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Abstract: A combination of experiment and theory provides insight into the structure and rearrangements of various
C3H, isomers. Photolysis of'{C]diazopropynessa—c under matrix isolation conditions affordssi; isomers
containing a singlé3C-label. With the aid of computed vibrational frequencies and intensities (CCSD(T)/cc-pVTZ),
the sever®C-isotopomers of triplet propynyliderig,b, singlet propadienylidenga—c, and singlet cyclopropenylidene

3a,b are readily distinguished by IR spectroscopy. Monitoring the distribution o¥bdabel during photolysis at
eitherA = 313+ 10 nm ord > 444 nm reveals the involvement of two photochemical automerization processes. At
A =313+ 10 nm, triplet propynylidene and singlet cyclopropenylidene photoequilibrate. The interconversion does
not occur by a simple ring closure/ring opening mechanism, as hydrogen migration accompanies the interconversion.
At A > 444 nm, HC=C=13C: (2b) and HC=13C=C: (20) rapidly equilibrate. Various lines of evidence suggest
that the equilibration occurs through a cyclopropyne transition state. Computational results confirm ghaane
isomer of singlet cyclopropynet§, Cy,) is the transition state for the interconversion2bfand2c. Unexpectedly,

the calculations predict that the isomer of this compound containing a tetrahedral carbortbt@y) lies ca. 7

kcal/mol higher in energy than the planar form.

Introduction

The GH, potential energy surface contains fascinating

isomers that challenge our understanding of structure and

bonding (Scheme 1). Severaki; molecules represent the
parent species of their class: propynylidehes the simplest
acetylenic carbene, propadienylidetis the simplest vinylidene
carbene, cyclopropenylide@ds the smallest aromatic carbene,
and cyclopropynd is the smallest cyclic alkyne. These highly-
reactive molecules are fundamentally important not only within
the context of organic chemisthyut also within the context
of the chemistry of the interstellar mediuimt

In our previous investigation of triplet propynyliderie
differential3C-labeling of its photochemical precursors enabled
us to conclude that has aC,-symmetric, allene diradical-like
geometry (Scheme 1), rather tharCasymmetric, acetylene
carbene-like structure® Subsequent photolysis of tHéC-
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isotopomers of propynylidend.& and1b) revealed heretofore
unknown automerizations thand its isomers, propadienylidene

2 and cyclopropenyliden8.t In this paper, we present these
photochemical rearrangements in full detail and discuss their
mechanistic implications, focusing particular attention on the
possible involvement of cyclopropyrkin the automerization

of 2.

Background

Various chemical trapping studies have been reported for
carbened,’9 2,1011gnd 312 gnd derivatives thereof. The first
spectroscopic characterization of propynyliddneccurred in
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1965. Bernheim and Skell photolyzed diazoprop@rie poly-
(chlorotrifluoroethylene) at 77 K and characterized the triplet
ground state of using ESR spectroscopy. A linear geometry
was assigned t@ on the basis of the vanishingly small value
of the zero-field splitting parameteE. Photolysis of diazo-
propyne in the gas phase produces primarify &though the
transient absorption of a minor photoproduct was tentatively
assigned to singlet propynyliderie'* Chi first reported the
infrared spectrum ofl, obtained upon photolysis of matrix-
isolated diazopropyne, in 19%2;Jacox and Milligan later
observed. upon photolysis of matrix-isolated propy#e Flash
vacuum pyrolysis of a quadricyclane derivative with trapping
of the products in argon on a cold window led to the observation
of matrix-isolated cyclopropenylidergby IR spectroscopy’
Photolysis of3 resulted in formation ofl and ultimately2, a
reversible photoprocess depicted in Schem®& Zhis was the
first observation of propadienylider®e A further investigation
of the IR spectrum ofl and its deuterated isotopomers
followed® Vacuum UV photolysis of propyne in the gas phase,
followed by co-condensation of the products in argon at 10 K,
produces IR absorptions of—3 as well as absorptions
tentatively assigned to propene-1,3-diylider.?® Recent
crossed molecular beam experiments implicate triplit the
reaction of atomic carbor?®) with acetylene?!a

