphine ligands suggest that reagents which will host efficiently
displace chloride from phosphorus will be good nucleophiles. A large
number of excellent nucleophiles are available as anions of transition
metal complexes. After much of the work discussed in this thesis had
been cdmpleted, Ehrl and Vahrenkamp54 reported the reactions of

' Mo (CO) ;P (CH;) ,C1 and Mo (CO) cAs (CHz) ,C1 with sodium pentacarbonyl-
manganate(-I), NaMn(CO)S. The reactions proceed smoothly and in good
yield to give the phosphorus bridged bimefallic complekes (CO)SMOE(CHé)Z_

Mn(CO)s, (E = P,As) as shown in Eq. 100.

Mo(CO)SE(CH3)2C1 + NaMn(CO)5 > (CO)SMoE(CHS)zMn(CO)5 | (100)
where E = P,As
The structure of the arsenic compound was determined by X-ray crystallo-
graphy, and the bridging ligand was confirmed.90 Presumably, other

organometallic anions would also react with Mo(CO)SPRZCI, and some

possible reactions are suggested in Eq. 101-102.

Mo (C0) gPR,C1 + NaCgHcMo (CO) 5 > (CO) gMoPR Mo (CgHy) (CO) 5 (101)
2Mo(CO)5PR2C1 + NazFe(CO)4 > (C0)4Fe[PR2Mo(C0)5]2 (102)
91,92

Recently, Haines et al. reported a similar reaction (Eq. 103)

with a chlorophosphine—iron.carbqnyl‘complex

Fe(CO)2 > Fe(C0)4P(C6H5)2Fe(C5H5)(CO)2 (103)

Fe(C0) ;P(C H) ,C1 + NaC Hg

No further reactions.of Fe(CO)4P(C6H5)261 were reported, however.

Other examples of reactions of coérdinated phosphine ligands
have appeared. Most of the reactions cited below exploit the acidity
of the P-H bond. (Phosphirane)pentacarbonylmolybdenum reacts with

93

sodium dihydrogenphosphide to give an anion, Eq. 104.
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HC H.C
2 2 A
N\ \ .

., P(H)Mo(CO) + NaPH> PMO(CO)g| Na (104)

H2C ' H2C 1

The anion reacts with chlorotrimethylsilane to give (trimethylsily-

' phosphirane)pentacarbonylmolybdenum, Eq. 105.
Si(CH

(105)
BN Mo (C0)

[CHZCHZPMO (co) s] + (CH3) SS iCl —»

2
Phosphirane itself is a reactive, low-boiling liquid; the preparation
of derivatives of substituted phosphiranes for studies will be made
less difficult by the reactions of coordinated ligands.
Yasufuku and Yamazaki have demonstrated the reactivity of
coordinated diphenylphosphine under mild conditions.94 Reaction of
Fe(CO)4P(C6H5)2H or N1(C0)3P(C6H5)2H with a transition metal carbonyl

bromide gave a phosphine-bridged complex with a metal-metal bond.

amine
Fe(C0)4P(C6H5)2H + Mﬁ(CO)SBr > (CO)4E§13p(CO)4 (106)
g §
Cely  Cgllg

4
The reactions of several other phosphine complexes of metal carbonyls,

e.g., Fe(CO),L, L = (C(Hc), PH, P(CHg) H, etc.; M(CODS?(C6H5)2H,

M = Cr,Mo,W, with élkyllithium reagents have been investigated.95

Fe (CO) 4P (C4H.) H + n-C HgLi + Fe(CO) P(CHS) i + n-CHy o (107)

The lithiophosphine metal carbonyl may subsequently be reacted with
alkyl halides to give the alkylphosphine complex, Eq. 108.

-Fe(C0) ,P(C H) ,Li + CH,I -+ Fe(CO) 4P (CeHg) ,CHy + LiI (108)

3
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Other specific reactions of coordinated phosphine ligands

have been reported. For eiample, (Bromodifluorophosphine)tetracarbony-
iron reacts with nickel carbonyl according to Eq. 109 to give a bi-

nuclear iron complek.96

PF
: 2
(CO) (FePF ,Br + Ni(C0), + (CO),Fe ----~-----/-\Fe(C0) 5 + NiBr, (109)
-PFZ
Schumann97 has shown that the phosphorus-tin bond may be cleaved (Eq. 110)

in coordinated phosphiﬁe complexes. The generality of this reaction

has not yet been demonstrated, but it may prove useful
[(CHS)SSn]spMo(CO)s + (C6H5)2PCI > {[(C6Hs)2P]3P}Mo(CO)5 (110)

' The reaction of a coordinated ligand thus has made it possible to
prepare the monosubstituted molybdenum complex of the potentially
multidentate ligand, [(C6H5)2P]3P.

The synthetic utility of reactions of coordinated phosphine
ligands has been recognized only recently. Undoubtedly, new investi-

gators in this young area will contribute many new ideas.
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INFRARED SPECTRA

An integral part of most of substituted group VI metal
carbonyl complexes has been the interpretation of the carbonyl
stretching frequencies and their associated stretching force constants

34,55,56,98-100 Early in the de-

in terms of the metal-ligand bonding.
velopment of the chemistry of the metal carbonyls and their derivatives,
it was concluded thaf the number of infrared active carbonyl stretching
vibrations of a complex is determined by the idealized local symmetry
of the terminal carbonyl groups. A consequence to this generalization
is that the isomeric form of a complex may be determined from the number
of bands observed in its infrared spectra in the 2000 c:m_1 region.

All the monosubstituted pentacarbonylmolybdenum complexes
prepared in this study belong to the point group C4v on the basis of
their local symmetry at molybdenum. A group theoretical calculation
shows the irreducible representation corresponding to the vibrational
55

av symmetry to be 2A1 + B1 + E, Only the

2A1 and E bands are infrared active. However, the actual symmetry

modes for a molecule of C

of the molecule is always less than C v because the symmetry of a

4

3y Thus the Raman active B1 mode can

appear as a weak band in the infrared spectra of M(CO)SL molecules.

phosphine ligand can at best be C

It is likely that the extent of divergence from C, selection rules

4v
is determined by the unsymmetrical relationship of the phosphine group
with the planar carbonyl groups. It should therefore be particularly
sensitive to the size of the metal atom and the substituents on phos-

phorus.99 Generally, the monosubstituted metal carbonyl compounds
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M(éO);L give infrared spectra whose salient features can be predicted;
However, when the ligand L becomes more unsymmetrical, a splitting

of the E bond is observed. Often for Mo(CQ)SL molecuies, accidental
degeneracy of an A, and the E modes is observed. This lack of
resolvability ha§ imposed some limitations on a rigorous comparison
of observed and predicted bands.99 Typical spectra are shown in
Figures 10-11.

When correlating the number of infrared-active CO-stretching
modes with molecular structure, the phase in which measurements are
made ﬂas some bearing on the effective molecular symmetry and must
therefore be éonsidered. Measurement of the infrared spectra of com-
pounds in the gas phase is ideal because intermolecular interactions
can be neglected; the selection rules which determine the number and
activity of_the CO-stretching modes are those a;sociated with the point
group of the isolated molecule. Because.of the limited volatility
of many carbonyl complexes and their tendency to dgqompose at higher
tempefatures, gas phase measurements have been limited. Where possible,
most spectra in the CO;stretéhing region are measured in a nonpolar
solvent where solute-solvent interactions are isotropic and it is
usually satisfactory to consider the symmetry of the isolated molecule.99

_In order to rationalize trends in the infrared spectra of
substituted metal carbonyls, the_nature of bonding between a transition
metal and carbon monoxide must be examined. In carbon monoxide both
s and p orbitals on the carbon and oxygen atoms combine to form the
carbonyl group o-bonding orbital, leaving an sp hybrid:orbital on

oxygen and another on carbon. These two orbitals are each occupied
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Figufe 10. Infrared spectrum of Mo(CO)sP(C6H5)ZOSi(CH3)3 in the
metallocarbonyl stretching region. Note the near

degeneracy of the A1(2) and E bands.
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Figure 11. Infrared spectium of Mo(CO)cP(CH,) ,0-i-CiH . The

Al(2) and E bands are clearly resolved.

Al
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2100 2000 900 (v}
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giving lone pairs of electrons that are essentiall& atomic in character;
Two mutually perpendicular, filled m bonding orbitals complete the
bonding system of the carbon monoxide molecule. When coordinated to

a metal it is the less electronegative atom, carbon, which donates
lone-ﬁair electron density to a o oriented metal orbital. However,

the donor properties of carbon monokide are slight and it does not

form adducts with acidic aluminum or boron compounds. A significant
amount of stability of the transition metal-carbon monoxide bond must
arise from m bonding between filled metal d orbitals and empty anti-

100 A schematic representation

bonding orbitals on carbon monoxide.
of this bonding is shown in Figure 12.

Substitution of a CO group by another ligand of different
m-acceptor capacity causes a change in the amount of 7 electron den-
sity which must be accepted by the remaining carbonyls. If the ligand
is a weaker m acceptor than CO, as is generally the case, a decrease in
the frequency of the CO stretching modes will be observed inasmuch as
more w electron density is available for donation into the g¢*
orbitals of the remaining cafbonyls.

Trends in the CO stretching frequencies for a series of
complexes Mo(CO)xLy as a function of L have been established. These
treﬁds are generally independent of the metal and of the exact nature
of the carbonyl complex. Attempts have been made to correlate these
trends with the changes in.the inductive and mesomeric bonding pro-
perties of the ligands. Changes in a ligand which increase its ¢ donor
properties must also in principle affect the tendency of that ligand
to form a 7 bond with the metal. It is difficult to separate these

effects, and only the overall o-w donation of charge will be considered.
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Figure 12. (a) The formation of the carbon-to-metal o bond
using an unshared pair on the C atom. (b) The
formation of the metal-to-carbon w bond. The other
orbitals on the CO are omitted for clarity. After

reference 86.
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. For a series of substituted carbonyl complexes containing
tertiary phosphines, the CO-stretching frequencies decrease according
to the ligand order

PF_>PCl1.,>C

3 3 6H5PC12>P(0C6HS)3>(C6H5)2PC1>P(OR)3>P(C6H5?3>PR3

(R = alkyl)

This order has been established from measurements of the infrared
spectra of compounds of different metals and structure including

2 5V(CO) L, M(CO) L M = Cr,Mo,W), Mn (CO)8 22 Fe(CO) L Co(CO) L(NO),

and Ni(CO)4_nLn.97

The decrease in the CO stretching frequencieé along the series

PC1,>RPC1 >PR,CI>PR; (R = alkyl); P(OR)>PRy; P(CgH) 5>P (CHg) 2>

P(C, 5)3

P(CoHg) 4

>P(C,Hy) 5P (C4H,)5 and P(C4H5) P (CeHg) 5 (C,H)>P (CgHg) (CoHc) 5>

parallels the increase in the electron-withdrawing ability of the groups
attached to the phosphorus and can thus be correlated with a decreasing
tendency of the ligand to donate charge to the metal.gg’101
Force constants for the metal-carbonyl stretching frequencies
of the complexes prepared in this study have been calculated using the
method of Cotton and Kraihanzel.sz_ The values of k1 are for the CO
stretching force constants of the CO group trans to the ligand, k2
for the four CO groups cis to the ligand, and k1 for the interaction
constant between the CO groups. The observed CO stretching frequencies

and the calculated force constants for the complexes prepared herein

are listed in Table 3.
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‘TABLE 3 . 102

CO STRETCHING FREQUENCIES® AND FORCE CONSTANTS FOR (RZPX)(CO)SMob
X(R = CH) Freq. (cm-l) Force constants (mdyn/A)
A1) B A(2) E k k, K
c1 2079 1989 1965 1957 15.81 16.01 0.30
OCH 2074 1991 1961 1951 15.75 15.97 0.30
oc,A 2074 1991 1960 1952 15.73 15.98 0.30
O-n-éSH7 2074 1990 1959 1950 15.71 15.96 0.30
0-i-CoH 2073 1990 1958 1949 15.70 15.94 0.30
OSi(cﬁsi’3 2073 1987 1956 1947 15.67 15.92 0.30
OH . 2074 1987 1958 1949 15.70 15.94 0.30
07 (C,H.) NH* 2063 1976 - 1932 -  15.29 15.71 0.32
NH 2073 1987 1955 1947 15.65 15.92 0.30
NH{CH. ) 2073 1988 1954 1946 15.64 15.91 0.31
N(CH,J, 2073 1988 1950 1941 15.59 15.85 0.32
NH (CoH2) 2074 1988 1951 1946 15.59 15.91 0.31
SCH? , 2075 1990 1958 1950 15.70 15.96 0.30
s"fcou.) N 2066 - 1934 -  15.32 15.74 0.32
CH 2072 1985 1952 1945 15.61 15.89 0.31
czﬁs ‘2072 1985 1952 1946 15.61 15.89 0.31
ifcch, 2072 1984 1952 1945 15.60 15.90 0.31
X(R = CH,) |
c1 2080 ‘1989 1971 1956 15.92 '16.05 0.30
OCH 2077 1990 1962 1948 15.78 15.94 0.31
oc A 2077 1988 1962 1949 15.78 15.96 0.31
°'“'ézg7 2074 1990 1962 1949 15.77 15.94 0.30
0-i-C3H) 2074 1988 1057 1942 15.71 15.86 O0.32
oH 2074 1988 1966 1949 15.84 15.94 0.30
NH 2073 1986 1957 1946 15.69 15.90 0.3l
NH{CH,,) 2073 1986 1957 1948 15.68 15.93 0.30
N(cusfz 2074 1990 1952 1943 15.62 -15.88 0.32
SCHZ 2074 1987 - 1950 -  15.56 15.96 0.30
SH 2074 1988 - 1945 -  15.61 15.87 0.31
CH 2071 . 1952 1943 15.61 15.87 0.31
c i 2072 1985 1952 1945 15.61 15.98 0.3l
[?(EO)SMo) ,L 2072 1984 1952 1945 15.60 15.90 0.3l
[P(C.H).]20 2074 1993 1952 1949 15.60 15.95 0.30
[p(cﬁ3§2f 6 2074 1986 1968 1952 15.87 15.97 0.29

p(c6us)203(CH3)2
2074 1994 1953 1949 15.61 15.95

(=]
5
o

a_Hexane employed as solvent. B modes are weak and placed with an
uncertainty of several wave numbers. The A, (2) and E bands overlap
to varying extents and the band maxima were determined by graphical

resolution. bREf. 34, cRef. 45.



Perhaps the two most striking pieces of d;ta are those for

the two compleﬁes assigned the ionic structures
[ (C,Hg) gNH] ™ [Mo (CO)  (CGHg) ,PO1™ and [ (C,He) NHI® [Mo (CO) g (CH,) ,PST -

The low values of 15.3 and 15.7 mdyn/R for k1 and kz, respectively,
support the ionic formulation of the complekes. Apparently the negative
charge on oxygen or sulfur of the phosphinite or thiophosphinite ligands
lowers the ﬂ-acceptor.capacity of the phosphorus atom and demands a
greater amount of charge delocalization into the x* orbitals of the
carbonyl groups than is possible with neutral phosphine ligands.

Overall, the observed range in the stretching frequencies
and the force constants calculated therefrom is not large, and extensive
spéculation concerning the relative w acceptor capabilities for the
various ligands is probably not warranted. However, a general order
of apparent electron withdrawing ability for the RZPX ligands is possible.
The order is based mainly on trends in the value of kl. Since k1 is
the force constant of the:CO group trans to the ligand in an Mo(CO)sL

complex, k, is expected to be more sensitive to the electronic nature

1
of the phosphinenligand than k2’ inasmuch as the phosphine ligand and
the CO molecule are sharing the same metal orbital.

The general order of apparent electron withdrawing ability
for the RZPX ligands is X = Cl>0R'5NR'é>CH3 or C6H5. Surprisingly,
there are little differences in acceptor cépacity between the series
(CGHS)ZPX and (CH3)2PX although-(C6H5)3P wa; found to be a better
acceptor than (CHS)SPIOI. Attempts to order extensive lists of ligands
with resﬁect to their = acceptor ability have been made.67 The gross

trend in the acceptor capacity of the RZPX ligands is best rationalized
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in terms of the electronegativity of the atom X. At first glance

the cbserved = accepfor capacity does in fact follow the known electro-

negativity of fhe atom X. As the electronegativity of X increases, the
pi-acceptor ability of the phosphine ligand also increases. However,
the pifacceptof_capacities of RZPNR'2 and RZPCH3 are ver& similar.
Further, the acceptor ability of RZPNR'

2 shows a marked dependence

on the nature of R'. The "best" pi-acid of the series is RZPNH2 and

the "poorest" is RZPN(CHS)Z' Although tﬁe phosphorus atom is bonded
to nitrogen in each case, the electronegativity of nitrogen is affected
by its substituents. This result is best ekplained by suggesting that
a certain amount of pr-dm nitrogen to phosphorus bonding is possible.

