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suggests that the partial excess entropies for PbO(1l) in
this system have quite large negative values. Pre-
sumably these negative entropies must be related to
the increased order created in these mixtures through
the formation of the complex borate anions. It would
be of considerable interest to pursue this problem
further by the study of other highly complex-forming
mixtures such as, e.g., PbO-Si0,. For this system free
energy data have been reported by Richardson and
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A calorimetric investigation has been initi-
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Products of the photochemical reactions of low-pressure mixtures of borazine and oxygen and borazine and water vapor have
been identified by mass and infrared spectra as B;N;H:OH (B-monohydroxyborazine) and (B;N;H;)0 (diborazinyl ether).

The ether derivative is the more stable compound and can be isolated in small quantities.

The product of the photochemical

reaction of borazine with ammonia is identified as B;N;H:NH; (B-monoaminoborazine).

Introduction

Borazine chemistry has developed greatly in the past
few years. One area of borazine chemistry that has
not been explored extensively is photochemistry.
Little work has been reported on the reactions of bor-
azine that are photosensitized by a second reagent or
which require absorption of light by the borazine
molecule. It has been shown that borazine does ab-
sorb ultraviolet light in four diffuse bands starting at
about 1995 A and extending into the vacuum region.?
In this paper we describe results that illustrate the po-
tential advantages of photochemical pathways for the
synthesis of borazine derivatives. The systems se-
lected for study are borazine-oxygen, borazine—water
vapor, and borazine—ammonia.

Experimental Section

The reaction vessel was constructed from a round-bottom 2-1.
Pyrex flask fitted with two side arms as shown in Figure 1. A
double-wall quartz immersion well capable of transmitting light
down to 1800 A was set into a standard taper joint at the neck
of the flask. The volume between the outer walls of the immer-
sion well was evacuated prior to the start of the experiment.
The light sotirce was a Hanovia medium-pressure Hg lamp, which
provides an intense region of radiation around 1850 A. To main-
tain the vessel at room temperature, the lamp was cooled by
circulating precooled nitrogen through the immersion well.
The reaction vessel was joined on one side to a series of four cold
traps and on the other side directly to the vacuum pumps. The
reaction products were pumped through the cold traps starting
at —35° and continuing to —45, —80, and —196°. These traps
were cooled in slush baths of 1,2-dichloroethane-Dry Ice, chloro-

(1) Work supported by the Army Research Office (Durham) and the Ad-
vanced Research Projects Agency.

(2) J. R. Platt, H. B. Klevens, and G. W. Schaeffer, J, Chem. Phys., 15,
508 (1947).

benzene-Dry Ice, acetone-Dry Ice, and liquid nitrogen, respec-
tively. The products in each trap were analyzed mass spce-
trometrically. Infrared spectra of products with low volatility
were obtained by means of solid films in a low-temperature
infrared cell. This cell was assembled from a 9-cm Pyrex infra-
red cell fitted with a standard taper joint for insertion of a copper
jacket to accommodate a 0.5-in. KBr window. The jacket and
window were cooled by thermal conduction from an internal cold
reservoir containing liquid nitrogen. The window assembly
could be rotated from the position used for deposition of a sample
from one of the traps to a position of alignment with the optical
path. Spectra were obtained with Perkin-Elmer Model 337 grat-
ing spectrophotometer.

In the borazine—oxygen system the reagents were mixed in the
reaction vessel by first adding borazine at the desired pressure
and then adding O; from an auxiliary reservoir at an excess back-
ing pressure. The quantity of Oy added was determined from
the ratio of the volumes of the reaction vessel and reservoir and
the change of O, pressure in the reservoir. In separate experi-
ments the total pressures of thc reactants were varied bhetween
10 and 40 mm, while the pressure ratio of borazine to oxygen was
varied between 2:1 and 1:3. The exposure times ranged from 10
min to 1 hr.