Observation of the rotational spectra of cyclopropenylidene
322725 and propadienyliden@2627 in the laboratory led im-
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mediately to the discovery &2 and228in interstellar clouds.
The dipole moments o2 (4.1 DF’ and 3 (3.43 DY° are
unusually large for hydrocarbons, a feature which facilitates
detection by radioastronomy. The electronic absorption spec-
trum of propadienyliden@3° shows rich vibrational structure
in the visible spectrum, inviting speculation concerning the
H,C(=C:), family of carbenes as possible carriers for the
“diffuse interstellar bands®* Photoelectron spectra, ionization
potentials, electron affinities, proton affinities, and heats of
formation have been reported for bdttand 3.32-34

In an important series of recent investigations, Maier and co-
workers spectroscopically observed several sila-analogstf C
isomers, including a sila-analog of cyclopropyribe first
cyclopropyne derivative to be detected (Schem®& Fheny$6:37
and hal8® derivatives of carbene$—3 have also been the
subject of recent study.

The GH; potential energy surface has received extensive
computational attentiof-3° Singlet cyclopropenylideng?®41
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Table 1. Experimental and Calculated (CCSD(T)/cc-pVTZ)nfrared Absorptions
1 la 1b
13C shift 13C shift
exptl calcd exptl calcd exptl/calcd exptl calcd exptl/calcd
3443 (3) 3273 (10) 3436 (3) 3443 (3)
3265 (71) 3422 (86) 3257 (57) 3416 (86) —8/-6 3265 (45) 3422 (86) 0/0
1621 (7) 1644 (10) 1612 (7) 1635 (10) —9/-9 1581 (7) 1600 (9) —40/-44
1273 (0) 1250 (0) 1273 (0)
550 (50) 547 (36) 550 (38)
403 (25) 414 (15) 402 (23) 413 (16) -1/-1 394 (30) 405 (17) —9/-9
412 (16) 410 (16) 402 (15)
334 (59) 333 (57) 333 (56)
242 (9) 241 (9) 241 (9)
249 (100) 132 (77) 247 (100) 132 (76) —2/0 247 (100) 132 (77) —2/0
2 2a 2b 2c
13C shift 13C shift 13C shift
exptl calcd exptl calcd  exptl/calcd exptl calcd exptl/calcd exptl calcd exptl/calcd
3210(0.2) 3197 (0.2) 3210(0.2) 3210 (0.2)
3146 (5) 3141 (5) 3147 (5) 3147 (5)
1952 (100) 2019 (248) 1944 (81) 2010 (249)—8/—9 1937 (74) 2003 (241) —15/~16 1903 (100) 1967 (234) —49/-52
1446 (16) 1503 (11) 1438(4) 1495(9) -—8/—8 1445 (15) 1502 (11) —-1/-1  1445(15) 1503 (11) —-1/0
1125 (2) 1108 (2) 1104 (3) 1124 (2)
1057 (3) 1049 (3) 1057 (3) 1052 (3)
1002 (17) 1049 (19) 993 (3) 1039(19) —9/~10 1002 (79 1048 (19) 01 1002 (7§ 1048 (19) 01
276 (1) 276 (1) 274 (2) 270 (1)
240 (3) 239 (3) 238 (3) 234 (3)
3 3a 3b
13C shift 13C shift
exptl calcd exptl calcd exptl/calcd exptl calcd exptl/calcd
3307 (0.6) 3300 (0.6) 3307 (0.6)
3259 (0.7) 3253 (0.7) 3259 (0.7)
1635 (0.4) 1608 (0.5) 1631 (0.1)
1278 (100) 1316 (48) 1268 (100) 1306 (48) —10/~10 1252 (100) 1290 (49) —26/-26
1089 (9) 1075 (9) 1083 (10)
998 (0) 992 (0) 998 (0)
895 (14) 914 (4) 913 (18) 910 (18)
883 (35) 914 (19) 888 (114) 911 (5) 881 (114) 906 (4)
783 (54) 800 (20) 781 (77) 798 (20) —2/-2 781 (77 799 (20) -2/-1

aFrequencies in cr, relative intensities in parentheses; argon matrix, 8 Rrequencies in cri (uncorrected), absolute intensities in parentheses

in km/mol. ¢ Intensity is the sum of bot@b and2c. 9 Intensity is the sum of botBa and 3b.