Other workers have also suggested the need to postulate pm-dm bonding

102

of the type mentioned above. Morris and Nordman found that the

phosphorus, nitrogen and carbon atoms of F PN(CH were almost planar

2 3)2
and suggested the hybridization about nitrogen to be nearly pure spz.

In addition, the P-N bond length -was shorter than the sum of the co-
valent radii for phosphorus and nitrogen.
A Cowly and Schweiger103 presented evidence for strong
pr-dw bonding in the.compounds (CFs)szHQ’ (CFSS)ZNH, and PFS(NHZ)Z
31P 15

based on the magnitude of the -""N coupling constant. Jones and
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67

coékran . also have postulated pr-dm bonding in order to rationalize

spectral observations. The most compelling evidence for the pi-bonding

theory has been reported by Barlow 53_31,104 A series of molybdenum

carbonyl complexes containing fluorophosphine ligands were synthesized.

The following decreasing order of pi-acceptor capacity was found:

2V (CF3),
(R,N) PF>>R,P.

CFSPF (CF.) ,PF>PF >CC13PF2>C1CH PF _~C_H PF2>ROPF >R_NPF

282 els 2> R NPE>RPF (NR )

3

The greater ability for CF3PF and (CFS)ZPF to accept pi-electron

2

7 must arise from the fact that a CF3 group

cannot pi-bond to phosphorus. Even though fluoride is more electronega-

density compared to PF

tive than CF,, fluoride-phosphorus pw-dm bonding reduces the "effective

33
electronegativity'" of a fluoride group compared to a trifluoromethyl
group in this situation.

Thus, pw-dr bonding from nitrogeﬁ to phosphorus in the
ligands RZPNR'2 effectively lowers the ability of phosphorus to accept
electron density from a transition metal and R_PNR'_ and RZPR' become

2 2
nearly equivalent in their pi-acceptor capacity. Some evidence exists
rfor pi-bonding between phosphorus and okygeﬂ in RZPOR' ligands. Pre-
sumably, the pi interaction between phosphorus and oxygen is weaker
than pi interaction between phosphorus and nitrogen for two reasons.
First, the greater elect;onegativity of oxygen works in a direction
opposite to oxygen to phosphorus pi-bonding. And, secondly, the in-
ductive effect of a single substituent on oxygen is expected to be less
favorable than that of two groups on a trivalent nitrogen atom.67 Fur-

ther, little change in the pi-acceptor capacity of RZPOR' is observed

as R' is varied, a fact which may reflect the smaller -- even unimportant
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-4'degree of oxygen-to-phosphorus pi-bonding in phosphinife ligands.

Much evidence has been accumulated to support oxygen to
silicon pw-dw Bonding in organosilicon compounds.84 This type of
multiple bond character is supported by the rather large bond angles in
siloxaﬂes and by the much stronger acidity and hydrogen bonding of
silanols such as (CHS)ssiOH compared to (CH3)3C0H. The fact that one
lone pair remains on the oxygen is consistent with £he fact that base
character of the silandl is not much lowered in spite of its stronger'
acidity compared to the alcohol. A similar type of delocalization
from oxygen to silicon in Mo(CO)s[(C6H5)2POSi(CH3)3] would be expected
- to diminish oxygen to phosphorus pw-dm bonding in the siliéon derivative
and thereby enhance its pi acceptor capability as a ligand relative
to the alkoky derivative. However, the differences in k1 and k2 for
(alkyl diphenylphosphinite)- and (trimethylsilyl diphenylphosphinite)-
pentaéarbonylmolybdenﬁm are very small. Conceivably, oxygen to phos-
phorus pr-dw bonding is minimal, if important at all, as was suggested
above in less quantitative terms.

Correlations of CO-stretching frequency data with certain
physical properties of the ligands L have been made for a series of
related derivatives M(COxLy. Bigorgne105 correlated changes in the
grodp R for a series of ligands PR3 in the compounds Ni(CO)4_nLn with
the Taft polarity constant o of the group R which directly reflects
the inductive effect of R. A linear dependence was found between the.
CO-strétching frequencies and o* for the ligands PRS’ where R ='CH3,

Other dependencies have been noted between

C.H H C=cC HS’ or CF

oMs» Cellss 6 3
the CO-stretching frequency and the sum of electronegativities of
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106 dipole moments of substituents,99 and the sum of o*

99

substituents,
for the substituents on a ligand. It must be emphasized that the
success of theée correlations is based on changes in the o-donor
ability of a ligand while the pi-acceptor capacity apparently has
remainéd constant.99

Several attempfs to correlate the infrared data obtained
in this study to physical parameters have been made. No correlation
which includes all the data obtained has been successfui, a fact which

must indicate the importance of pi-bonding in at least some of the

complexes prepared in this study.

~ Proton Magnetic Resonance

Nuclear magnetic resonance studies are of pérticular value
as an aid in interpreting the nature of the molybdenum-phosphorus bond
in complexes of the type Mo(CO}SPRS. Considerable attention has been
given to 31P nmr studies of phosphorus ligands coordinated to metal

107 31

carbonyls. Meriwether and Leto noted the large P chemical shift

differences between uncoordinated and complexed phosphine ligands. They
examined changes in this difference caused by changes in the substituents
on the phosphine, the number of phosphine ligands, and chelation.

Grim 93_21,43 have.examined complexes of’the group VI metal carbonyls

31

in order to allow comparisons of variation of the P chemical shift

with changing atomic weight of the metal while valency and stereochemistry
remain constant as well as to measure 183W—SIP spin-spin coupling con-

stants. Inasmuch as facilities for extensive 31P studies were not

107



av;ilablé at the time this work was underway, no such data will'be
presented in this thesis.

However,'valuable information about a metal;phosphorus
bond may be obtained from proton nmr studies of specifib_comple%es.
Compounds which-gontain a methyl group bonded to phosphorus are
particularly well-suited for study by 1H nmr. Unlike 31? nmr, chemicél
shift differences encountered in 1H nmr for a series of compounds
are generally insensitive to minor changes at the phosphorus atom.
For this reason, most of the information obtained about the nature of
the pﬁosphorus-metal bond is derived from phosphorus-hydrogen coupling
constants.

The methyl resonance of the Mo(CO)s[P(CH3)2X] complexes
appears as a simple doublet near 2 ppm downfield of internal tetra-
methylsilane (TMS). The resonance of the methyi protons in the complexes
is downfield of the corresponding resonance in the free ligand. This
observation is eXpected since the electronegativity of phosphorus in
the coordination complex is greater than that in the free ligand.43
Grim also has noted thé downfield shift of a methyl group in a quarter-
nary phosphonium salt relative to the corresponding free pﬁosphine
and suggests the following general decreasing order of chemical shift
for the 1H resonance of methyl groups bonded to phosphorus.43

R4PCH ,>MPRCH>R ,PCH,,

3 3 2

M = transition metal

The degree of éoupling of the methyl protons with the ;IP nucleus in
the coﬁplexes Mo(CO)S[P(CHS)ZX] varies with the nature of the sub-

s;ituent X and will be discussed in detail below. Nmr data for the
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MotCO)SP(CHS)éx and MO(CO)SP(C6H5)ZX complexes are listed in Tables
4 and 5, respectively. '

The éhemical shift of the methyl’protons in'Mo(CO)S[P(CHS)ZX]
depends on the nature of the substituent x) The ability of the substituent
X to shield the methyl protons closely parallels the ordér observed
in organic molecLles. The following decreasing order for the chemical
shifts of the methyl protons was observed in the Mo(CO)s[P(Cﬂs)zx]

complexes:

X = C1>SR>0R>NR2&R

Cleariy, the observed differences in chemical shift for the methyl

groups are small and any physical significance attached to these changes
is difficult to assess. As was the case with the infrared spectra

of these complexes, subtle changes in the nature of the phosphine

ligand have provided only slight variations in ; given spectral parameter.
Attempts to correlate the observed chemical shifts with Hammett and

Taft parameters for the substituent X were unsuccessful. Also, no

direct relationship was observed between the chemical shift and

Yeo? Cotton-Kraihanzel force‘constants, or éoupling constants for the
complexes.

The values of 2J(PH) for the Mo(CO)SP(CHS)ZX complexes are
quite different from the values of 2J(PH) for the free ligands. Values
of 2J(PH) for several methylphosphine compounds are listed in Table 6
for comparison. The differences in ?J(PH) between free phosphines and

108

their complexes are of particular interest. Manatt et al. have

suggested that the sign of the geminal coupling P-C-H (2J(PH)) in a
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TABLE 4

14 NMR DATA FOR Mo (CO) P (CH,) X COMPLEXES?

X CH3-P° |25@P)| tcH -E®  |3(P)| Other®

(ppm) (Hz) (E=O,N,S) (Hz)

AO
OCH3 ~ 8.23d 5.0 6.49d 13.6
0C2Hs 8.28d 5.0 6.28° 7.9 CH3C:78.73t [3J (HH)=7.0 Hz]
0-n-CsH;  8.25d 4.9 ~  6.40% 7,79 CH3179.07tCCH,C:78.35m
0-i-CsH;  8.32d 4.7 5.87° 12.4° CH3C:78.77d[3J(HH) = 5.9 Hz]
NHp . 8.38d 6.4 NHp':18.0br
NH (CH3) 8.43d 5.7 7.41d 10.8
N(CH3)» 8.42d 5.4 7.45d 12.3
SCoHs 8.18d 4.3 7.26° 7.8 CH3C:78.65t [3J (HH) =
7.5 Hz]

SH 8.08d 4.8 SH:17.84
OH 8.22 5.5 . OH:t4.5
GHj 8.50 7.1
CeHs 8.19 7.0
a

CS, solutions, T values relative to internal TMS at t10 ppm.

Abbreviations: s, sihglet;'d, doublet; t, triplet; m, multiplet;
br, broad. '

Apparent quintet; coupling constant measured from doublet obtained
upon spin decoupling from the CH3C group.

Apparent quarter; coupling constant measured from doublet obtained
upon spin decoupling from the CCH, protons.

Apparent septet; coupling constant measured from doublet obtained upon
spin decoupling from the CH3C groups.

110



TABLE 5

2H NYR DATA FOR Mo (C0); P(C.H,) X COMPLEXES®

b

i-C3H7

a CS., solutions. 1 values relative to internal TMS at <

b 2

Abbreviations:

X tCH3Pb |25 up)y | 1CH_-E |35P)| other?
(ppm) (Hz) (E=O,N,S) (Hz)
OCH, 6.56d 13.2
oC_H 6.36° 6.5° : 3yam)=
JHe . 6.5 CH,C:18.75¢ [ ()=
d d 6.9 Hz]
0-n-C_H, 6.50 6.4 CH,C 179, 09tCCH,C178.40m
. e e 3
0-i-C.H, 5.56 10.8 CH,C:t8.92d [*J (HH) =
6.2 Hz] -
081 (CH,) CH,Si:19.95s
NH, NH, :7.54br
NH(CH,) 7.68d 10.1
N(CH,),, 7.40d 11.7
SCH, 7.74° 6.4° QESC:18.99[3J(HH) -
7.5 Hz]
cH, 7.97 5.8
CH, 7.4 CH,C:79.01 [%J (HP) =
17.8 Hz; SJ(HH) =
7.4 Hz]
CH CH,C17.65
15.5 CH,C:78.98 [*J(HH)=

6.8]
CH: 7.66

10 ppm.

s,singlet; d,doublet; t,iriplet; m,multiplet; br,broad

¢ Apparent quintet; coupling constant measured from doublet obtained
upon spin decoupling from the CgSC group.

Apparent quartet; coupling constant measured from doublet obtained

upon spin decoupling from the CCf_i_2 protons.

¢ Apparent septet; coupling constant measured from doublet obtained

upon decoupling from the CESC groups.
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TABLE 6
VALUES OF 2J(PH) FOR SEVERAL METHYLPHOSPHINES

PHOSPHINE 2J§PH! - REFERENCE
(CHS)SP +2.7 a.
(CH3)2PC1 +8.7 Ref. 7
' P +8.3 a.
CH,PC1, +17.6 | b.
(CH3)2PN(CH3)2 +5.7 ' c.
CHSP[N(CH3)2]2 +8.0 Ref. 67.
(CHS)ZPOCH3 +5.5
CHsP(OQHs)2 +8.5 ' Ref. 67
(CHS)ZPSCH3 +6.5 . Ref. 7
(CHS)ZPCGHS +3.4 - d.
CHSP(CGHS)z +4.2 - d.
(CHS)ZPCN +4.5 e.
CHSP(CN)2 o +7.5 é.;.
a. -R. K. Harris and R. G. Hayter, Can. J. Chem., 42, 2282 (1964).
b. J. F. Nixon and R. Schmutzler, Spectrochim., Acta,, 22, 565 (1966).
c. A. Clemens and H. Sisler, Inorg. Chem., 4, 1222 (1965).
d. P. K. Maples, Ph.D. Thesis, Lehigh University, 1968.
e. C. E. Jones and K. J, Coskran, Inorg. Chem., 10, 1536 (1971).
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variety of trivalent phosphorus compounds is positive and that the

2J(PH) becomes more negative as the s character of the phos-

value of
phorus bonding-orbitals tobcarbon increases. The sign of 2J(PH)
apparently becomes negative in all recorded instances when three-
covalent phosphorus is converted into a four-covalent species such as

109-111

an oxide, sulfide, or quarternary salt. For example, 2J(PH) in

P(CH.), is +2.7 Hz, but Z2J(HP) in (CH,) ,P* and (CH,) PO are -14.4

3)3
and -13.3 Hz, respectively. The hybridization about phosphorus in

+ . . .
(CH is nearly pure sp3 and more s character is expected in that

34P
P-C bond than in P(CHS)S' .

Presumably, the sign of 2J(PH) in the dimethylphosphine
complexes prepared in this study is also negative. Upon complekation
to a metal carbonyl, the phosphorus atom is partially oxidized because
of donation of its lone pair to the metal. This results in an increase
in the s character ofithe PC bond, and the value of 2J(PH) for the
complexed ligand should be more negative than for the free ligand.
Jones and Coskran67 have Sugggsted that 2J(PH) is negative in the
complexes [(CHSO)ZPCHS]nMO(CO)6—n' They argue that in going from the
mono- to di- to trisubstituted compounds, the phosphorus atom is oxidized
to a lesser extent, because increased negative charge is placed on the
metal as a result of the increased substitution of the weakly basic
carbon monoxide grbups by fhe more basic phosphine ligands. Consequéntly,
there should be less s character in the PC bonds and 2J(PH) should
become'more positive with increased substitution. They observed values
for IZJ(PH)l of 3.0, 2.5, and 1.0 Hz for the mono-, di-, and tri-

2

substituted complexes, respectively. These values of “J(PH) were
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sﬁggested to be negative in order to show the required increase in

67 The difficulty in choosing

2J(PH) with increased substitution.
a correct sign-for 2J(PH) was compounded by the fact that the absolute
value of the coupling constants was so close to zero.

As a result of part of the work completed for this thesis,
compelling evidence is évailable for assigning negative values to
2J(PH) in coordinated methylphosphine ligands. The trend in o-donor
strength of a series of ligands, e.g., (CH3)2PC1, (CHS)ZPOCHS’ and
(CH3)3P is predictable based on the electron-withdrawing capability
of the X substituents. Qualitatively the order of increasing o-donor
- strength for these ligands should be

(CH,) ,PC1< (CH,) ,POCH < (CH,) ,P
The more basic (CHS)SP should oxidize molybdenum to a'greater extent

than (CH;),PC1, and thus 23 (PH) for Mo(CO) (P (CH,) , should be more

33
negative than 2J(PH) for Mo(CO)sP(CHS)ZCI. Since the absolute values
of 2J(PH) for the complexes Mo(CO)SP(CH3)2C1 and Mo(CO)SP(CH3)3 are
3.8 and 7.1 Hz, regpecfivély,-and since the coupling constant for
Mo(CO)SP(CH3)3 must be the more negative of the pair, the coupling
constants must be negative.