In the borazine—water system H;O was added to the rcaction
vessel first. Borazine was then added from a reservoir at an
excess backing pressure. Since it is known that water and bor-
azine react thermally under certain conditions,® the pressure of
H,0 was always malintained below its vapor saturation point.
Experiments were conducted with reactants at a total pressure
of about 13 mm and pressure ratios of borazine to water varying
between 2:1 and 1:2. Borazine—ammonia mixtures initially were
in a molar ratio of 7:1 at a total pressure of 16 mm. The ir-
radiation time in all cases was 20 min.

Borazine was prepared from LiBH, and NH,CL.¢ An impurity,
B,H;NH,, noted from its infrared spectrum, was removed as a

(3) E. Wiberg, K. Hertwig, and A, Bolz, Z. Anorg. Chem., 266, 177 (1948);
see also W. E. Weibrecht, Ph.D. Thesis, Cornell University, 1964.

(4) G.W. Schaeffer, R. Schaeffer, and R. I. Schlesinger, J. Am. Chem. Soc.,
78, 1612 (1951).
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Figure 1.—Reaction vessel.

nonvolatile ammonia adduct but could not be separated by dis-
tillation. Removal of this impurity was essential since it in-
hibited formation of photochemical products. The oxygen and
water were purified by repeated distillation. In some experi-
ments oxygen and water highly enriched in 80 were used.

Results

Borazine-Oxygen System.—The volatile compounds
obtained from the borazine—oxygen reaction and de-
posited in each of the four cold traps were analyzed in
a 12-in. 60° mass spectrometer.’ Most of the prod-
ucts were retained in the —35° trap with little or no
product in the —45° trap. The —80 and —196° traps
contained unreacted borazine and nonvolatile white
solids. The —196° trap also contained a small quan-
tity of ammonia. The composition of material in the
—35° trap was dependent upon the initial pressure ratio
of the reactants. With oxygen in excess of borazine
the material condensed in the —35° trap showed a
mass spectrum with the major ion grouping between
m/e 169 and 176. An extended mass spectrum of this
compotent is shown in Figure 2a. Under conditions
with excess borazine in the reactant mixture the mass
spectra of the material condensed at —35° showed
major ion groupings in the ranges of m/e 91-97, 127-
133, and 169-176. Mass spectral traces for the prod-
ucts obtained when ®0, was used in place of *Q, indi-
cated that the ion groups at m/e 169-176 and 91-97
were displaced 2 mass units to higher mass. This
showed that the molecular precursors associated with
these spectra contain only one atom of oxygen. From
the B-1!'B isotope structure, the mass spectral pat-
tern in the m/e range 91-97 was interpreted as a three
boron atom structure with superposition of the parent
ion and the parent ion minus H atoms. The high-
mass grouping between m/e 169 and 176 was inter-
preted as a six boron atom structure with superposi-
tion of the parent ion and the parent minus H atoms.
The components containing an oxygen atom were thus
identified with the molecular formulas B;N3;HO and

(3) R, F. Porter and R. C. Schoonmaker, J. Phys. Chem., 62, 234 (1958).
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Figure 2,—(a) Partial mass spectrum of (B;N;H;):0. (b) Partial
mass spectrum of B3N;H;OH.

BeNgH;;O. The component with m/e grouping be-
tween 127 and 133 did not contain an oxygen atom and
was identified from previously published data as
borazanaphthalene.® By noting the changes in ion
intensity ratios as the sample was depleted of the more
volatile components, it was possible to establish the
relative order of volatility as BgN3HgO > BgHgN ;O ~
B;N;H;. By applying background corrections for ions
arising from B;N;s;Hg and BeNgH;,O a partial mass spec-
trum for B3N3H{O was derived. This spectrum is
shown in Figure 2b. It should be noted that the ion
fragmentation patterns of Bs;N;HgO and BgNgH,0 are
complicated since different ions of the same mass con-
taining the same number of B atoms may be formed by
splitting off neutral fragments containing N and H
atoms and O and H atoms in certain combinations.