is the global minimum, singlet propadienylide®&!®3%42jies
10—14 kcal/mol above, and triplet propynylidené!°3%43|ies
14—22 kcal/mol above3. A host of ab initio investigations

whether it is a transition state or a higher-order saddle point
depends on the level of theory used in the calculations.
Remarkably, “planar” cyclopropyneld) lies lower in energy

has focused more narrowly on specific aspects of one or morethan “perpendicular” cyclopropynéeif) at all levels of theory

CsH, isomers. The geometry of triplet propynylidetiehas
proven to be especially challenging. Calculations based on
electron correlation treatment by means of finite-order perturba-
tion theory predict thal has an equilibrium geometry wit@Gs
symmetry (Scheme 1§:3%9.d.1430 However, methods based on
a cluster expansion of the wave function (QCIl and CC methods)
predict that the equilibrium structure ha, symmetry*3e
Vibrational frequencies predicted by QCISD with a 6-31G*
basis display acceptable agreement with experiment.
Cyclopropyned and silacyclopropyne are subjects of current
experiment&3°® and theoretical interedf2d41.4447 The con-
sensus is that singlet cyclopropyr#o) is not a stable structure;

(41) Lathan, W. A.; Radom, L.; Hariharan, P. C.; Hehre, W. J.; Pople,
J. A. Top. Curr. Chem1973 40, 1—45.

(42) (a) Kenney, J. W.; Simons, J.; Purvis, G. D.; Bartlett, Rl. Am.
Chem. Soc1978 100, 6930-6936. (b) Dykstra, C. E.; Parsons, C. A.;
Oates, C. LJ. Am. Chem. S0d.979 101, 1962-1965.

(43) (a) Jahn, H. A,; Teller, EProc. R. Soc. Londoh957 A161 220~
235. (b) Kihnel, W.; Gey, E.; Spangenberg, H.Zl.Phys. Chem., Leipzig
1982 263 641-645. (c) Fan, Q.; Pfeiffer, G. \Chem. Phys. Lett1989
162 472-478. (d) Grsky, P.; Pirko, V.; Hess, B. A,, Jr.; Schaad, L.J.
Phys. Chem199Q 94, 5493-5496. (e) Herges, R.; Mebel, &. Am. Chem.
Soc.1994 116, 8229-8237. (f) Walch, S. PJ. Chem. Phys1995 103
7064-7071.

investigated thus fai®47

Results

Generation and Characterization of Propynylidene. As
described earlietf photolysis 4 > 472 nm) of either [1:3C]-
diazopropyne®a) or [3-13C]diazopropyneb), matrix-isolated
in argon at 8 K, produces exclusively f3c]propynylidene {3
IR (Ar, 8 K) Table 1; UV (Ar, 8 K) 231, 234, 240, 246, 251,
260, 275-350 (broad absorption exhibiting vibrational structure)
nm; ESR (Ar, 14 K)|D/hc| = 0.6412 cm?, |E/hd = 0.001 08
cmL; Z; = 3453, X; = 5873,Y, = 5922,7, = 10 243 G,
microwave frequency 9.5324 GHA&x = Ay = 38 G,A; =7
G) (Scheme 4). Similarly, new experiments establish that
photolysis 4 > 472 nm) of [213C]diazopropyne &c), matrix-

(44) (a) Sherrill, C. D.; Brandow, C. G.; Allen, W. D.; Schaefer, H. F.
J. Am. Chem. Sod996 118 7158-7163. (b) Fitzgerald, G.; Schaefer, H.
F.lIsr. J. Chem1983 23, 93—-96. (c) Saxe, P.; Schaefer, H.F>Am. Chem.
So0c.198Q 102, 3239-3240.

(45) Johnson, R. P.; Daoust, K.J.Am. Chem. Sod.995 117, 362—
367.

(46) Seburg, R. A. Ph.D. Dissertation, University of Wisconsin, Madison,
WI, 1995.

(47) Warner, P. Manuscript submitted.
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Figure 1. IR difference spectra obtained upon irradiatidnX 472 nm, 6.75 hi > 237 nm, 15.5 h) of [1:*C]diazopropyne &a) in an argon
matrix at 8 K, showing statistical scrambling of tH€-label in propynylidenesa andlb, propadienylidene®a, 2b, and2c, and cyclopropenylidenes
3aand3b.