In general, as the substituents of the phosphorus ligand
become more electrqn—withdxawing, the value of 2J(PH) increases.
Significantly in Mo(CO)S(CHSPCIZ)'the s character in the PC bond
decreases enough so that 2J(PH) becomes zeré and the nmr spectrum of

Mo(CO)SCCHSPCIZ) appears as a sharp singlet. Greater electron-with-

drawing substituents on phosphorus should give rise to further increases
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ihsz(PH) for the complexed ligands. With ligands such as CH.PF,
and_(CFs)ZPCH3 the coupling constant should be;ome,non4zero again,
but the values,of 2J(PH) for Mo (CO)(PCH.F,) and Mo(CO) 5 [CH P (CF,) ]
would have positive signs. '

| An empirical relationship between 2J(PH) in the free ligand
and in the complex is'sﬁown in Figure 13. The s character in the phosphorus-
carbon bonds should vary uniformly between the complexes and the free
ligand if the pentacarﬁonylmolybdenum group oxidizes eaéh phosphorus
ligand to its maximum possible extent.

Although a linear relationship might be anticipated, Manatt

- et al. have pointed out that a good linear relationship beﬁween S
character and the phosphorus-hydrogen coupling constant probably does

not exist_.108

The graph shown in Figure 13 effectively measures the
difference in s character in the PC bonds between a phosphine ligand
and its monosubstitutéd molybdenum carbonyl complex and probably is
not linear. Attempts to correlate 2J(PH) with various classical sets
of resonance an& inductive parameters of substituents were unsuccessful.
Jones and Coskran have suggested that the methyl coupling
constant gives an indication of the strength of the metal-phosphorus
¢ bond, if 2J(PH) in these complexes is a reflection of the extent of
phosphorus to metal c—donation.67 Attempts to separate the o and pi
components of a mefal-phosphorus bond using infrared sﬁectral data have
met with only limited success.112 Some qualitative idea of the relative
.amount$ of sigma and pi bonding in a transition metal-phosphiné complgx
might be obtained from 2J(PH) and the CO-stretching force constant kl.

A large negative value for 2J(PH) suggests strong sigma bonding for a

phosphine ligand whereas a large value for k1 reflects effective metal-
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Figure 13.

2,(PH) FOR FREE LIGAND

Plot of 2J(PH) in several trivalent methylphosphines
vs. 2J(PH) in their analogous Mo(CO)- complexes.

Coupling constants in Hz.
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phosphorus pi bonding. For example, 2J(PH) for Mo(CO)SP(C6H5)2'CH3
is -6.0 Hz suggesting good metal-phosphorﬁs siéma interéction, and the
value of 15.6 for k1 suggests good pi bonding also. However, the
same values for Mo(CO)S(CHSPCIZ) are 0.0 and 16.2; respectively. The
weaker_sigma bonding in Mo(CO)S(CHSPCIZ) is compensated for by increased
pi bonding. : |
Thisiparticular method for qualitatively assessing the rela-
tive sigma and pi contribution to a metai-phosphorus bond is obviously
limited to complexes of methylphosphine derivatives. Perhaps its
greatest value is derived from the fact that numbers are being used to
reinforce long-standing qualitative concepts of organometallic chemistry.
The chemical shift and coupling constants of protons three
or more bonds away from phosphorus are relatively insensitive to change
upon complexation. Resonances due to OCH3 or N(CHS) groups bonded to
a metal-complexed phosphorus atom appear as doublets at somewhat lower

field than the P(CH resonance. The values of 3J(PH) in the metal

32 | _
complexes remain essentially unchanged from their free-ligand values.
Spectroscopists have recognized that 3J(PH) depends on

several factors.108

Clearly the nature of the atoms and their sub-
stituents between the phosphorus atom and the proton of interest is
important (Table 7). The dihedral angle from phosphorus to the proton
is also significant. Thﬁs, 3J(PH) is 13.6 Hz in Mo(CO)SP(CHS)ZOCH3

but only 7.9 Hz in Mo(CO)SP(CHS)ZOCHZCH (The value of 3J(PH) in the

3.
latter complex was obtained after the methyl protons of the ethyl group

were decoupled.) Rapid rotation about the P-0-C bonds in Mo(CO)SPRZOCH3
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TABLE 7

SEVERAL VALUES OF 3J(PH) FOR COMPOUNDS OF THE TYPE R PECHS_nR'

2 n

3

COMPOUND E - SJ(PH) REFERENCE
. Mo (CO) P (CH,) ,0CH, [ 13.6 a.

Mo (CO) P(CH) N(CHy), N 12.3 a.

(CH 0) ;PO o 11.0 . b.

Mo (CO) (P(CHg),i-CoH, € 15.5 a.

Mo (C0) P (CcH) ,CH C 7.4 | a.

Mo (C0) gP (CH) ,0C H 0 6.5 a.

Mo (C0) P (CHy) ,SCHe S 6.4 a.

a. This work
b. J. F. Nixon and R. Schmutzler, Spectrochim. Acta., 22, 565 (1966).
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an&.Mo(CO)SPRéOCHZCH3 allows each set of protons to experience fhe same
environment on a time averaged basis. However, consideration of specific
static conformation for each of the compiexes as shown in Figure 14
suggests an explanation for the differences in the magnitude of 3J(PH)

for the two comp}eies. The value of 3J(PH) for Mo(CO)SPRZOCHS‘is

given by the ekpression

3 3 :
3J(PH) - 2( J(PHa)) + J(PHb) i )
3 :

whereas >J(PH) for Mo (CO) (PR,OCH,CH, would be either

2OCHCHy
33cem) = 3J(puc) or (2)
5 3J(PH&) + 33(PHe)
J(PH) = (3)

2

Using expression (1) a value of 10 Hz is obtained for 3J(PH) for

Mo (CO) .P(CH.,) ,OCH The disagreement with theAekperimentally observed
: 5 372 .

3
value of 13.6 Hz is not severe inasmuch as the approximate values

for 3J(PHb) and 3J(PHa)'assumed from 3J(PH) for Mo(CO)sP(CHs)ZOCH(CHS)2
and MO(CO)SP(CHS)ZOCZHS’ respectively, are'certainly subject to error
arising from substituent effects. Recently, Thomson EE_QL.IIS were

able to show clearly by variable temperature nmr spectroscopy that there

are two different values for 3J(PNiCH) that must be considered in

n-C5H5N1P(C6H5)3CH251(CH3)3.

The mmr spectra of the compounds Mo(CO)SP(Cﬂs)ZOP(Cﬂs)zMo(CO)s
and Mo(CO)SP(CHS)ZOP(C6H5)2M0(C0)5 appear as ''triplets'" rather than
simple doublets. This apparent triplet" is a result of both phosphorus-

hydrogen and phosphorus-phorphorus coupling and has previously been
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FIGURE 14. RIGID CONFORMATIONS OF
E-CH,-R  VIEWED ALONG THE E-C AXIS.
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observed in a variety of compounds.46 The>comp1exes mentioned above
give rise to spectra characteristic of XGAA'XGOand'X6AA' systems,
respectively. The separation of the outermost peaks of the triplet is
. . 65 .. .

discribed by lJAX + JAX'l' Since JAx,takes place th;ough four
bonds, it is probably very small and IJAX + JAX" becomes a good
approiimation fér 2J(PH). The values of 4.0 and 4.1 Hz measured for
Mo(CO)SP(C6H5)20P(CH3)zMo(CO)5 and {[Mo(CO)SP(CH3)2]20}, respectively,

are presumed to be negative.
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PART 1I
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"~ "INTRODUCTION

-

The conformation of the 1,3;2-d£bxaphosphorinane ring and the
conformational preference of substituents on such a ring have received
considerable attention in recent years. Although studies on the cyclic
organoéhosphorus.compounds were preceeded by investigations on other
six-membered heterocycles such as cyclohexanes, dioxanes, and sulfites,
no direct comparisons could be made regarding the stereochemical re-
quirements between any iwo families of compounds. Therefore, particular
interést has been focused in three main areas in the study of 1,3,2-
dioxaphosphorinanes. First, whether the preferred conformation of the
phosphorus heterocycle is a chair or a boat must be determined. Se-
condly, the presence or absence of conformational equilibria must be
established. Most 1,3,2-dioxaphosphorinanes have been found to exist
in a rigid chair conformation in solution, but several cases are well
documented in which mixtures of rapidly interconverting conformers
are present in solution. Thirdly, the configuratioh of substituents
on phosphorus and on the ring carbon atoms must be determined. In this
respect the spatial requirements of the lone electron pair on trivalent
phosphorus must be considered.

Gagnaire gg_gl.ll4 were émong the first investigators to
speculate extensively about the stereochemical requirements of 1,3,2-
dioxaphosphorinanes. They concluded that derivatives of 2-R-5,5-
dimethyl-1, 3, 2-dioxaphosphorinane (hereafter referred to as 2-R-DMP)
exist . in a rigid chair conformation with the substitueﬁt R oriented

in the equatorial position
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CHz

/ 0 CHy

‘R AP~ 0
0y

115-117 \ere able to conclude that a rigid chair was

Also, White et al.
the preferred comformation for the 2-R-DMP derivatives, but they argued
for an axial R substituent. Gagnaire's arguménts for an equatorial
substituent were based largely on the presumed steric needs of~a

typical substituent. On the other hand, the results of crystal structure
determinations of several 2-oxo-1,3,2-dioxaphosphorinanes showed a
flattening of the OPO end of the phosphorus ring. Thus, White et al.
reasoned that a simil#r flattening should occur in the 1,3,2-dioxa-
phosphorinanes. The flattening of the ring should serve to relieve
steric interaction between the axial substituent at phosphorus and the
ring, but electronic interaction between an axial lone pair on phos-
phorus and the lone electron pairs of the oxa-group would still be
severe.

Further support that the assignment of an axial R group in
1,3,2-dioxaphosphorinanes was correct came ffom Bentrude ggﬂgl.lls-llg
X-ray analysis of the stereospecific oxidation products of 2-methoxy-5-
t-butyl-1, 3, 2-dioxaphosphorinane suggested an axial methoxy_group and

0 ‘ H
T_,——o : t-Bu
OCH,

an equatorial lone pair in the thermodynamically more stable trivalent

1,3,2-dioxaphosphorinane (2). Recgntly,'however, two independent
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studies have shown that the thermodynamically preferred configurétion
for a 2-dimethylamino-1,3,2-dioxaphosphorinane is one in which the

2-dimethylamino group is oriented equatorially and the lone pair on

120,121

phosphorus axially. These findings further support the idea

that electronic interactions at the phosphorus end of the ring are
probably the dominant force in determining the configuration at phos-
phorus. The dimethylamino group has nearly the same steric require-
ments as an isopropyl grouplzo, but its electronic effects with a
lone pair on nitrogen are clearly different.

Structural studies, both X-ray determinations and nmr analyses,
have been carried out on a number of 2-oxo-2-R-DMP derivatives as

115,122-129

well as on other 2—oxo-1,3,2-diokaphosphorinanes 3 Most

of the 2-oxo derivatives exist in solution in chair conformations,

/o Ry
$Z—0 4 Ry
X ' 3
H .
but the mobility of the heterocyclic ring is very dependent on the R

o

group at phosphorus. Generally, when X is chloride or alkoxide, a
single rigid conformer exists in solution with the X group oriented
axially. However, when X is methyi, phenyl, trityl, or dimethylamino,
a mixture of rapidly interconverting conformérs exists in solution.
Furthermore, Majoral 33_33,122-128 have shown that the ratio of con-

formers in Equation 111 X = phenyl, depends both on temperature and

on the nature of the solvent employed

: 0 .
0~ - 11 1 :
0 L R, x/‘\\ (111)
' ) -—— .
X o 12

5 R



_Not all 2-0&0-1,3,2-di6kaphosphorinanes exist in chair con-
formations. The compound cis-2,5-di-t-butyl-2-oxo-1,3,2-dioxaphos-
phorinane (4) assumes a boat conformation with both t-butyl groups

oriented in equatorial positions.lso

B
t-Bu ‘:\0 t-Bu

b .(ﬂ)

Presumably the steric requirements

of the two bulky organic groups are dominant in determining the
stereochemistry of this specific compound.

The variety of results obtained in studies of 1,3,2-dioxa-
phosphorinanes appears to be dependent to a large extent on the nature
of.the group coordinated to phosphorus. This fact suggested that
transitioh metal carbonyl derivatives of 1,3,2-dioxaphosphorinanes
might also display properties directly attributable to the presence of
a metal carbonyl. Parrot131 has réported the preparation of several
metal complexes of 2-CH301DMP and 2-C6H50-DMP. Although he suggested

that the metul carbonyl group occupies an equatorial position at

131 an exhaustive study of the chemistry

phosphorus in a éhair conformer,
of metal carbonyl complexes of 1,3,2-dioxaphosphorinanes was not
undertaken.

Specifically, the work described herein was undertaken in
order to ascertain how a large metal carbonyl moiety coordinated to a
1,3, 2-dioxaphosphorinane ring through phosphorus would influence the
ring conformation, conformational equilibria, the stereochemistry of
substituents at phosphorus, the chemical reactivity at phosphorus, and

the phosphorus-hydrogen coupling constants.
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'EXPERIMENTAL

Sources of materials and physical techniques have been

described in the E%perimental Section of Part I.

2-Chloro-5,5-dimethyl-1,3, 2-dioxaphosphorinane.

132 was used to

An adabtation of the procedure of Lucas.
prepare 2-C1-DMP. A solution of 1 mole (104 g) of 2,2-dimethyl-
1,3-propanediol in 200 ml of diethyl ether was added dropwise to a
vigorously stirred soiution of -1 mole (137 g) of PCl3 in 150 ml of
dichloromethane. Solvents were removed under aspirator vacuum
leaving a pale yellow liquid. This liquid was distilled to give
120 g (71%) of clear, colorless 2-C1-DMP, bp 78°/22 torr (lit.,.1®

70°/12 torr).

2-Phenyl-5,5-dimethyl-1, 3, 2-dioxaphosphorinane.

vA literature method117 was used to prepare 2-C6H5-DMP. A
solution of 11.6 g of 2,2-dimethyl-1,3-propanediol in 150 ml of ether
was added slowly to a well-stirred mixture of 20 g of C6H$PC12 and
23 g of triethylamine in 200-m1 of ether codled in an ice bath. The
precipitate of triethylammonium chloride was removed by filtration
and washed several times with ether. The ether from the combined
filtrates was removed under aspirator vacuum leaving a thick oil.
The o0il was distilled unde? high vacuum to give 12 g (61%) of 2-C6H5-DMP

117

as a viscuous liquid, bp 96°/0.5 Torr (lit 100°/1.5 torr), which

solidified on standing, mp 82-83°.
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2;S,S-Trimethyl-l,3,2-dioxaphosphorinane.

A procedure identical to that used for 2—C6H5-DMP was used

to prepare 2-CH3-DMP from 24 g of CH%PCI 20.8 g of 2,2-dimethyl-

2’
1,3-propanediol, and 40.4 g of triethylamine. Distillation of the
crude liquid gave 15 g (51%) of clear, colorless, air-sensitive 2-CH3-DMP,

bp 60-61°/1 torr.

2-Methoxy-5,5-dimethyl-1,3,2-dioxaphosphorinane.

A solution of 10 ml of methanol in 50 ml of ether was added
to a well-stirred solution of 16.3 g of 2-C1FDMP and 10.1 g of tri-
ethylamine in 150 ml of ethef. The mixture waé filtered and the pre-
cipitate of triethylammonium chloride was washed with 50-ml portions
of'hexane. Solvent was removed from the filtrate under aspirator
vacuum leéving a clear liquid. The pure product was obtained in 95%
yield after distillation as a clear, colorless liquid, bp 66°/21 torr

116

(1it, 65-66°/23 torr).

2-Thiophenoxy-5,5-dimethyl-1,3,2-dioxaphosphorinane.

A solution of 11 g of thiophenol in 50 ml of ether was added
to a solution of 16.8 g of 2-C1-DMP and 10 g of triethylamine in 150 ml
of ether. The triethylammonium chloride was removed by filtration
and washed with ether. Ether was removed from the filtrate under
aspirator vacuum, ieaving 5 white solid. The solid was recrystallized
from pet ether to give pure 2-C_H_S-DMP as a'&hite solid, mp 72-74°

65
@it.}® 70-75°) in 94% yield.
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2-Dimethylamino-5,5-dimethyl-1,3,2-dioxaphosphorinane.

A three-necked 500-ml flask was fitted wiih a stirrer, con-
'denser; and a gas inlet tube. A solution ;f 16.8 g of 2-C1-DMP in 250 ml
of ether was stirred vigorously as dimethyiamine was passed rapidly into
the flask. The flow of gas was continued for 15 min aftér which the
Teaction mixture.was filtered to remove the dimethylammonium chloride.
The precipitate was washed with two 50-ml portions of hexane. Solvent
was removed from the filtrate, leaving a colorless liquid. Pure

2-N(CH3)2—DMP was obtained upon distillation as a colorless liquid,

bp 819/21 torr, in 76% yield.