Infrared spectra of the products associated with
m/e groupings between 91 and 97 and 169 and 176 were
obtained from samples prepared as solid films. Prod-
ucts from the reaction of oxygen with excess borazine
were condensed in a —35° trap. The trap was then
warmed gradually and the volatile component B3N;-
H:O was deposited on a cold KBr window. The spec-
trum of this material is shown in Figure 3b. A spec-
trum of the higher molecular weight product BeNgH ;00
was obtained in a similar manner but using excess oxy-
gen in the reactant mixture. In this case the sample
collected in the —35° trap was pumped for about 1
hr before the trap was warmed. The spectrum of this
material is shown in Figure 3a.

Borazine-Water Reactions.—Mass spectrometric
analysis of the products of the borazine-water reaction
indicated that the main product condensed in the —35°
trap had mass groupings between m/e 169 and 176.

(6) A.W. Laubengayer, P. C. Moews, Jr., and R. F. Porter, J. Am. Chem.
Soc., 88, 1337 (1961).
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Figure 3.—(a) Infrared spectrum of (B3N;H;),O (solid film).

Since this compound reacts with water, it was necessary
to pump on the condensed sample for 1-2 hr after prepa-
ration to ensure that unreacted water vapor was re-
moved from the system. Infrared spectra of solid
films of the product were identical with that in Figure
2a. Spectra obtained with a sample prepared from
borazine and H,®O indicated shifts in weak bands at
1289 and 1260 em™! to 1278 and 1242 cm~! while a
band shoulder at 690 cm~! disappeared.

Borazine-Ammonia Reaction.—Analyses of the bor-
azine-ammonia reaction products condensed in the
cold traps indicated that only the —35° trap contained
a new compound. The —45° trap contained little or no
product while the —80 and —196° traps contained
mostly unreacted starting material. The —35° trap
contained a product which is liquid at room tempera-
ture and has a vapor pressure of about 2.8 mm at 25°.
A portion of the mass spectrum of the compound is
shown in Figure 4. The main ion grouping between
m/e 90 and 96 is interpreted as a three boron atom
structure with a parent mass corresponding to BsNH;
and fragmentation with loss of H atoms. The vapor-
phase infrared spectrum of the compound is shown in
Figure 3.

Discussion

B;N:;HO and B{NH;,O.—From the mass spectral and
infrared data it is proposed that the main products of
the photochemical oxidation of borazine are B-mono-

(b) Infrared spectrum of BsN:H;OH (solid film).
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Figure 4.—Partial mass spectrum of B;N;H;NH,.

hydroxyborazine (B3N3HqO) and diborazinyl ether
(BeNgH;O). The low-temperature infrared spectrum
of BsN3;H¢O shows N-H, O-H, and B-H stretching
frequencies at 3440, 3250, and 2510 cm™!, respectively.
A B-N ring stretching frequency at 1435 cm~! and
lower frequency ring deformation vibrations were also
observed. The low-temperature infrared spectrum of
BsNe¢H ;O shows two N-H stretching frequencies at
3440 and 3380 cm™!, a B-H stretching frequency at
2505 em~!, B-N ring vibrations around 1425 cm ™!, and
lower frequency deformation vibrations.

The shift in the band at 1260 to 1242 cm—! upon sub-
stitution of O for ®O is interpreted as evidence for a
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Figure 5.—Infrared spectrum of gaseous B;N;H;NH,.

B-0O asymmetric stretching frequency. Several of the
frequencies agree with the values attributed to the
fundamental vibrations for borazine’ in the gas phase.
For the latter compound it was necessary to consider
not only the ether configuration

but also the isomers of the hypothetical hydroxy deriva-
tive of diborazinyl

. A RHA
AN BN
BN BN p-oH
Tl
H H H H
11

Present evidence does not tend to support the existence
of II. The presence of an O-H group is supported
by neither the infrared spectrum nor the mass spectrum
which would be expected to show major fragmentation
resulting from loss of an O-H group to give a prominent
ion grouping beginning at m/e 159 and extending to
lower masses. This would be the same as the major
ion fragment from diborazinyl.®

An interesting feature of the infrared spectrum of the
ether is the appearance of two N-H stretching fre-
quencies of about equal intensity. This may be a split-
ting due to intermolecular interactions in the solid or
to intramolecular interactions in the molecule. It is
interesting to note that for a molecule with coplanar
borazine rings, a B-O-B bond angle of only about 120°
is required to bring two H atoms from adjacent rings
into close proximity (I). This type of splitting ap-
parently is not observed in the solid films of the hy-
droxy derivative or in KBr pellets of diborazinyl.®

(7) W. C. Price, R. D, B. Fraser, T. S. Robinson, and H. C. Longuet-
Higgins, Discussions Faraday Soc., 9, 181 (1850).