Scheme 4 and 3,18 with the known photochemical behavior of 2, and

3,8 and with the computed IR spectra of tH€-isotopomers

N =13
/E A > 472 nm ¥ ¢ of 1, 2, and3.5 These IR assignments are now further supported
" =z « H j‘ by studies of [2L3C]propynylidene {b). Irradiation ¢ > 237
6a nm, 15.5 h) oflb producesla, 2a, 2b, 2c, 3a, and3b, with
Py relative IR intensities which equal those obtained from pho-
H » H tolysis of la. In particular, the agreement between the
1 experimental and computed isotopic shifts in the IR spectra of

1-3 (Table 1) provides strong support for the proposed
structural assignments.

ESR spectroscopy provides a complementary method for
observing the photochemical automerization '8€-labeled
N propynylidene®® Irradiation @ > 237 nm, 19 h1 > 200 nm,
7 h) of a matrix containing only [#C]propynylidene 1a)
results in the appearance of the ESR signal of3{Z}propy-
nylidene (Lb). Separate irradiatiok (> 237 nm, 7 h > 200
nm, 1 h) of a matrix containing onlyb results in the appearance
of the ESR signal ofa. In both cases, the experimental spectra
| ° e al obtained after the high-energy irradiations are satisfactorily
0.6406 cm”, |E/hd = 0.001 08 cm™; Z, = 3458,X; = 5865, reproduced by simulatiffig®a 2:1 mixture of species (indicating
Y2 = 5913,Z, = 10 239 G, microwave frequency 9.5126 GHz, , gagistical distribution of th&C-label in1aand1b) with 3C-

Ax= Ay =24 G,Az =9 G) (Scheme 4). We defer a detailed v nerfine coupling constants 8 = Ay = 38 G for laandAy
analysis and interpretation of the spectroscopic characterization_ Ay, = 24 G for 1b.

of propynylidene to a subsequent publication.
Control experiments establish that no thermal rearrangementsg
of 1 occur under the conditions of our matrix isolation
experiments. Annealing an argon matrix containing drdyo
37 K reveals neither automerization it nor rearrangement
to propadienyliden@a, 2b, or 2c or cyclopropenyliden&a or
3b. Interestingly, annealing an argon matrix bfloped with
0.84% carbon monoxide to 37 K results in no reactionlof
with CO to form ethynylketené?
Broadband Irradiation (4 > 237 nm) of [143C]Propyn-
ylidene (1a) and [213C]Propynylidene (1b). Irradiation @
> 237 nm, 15.5 h) oflaresults in the decrease o and the
appearance of IR signals due to'f&]propynylidene 1b), three
13C-isotopomers of propadienyliden2a( 2b, and2c), and two
13C-isotopomers of cyclopropenyliden8a and 3b). The
photoproducts exhibit complete scrambling of tHe-label
(Figure 1). Assignment of the IR signals was made by
comparison with the experimental IR bands of unlabdled,

6¢c

isolated in argon at 8 K, produces exclusively'fZ]propyn-
ylidene (Lb; IR (Ar, 8 K) Table 1; ESR (Ar, 14 K)D/hc| =

The UV/vis spectrum of triplet [£2C]propynylidene {a) is
hown in Figure 2b; within the limits of our resolution, this
spectrum does not differ from that of unlabele8l Bandpass
irradiation (379 nn> A > 273 nm, 13 h) of a matrix containing
only laproduces the three isotopomers of propadienylidgag (
2b, and2c; UVivis (Ar, 8 K) 213, 218, 222, 227, 231, 235,
240, 246, 252, 258, 403, 421, 438, 461, 482, 510, 537, 604
nm). The UV/vis spectrum of the mixture @f, 2b, and2cis
shown in Figure 2c; within the limits of our resolution, this
spectrum does not differ from that of unlabeled® The
extinction coefficient oR is qualitatively much larger than that
of 1 (or 3). IR spectra obtained after the corresponding
photolysis of a separate matrix reveal only trace amounts of
1la 1b, 33 and3b. Subsequent irradiatiod > 399 nm, 57 h)
of propadienylidene®a, 2b, and2c results in their decrease
and in the appearance of cyclopropenylideB&and3b (Figure
2d). The only transitions we can confidently assigr8&and
3b are those at 260 and 270 nm; nevertheless, the facBthat
and3b exhibit photochemistry upon long-wavelength irradiation

(48) Propynylidenel reacts photochemically in a CO-doped matrix (
> 261 nm) to give ethynylketene: Seburg, R. A.; McMahon, R. J.
Unpublished results.