2-Hydroxy-2-ox0-1,3,2-dioxaphosphorinane monohydrate.

The method of McConnell and Coover133 was used for the pre-

paration of 2—0H-2-oxo-DMP-H20. Anal. for C5H1104P‘H20: Caled. C,

32.60; H, 7.06. Found: C, 32.68; H, 7.06; mp 174°.

2,?,5,5-Tetramethy1-1,3,2-dioxaphosphorihanium Iodide.

A solution of 3.0 g of 2-CH_-DMP and 25 ml of diethyl ether

3
was stirred vigorously'as 4.0 g of methyl iodide was added dropwise.
The resulting precipitate was filtered under nitroéen, washed with two
25-ml portions of hexane and dried in a stream of purified nitrogen.
The yield of white solid, mp 134° (dec) was nearly quantitative. The
complex is stable under a.nitrogen atmosphere but slowly decomposes in
a vacuum. Anal. Caled. for C17“i61°zp:- C, 28.93; H, 5.54.

Found: C, 28.96; H, 5.69. |
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Diéthyl tert-butyl (methyl)malonate.

A three-necked 3-1 flask was fitted with é condenser, a
mechanical stifrer, and a pressure equalizing dropping funnel. The
flask was charged with 1500 ml of Egzg;buténol. Slowly, 82 g of
potassium metal was added to the tert-butanol in small pieces. After
all the'potassiu; had reacted, 432 g (2 moles) of diethyl tert-
butylmalonatel34 was added rapidly through the dropping funnel.

The. solution darkened to:a deep red colof at this point. The flask
was arranged for distillatioh and the tert-butanol was.removed by
distillation at atmospheric pressure. As the volume of the solution
decreased, toluene was added. This process was continued until the
boiling point of the distilling vapor reached that of toluene, 110°.
The volume of the solution was adjusted to about 800 ml with additonal
toluene. |

After the deeply colored solution had cooled, 310 g (2.18 mol)
of.methyl iodide was added dropwise to tﬁe solution of diethyl tert-
butyl (potassio)malonate. The mixture wasvstirred for an additional hour
after the addition of hethyl iodide was complete. The solution was
allowed to cool and 800 ml of water was added to dissolve the precipi-
tated sodium iodide. The organic layer was separated ahd the remaining
aqueous layer was extracted with two 100-ml portions of ether. The
organic phases were combiﬁed and then shaken with 100 ml of a 10%
aqueous solution of sodium thiosﬁlfate to reduce any free iodine in the

organic layer.. The solvents were removed under aspirator vacuum and the

remaining liquid was distilled from 1 g of zinc metal.. Pure diethyl
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teft-butylOmethyl)malonate was obtained upon distillation as a clear,

colorless liquid, bp 116-119°/13 torr (lit135

bp 100°/5 torr) in 61%
yield. The nnr spectrum of the product (CCl4 solution) has peaks at
6 1.09 (singlet, tert-butyl), § 1.24 (triplet, 0CH2C§3), § 1.43 (singlet,

C-CH,), and 4.10 (quartet, OCH,CH,) .

]

2-tert-butyl-2-methyl-1, 3-propanediol.

A procedure outlined by Lam.pman_l36 was adapted for the reduc-
tion of diethyl tert-butyl (methyl)malonate to the corresponding diol.
A mixture of 61 g (1.6 mol) of LiAlH4 in 1200 ml of ether was stirred
vigorously as 230 g (1 mol) of diethyl tert-butyl(methyl)malonate was
added dropwise. The reaction vessel was cooled by an external ice bath
during the addition. The ice bath was removed and stirring was con-
tinued for another hour. The resulting dark gray slurry was transferred
to a 4000-ml1 beaker. A 30% solution of sodium tartrate was added very
carefully and with vigorous stirring to the reaction mixture to complex
aluminum salts and release the diol. No further tartrate solution was
added when the precipitate appeared white throughout. The tartrate
complex was removed by filtration. Ether was removed from the filtrate,
leaving a white solid which was distilled to give the product as a
clear, colorless liquid, bp 134-136°/13 torr, which solidified on
standing, mp 122-124°. The solid tartrate was extracted with ether in
a Soxhlet apparatus for 3-4 days to yield more diol. The overall yield
was 108 g (74%). .

An ihtegrated nmr spectrum in CHC1, gave the correct ratios

3
for the tert-butyl protons at § 0.87, the methyl protohs at 6 0.96,

apd the methylene protons as a complex multiplet at § 3.8. Anal.

Calcd. for 08H1802: C, 65.75; H, 12.31. Found: C, 65.48; H, 12.11.
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z-éhloro-S-methyl-s-tert-butyl-l,3,2-dioxaphosphorinane.

A solution of 73 g (0.5 mol) of.z-ggggfbufyl-z-methyl-l,3-
propanediol inl200 ml of ether was added d;opwise to a solution of 70 g
(0.51 mol) of PCl3 and 101 g (1 mol) of triethylamine in 400 ml of ether
cooled in an ice bath. The triethylammonium chloride was removed by
filtration and w;shed with two 100-ml portions of ether. Ether was
removed from the filtrate under aspirator vacuum, leaving a pale yellow
0il. The oil was distilled to give 61 g-(58%) of 2-C1-MTBP, bp 84°/2 forr,

as a colorless liquid which solidifed on standing. Anal. Calcd. for

08H166102p: C, 45.71; H, 7.63; Found: C, 45.83; H, 7.81.

2-Methoxy-5-methyl-5-tert-butyl-1,3,2-dioxaphosphorinane.

A solution of 5 ml of methanol and 5 ml of triethylamine in
10 m1 of ether was added dropwise to 6.1 g of 2-C1-TBMP in 100 ml of
ether cooled in an ice bath. The triethylammonium chloride was removed
by  filtration and washed with two 50-ml portions of ether. Ether was
removed from the filtrate under aspirator vacuum. The remaining
liquid was distilled to yield 5.3 g (90%).of clear, colorless 2-CH30-MTBP,
bp 64°/0.1 torr. Anal. Calcd. for CH. ,O.P: C, 52.42; H, 9.23.

971973
Found: C, 52.40; H, 9.10.
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Metal Carbonyl Complexes of 1,3,2—Diokaphosphorinanes.

(2-Chloro-5,S-dimethyl-l,3,2-dioxaphosphorinane)pentacarbonylmolybdenum.

A mixture of 6.6 g (25 mmol) of Mo(C0)6 and 4.2 g (25 mmol)
of 2-C1-DMP in 25 ml of methylcyclohexane was heated at reflux for
2 hr. Solvent was removed under aspirator vacuum, and unreacted Mo(CO)6
was removed by sublimation at 40°/0.1 torr. Pure (2-C1-DMP)M0(C0)5 was
obtained in 90% yield as white crystals, mp 92-93°, after two recrystalli-
zations from n-hexane. Anal. Calcd. for C, H. CIMoO.,P: C, 29.64;

1010 7
H, 2.47. Found: C, 29.93; H, 2.61.

(2-Phenyl-5,5-dimethyl-1, 3, 2-dioxaphosphorinane)pentacarbonylmolybdenum.

A mixture of 2.6 g (10 mmol) of Mo(CO)6 and 2 g (10 mmol) of
2-06H5-DMP in 25 ml of methylcyclohexane was hegted at ;eflux for 2 hr.
Solvent was removed under aspirator vacuum and unreacted Mo(CO)6 at
40°/0.1 torr. Pure (2-CHc-DMP)Mo (CO) ¢ was obtained in 70% yield as
white crystals, mp 91-92°, after recrystallization from ethanol/water.
Anal. Calcd. for C16H15M007P: C, 43.05; H, 3.36. Found: C, 42.83;

H, 3.56.

(2,5,5-Trimethyl-1,3,2-dioxaphosphorinane)pentacarbonylmolybdenum.

a. Thermal reaction. A.mixture of 2.6 g of MIo(CO)6 and 1.5 g

of 2-CH3-DMP in 25 ml of methylcyclohexane was heated at reflux for

2 hr. Solvent was removed at aspirator vacuum and unreacted Mo(CO)6
at 40°/0.1 torr. The remaining solid was sublimed at 70°/0.05 torr

to yield pure (2-CH -DMP)Mo(CO)S, mp 97-98°, as white crystals in 54%

3

yield. Anal. Calcd. for C11H13M007P: C, 34.37; H, 3.38.

Found: C, 35.00; H. 3.78.
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. b. 'Reactién of a coordinated ligand. A mixture of 2 g of
(CHSPCIZJMO(CO)S, 4 g of 2,2-dimethy1-1,37propanediél, and 15 ml of
benzene was heéted at reflux for 1.5 hr. fhe cooled mixture was shaken
with 50 ml of water and extracted with twolseparate 25-m1 portions of
ether. The ether extracts were dried over magnesium sulfate, filtered
and concentrated.to dryness under aspirator vacuum to leave a residue

from which pure (2-CH;-DMP)Mo(CO), was sublimed at 70°/0.05 torr in

41% yield.

(2-Metho;y—5,5-dimethyl-1,3,2-dioxaphosphorinane)pentaéarbonylmolybdenum.

a. Thermal reaction. A mixture of 2.6 g of Mo(CO)6 and

3O-DMP in 25 ml of methylcyclohexane was heated at reflux

for 2 hr. Solvent was removed under aspirator vacuum and unreacted

1.7 g of 2-CH

Mo(CO)6 at 40°/0.1 torr. Pure (2-CH O-DMP)Mo(CO)5 was obtained in 76%

3

yield upon further sublimation at 80°/0.05 torr as white crystals,

mp- 93°. Anal. Calcd. for C11H13M008P: C, 33.00; H, 3.28. Found:

C, 33.25; H, 3.24.

b. Reaction of a ;oordinated ligand. A mixture of 1 g of
(Z-Cl-DMP)Mo(Co)5 and 20 ml of methanol was heated at reflux for 3 hr.
The alcohol was removed under aspirator vacuum leaving a gummy residue.
Fractional sublimation at 0.05 torr yielded unreacted starting material

at 50° and pure (2-CH,0-DMP)Mo(CO). at 80° in 60% yield.

3

(2-Ethoxy-5,5-dimethyl-1, 3, 2-dioxaphosphorinane) pentacarbonylmolybdenum.

(2-C.2H50-DMP)M0(CO)5 was prepared in a manner identical to
that described for (2-CH.50-DMP)M0(CO)5 in b above. The pure product

was obtained in 60% yield as white crystals, mp 60-62°.

134



(27Thiophenoxy¥5,S-dimethyl-l,3,2-dioxaphosphorinane)pentacarbonilf

molybdenum.

A mixture of 2.6 g of Mo(CO)6 and 2.4 g of 2-C6HSS-DMP

in 25 ml of methylcyclohexaﬁe was heated at reflux for 2 hr. Solvent
was removed under.aspirator vacuum and unreacted Mo(CO)6 at 40°/0.1

" torr. Pure (2-C6HSS-DMP)M0(C0)5'was obtained in 74% yield upon re-
crystallization from hexane as buff-colored crystals, mp 111-112°,
Anal. Calcd. for C16H15M007PS: C, 40.17; h, 3.14.

Found: C, 40.27; H, 3.39.

(2-Dimethylamino-5,5-dimethyl-~1, 3,2-dioxaphosphorinane)pentacarbonyl -

molybdenum.
A mixture of 2.6 g of Mo(c0)6 and 1.8 g of 2-(CH,) N-DMP

in 25 ml of methylcyclohexane was heated at reflux for 2 hr. Solvent
was removed at aspirator vacuum and unreacted Mo(CO)6 at 40°/0.1 torr.

Pure [2-(CH N-DMP]Mo(CO)5 was obtained in 78% yield upon sublimation

3)2

at 80°/0.05 torr, mp 81-81°. Anal. Calcd. for C,.H, MoNO
P 12111 6MONY;

P: C, 34.86;
H, 3.86; N, 3.39. Found: C, 34.72; H, 3.99; N, 3.61.

(2-Chloro-5,5-dimethyl-1, 3, 2-dioxaphosphorinane)pentacarbonylchromium.

A mixture of 2.2 g of Cr(C0), 1.7 g of 2-C1-DMP, and 20 ml
of methylcyclohexane was heated at reflux for-10 hr. The reaction
mixture was concentrated to dryness under aspirator vacuum. Fractional
sublimation of the residue yielde& un:eacted Cr(CO)6 at 40°/0.05 torr
and pure (Z-CI-DMP)Cr(COJS.at 65°/0.05 torr as white crystals, mp 88-89°,

in 50% yield. Anal. Calcd. for C, H. _CI1CrO. P: C, 33.30; H, 2.77.

1010 7
Found: C, 33.25; H, 2.95. ‘ '
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(24Chloro-5,5-dimethyl-1,3,2-dioxaphosphorinane)pentacarbonyltuggsten.

A mixture of 3.52 g of W(CO)6 and 10 ml1 of 2-C1-DMP was
heated at 150° for 7 hr. Excess 2-Cl-DMP was removed by distillation
at 75°/10 torr. Addition of hexane to the residual oil gave a crude
solid p*oduct. Pure (2-C1—DMP)W(C0)5, mp 97-99°, was obtained as white
.crystals in 63% yield by Subsequent recrystallization of the crude
solid from hexane containing a small amount of activated charcoal.
Anal. Calcd. for C, H ClO PW: C, 24.48; H, 2.04. Found:

1010777
C, 24.74; H, 2.10.

(2—Chloro-5,5-dimethy1-1,3,2-dioxgphosphorinane)tricarbonylnickel.

| A solution of 13 g of 2-C1-DMP in 10 ml of hexane was added
to a well-stirred solution of 15 g of nickel tetracarbonyl in 40 ml
of hexane at such a rate that the carbon monoxide evolution could be
controlled. The total reaction time was 4 hr. Concentration of the
reaction mixture to dryness left a solid residue from which pure
(2-C1-DMP)Ni (CO) 5, mp 103—;04°, was obtained in 79% yield upon re-
crystallization from hexane. Anal. Calcd. for CH, CINiO.: C, 30.87;

8710 5
H, 3.22. Found: C, 31.18; H, 3.47.

(nghlpro—S,S—dimethyl-l,3,2-dioxaphosphorinane)tetracarbonyliron.

A mixture of 7.9 g of triiron dodecacarbonyl, 7.9 g of
2-C1-DMP and 50 ml of dry bénzene was heated at reflux for 45 min.
The solution was allowed to cool to room temperature whereupon a yellow
solid piecipitated. The solid was collected by filtration and washed
with two 25-ml portions of pet ether. Addition of the pet ether washings
to the oil obtained upon conéentratiop of the benzene filtrate caused

precifitation of additional yellow solid. The filtrate obtained after
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removal of this second crop of yellow solid was concéntrated to yield
a red 1iquid. The liquid was distilled at 91-92°/0.04 torr to give
(2-C1-DMP)Fe(C0)4 in 52% yield as a yellow liquid which solidified
on standing, mp 56°. Anal. Calcd. for CQHIOCIFeOGP: C, 32.14; H, 297.
Found: C, 32.29; H, 2.98. |

The yellow solid isolated earlier in the workup was re-
crystailized from hexane to give bis(u-5,5-dimethyl-1,3,2-dioxaphos-
phorinano)diiron heiacarbonyl as a yellow, ﬁicrocrystalline powder,
mp 182-184° (dec). Anal. for CSHIOFeOSP: C, 35.26; H, 3.66.
Found: C, 36.01; H, 3.86.

-(g-Chloro-S-methyl-s—tert-butyl-l,3,2-dioxaphosphorinane)pentacarbonyl-

molybdenum.

A mixture of 14 g of Mo(CO)6, 10.5 g of 2-C17MTBP, and 50 ml
of methylcyclohexane was heated at reflux for 2.5 hr. Solvent was
removed under aspirator vacuum and unreacted Mo(CO)6 was sublimed
at 40°/0.1 torr. The remaining solid was recrystallized twice from
hexane with activated charéoal. The product was obtained in 78% yield
as white crystals, mp 94-95°. Anal. Calcd. for C13H16C1M007P: C, 34.92;
H, 3.58. Found: C, 34.84; H, 3.6l.