Difficulties were encountered in isolating the B-mono-
hydroxyborazine due not only to the fact that other
compounds of low volatility were also produced but
repeated evaporation—condensation procedures could
not be used because of the instability of the compound.
The best procedure for the preparation of the ether
derivative is to use a reactant mixture of water with an
excess of borazine.

BN, H;—Mass and infrared spectra for B;N,H;
indicate this compound to be B-monoaminoborazine.
The mode of ion fragmentation for this compound is
similar to that for borazine?® In both compounds ion
fragments arise by loss of a mass unit (or units) corre-
sponding to NH; BNH; BNH, BN,H,;, and BN,H;.
The infrared spectrum of B;N,H; (Figure 5) is also
similar to that for gaseous borazine! The band at
3460 cm~! and the weaker band at 3540 cm™! may be
attributed to N-H stretching vibrations from the ring
and the NH, group. The band at 2505 cm™! is attri-
buted to the B-H asymmetric stretch. A key featureis
the band at 1590 cm~—! which is interpreted as an NH,
“scissor’’ vibration.® The B-N ring stretching vi-
bration in BsN,H;, which is of the type E’ in borazine,
apparently is split into two components at 1460 and
1440 em—1.

Samples of B-monoamincborazine could be main-
tained in the condensed phase at —335° for several hours
without extensive decomposition. However, the com-
pound in the vapor phase partially decomposed after a
few hours at room temperature to borazine and am-
monia. The compound can be condensed and evapo-
rated without serious loss by decomposition. In this
sense the monoamino derivative appears to be more
stable than B-triaminoborazine,!®

Mechanisms.—In the borazine—water reaction it is
presumed that the initial photochemical act involves
light absorption by the borazine molecule since H,0O
does not absorb strongly between 1800 and 2000 A.

(8) A.P.I. Mass Spectral Data, Serial No. 1346, Petroleum Research
Laboratory, Carnegie Institute of Technology, Pittsburgh, Pa., 1956.

(9) See for example group frequency analysis by N. B, Colthup, L. H.
Daly, and S. E. Wiberly in the Introduction to ‘“Infrared and Raman Spec-
troscopy,’”’ Academic Press, Inc., New York, N. Y., 1964,

(10) K. Niedenzu and J. W. Dawson, J. Am. Ckem, Soc., 81, 3561 (1959).
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The situation is more complicated in the reactions with
O; and NH;. At the pressures used O, absorbs light at
1849 A, but not as strongly as borazine. In the bora-
zine-ammonia reaction both molecules absorb strongly
at 1849 A. For the borazine—water reaction we can
visualize the initial photochemical step

B;N;Hg + hv —> Bs;NGH; + H
followed by
B;N:;H; + H.O —> B:N;H:OH + H

and further reactions of the hydroxy derivative to form
diborazinyl ether. For the borazine-ammonia re-

Inorganic Chemistry

action we can write for the reaction following the initial
photochemical step

B;N3;H; + NH; —> B;N;H;NH, + H
or assuming the initial photochemical step!!
NH; + v —> NH; + H
we can write
B;N;Hs + NH, —> B;N;H:;NH; + H
Further discussion of the mechanism must be de-
ferred until quantitative measurements of quantum

yields are available.
(11) H. S. Taylor, J. Phys. Chem., 42, 783 (1938).
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S-Demethylation of the ligand has been observed to occur when palladium(II) and platinum(II) chelates of dimethyl-o-
methylthiophenylarsine and 8-methylthioquinoline are heated in dimethylformamide to yield complexes of the corresponding

thiols, viz., dimethyl-o-mercaptophenylarsine and 8-quinolinethiol.
phenylarsine)palladium(II) was effected in a similar manner.
to give metal chelates of the original or another thioether.