(49) Data available as Supporting Information.
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2a+2b+2c © appear immediately upon photolysis, and statistical scrambling
g 1.0 of the label (2:1 intensity ratio ddato 3b) is apparent even at
8 the shortest irradiation times. This ratio remains constant
2 05 T throughout all subsequent photolyses. The growt3afnd
< 4 500 3b gradually slows as the irradiation continues; prolonged
004 T A irradiation (>40 h) eventually causes a slight decrease in
15 intensity of 3a and 3b. Propadienylidenega and 2b appear
§ (d) immediately in a 1:1 intensity ratio, and this ratio does not
g 104 3a+3b change significantly upon further photolysisjat= 313 + 10
s i // nm. Appearance of center-labeled propadienylid2cehow-
g 05 _\w\l ever, lags well behin@a and2b; the intensity of the 1903 cm
< | 200 250 300 band of2c still does not equal that of eith@a or 2b after 24
0.0 4 h of irradiation. The concentration &b decreases to ca. 20%
T T T T T T T

of its initial value upon extended irradiation & 313 + 10
nm, 67.6 hy°

Wavelength (nm) Irradiation ¢ = 313+ 10 nm) of a matrix containing only

[2-13C]propynylidene {b) (as generated by, > 472 nm
photolysis of [213C]diazopropyne €c) in an argon matrix)
provides additional and complementary evidence concerning the
label-scrambling process (Scheme 5). Again, the photolysis was
monitored by IR spectroscopy at various time inter¢al&Jpon
photolysis of propynylidenelb, isotopomerla appears im-
mediately and grows to a maximum intensity at 6.7 h (Figure
3). Statistical scrambling of th®C-label (2:1 intensity ratio

of lato 1b) occurs after roughly 10 h of photolysis. Cyclo-
%ropenylidene@a and3b enter immediately. As their growth
continues, the ratio of relative integrated intensities of the peaks
at 1268 8a) and 1252 cm! (3b) remains constant at ca. 2:1.
Propadienyliden@c appears immediately, whereas production
of 2aand2b lags behind. Propadienyliden2a and2b grow

at the same rate, maintaining an intensity ratio of ca. 1:1. After
6.7 h,2c s still twice as prevalent as eith@a or 2b.

Broadband Photolysis § > 444 nm) of [*C]Propadi-
enylidenes 2a, 2b, and 2c A matrix containing all seve#C-
propynylidene {a) (as generated by > 472 nm photolysis of ~ iSotopomers was prepared by photolysis<( 313+ 10 nm, 8
either [123C]diazopropyne Ga) or [3-13C]diazopropyne Gb)) h) of an argon matrix containing onla. The relatively short
scrambles thé3C-label in the various photoproducts (Scheme irradiation time was not sufficient to effect complete scrambling
5)8 The photolysis was monitored by IR spectroscopy at Of the **C-label in the propadienylideneza, 2b, and2c (cf.
various time intervals. The following IR bands are well Figure 3). Subsequent broadband irradiation of this matrix at
separated and thus convenient for observing this process andt > 444 nm (up to 8 h) effects interconversion2if and2c, as
for determining relative integrated intensities of the species: observed by IR spectroscopy (Figure 4 and Scheme 6). The
3265 (Lb), 3257 (La), 1944 Qa), 1937 @b), 1903 @c), 1268 slight decrease iRa indicates net disappearance@t! In a
(3a), and 1252 cm’ (3b). Automerization oflato 1bis evident ~ similar manner, photolysis.(= 313+ 10 nm, 6.7 h) of a matrix
after only 0.4 h (Figure 3). Propynylidentb reaches its containing only 1b yields all seven!3C-isotopomers with
maximum intensity at ca7 h ofirradiation time, after whichit ~ incomplete scrambling of th&€C-label in2a, 2b, and 2c (cf.
decreases slowlf. A statistical scrambling of the label (2:1
intensity ratio) betweetita and1b is achieved after roughly 10
h; the relative intensities dfa and1b remain constant through
all subsequent photolyses. CyclopropenylideBasand 3b