The product was shown to consist of 90% chair conformer via

proton nmr.

trans- (2-Methoxy-5-methyl-5-tert-butyl-1, 3, 2-dioxaphosphorinane) -

pentacarbonylmolybdenum (Chair isomer)

A mixture of 2.65 g of Mo(C0)6, 2.1 g of 2-CH_O-MTBP, and

3
25 ml1 of methylcyclohexane was heated at reflux for 2 hr. Solvent
was removed under aspirator vacuum and unreacted Mo(CO)6 at 40°/0.1 torr.
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The‘pure product was obtained in 75% yield upon recrystallizatioﬁ from

hexane as white crystals, mp 91-92°. Anal. Calcd for CI4H19M°08P

C, 38.01; H, 4.30. Found: C, 37.99; H, 4.29.

cis- (2-Methoxy-5-methyl-5-tert-butyl-1,3,2-dioxaphosphorinane)penta-

' carbonyimolybdenﬁm. (Boat isomer)

A mixture of 3 g of (2—C1-MTBP)M0(C0)5 and 25 ml of methanol
was heated at reflux for 425 hr. The cooled mixture was mixed with
75 mi of water from which the product was extracted with three 25-ml
portions of ether. The ether layer was dried with anhy&rous magnesium
sulfate. The ether was removed under aspirator vacuum, leaving a

white solid containing both isomers of (2-CH O-MTBP)Mo(CO)s. The solid

3
was dissolved in a minimum amount of pet ether. Slow removal of the pet
ether in a stream of nitrogen caused preferential precipitation of the
cis isomer. These crystals were further recrystallized from pet ether
to give the puré cis product as white crystals, mp 87-88°, in 30%

14719 8
Found: C, 38.08; H, 4.23.

yield. Anal. Calced. for C,,H, MoO_P: C, 38.01; H, 4.30.

The melting point of a 50/50 (weight/weight) mixture of the

two isomers was 63-65°.
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SYNTHETIC RESULTS

The 1,3,2-dioxaphosphorinane ring-is best prepared by either

of the two syntheses shown in Eq. 112-113.

CH,
Homz\ N(CH)s 0 o,
RPC1, + CleH), —> r'>’° 112)
] HOCH, R
+ (C,H,) NHCI
where R = C1, C6HS’ CH3; or
CH,
/° CH
0
P(OR), + (CH,).C(CH.OH), + P~ 113
(OR) 5 + (CHy),C(CH,0M), : + ROH (113}
OR
R = CH,

The -2-chloro-1, 3,2-dioxaphosphorinanes are reactive and may be used to
prepare other 1,3,2-dioxaphosphorinanes with a variety of substituents

at the 2-position (Eq. 114-116).

0 R R (CH)NH ~——>  2-N(CH;),-DMP  (114)
ﬁloj +  CHOH —  2-CH,0-DMP (115)
c1 |

CHgSH —=  2-C HS-DMP (116)
R = CH

3
Generally, the 2-X-DMP derivaties are colorless liquids which are

easily purified by vacuum distillation. The 2-X-MTBP, 2-X-5-methyl-
5-tert-butyl-1, 3,2-dioxphosphorinane, products are also colorless
liquids and distillable under high vacuum,:but 2-C1-MTBP solidifies

on-standing to a low-melting solid. The 1,3,2-dioxaphosphorinanes are
' 139



oxidi zed by atmospheric oxygen and hydroly;ed by moiéture, but they
may be stored for long periods under nitrogen with no apparent change.
The metal carbonyl complexes of i,3,2-dioxaphosphorinanes
studied in this investigation were synthesized by two different pro-
cedures. Except for (2-C,H.0-DMP)Mo(CO) ¢ and cis- (2-CH,0-MTBP)Mo (CO) .,
.all of the complexes were prepared by a direct reaction between the
free ligand and a metal carbonyl. Nickel carbonyl réacfs with é-Cl-DMP
at room temperature in ah inert solvént to éive Ni(CO)S(Z-Cl-DMP).
Molybdenum hexacarbonyl reacts with a variety of 2-X-DMP's in refluxing
methylcyclohexane (bp 101°) to give the monosubstituted products in
excellent yield. The physical properties of Mo(CO)S(Z-Cl-DMP), Cr(CO)s:
(2-C1-DMP), and W(CO)S(Z—CI-DMP) are very similar. However, the con-
ditions for preparing the chromium and tungstenbcomplekes are much
more severe than for the molybdenum complex. This differing degree of
reactivity has been obéerved_in most reactions of the group VI metal

carbonyls49 and is not unique to the ligand system employed here. In

general, the order of decreasing reactivity of the group VI hexacarbonyls,
Mo(C'O)6>>Cr(CO)6>W(CO)6

has been attributed to stronger pi-bonding in W(C0)6_and Cr(CO)6 than
in Mo (C0).'% |

Triiren dodecacarbonyl gives two products upoh reaction with
2-C1-DMP. The simpie coordination complex, Ee(C0)4(2-C1-DMP), is an
orange solid which may be distilled or sublimed undér high vacuum. A

lemon-yellcw product, 5, which was identified as a dimer containing

bridging 5,5—dimethy1;1,3,2-dioxaphosphorinane groups was obtained also
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and will be discussed in detail in a later chapter in this thesis.

o Fe(CO)3 s
— ! — '
RN o\p/ : \P/O ‘s s
CHe” Ne—0” N7 So—c/ ok,
A Fe(CO)3 (s)

A second procedure employed to prepare complexes of 1,3,2-
dioxaphosphorinanes involved the reactions of coordinated chlorophos-
0-DMP)

phine ligands. Both Mo(CO) (2-CH,0-DMP) and Mo (€0) . (2-C

3 oHs
were prepared by heating Mo(CO)S(Z—Cl-DMP) in methanol and ethanol,

respectively, as shown in Eq. 117.
Mo(CO)s(Z-Cl-DMP) + ROH ~» Mo(CO)S(Z—RO-DMP) + HC1 17)

The 1,3,2-dioxaphosphorinane ring was formed directly by the reaction
between 2,2-diméthy1-1,3-propanediol and (dichloromethylphosphine)-
pentacarbonylmolybdenum in refluxing benzene. No differences in the
phyéical or spectral properties of the two samples of (2-CH30-DMP)M0(CO)5

or the two samples of (2-CH -DMP)Mo(CO)5 prepared by the two different

3
procedures were observed.

In contrast to the complexes studied in Pért I of this thesis
which react feadily at room temperature with ammonia and dimethylamine
to give complexes of aminophosphinelligands, (2-C1-DMP)pentacarbonyl-
molybdenum dissolved in ether does not react at all with either ammonia
or dimethylamine at room temperature. Further, conditions for the

formation of (2-CH_0-DMP)Mo (CO) from.(Z-CI-DMP)Mo(CO) are much more
: 5 5

3
severe compared to those required for reaction of the acyclic complexes

discussed in Part I. For example, Mo(CO)QP(C6H5)2C1 reacts with an
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excess of_warm‘methandl in less than ten minutes, but Mo(CO)5(2-C1-DMP)
may be recrystallized from a methanol/water mixture with essentially

no change. This greater lack of reactivitf'of (2—C1-_DMP)M0(C0)5 probably
arises from steric crowding about phosphorus caused by both the Mo(CO)5
moiety and the heterocyclic ring itself.

._ The metal carbonyl complexes of 2-X-DMP were identified by
eI;mental analysis, infrared spectroscopy, and proton nmr spectroscopy.
All the complexes gave correct analyses for carbon and hydrogen. The
nmr spectra of the complexes show essentially the same features as
the trivalent 1,3,2-dioxaphosphorinanes, and it was conéluded that the
1,3,2-dioxaphosphorinanes formed complexes without disruption of the
heterocyclic ring.

The 2000 cm_1 region in the infrared spectra of the metal
complexes of 1,3,2-dioxaphosphorinanes clearly indicates that complex
formation is between the metal and the phosphorus atom of the heterocyclic
ring.56 Infrared data for the complexes prepared in this study are
listed in Table 8.

The net election withdrawing effect of the phospﬁorinane
ligands is as expected based upon previous observations of complexes
of phosphite esters. Several direct comparisons of force constants
between (2-X-DMP)M0(CO)5 complexes and their isostructural acyclic

cogeners are possible and are listed in Table 9.
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TABLE 8 .
METAL CARBONYL STRETCHING FREQUENCIES (cm™ 1y AND SIMPLIFIED FORCE
CONSTANTS (mdyn/A) FOR M(CO)_(2-R-DMP) and Mo (CO) . (2- X-MTBP)

Compound AWM B, A,® E k, .~»k2 k,
;

Mo (CO) ¢ (2-C1-DMP) 2088 2004 1980 1973 16.03 16.28 0.28
Mo (CO) ; (2-CH,~DMP) 2081 1995 1965 1952 15.83 16.01 0.31
Mo(CO) (2-CJH-DMP) 2081 1996 1969 1962 15.86 16.12 0.29
Mo (CO) (2 -CH,0-DMP) 2083 1999 1970 1959 15.90 16.10 0.30
Mo(CO) (2-C,HO-DMP) 2082 1999 1970 1957 15.90 16.07 0.30
Mo(CO)g (2-C H S-DMP) 2082 1999 1971 -1957 15.92 16.07 0.30
Mo(CO)s[Z-(CHS)zN-DMP] 2078 1992 1958 1948 15.71 15.95 0.31
Cr (C0) ¢ (2-C1-DMP) 2082 2001 1978 1967 16.01 16.18 0.28
W(CO) ¢ (2-C1-DMP) 2089 2003 1977 1967 16.00 16.22 0.30

trans-Mo (CO) ; (2-C1-MTBP)2087 2003 1978 1968 16.01 16.24 0.29
trans-Mo (CO) . (2- '

CH,O-MTBP 2083 1999 1970 1958 15.90 16.10 0.30
€is-Mo (C0) ¢ (2-CHL0- .

MTBP) 2082 1999 1971 1958 15.90 16.09 0.30
Fe (CO) , (2-C1-DMP) 2073 2004 1975br '
Ni (CO) ;(2-C1-DMP) . 2061 2012
(Fe(CO) ;-u-DMP), 2066m 2026vs 2005s 1978m. 1954m

a. Hexane solvent. Abbreviations: s = strong; v = very; m = medium;

br = broad.
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TABLE 9

COMPARATIVE INFRARED DATA FOR SEVERAL ISOSTRUCTURAL PHOSPHITE COMPLEXES?®

Compl exes | fl_ 3:; - Ref.
Mo (C0) CH,P (OCH,) 15.85 16.01 3 67
Mo (CO) ¢ (2-CH~DMP) 15.83 16.01 this work
' .
: MO[CO)SP(OCHS)3 15.90 - 16.06 138
Mo (CO)  (2-CH,0-DMP) 15.90 16.10 ‘this work

aHexane solvent.

Clearly, only the electronic nature of the substituents on phosphorus
is of major importance in determining the capability of the ligand to
accept pi-electron density.

The pentacarbonylmolybdenum éomplexes of 2-X-TBMP are of
special interest. The presence of two different substituents at the
5-carbon of the phosphorinane ring makes possible the existence of
isomers, since the Mo(CO)5 group can be either trans (6) or cis (7)

to the t-butyl group.

. t-B
CHy /o U
0 .
Mo / t-Bu MO — o 0 CH

| © |
' = X 7
X . - (@)
The direct reaction between Mo(CO)6 and either 2-C1-MTBP or 2-CH30-MTBP

gave the analytically pure complexes MOCCO)S(Z-CI-MTBP) and Mo(CO)S—
(2—CH30fMTBP); fespectively. However, each of the complexes was
obtained as a ﬁixture of isomers in a 90:I0 ratio with £he trans
product being the greater fraction in.each case. The trans isomer

was obtained almost free.of the cis isomer after repeated recrystallization
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frbﬁ petroleum ether. The cis isomers could not be obtained pure via
fractional recrystallizatiﬁn of these mixtures.

An alfernative route to the(éig isomer of Mo(CO)S(Z-CHSO-MTBP)
became gyailable. The reaction of Egggg;Mq(CO)s(z-Cl-MTBP) with methanol
_gave gig;Mo(CO)S(Z-CHSO-MTBP) in sufficient yield to obtain pure gram
quantities of sample by ffactional recrystallization of the reaction
mixture. The physical appearance, melting point, and infrared spectra

of the cis and trans isomers of (2-CH30-MTBP)M0(C0)5 are very similar.

However, a mixed melting point determination upon a 50:50 mixture of
the two isémers showed a decrease of nearly 30° from the melting point
of each puré isomer. Also, the nmr spectrum of each is markedly
different an& provides an excellent way to determine the relative
concentration of each in a mixture.

The compound 2,2,S,5-tetramethy1-1,3,2-dioxafhosphorinanium
iodide was prepared by fhe reaction of methyl iodide with 2-CH3-DMP. The
resulting quasi-phosphonium salt is a white crystalline solid which
decomposes at its melting pbint. The salt is also decomposed by water
and must be stored under a protective nitrogen atmosphere. The salt
is insoluble in most organic solvents but shows limited solubility

in acetonitrile.
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CONFORMATION OF THE HETEROCYCLIC RING IN THE 1,3,2-

DIOXAPHOSPHORINANE COMPLEXES

Although the structures of a few 1,3,2-dioxaphosphorinanes

139-141
accurate conclu-

have been determined by X-ray crystallography,
‘ sions regarding the conformation of thg heterocyclic ring can be drawn
from analysis of the nmr spectra of the 1,3,2-dioxaphosphorinanes.
Generally, the pmr spectra of the 2-X-DMP complexes prepared in this
study exhibit sevgral features common to each other; a typical 1H nmr
spectrum is shown in Figure 15. The methyl groups for each complex

give rise to a pair of apparent singlets separated by 25-45 Hz depending
upon the substituents on phosphorus. The methyl resonance at lower field,
corfesponding to the axial mgthyl group, is broader than the higher
field metﬁyl signal. For all of the complexes, exceptAthé molybdenum
carbonyl complexes of 2-methyl and 2-phenyl-DMP, which will be discussed
in more detail below, the methylene protons give rise to two distinct
quartets. The higher field equatorial proton resonance signals exhibit
fine structure. The lower field methylene resonance signals are
broadened with no.apparent fine structure. When the lower field methyl
protons are decoupled, the lower field metﬂylene resonance assumes the
fine structure apparent in the highgr field methylene resonance (Figures
16-17). The pmr spectral parameters of the 2-X-DMP complexes were
refined with the use of the iterative program LAOCN3 and are listed in
Tables 10 and 11. Details concerning analysis of the nmr spectra of

the compounds prepared in this study are discussed in the Appendix.

Finally, no appreciable changes in the various calculated spectral
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TABLE 10

14 CHEMICAL SHIFTS® OF THE METHYL GROUPS IN 2-R-DMP-M(CO)

Metal R § equatorial § axijal Difference
Ni S a 0.84 1.28 . 0.44
. Fe C1 0.88 1.33 - 0.45
Cr Cl1 0.88 ' 1.33 0.45
W C1 . 0.88 1.33 0.45
Mo C1 - 0.88 1.32° - 0.44
Mo OCH, 0.80 1.30 . 0.50
Mo 0CH 0.80 1.31 0.51
Mo N(CH;), . 0.77 1.31 0.54
Mo SCeHg 0.85 1.34 0.49
Mo CeHs 0.64 1.40 0.76
Mo - CH, 0.83 1.29 0.46

a. Chloroform solvent at 34°. Shifts are downfield in ppm from internal

tetramethylsilane.
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Figure 15. The proton NMR spectrum of Mo (CO) 5 (2-C1-DMP).
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‘Figure 16. Axial methylene proton NMR spectrum of
(2-C1-DMP)M0(C0)S. (A) Same spectrum with axial methyl

protons decoupled. (B)
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Figure 17. Computer synthesized spectrum of the axial
methylene protons of (2—C1-DMP)M0(C0)5.
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parémeters were noted over»the temperature ranges indicated in Table 11.

Although the pertinent coupling constants for (2-CH3-DMP)M0(CO)5
were found to be invariant within calculational errors over the range
of solvents indicated in Table 11, the difference 5etween the chemical
shifts for the axial and equatorial methylene protons was noted to be
very solvent dependent. ‘In the lower dielectric constant solvents
chloroform, carbon disulfide, and chlorobenzene this difference in
chemical shift is on the order of 12-16 Hz. As a result of these small
differences, simple first order spectra are not observed for the methylene
protons in the above-mentioned solvents. However, the chemical shift
-difference between the axial and equatorial methylene proton resonance
signals for the same complex is 25 Hz in deuterioacetonitrile at 34°,
This larger separation causes the spectrum to have the same appearance
as the spectra of the other complexes in chloroform.

Analysis of fhe spectra of (2—C6H5-DMP)_M0(C0)5 reveals the
coupling constants for the ring system to be effectively independent
of changes in both temperature and solvent. However, owing to the
consistently small difference befween the chemical shifts of the methylene
protons, the spectrum maintains a deceptively simple appearance under
all of the conditions employed here. The nmr spectrum of (2—C6H5-DMP)-

Mo (CO) ¢ is shown in Figure 18.