Introduction

S-Alkylation is known to occur ¢ situ when certain
metal complexes of thiols are treated with alkyl halides.
One of the earliest reported examples of this type of
reaction was the alkylation of Pt(SC;H;); by reaction
with ethyl iodide or methyl jodide in sealed tubes at
70-80° to form the thioether complexes Pt(SRj).I,
(R = methyl, ethyl).2

Similar alkylation of mercapto complexes of mer-
cury(II) was reported by Ray.®* The first reaction of
this type involving a metal chelate was reported by
Ewens and Gibson,® who showed that the gold(III)
complex of 2-mercaptoethylamine reacts with ethyl
bromide to yield the S-alkylated complex I.

C.H; NH;—CH,
N
Ay —+ CH;:Br —>
7N
C2H5 S’—_—CHQ
C.H; NH,—CH.
/ |
Au
N | Br
C.H; ?———CH:
C.H;
I

(1) K. A, Hofman and W. O. Rabe, Z. Anorg. Chem., 14, 293 (1897).
(2) S. Smiles, J. Chem. Soc., 77, 106 (1900).

(3) P, C. Ray, ibid., 109, 131, 603 (1916); 111, 101 (1917).

(4) P.C.Rayand P, C. Guha, ibid., 115, 261, 541, 548, 1148 (1919).

(5) R.V.G. Ewens and C. S. Gibson, {bid., 431 (1949).

S-Debenzylation of dichloro(dimethyl-o-benzylthio-
Some of the S-dealkylated metal chelates can be S-alkylated

Busch, et al.,57 allowed the nickel(II) complex of 3-
mercaptoethylamine to react with alkyl halides in di-
methylformamide solution and obtained S-alkylated
derivatives. A typical reaction is’

Ni(SCH.CH,NH;)> + 2CH;I —> Ni{CH;SCH.CH;NH;).1I,
square diamagnetic octahedral paramagnetic

S-Alkylation has been used for the preparation of
macrocyclic nickel chelates;® in these reactions the
original nickel complex serves as a template.® These
and other similar S-alkylation reactions have been
discussed in recent reviews.10—13

Attempts to prepare a gold(III) complex of 8-methyl-
thioquinoline (IT) (N-SCHj) by the reaction of sodium
tetrachloroaurate(III) with II led to S-demethylation
of the ligand and the isolation of a gold(III) complex of
8-quinolinethiol, viz., Au(N-S)CL.'* This led us to

(8) D. H. Busch, J. A, Burke, D, C, Jicha, M. C, Thompsoen, and M. L.
Morris, Advances in Chemistry Series, No. 37, American Chemical Society,
Washington, D. C., 1963, p 123,

(7) D. H. Busch, D, C. Jicha, M. C. Thompson, J. W. Wrathall, and E.
Blinn, J. Am. Chem. Soc., 86, 3642 (1964),

(8 M. C. Thompson and D, H, Busch, ¢bid., 86, 3651 (1964).

(9) D. P. Martin in “Preparative Inorganic Reactions,” Vol. I, W. M,
Jolly, Ed., Interscience Publishers, Inc., New York, N. Y., 1964, Chapter
III, p 69.

(10) R. S. Nyholm, Proc. Intern. Congr. Catalysis, 3rd, Amsterdam, 1964,
25 (1965).

(11) Q. Fernando, Advan. Inorg. Chem. Radiochem., T, 1835 (1965).

(12) 8. E. Livingstone, Quart. Rev. (London), 19, 386 (1965).

(13) D, St. C. Black and E. Markham, Rev. Pure Appl. Chem., 18, 109
(1985).

(14) L. F. Lindoy, S. E. Livingstone, and T. N. Lockyer, Australian J.
Chem., 19, 1391 (1966).