Figure 2. UV/is absorption spectra (argon, 8 K): (a) IXJ-
diazopropynea), (b) triplet [1+3C]propynylidene {a) obtained upon
irradiation @ > 472 nm, 18 h) 0Ba, (c) singlet [*C]propadienylidenes
2a, 2b, and2c obtained by bandpass irradiation (379 mmi > 273
nm, 13 h) of 1a and (d) a mixture of predominantly singlet
[**C]cyclopropenylidene8a and3b and traces ofla, 1b, 23, 2b, and
2c, obtained by broadband irradiatioh ¥ 399 nm, 57 h) of the matrix
in (c).

(A > 444 nm, vide infra) implies that cyclopropenylider® (
possesses weak, undetected visible absorptions. Monochromati
irradiation @ = 271 + 10 nm) causes the 260 and 270 nm
absorptions to decrease and the absorptiortsaplb, 2a, 2b,
and2cto increase. The absorptions that occur at wavelengths
shorter than 260 nm in Figure 2d are due to residal2b,
and2cand a trace olaandlb. Again, the absorption spectra
of 3aand3b do not differ detectably from that of unlabel&d
Monochromatic Irradiation ( 4 = 313+ 10 nm) of [1-13C]-
Propynylidene (1a) or [243C]Propynylidene (1b). Irradiation
(A =313+ 10 nm) of an argon matrix containing only f3c]-

(50) Maier et al. reported nearly complete conversiorl 66 2 at 313
nm. We have been unable to achieve this high degree of conversion, which
we attribute to minor differences in our irradiation source and monochro-
mator.
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Figure 3. IR difference spectra obtained upon monochromatic irradia-
tion (1 = 313+ 10 nm) of [¥C]propynylidenela or 1b in an argon
matrix at 8 K, showing the time evolution of th&-label scrambling

in propynylidenesla and 1b, propadienylidene&a, 2b, and2c, and
cyclopropenylidene8aand3b. Top: Experiment begins with a matrix
containing exclusiveljta. The difference spectra result from subtraction
of the spectrum ofla obtained beforel = 313 nm photolysis from
those obtained after (a) 0.4, (b) 1.2, and (c) 3.0 h of irradiation.
Bottom: Experiment begins with a matrix containing exclusivity
The difference spectra result from subtraction of the spectrudbof
obtained beford = 313 nm photolysis from those obtained after (d)
0.7, (e) 1.3, (f) 3.3, and (g) 6.7 h of irradiation.

Figure 3). Broadband irradiation & 444 nm, up to 8 h) again
yields interconversion of2b and 2c, as observed by IR

Seburg et al.

A Absorbance / 10

1960

1940 1920 1900 1880
61 ®
4 2b
‘?o ] /
T 24
@
8 ]
& 0
2 ]
< 1 7/
< -4+ 24
-6 7 \2(:
T T
1960 1940 1920 1900 1880

Frequency (cm'1)

Figure 4. IR difference spectra obtained upon irradiatidnX 444
nm) of a mixture of propynylidenebsa and 1b, propadienylidenega,

2b, and2c, and cyclopropenylidene®a and3b containing a nonstatis-
tical distribution of the'*C-label. Spectra illustrate the photochemical
automerization oRb and2c. Top: Experiment begins with a matrix
containing a preponderance2d and2b over2c. The difference spectra
result from subtraction of the spectrum before 444 nm irradiation from
those obtained after 20, 40, 50, 80, 180, and 240 min. Bottom:
Experiment begins with a matrix containing a preponderan@e ofer

2a and 2b. The difference spectra result from subtraction of the
spectrum before 444 nm irradiation from those obtained after 10, 20,
30, 40, 60, 120, 180, 270, and 480 min.

spectroscopy (Figure 4 and Scheme 6). Again, a slight decrease

in 2a occurs.