The results of the mmr spectral analysis of the 2-X-DMP com-
plexes can be used in establishing the conformation of the heterocyclic
ring. -First, the relatively small range of values observed for each
coupling constant is quite noticeable. This fact, as well as the ob-

servation of invariance of the phosphorus-methylene proton coupling
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Figure 18. The proton NMR spectrum of Mo(CO)(2-C¢H.-DMP).
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constants with temperature changes, leads to the natural conclusionu4’117

that-a single, common conformation is the predominate form of the
1,3;2-dioxaphos§horinane riﬁg in each eompound.

Arguments leading to the assignment of a particular conforma-
‘tion for the 1,3,2-dioxaphosphorinane system have been published114’117
and similar reasoning maf be applied to the metal complexes prepared
in this study. First, one set of methyl protons couples slightly
(<1.0 Hz) to one group of methylene protons as demonstrafed by the de-.
coupling experiment described above (Figure 16). Also, there is
appreciable coupling (2.6 Hz) between one set of methylene protons (BB'),
"but negligible coup11ng between the AA' methylene protons. These
enhanced four-bond HCCCH couplings are usually found when the bonds
linking the coupled nuclei form a planar E,142 This arrangement allows
interaction between the antibonding lobes of the sp3 orbitals on the
appropriate carbon atoms leading to a pathway for the coupling to occur.142.
This type of pathway exists between the equatorial methylene protons

as well as between the axial methylene protons and the protons of an

axial methyl group as shown below.

€))

On the basis of these considerations, it was' concluded that the
equatorial methylene protons are more shielded than the axial methylene
protons in all the metal carbonyl-2-X-DMP complexes prepared in this

study, and the phospﬁorus-equatorial methyléne proton coupling is
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always greater than the corresponding axial methyleﬂe proton coupling

to phosphorus. Also, the axial 5-methyl protons resonate at lower field

than the equatofial 5-methyl protons. In particular, the presence of

the observed four-bond proton-proton coupling rules out consideration

of unsyﬁmetrical boat or twist-boat conforﬁations, inasmuch as they would

not possess all of the pfotOns in appropriate positions. Comparable |

quantities of rapidly .interconverting chair or boat conformers can also

be ruled out because thé enhanced long-ranée coupling woﬁld then be

averaged among all of the methylene and methyl protons according to the

ratio of conformers.117
The ring POCH coupling constants of the 2—X-DMP-méta1 complexes

(Table 11) may be taken as evidence against the presence of a boat

conformer. Several workers have suggested that a dihedral angle depen-

143-145 A boat

dence exists for J(POCH) similar to that for J(HCCH).
conformation, with both POCH dihedral angles approximately 120°,

should give rise to two nearly equal values of 3J(POCH) for any one
complex. But a chair conformation, with dihedral angles of nearly 180°
and 60°, should yield two différent values of J(POCH). Clearly, all of
the 2-X-DMP-metal complexes prepared in this study exhibit two different
values of J(POCH). It must be concluded that a rigid chair structure

is the predominate, if not exclusive, conformer for all of the complexes.

The compounds (Z-CH3-DMP)M0(CO)'5 and (2-C H -DMP)Mo (CO) . show

6's
different behavior with respect to conformational mobility when compared
to the éorresponding compounds with the pentacarbonylmolybdenum group

replaced by a 2-oxo group. Both 2-methyl- and 2-phenyl-2-oxo-5,5-

dimethy1-1,3,2-dioxaphosphorinane have been shown to be conformationally
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115,127

mobile (Eq. 117), but the same 2-oxo derivatives with chloro- or

alkoxy- are locked in a single conformation.

0 CHz )
0 | . _
Ny vy RO TIN L, o
__CgHg 0 3
. g———
CHg CH,

Unfortunately, the differences in conformational flexibility in the
above-mentioned compounds are not all readily rationalized. However,
the large metal carbonyl moiety in the complexes of the 1,3,2-di-
oxaphogphbrinanes may act as a holding group. Apparently, the decided
preference of a metal carbonyl group for a particular stereochemical
orientation is sufficient to control the flexibility of the 1,3,2-
dioxaphosphorinane ring.

Conclusions similar to those drawn for the 2-X-DMP-metal
complexes have been reached for the Ezggg;Mo(CO)s(z—x—MTBP) complexes
X =11, OCHB). The-nmr spectra for these complexes closely resemble
those of the analogous 2-X-DMP complexes; however, a. sharp tert-butyl
resonance appears in place of the high-field 5-methyl absorption. The
methylene protons give‘two quartets from whiéh the various J(POCH)
coupling constants may be obtained. Significantly, the lower-field
methylene quartet is.broadened relative to the higher field quartet
which exhibits fine structure. When the 5-methyl resonance is decoupled,
fine structure appears in the previously broad lower field resonance.
Using the same arguments developed for the 2-X-DMP complexes, the 5-methyl
group and the lower field methylene protons both must occupy axial po-
sitioné on the 1,3,2-dioxaphosphorinane ring. The values of 3J(POCH)
for the Eggg§;Mo(C0)5;2-x-MTBP compie; aré nearly the same as those for

the corresponding Mo(CO)s—Z—X-DMP complexes, and it naturally follows
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Figure 19. The proton NMR spectrum of trans- (2-CH30-MTBP)M0(CO)5
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that a rigid chair structure is the predominate conformer for the
trans complexes. Proton nmr data are listed in Tablés 12 and 13.

The nmr spectrum of cis-Mo(CO) g-2-CH O-MTBP (Figure 20) is
quite different from that of the trans isomer. First, the positions
of the Eg;g;butyl.and methyl resonances are inverted. Also the chemical
shift difference between the axial and equatorial methylene proton reso-
nances is small and an AA'BB'X pattern is observed instead of simple first A
order spectrum (Figure 21). Analysis of fhe spectra (Appendix) gave thé
LAOCN3-refined spectral parameters listed in Table 14. . Quite noticeable
are thé differences in the values of 3J(POCH) from the analogous trans-

CH_O-MTBP complex and the 2-X-DMP complexes described previously. -Where-

3
as EEEQE;(CHSO-MTBP)MO(COJS exhibits values of J(POCH) differing by
nearly 14 Hz, the same values in the cis complex differ by only 6-7 Hz.
These facts lead to the conclusion that the conformatién of the hetero-
cyclic ring in the cis complex is significantly different from that in
all the other complexes investigated. |

46

l(arplus1 has suggested that the dihedral angular dependence

of a coupling constant éan be expressed as shown in Eq. 118:

J=A cos?9 + C (6<90°) (118)
For calculational purposes, the cis isomer was assumed to exist in nearly
a boat conformation. Further, available data143 on several 1,3,2-
dioxaphosphorinanes which.exist in chair conformations indicate that the
phosphorus-axial methylene proton-dihedral angle is consistently 67°.
Therefore, an angle of 67° was associated with the coupling constant of

3.6 Hz in trans-2-CH,0-MTBP-Mo(CO). in order to estimate the dihedral

3

angles in the cis isomer. The equations 119-121 were solved simul taneously
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" TABLE 12, NMR DATA FOR SEVERAL 2-X-MTBP DERIVATIVES,®

COMPOUND §T-Bu 6CH, §POCH, J (POCH,)
2-C1-MTBP 0.94 1.23 -- --
2-CH,0-MIBP | .88 1.23 3.53 12.0

 trans- (2-C1-MTBP)Mo (CO) 0.94 1.28 -- --

trans- (2-CH,0-MTBP)Mo (CO) 5' 0.91 1.29 3.66 12.3
cis- (2-CH,0-MTBP)Mo(CO) - 1.08 0.81 3.69 12,3

a. Chloroform solvenf at 34°, Chemical shifts in ppm from internal TMS.

Coupling constants in hertz.
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TABLE 13, CHEMICAL SHIFTS AND COUPLING CONSTANTS OF

trans-2-R-MTBP derivatives.

a

- : b
COMPOUND TEMP 6CHy eq  6CH) ax  Jy. peo Tpieq I pHax Teq Heq RMS
2-C1-MTBP 34 221.1 279.2 -10.9 11.2 5.77 2.54 0.10
(.015) (.015)  (.022) (.026)  (.030) (.030)

2-CH,0-MTBP 34 2042 265.4 -10.7 10.8 3,26 2.61 0.10
© (.015) (.015)  (.020) (.026)  (.031) (.030)

(2-C1-MTBF)Mo(CO) 34 231.5 281.4 -11.0 20.1 6.15 2.85 0.087

: (0.013)  (0.013)  (0.019)  (.026)  (.023) (0.026)

60 231.7 281.8 -10.9 20.1 6.12 2.69 0.110
(0.020)  (0.020) (0.019)  (0.027) (0.027)  (0.031)
(2-CH,O-MTBP)Mo- 34 219.9 267.1 -10.4 17.4 3.59 2.71 0.170
(€0) | ~ (0.026)  (0.935)  (0.043)  (0.055)  (0.052)  (0.069] :
5 60 220.4 266.9 -10.5 17.6 3,43 2.59 0.200
(0.031)  (0.031) (0.045)  (0.050) (0.055)  (0.071)

a. Chloroform solvent. Numbers in parentheses are probable errors (Hz) generated by LAOCN3.

"b. RMS = root mean square error between calculated and experimental transition frequencies.
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a. The methylene protons are labelled A and
errors in Hz generated by LAOCN3.

b. RMS = root mean square error between calculated and experimental transition frequencies.
= 2.6 Hz was employed throughout.

J
HHy

- TABLE 14, PROTON NMR DATA"FOR cis-Mo (CO) ¢~ (2-CH,0-MTEP)
| . "
TEMP SOLVENT A B J J J RMS
CH, 5 PH, PH, H,Hy
34 CHCl,  247.0 238.1 14.8 7.85 -11.7 0.16
(.22) (.22) (.43) (.43) (.11)
34 CD,CN  250.1 242.1  13.8 8.46 -11.8 0.19
(.26) (.26) (.52) (.52) (.12) |
34 cs, 244.7 236.1  14.4 8.05 -11.5 0.17
: (.23) (.23) (.46) (.46) (.11)
34 CEHgCl  234.5 225.9  14.4 8.08 -11.6 0.18
(.24) (.24) (.48) (.48) (.12)
70 CEHCl  237.8 226.5  14.1 8.67 -11.6 0.22
(.12) (.10)  (.23) (.17) (.11)
110 CEHLCL ~ 240.7 227.5  13.1 9.50 -11.4 0.18
‘ (.09) (.09) (.19) (.19) (.12) .
130 CEHCl  242.0 227.4  13.1 9.57 -11.7 0.18
C.07) (.07) (.16) (.16) (.10)

A value of
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B for an AA'BB'X analysis. Numbers in parentheses are probable



) Figure 20. The proton NMR spectrum of cis- (Z-CHSO-MTBP)MO(CO)S.
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Figure 21. Expanded scale NMR spectrum of the methylene protons

of cis-(2-CH O-MTBP)Mo(CO)S.

3

internal ™MS. The two peaks at highest field are due to the

=

POCES resonance.

Chemical shift in Hz downfield from
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assuming that A and C were the same for both isomers.

14.0 = A cos2(60 + x) + C  (cis) (119)
.8.0 = A cosz(60 -x) +C -(cis) ' (120)
3.6 = A cos?(67) + C (trans) . (121)

Values for the dihedral angles in the cis conformation were obtained
as nearly 50 and 70° which are consistent with a boat conformation.

130 has determined that cis-2,5-di-t- butyl-2-oxo-1,3,2-dioxa-

Bentrude
phosphorinane (10) exists in a boat conformation and both values for
3J(POCH) were observed to be equal, suggesting identical dihedral angles.

0 H
i _Bu

\ Mo
0 (10)

However, the metal complex studied here (Figure‘zz) is subject to

several internal steric interactions and it is not unreasonable to assume

that deviations from the ideal angles are necessary. A flattening of the

phosphorus end of the ring could alleviate some of the steric interactions

between the axial methoxy and methyl groups. As a result the dihedral

angles must be distorted from their ideal values of 60°.

Configuration at Phosphorus

Many groups of workers have attempted to deduce thé stereo-
chemistry at phosphorus in 2-R-1,3,2-dioxaphosphorinanes. The conclusions
reached by these authors have been arrived at using a variety of experi-
mental techniqﬁes: (1) dipole moment measurement; (2).X-ray structural
investigations on reaction products of the phosphites which form in a

stereospecific manner by an assumed retention or inversion mechanism;
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Figure 22, Proposed chair structure for cis-(2-CH O-MTBP)Mo(CO)s.'

3

10
N
T
Q
T
L9
I @
O—07

166



(Sj evaluation of nmr data; (4) stereochemical arguments based on
molecular models; and (5) interpretation of phosphoryl (P = 0) stretching
bands in the infrared spectra.
Gagnaire g£_§;,114 concluded from nmr studies that the R

group in 2-R-DMP occupies the equatorial pésition at phosphorus in a
chair conformer. Their érgument was based on steric grounds and on the
dependence of the magnltude of J(POCH) on the 'POCH dihedral angle and the
disposition of the phosphorus lone pair relative to the coupled nuclel.
On the other hand, White gg:gl.,117 Bodkin and Simpspn,147 and Bentrude
and Hargis118 concluded that the R group occupies the axial position of
‘a chair conformer in at least the more stable isomer of thrée different
pairs of geometrically isomeric phosphites. The steric argument of
Gagnaire was attacked when the structures of several cyclic phosphorus
compounds were shown to exhibit ring flattening at the phosphorus end
140,148

of the ring.

The latter view, i.e. an axial R group, has received more general

support. An X-ray diffraction study of 11

) 0]

BHz—, / CHs

p—0

I, CHg ()

OCHz
formed with retention of configuration via the reactiofi between B2H6 and
the phosphorinane141, shows the BH3 group tb occupy the equatorial
position, as would be expected if the parent phosphite possessed an axial
methoxy group. |

Four independent arguments lead to the conclusion that the

metal carbonyl moiety océupies the equatorial position at phosphorus
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in the complexes prepared in this study. First, an examination of
models of the two conceivable chair conformers reveéls that the conformer
with an equatorial metal caibonyl is the more favorable as the steric
crowding is less severe than in the structure witﬁ thé metal carbonyl
group situated axially. Although the steric argument has lost some

favor in view of the discussion above, an equatorially oriented metal
carbonyl group is far less sterically hindered than an axial metal group
even if the phosphorus énd of the ring flattens somewhat.

A second argument which leads to the assignment of an equatorial
metal group is based on the expected mode of reactions of 2-R-DMP.
-Sufficient evidence has been presented to show that 2-R-DMP exists in
a chair conformation with the R group oriented axially. In this con-
figuration, the phosphorus lone pair is directed equatorially and can
react with electrophilic reagents with retention of configuration at
phosphorus. The formafion of 2-oxo derivatives froﬁ 1,3,2-dioiaphos—
phorinanes upon reaction with E;butylhydroperoxides;118 2-thio deriva-

147

tives from elemental sulfur, and the borane derivative cited above

have been shown to be formed with retention of configuration at phosphorus.
Inasmuch as substitution of carbonyl groups in metal carbonyls by Lewis
base ligands usually involves predissociation of a carbonyl ligand from

149,150 this

the metal to form a coordinately unsaturated intermediate,
intermediate should react with 2-R-DMP ot 2-R-MTBP to produce complexes
with retention of configuration at phosphorus as shown in Eq. 122-123.

Mo (CO) ( ~ Mo(CO) * CO (122)

0
MO(CQ)S + f/O : Mo\ /O (123)
" ' 168
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It is important to nofe that the temperature at which the syntheses
described in this thesis were carried out were low eﬁough to preclude
thermal inversiﬁn of the phosphorus center érior to coﬁplexation and
variable temperature nmr studies of the freé ligands have shown the

predominance of a single chair conformer even at 160°.117

3 * A third fact which may indicate axiality of the covalently
bonded 2-phenyl group in Mo(CO)S(Z-C6H5-DMP) is the very small difference
of 7-9 Hz in the chemical shifts of the axial and eqﬁatorial methylene |
protons. As can be note@ from Table 11, the chemical shift value of 200 Hz
for the equatorial methylene protons in chloroform at 34° is very close

to the average of 219 Hz noted for all of the compounds examined. This
indicates that the equatorial methylene protons are essentially unaffected
by the changes in the substituents on phosphorus. On the other hand,

the chemical shift of 227 Hz noted for the axial.methylene protons seems
abnormally low when compared to the average of 256 Hz calculated from
the.other ten compounds. This extraordinéry shielding of the axial
protons may te caused-by the ring current of an axiaily oriented phenyl
ring. If the metal carBonyl group were the cause of this abnormal shift,
then shifts of a similar nature should have been noted for all of the
compounds inasmuch as the spectral data support a common conformation for
all of the compounds. A similar conc¢lusion can be reached from the

data summarized in Table 15. Clearly, for the group R = C1 with a variety

of metals, little change is noted in the chemical shifts of the methylene

protons.
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TABLE 15

SELECTED NMR PARAMETERS FOR' SEVERAL.METAL 2-R-DMP COMPLEXES

Metal R CHzeq ' CHZax
(C0) Mo OCH, 211.6 - 248.5
(CO)g W N(CHy), 295.4 244.3
(CO)SMol SCH, ' 224.7 269.2
(CO) Mo c1 222.4 259.1
(CO)Cr cl 225.6 263.4
(CO) 4Fe cT . 222.9 - 262.8
(CO) (Ni (1 A 219.0 259.3

However, when the metal group is kept the same and the group R is
varied, the chemical shifts of both the axial and equatorial methylene
protons are affected. The results are best explained on the basis

of the different anisotropies of fhe group nearest the environment of
the methylene protons, i.e., the axial ppsition at phosphorus. Thus,
it must be concluded that the R group is axial and the metal group

is equatorial.

Fourth, interpretaiion of the results of a nuclear Overhauser
effect (NOE) experiment suggests an axial R group in EEEE§T(Z-CH30-MTBP)—
Mo(CO)S. Attempts to demonstrate an NOE on (2-CH3—DMP)M0(C0)S were in-
conclusive inasmuch as the high spectral amplification needed to
obtain the spectra led to unreliable spectral integration.

The experimental technique involved in the observation of
jntramolecular NOE's is similar to that used in other double resonance
studiés.151 One of the protons or groups of protons i§ irradiated
at i;s resonance freduency_while the specfrum is observed by means
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of a freqpency~sweep.. Intensity changes in the peaks of a high-reso-

- lution nmr spectrum are caused by changes in thé popﬁiations of the
eigenstates of the spin Hamiltonian. Thus,-one saturates a given proton
or group of protons and observes the nmr spéctra of the molecule. An
increase in the integrated area of some other peak(s) in ihe spectrum

- indicates the pre;ence of an NOE. The nuclear Overhauser effect makes it
possible to determine which protons are in close molecular proximity

151

but which need not be spin-spin coupled.

The results of the NOE experiment on trans-(2-CH O-MTBP)Mo(CO)5

3
are listed in Table 16. The t-butyl group occupies the equatorial po-

sition at the 5-carbon and the methyl group is axial.

TABLE 16

NUCLEAR OVERHAUSER EFFECT DATA FOR TRANS- (2-CH,O-MTBP)Mo (CO) ¢

3

Irradiation at : % Enhancement
) . a
CHZ(ax) CHZ(eq)>+ POCH3
5-t-Bu ' : +26. +17
5-CH3 +4 -3

5 Tesonances prevented clear assessment

of the NOE on each resonance separately. The.enhancement for both

aOverlap of the CHz(eq) and POCH

resonances is reported.

Irradiation of the t-butyl group gives a significant increase in the
intensity of the axial and equatorial methylene protons and the POCH3

prbtons, whereas irradiation at the méthyl group has little effect on the
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spectral amplitude of those.isame resonances. These facts are consistent
with the ﬁresence of an axial methoXy group and ‘an equatorial penta-
carbonylmolybdenum moiety. A model clearly shows that the t-butyl

group confronts both sets of methylene protoné and- that there is oyerlap
between: the van der Waal radii of the methoxy and-E:butyi~protons. The
5-methyl group ié»o?iented away from spatial interaction with the methoxy
and axial methylene.protons and so no NOE is predicted. The use of NOE
is an excéptionally powerful tool in aiding the assignment of configura-
tion at phospho;gs and in confirming the configuration at ring carbon

152 used NOE to demonstrate the axiality of

atoms. , Recently, Hutchins
the methyl group on phbsphorus in 2,5,5-trimethyl-1,3,2-dithiaphosphor-

inane (12).
H3

. {f:, ] CH§

CH a2

The technique should find important application to other 1,3,2-dioxa-
phosphorinane systems.

The nuclear Ovérhauser effect has prévided'considerable informa-
tion about the structure of Eig;(2-CH30-MTBP)M0(CO)5. The results of

the NOE experiment on cis-(Z-CHSO—MTBP)M'o(CO)5 are listed in Table 17.

TABLE 17

NUCLEAR OVERHAUSER EFFECT DATA FOR cis-(Z-CHSO-MTBP)MO(CO)5

Irradiation at . % Enhancement

POCH3 CH3 t-Bu  methylene
t-Bu ‘ ' +15 - - +14
CHS : . ) +19 - - +1
POCHS- - +9 +11 -
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The" effects of irradiation upon the individﬁal methylene protons .are
difficult to evaluate since the axial and equatdrial‘resonances overlaf
considerably. The data, however, are consfstent with a boat structure
in which the t-butyl and pentacarbonylmolybdenum groups are oriented
equator1a11y and the methyl and methoxy groups are oriented ax1a11y, as
shown 1n_F1gure 22.. First, enhancement of the methoxy proton resonance
is observed upon irradiation of both the methyl and t-butyl proton
Tesonances suggesting prokimity of all three groups. Irradiation of
the methyl resonance has little effect on the methylene proton intensity
and suggests little spatial interaction between these séts of protons. |
On the other hand, the equatorial position at the 5-carbon of the ring
should allow interaction of this type. It follows that the 5-methyl
group is oriented axially. The methoxy group must also be oriented
axially in order for it to be positioned appropriately for interaction
with the methyl and t-butyl groups.

A chair structure for Eié;(ZCHSOJMTBP)Mo(CO)S can be ruled out

on the basis of this NOE data. Possible cis-chair structures are shown

below. t-Bu

0
Mo / Hy cH ON
~ p|/0 /0

OCH; (13) . )

The first structure (13) should allow enhanced methylene proton intensity
upon irradiation.of the methyl group (not observed) and no methoky-;;butyl
interaction would be expected (observed). The second chair conformer (14)
places ‘the methoxy group far from both the methyl and t-butyl groups,

leaving no expected interaction at all between these sets of protons,
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a fact in.considerablé disagreement with the observed data.

Conformationally Mobile 1, 3,2-Dioxaphosphorinanes

One significant conclusion arising from this work is that a
metal cérbonyl grbup plays a dominant role in controlling the stereo-
chemistry of complexed heterocyclic phoéphites. The metal carbonyl
groﬁp occupies an equatorial position at phosphorus in all of the
complexes prepared in this study and acts as an effective locking
group in maintaining a rigid conformatidn in the 1,3,2-dioxaphosphori-
nane ring. However, the heterocyciic ring in one complex prepared
in this work, Qiz(u-s,s-dimethyl-l,3,2—dioxaphosphorinano)diiron hexa-
carbonyl, is conformationally mobile. The complex is formulated as
shown in Figure.23.

Each 1,3,2-dioxaphosphorinane ring in [u-DMP-Fe(C0)3]2 is
bonded through phosphorus to two equivalent Fe(CO)3 groups. Inasmuch
as neither Fe(CO)3 group can exclusively bgcupy the équatorial position
as phosphorus, competition for the thermodynamically preferred site causes
the heterocyclic ring to uﬁdergo conformational motion. This conclusion
is based on the appearance of the proton nmr spectrum of the complex.
First, only a single 5-methyl resonénce is observed rather than the pair
of single lines observed for £he methyl resonances of other 2-R-DMP
complexes. Secondly, the methylene region of the pmr spectrum of

[u-DMP-Fe (CO) appears relatively simple. The methylene protons appear

312
as a quartet (two overlapping triplets) in both chloroform and aceto-

nitrile-d, and as a single broadened tripiet in chlorobenzene (Figures

3
24-26). Nmr data for [u-DMP-Fe(C0)3}2 are summarized in Table 18.
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© Figure 23. Proposed structure for bis-u-(5,5-dimethyl-1,3,2-dioxa-
phosphorinano)diiron hexacarbonyl.
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Figure 24. Proton NMR spectrum of the methylene protons of
~ {u-DMP-Fe(CO)S}é‘ in chlorobenzene solution.

12 HZ
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Figure 25. Proton NMR spectrum of the methylene protons of -

{u—DMP-Fe(CO)3}2 in chloroform solution.
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- 2.3 HZ —

Figure 26. Proton NMR spectfum of the'ﬁethylene protons of

Tu-DMb-Fe(CO)S}z in the presence of the lanthanide shift reagent

..Eu(de)s- . . 178



TABLE 18

PROTON NMR DATA FOR [u-DMp-Fe(cd)3]2a
Solvent 6CH, § methylene Jyp?
A B A~ - B
CDCN® - 62.0 243.4 237.0 11.0 12.2
CHC13c ‘ 64.9 241.9 237.1 10.6 11.4
cnc13d 64.2 241.0 238.0 10.8 12.3
C6H5C1e 44.4 -225.6-- 12.0

Shifts and coupling constants in Hz. Measurement at 34°,
"Apparent" coupling constant. Separation of outermost peaks of triplets.

Broad quartet
d Equimolar Eu(fbd)3 added (see text). Two clearly resolved triplets.

Triplet.

If the heterocyclic ring in [u-DMP-Fe(C0)3]2 exists in a rigid
conformation, two separate methyl resonances are expected in its nmr
spectrum. There is no plane of symmetry by which the two sets of methyl
resonances can become equivalent in a non-ﬁobile conformation. However,
in a system enjoying rapid interconversion of the phosphite ring, the
two sets of methyl groups experience the same chemical environment on
a time-averaged basis and are magnetically equivalent. Thus, the obser-
vation of the single methyl resonance is conéistent with the presence
of a mobile heterocyclic ring.

A rigid 1,3,2-dioxaphosphorinané ring in [u—DMP-Fe(C0)3]2 gives
rise to four séts of non-equivalent methylene protons. = With the two
phosphorus atoms, the rigid system would be expected t6 generate a complex

AA'BB'CC'DD'XX' spin pattern for the methylene region of the nmr spectrum
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of [u-DMP-Fe (CO) .0n the other hand, a mobile ring would yield a much

3]2'
simpler pattern for the methylene resonance of the cbmplex since protons
A and B and C ahd D are equivalent on a tiﬁe-averaged basis. In fact,
the resulting spin system can be analyzed és an ACXX' system. A further
simplification of even this result is apparent when it is:recognized

[}

that J(HAQC) = 0, since HA and HC are separated by four bonds. The
simple spectra observed for the methylene region of [p-DMP-Fe(C0)3]2
are consistent with a_mobile heterocyclic'ring.
The triplet structure itself must arise from virtual coupling
of the two phosphorus atoms in [u-DMP—Fe(CO)S]z. The condition J(PP')>
|J(PH) - J(P'H)| must be fulfilled.in order for the triplet to appear.65
Since J(P'H) is probably very small, the width of the outermost lines
of thke triplet can be used to approximate 3J(PH). The 'values" of
3J(PH) observed.for [u-DMP-Fe(C0)3]2 (Table 18) compare favorably with
the average of 3J(PH) observed for other 1,3,2-dioxaphosphorinanes.
Strbng phosphorus-phosphorus coupling, aﬂd thus a subsequent triplet
structure, has been observed in several other compouﬁds containing
bridging phosphine ligahds. Hayter44 observed that each of the methyl
resonances of p-bis(dimethylphosphido)diiron hexacérbonyl, [Fe(CO)SP(Cﬂs)Z]z,
is a distinct triplet. Treichel, gg_gl:,gs also observed a similar
result in the spectra of both sym- and antisxg-{Fe(CO)s[P(CHS)(C6H5)]}2.
Because the tripléts comprising the methylene portion of the nmr
spectrum of [u-DMP-Fe(CO)3]2 overiap severely, precise determination of
the separation of the outermost lines-of the triplets is not possible.
However, the addition of the lanthanide shift reagent tris(1,1,1,2,2,-
3,3-heptaf1uqro-7,7-dimethy1—4,6-octaned16nato)europium(III), Eu(fod)z,

to a'sample of [u-DMP-Fe(Cd)S]2 in chloroform caused the methylene
180



portion of the nmr spéctrum to appear as two clearly resolved triplets.
The magnitude of the induced chemical shifts aré not'great, suggesting
that the site of coordination of the europihm reagent is far from the
methylene protons. In several reported exaﬁples of the use of shift
reagents in the study of 2—oxo-1,3,2-diokaphosphorinanes,~the site of
cqordination of the heterocycle to the shift reagent has been the phos-

153-155 and relatively large chemical shifts have been

phoryl oxygen,
observed for the methylene protons. Three reasonable sites are available
for coordination to Eu(fod)3 in [u-DMP-Fe(CO)S]z. Firs;, the 1,3-

dioxa 6xygens are ruled out because of the small shifts observed. A

second possible site, whicﬁ cannot be completely dismissed, is the electron
density of the iron-iron bond in the complex. The most likely site of
attachment, however, is a carbonyl oxygen atom. Several recent reportsls6
have confirmed fhe ability of suitable reagents to form complexes through
coordination to the éarbonyl oxygen atoms in a metal complex. Further,

the distance between this site and the methylene protons could account

for the slight chemical shifts observed. .

The nmr spectrum of [p—DMP-Fe(CO)s]zAwas also studied over the
temperature range -40° to +160° in order to determine whether the ring
motion could be controlled or even stopped. However, no changes in the
nmr spectra were observed over thisrtemperature range. Poor solubility

of [u-DMP-Fe(CO) at low temperature prevented further work in this

3]2
area.

The non-rigid behavior of the heterocyclic ring in [u-DMP-Fe(C0)3]2
is a property more closely related to behavior of the 1,3,2-dioxaphos-

phorinane ring rather than to a u-phosphido-iron system. Hayter -reported

that the methyl groups of bis(u-dimethylphosphido)diiron hexacarbonyl
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do not exchange even at high temperature.44 However, the methyl groups
of the isoelectronic complex bis - dimethylgermyl-dicobalt hexacarbonyl

157 This fact probably reflects

do appear equivalent at room temperature.
significant differences in iron-carbon mono*ide and cobalt-carbon monoxide
bonds, since the fluxional behavior in the latter complex‘is thought
.
" to involve cleavage of the metal-carbonyl bond.
Two other 1,3,2-dioxaphosphorinares are known whose behavior in
solution suggests that they exist as equimblar pairs of rapidly intercoﬂ-

verting conformers. The two compounds are shown below.

0 | Y CH
CH / 3
HC™~ * 0= 0
3 P/O
*

Ho. |
ImcHy HO
[2,2=(CH) 5)-DMP] " 15 2-0x0-2-OH-DMP'H,0 16

These two compounds share several features of their nmr spectra,

summarized in Table 19, with [pu-DMP-Fe(CO) First, the spectrum of

3]2'
2,2,5,5-tetramethy1-1,3;2-dioXaphosphorinanium iodide appears as a
singlet for the S5-methyl resonance, a doublet for the P-methyl resonance,
and a simple doublet for the methylene protons. Similarly, the spectrum
of 2-hydroxy-2-oxo0-5,5-dimethyl-1,3,2-dioxaphosphorinane shows only a
single methyl resonance aﬂd a simple methylene doublet. These observa-
tions are consistent with the conélusion that both compounds exist in

solution in very mobile equilibria. White has also examined the nmr

158

spectrum of the 2,2-(CH,).,-DMP cation. He also concluded that ring

32 .
inversion in_[2,2-(CH:,;)2-DMP]+ is rapid on the nmr time scale even at

témperatures as low as -81°.
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TABLE 19

PMR DATA? FOR [2,2-(CH3)2-DMP]+ AND 2-0xo0-2-OH-DMP

Compound 5-CH, CH, °J(PH). PCH, -~ “J(PH) Ref (solvent)
' [2,2- (CH,) ,-DMP] "1™ 1.05 4.43 11.0  2.24 14.7 bye

[2,2-(CH3)2-DMP]+BF; 1.12. 4.34 11 2.17 14.5 c,f

[2,2- (CH,) ,-DMP] "BF, 1.20 4.51 1.3 2.24 15.0  c,g

2-0x0-2-0H-DMP - H,0 1.07 4.03 12.0 -- - b,h

2-0x0-2-0H-DMP - H.,0 1.06 4.00 12.0 -- -- d,i

a. Chemical shifts in ppm downfield from internal TMS. Coupling
constants in Hz. '

.b. This work.

c. -Ref. 158
d. Ref. 160
e. CDSCN
£, CHCN ‘ _
g. S0,, spectra recorded at -80°
h. CHC].3
CDCl3

The compound 2-oxo-2-hydroxy-DMP is of particular interest.
In the solid state a molecule of water of crystallization is present
for each molecule of the 1,3,2-dioxaphosphorinane in the lattice.159
Further, it is surp;ising to find that the phosphorus-oxygen bond lengths
in the P = 0 and P-0-H linkages are différent: 1.465 R and 1.546 R,

159 These observations suggest that the water of crystalli-

respectively.
zation plays an important role in making the subsituents on phosphorus
stereochemically equivalent in solution. It is possible that either of

the following solution structures contributes to the equivalence at

hosphorus.
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Q}//‘o

+ H-O r
H.O li
3 0 17 ~ H-0 18

The ionic formulation 17 is not unreasonable inasmuch as many
inorganic acids are known to‘form hydroionium salts.86 Structure 18
also demands considerafion; hydrogen bonding in the manner shown allows
phosphorus to be in the center of two classically stable six-membered
rings. Hall and Malcolm160 also have recognized the mobile nature of
the ring in 2-oxo-2-hydroxy-DMP. However, they did not comment on the
.presence of the water of crystallization in their sample nor speculate

on the possible role played by it in the mobility of the 1,3,2-dioxa-

phosphorinane ring.