The following control experiments provide additional mecha-
nistic evidence concerning the photoisomerization2.0f(i)
Irradiation @ > 399 nm) of a matrix containing only results
in no changes in the IR spectrum. Thiss not photosensitive
under the conditions of theé > 444 nm irradiation and is not

a permissible ground-state intermediate in either the automer-

ization of 2 or the conversion of to 3. (ii) Irradiation @ >
444 nm, 2 h) of a matrix containing onllyand3 produces an
extremely small quantity d? (0.0053 in the strong absorption
band at 1953 crt). Given the complete lack of photochemistry
from 1 under these condition8,must serve as the photochemi-
cal precursor of2. (The change in intensity of the IR
absorptions of3 is not detectable after only 2 h, presumably
because of the significant differences in the extinction coef-
ficients betweer2 and3.) We thus conclude th&and3 exist

in a reversible photoequilibrium at> 444 nm. The very slow
conversion of3 to 2 under these conditions suggests tRas
not a viable intermediate in the automerization2tf and 2c.

(51) Prolonged irradiation(> 444 nm) of2a, 2b, and2cresults in the
very slow conversion of propadienylide@do cyclopropenyliden& and,
eventually, propynylideng (Scheme 6). IR difference spectra that illustrate
this process are available as Supporting Information. After only 3 h, the
decrease of the intense absorption2afind2b is evident, but growth of
the weak absorptions of eith&ror 3 is not unambiguously apparent. After
7.5 h of irradiation, the growth of cyclopropenylidergsand3b becomes
clear. Upon continued photolysis (21.5 Ba and3b apparently achieve a
photostationary concentration, and the growth of propynylidebecomes
evident. Prolonged irradiation (46.5 h total) leads to the net decre&@s of
2b, and2c and growth ofla and 1b.

Scheme 6
A> 14:134 nm ﬁ ﬁ * oot ﬁ
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Computational Results Propynylidenel, propadienylidene
2, cyclopropenylidene3, cyclopropyne4, and propene-1,3-
diylidene5 were investigated at various levels of ab initio theory,
including full geometry optimization at the CCSD(T)/cc-pVTZ
level. Table 1 displays the uncorrected harmonic vibrational
frequencies computed for tHéC-isotopomerdla, 1b, 2a, 2b,
2c, 3a, and 3b. These frequencies provide the basis for
assigning the experimental IR bands. The frequencies computed
for triplet propynylidenel at the CCSD(T)/cc-pVTZ level
actually display poorer agreement with the experimental fre-
guencies than those computed at the QCISD/6-31G* fe&/&i
The good agreement for the QCISD/6-31G* frequencies appears
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Table 2. Computed Energies of #, Isomers

relative
imag relative energy+
CsHzyisomer  total energy freq energy ZPVEAZPVE AZPVE

CCSD(T)/cc-pVTZ
HCCCH (@) —115.157218 O 14.0 16.18—4.16 9.8
H.CCC Q) —115.157026 O 14.1 19.48-0.86 13.2
3 —115.179519 O 0.0 20.34 0.00 0.0
4a(Cy,, planar) —115.094 745 1 53.2 17.88-2.46 50.7
4b (Cy, perp) —115.082642 2 60.7

QCISD/6-31G*
HCCCH (@) —114.975172 0 7.9 16.79—-3.69 4.2
H.CCC @) —114.971606 O 10.1 19.62-0.86 9.2
3 —114.987745 0 0.0 20.48 0.00 0.0
4a(Cy,, planar) —114.906 199 1 512 181 —-2.4 48.8
4b (Cy,, perp) —114.891962 2 60.1 18.8 —1.7 58.4
Co+ CHYP —114.696999 0 182.1
BLYP/6-31G*

HCCCH (@) —115.292166 O 6.4 16.70—2.81 3.6
H.CCC Q) —115.290433 0 7.5 18.97-0.54 7.0
3 —115.302404 O 0.0 19.51 0.00 0.0
4a(Cy,, planar) —115.224510 1 488 17.3 —2.2 46.6
4b (Cy, perp) —115.208998 2 58.6 18.1 —1.4 57.2
C;+ CHpP —114.983134 0 200.2

@ Total energy in hartrees; relative energy and zero-point vibrational
energy (ZPVE) in kcal/moP Singlet G + singlet CH.