Nucleophilic Displacement at Phosphorus

Considerable information is available concerning substitution
reactions at phosphorus. The results of kinetic and stereochemical
studies have led to the suggestion that both monomolecular, SNl, and

bimolecular, S_2, mechanisms are possible for displacement reactions

N

at phosphorus.161 Further, the SN2 pathway may proceed either with

inversion or without inversion via a pseudorotation mechanism. Although

no kinetic studies involving'1,3,2—dioxapho$phorinanes have been re-

ported, some speculation concerning the mode of reaction at phosphorus

161-163

has been presented. This speculatioﬁ has been based on knowledge

of the stereochemistry of both the starting materials and the products.
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Wadsworth reported that the methanolysis of 19 gave the two

products, 20 and 23,162 The ester 21 must result from direct SNZ P
' : CH,C1
' H,C1 CHy 2
CH
CH, CH,C1 X 3
0
0
// 0 /? 0 o //
) . = 7
) lil/ 57 d
o L 79 20 ocH 2

substitution with inversionm at phosphorus.' The suggestion that 20 was-

formed via an S ;1 (P) mechanism was strengthened by the discovery that

N
the methanolysis when carried out in the presence of silver ions yields
only that ester with a changed conformation, 20, and none of 21. The
isomeric esters 20 and 21 are not interconvertible thermally.

In a later paper Wadsworth, 93_323,161 presented evidence that
the reaction of 19 with amines proceeds exclusively via inversion of

configuration at phosphorus. Further, the addition of chloride to 19

caused the equilibrium shown in Eq. 124 to take place.

H,_C1 Hy
/0 . CHg / 0 auc1 124
c1

Cl
Cl

These.results strengthen the idea that a simple SN2 (P) mechanism
accompanied with inversion of configuration at phosphorus is of signifi-
cant importance in the displécement of halide from phosphorus in 1,3,2-
dioxaphosphorinanes. The possibility that silver ion might be coordi-
nated to the phosphoryl oxygen atom and subsequently effect an equilibrium

similar to that in Eq. 124 has not been ekplored and suggests that the
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SNI-(P) mechanism be seriously questioned.
Mosbo and Verkade!®? examined the displacement of chloride

from 22 and interpreted their results in terms of an SNZ (P) mechanism.

0 | CH
A
P ~CH

- ’ | . 3 ’
Cl1 —
These workers also suggested that acid catalysis could play a role in
causing rearrangement of the desired product.. |
The pentacarbonylmolybdenum complex of 2-C1—MfBP is particu-
larly suitable for use in obtaining mechanistic information about the
displacement of chloride by methanol from a coordinated 1,3,2-dioxa-
phosphorinane. The nmr resonances of both isomers of (Z-CHSO-MTBP)-
Mo(CO)s are easily assigned to a particular isomer. Also, rearrangement
products arising according to the scheme of Mosbo and Verkade are

unlikely, since a pentacarbonylmolybdenum group is not as good a base

site as the phosphoryl oxygen.

2-X-DMP Complexes

The complex Mo(CO)S(Z-CHSO-DMP) was prepared by two different
procedures as described earlier, and the products obtained by each method
were identical. Both Mo(CO)S(Z-Cl-DMP) and Mo(CO)S(Z-CH30—DMP) exist
with the 1,3,2-dioxaphosphorinane ring in a chair conformation with
the Mo(CO)S- group oriented equatorially at phosphorus. Thus, this
observation alone could lead to the conclusion that the methanolysis

of (2-C1-DMP)M0(C0)5 (Eq. 125) proceeds without inversion of configuration

OH + Mo (CO) ; (2-CH,0-DMP) + HC1 (125)

3

Mo (CO) ¢ (2-C1-DMP) + CHg
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at phosphorus..
Three different pathways can account for the stereochemistry

of the product. First, an S,1 (P) mechanism cannot be ruled out solely

N
on the information provided by the reaction shown in Eq. 125. A first-
order displacement reaction would provide a trigonal intermediate at
the phogphorus atom. Subsequent attack at phosphorus by methanol could
produce, theoretically at least, a product.in which the methoiy group
assumed either an axial or equatorial orientation. However, the pre-
ference of the large pentacarbonylmolybdenum group to occupy the
equatorial position at phosphorus is dominant and would lead to formation
of only that product in which its steric demand is met.

Secondly, reaction 125 could proceed via an SNZ (P) mechanism
with retention of configuration if a pseudorotation mechanism is im-
portant.164 Hoﬁever, six-membered phosphorus ring compounds generally
prefer the diequatorial orientation in a 5-coordinate phosphorane inter-

164 and thus, the importance of a pseudorotation mechanism is

mediate,
probably minimal.

And thirdly, the observed product could arise via an SN2 (P)
mechanism as shown in Figure 27. 1If the methanolyéis of (2-C1-DMP)Mo-—
(CO)5 proceeds with inversion of configuration at phosphorus, as is ex-

pected in a classical S 2 mechanism, the resulting species would be the

N
boat conformer 27-A with an axial Mo(CO)s- group. However, since this
configuration is probably thermodynamically unfavorable with the bulky
Mo(CO)S- group oriented axially, the "phosphorus end" of the molecule”

could undergo a conformational flip into a chair conformation yielding

the more stable structure 27-B with an eﬁuatorially oriented penta-

187



The réactipn of MoCCO)S(Z-Cl-DMP) with methanol.

Figure 27.
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cafbonylmolybdenum group. Although the "carbon end" of the phosphite
ring .in 27-A might also undergo a conformational flip, the resulting
structure 27-C would still contain an axial metal carbonyl group and is
predlcted to be less thermodynamically stable than 27-B. Unfortunately,
the exact mechanlsm of the reaction at phosphorus in Mo(CO) (2-C1-DMP)
cannot be stated with certainty owing to the identical substituents

at the 5-carbon.

2-X-MTBP Complexes

More meaningful mechanistic information about the reactions
of coordinated phosphorus ligands can be obtained from the methanolysis
of Mo(CO)S(Z-Cl-MTBP). The reaction shown in Eq. 126 may be followed

as a function of time by nuclear magnetic resonance spectroscopy. The

trans—Mo(CO)s(Z—Cl—MTBP) + CHSOH-+

cis- and trans-Mo(CO)S(Z—CHSO-MTBP) + HC1 (126)
distribution of isomers formed in reaction 126 is shown in Table 20.
TABLE 20

DISTRIBUTION OF ISOMERS OF MO(CO)S(Z—CHSO—MTBP) OBTAINED FROM METHANOLYSIS

OF Mo (CO) ¢ (2-C1-MTBP)

(2-CH0-MTBP)Mo (CO)

Time - % Trans % Cis
4 hr ' 40 60
6 hr 44 56
17 hr : ‘ - 89 : 41
48 hr . R 86 14
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. The three méchanistic considerations developed for the ‘methanoly-
sis of (2-C1-DMP)M0(CO)s also apply to the_meth;nolyéis of (2-C1-MTBP)-
Mo(CO)s. First; a pseudorotation mechanisﬁ will not be considered for
the same reasons as discussed above. Seconﬂly, the data in Table 20

suggest that an SNl (P) mechanism is not of considerable importance. In

an SNI (P) mechanism an unsymmgtrical transition state is developed.
Subsequent attack by methanol should occur in such a way as to form the
thermodynamically more stable trans- prodﬁct. However, the data in
‘Table 20 show that a greater percentage of cis- isomer is formed first,
and this observation is taken as direct evidence against an SNl P)
mechanism.

The information listed in Table 20 does support an SN2 (P)
mechanism. Initially, the cis isomer is formed accompanied by inversion
of configuratioﬁ at phosphorus (Figure 28). Isolation and characteriza-

tion of cis-(2-CH O-MTBP)M'o(CO)5 from reaction mixtures indicates that

3

the boat conformer is formed rather than either of the other two alternate
cis products. Increased reaction time leads to the conversion of the
cis-complex to the thermodynamically preferred trans-complex. Presumably,

this reaction occurs via Eq. 127

CHSOH
0-MTBP)Mo (CO) 5 —=» trans-(2-CH

cis- (2-CH 0-MTBP)Mo(CO);  (127)

3 3

Aand is analogous to the chloride induced equilibrium discussed in equa-
tion 124. The methanolysis of gié;(Z-CHSO—MTBP)Mo(CO)S to the trans
isomer also probably proceeds via an SNZ (P) mechanism accompanied by
inversion of configuration at phosphorus, since the interconversion of

O—MTBP)Mo(CO)5 was not observed

3

cis-(z-CH3

O—MTBP)Mo(CO)5 and trans-(2-CH
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(2-C1—MTBP)M0(C0)5 with methanol.

Figure 28.

.The reaction of trans-
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at.températures as high as 130° unless methanol was present. After

a reaction time of 48 hr the isomer ratio of cis- and trans-(2-CH;0-MTBP)-
Mo(CO)5 is very nearly that obtained when the complex was prepared
directly from Mo(CO)6 and the ligand. This observation emphasizes

_ the preference for the 1,3,2-dioxaphosphorinane ring to assume a chair
conformation whenever it is thermodynamically possible.

It is clear'that no first-hand proof of an S&Z_(P) mechanism
at phosphorus in the displacement of chloride from a coordinated phos-.
phorus ligand is available. It seems imperative that further endeavor
in the area of 1,3,2-dioxaphosphorinane chemistry include effort to
‘determine accurately ;he mechanism of reaction at phosphorus and to

ascertain the effect of a transition metal and other substituents on

phosphorus upon the rate of displacement of varied leaving groups.
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APPENDIX

Nmr spectral parameters were obtained for most of the complexes
prepared in this study using first-order analysis. The parameters thus
obtained were further refined via least-squares analysis‘using the
iterative computey program LAOCN3. Generaliy, the root-mean-square error
was reduéed below 0.2 Hz and oftén below 0.1 Hz. The detailed analysis
of the spectrum of Mo(CO)s(Z-Cl-TBMP) is presented as an illustrative
example:

The following parameters for the 1,3,2-dioxaphosphorinane
ring were obtained directly from the recorded spectrum and were used

to calculate a trial theoretical spectrum by LAoCN3.

Chemical Shift: Axial methylene 282.0 Hz
Chemical Shift: Equatorial methylene 230.9 Hz
J(HeqHax) - 11.2 Hz
J(Pﬂeq) . 20.0 Hz
J(PHax) A . 6.2 Hz
J(Hequq) _ | ' 2.65 Hz
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The trial spectrum is shown below:

LINE CALC. FREQ. INTEN
. 204 213.291 .599
178 213.308 .597
52 214.764 1.621
123 214.787 1.623
141 215.893 1,028
134 : 215.909 1.033
198 _ 224.817 . 1.403
184 224.835 1.398
187 225.939 2.375
207 225.964 2.379
130 227.419 967
145 227.437 .976
57 - 233.133 . .553
108 233.160 .550
4 ’ 234.602 1.509
39 234.640 1.513
27 235.702 .962
20 235.729 .969
98 244.670 1.450
67 244 .701 1.442
76 245.759 2.480
156 245.802 2.491
21 247.238 1.031
26 247.270 1.049
202 272.363 .976
154 272.381 .967
54 273.836 2.379
142 273.861 2.375
121 274.965 1.398
180 274.983 1.403
56 278.730 ¢ 1.049
10 278.762 1.031
3 280.198 2.491
28 280.241 2.480
37 281.299 1.442
109 281.330 1.450
150 283.891 1.033
182 283.907 1.028
194 285.013 ' 1.623
209 285.036 1.621
200 286.492 - .597
125 286.509 .599-
11 290.271 .969
66 '290.298 .962
87 . 291.360 1.513
161 ' 291.398 1.509
99 292,840 .550

36 292.867 | .553
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From a comparison of the trial and observed spectra, each
theoretical transition was matched to an observed peak. The ocomputer
épplied a least-squares adjustment between the theoretical and experimental

spectra to yield a new "best spectrum.'" This spectrum is shown below.

LINE  EXP. FREQ. CALC. FREQ. INTEN ERROR (Hz)

204 213,800 213,768 . .581 .032
178 213.800 213.785 .578 .015
52 215.300 . 215.370 1.621 -.070
123 215.300 215.395 1.623 -.095
141 216.700 216.571 1.049 .129
134 216.700 216.588 1.053 .112
198 225.000 225.144 1.422 -.144
184 225.000 225.164 1.417 -.164
187 226.500 226.337 2.374 .163
207 226.500 226.365 2.379 .135
.130 227.900 227 .947 ..947 -.047
145 227.900 227.966 .957 -.066
57 233.700 233.742 .534 -.042
108 233.700 233.770 .530 -.070
4 235.300 235.337 1,504 -.037
39 235.300 235.379 1.509 -.079
27 236.500 236.507 .978 -.007
20 236.500 .236.535 .986 -.035
98 245.200 245.129 1.470 .071
67 245.200 245.163 1.461 .037
76 246.400 246.285 2.484 .115
156 246.400 246.332 2.496 .068
21 247.900 247.894 1.014 .006
26 247.900 247.928 1.034 -.028
202 271.800 ' 271.734 .957 .066
154 271.800 271.753 .947 .047
54 273.300 273.335 2.379 -.035
142 273.300 273.363 2.374 -.063
121 274.400 274.536 1.417 -.136
180 274.400 274.556 1.422 -.156
56 278.200 278.056 : 1.034 .144
10 278.200 278.090 1.014 .110
3 279.700 ' 279.651 2.496 .049
28 279.700 279.699 2.484 .001
37 280.900 280.821 1.461. .079
109 . 280.900 280.854 1.470 .046
150 283.100 283.112 - 1.053 -.012
182 283.100 283.129 1.049 -.029
194 284.400 284.305 1.623 .095
209 284.400 284.330 1.621 .070
200 286.000 -~ 285.915 .578 .085
125  286.000 285.932 - .581 .068
11 289.300 289.477 .978 -.177
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LINE  EXP. FREQ. CALC. FREQ. INTEN  ERROR (Hz)

66 = 289.300 289.477 .978 -.177
87 290.600 290.604 1.509 -.004
161 290.600 290.646 1.504 -.046
99 292.200 292.213 .530 -.013

36 292.200 292.242 .534 -.042

Associated with this "best spectrum" are new values for the chemical
shift of the methylene protons and the various coupling constants.

This information is summarized below:

"Trial" "Best"

Chemical Shift - axial 282.0 281. 381
Chemical Shift - equatorial 230.9 231.460
J(HeqHax) -11,2 -10.995
J(PH_) ‘ - 20.0 20.134

eq :
J(PHax) 6.2 6.149
JH H ) 2.65 2.854

eq eq

Clearly, the first order anglysis of Mo(CO)s(Z-Cl-TBMP) gave reasonable
values for the various nmr parameters.

Analysis of the nmr spectrum of gig;Mo(CO)s(z—CHSO-TBMP) pre-
sented a greater problem. The difference of Iseq-saxl was nearly the
same value as the various coupling constants, and a non-first-order
spectrum was obtained. Trial paraméters for this system were obtained
upon actual mathematical analysis of the nor spectrum. The AA'BB'X
system was treated as an ABX spectrum in ord;; to obtain the trial
parameters; details of analysis of an‘ABX spectrum are presented in

reference 146. After the theoretical spectrum was obtained, the same

iterative procedure as outlined above was following using LAOCN3.
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