174°
Dihedral Angle 143°
1(C)

3(C,) 4a (C,)

4b (C,)

Figure 5. Computed structures of 8, isomersl—4 (CCSD(T)/cc-
pVvTZ).

to be fortuitous; our current results suggest that the QCISD/6-
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This latter mode led us to investigate planar cyclopropyae
Structures optimized fatadisplay a single imaginary frequency

at the same levels of theory, thereby implicating this species as
a transition state for the automerization 2f Remarkably,
structureda, which contains a planar, tetracoordinate carbon
atom, lies 710 kcal/mol lower in energy than structudé,
which contains a tetrahedral carbon atom.

Discussion

Our initial 13C-labeling experiments revealed two distinct
photochemical processes that scramble *i@label in GH,
isomers® The current studies provide additional insight into
these label-scrambling processes. New experimental studies of
the scrambling in [23C]propynylidene {b) provide a critical
test in support of our previously proposed mechanism. New
computational studies provide important guidance in considering
mechanistic alternatives.

1. Mechanism of thed = 313+ 10 nm Photochemistry.

A. Cyclopropenylidene Formation. Propynylidened parti-
tion between propadienyliden@&sand cyclopropenylidene3
upon irradiation { = 313+ 10 nm). Cyclopropenylidene3a
and3b appear immediately upon photolysis of eitieror 1b
(Figure 3). The ratio of integrated intensities3# and 3b is

ca. 2:1 at very early irradiation times and throughout the
irradiation. The second propynylidene isotoponéror 1a,
respectively, also appears immediately. Statistical distribution
of the label inla and 1b requires 10 h, but a quantitative
interpretation of the rate of scrambling fra and 1b is very
difficult.52  Any mechanism that invokes eithéa or 1b to
explain the scrambling of the label Bican be excluded, for
the label is fully distributed irB long before inl. Formation

of 3 by simple ring closure of cannot account for the observed

31G* calculations are not converged with respect to either basis'@bel scrambling ir8: this mechanism predicts thaa would
set or electron correlation (the basis set effect appears to bef0rm exclusively3aand1bwould form exclusivelysb at early

particularly significant).

Relative energies of thesB, isomers are presented in Table
2. Interestingly, our calculations predict triplet propynylidene
1 to lie 3—5 kcal/mol lower in energy than singlet propadi-
enylidene2, in contrast to most previous studi@$® The energy
difference between propadienylidedand cyclopropenylidene
3 (13.2 kcal/mol) computed at the CCSD(T) level is in good
agreement with the experimental value (11.8 kcal/mol), deter-
mined from differences in heats of formati&h.

Two structures of cyclopropynéd were considered, both
having C,, symmetry. In one of theseld), the molecule is
planar while the coordination of the central atom in the other
isomer @b) is approximately tetrahedral (Figure 5, Table 1).
We designate these structures as plafiarand perpendicular
Co,, respectively.

At the CCSD(T)/cc-pVTZ, QCISD/6-31G*, and BLYP/6-
31G* levels, the expected “perpendicular” geometry of singlet
cyclopropynedb displays two imaginary vibrational frequen-
cies. One of the imaginary modes db corresponds to
ring opening o#b to propadienyliden@. The other imaginary
mode corresponds to torsional motion of theCHgroup.

photolysis times (Scheme 7). A photochemical 1,2-hydrogen
shift must accompany the formation 8& and 3b from either
la or 1b. Simple ring closure ofl followed by rapid
1,2-hydrogen shifts i3 accounts for the immediate statistical
scrambling of the label i1, whereas hydrogen migration in
concert with or preceding ring closure does not (Scheme 8).
Cyclization concomitant with hydrogen migration is incon-
sistent with the experimental data. This mechanism predicts
that 1a should initially produce3a and3b in a 1:1 ratio and
that 1b should initially produce only8a. Hydrogen migration
prior to simple ring closure would produce transient propene-
1,3-diylidene §; Scheme 8). IR bands were attributed to this
CsH; species by Huang and GrahanZ)-6, 3292 cn?; (E)-5,
1960 cnt1.2° We do not observe any IR bands which can be
attributed tdb during thel = 313 nm irradiation, but this species
may be too photolabile to build up an observable concentration.

(52) In all experiments, one isotopomer of propynylidérie present in
large excess at the beginning of the photolysis and throughout the early
stages of photolysis. The rate of disappearance isfinfluenced by the
rate at whichl is regenerated by photoequilibration wBhthe extinction
coefficient of1 at the photolysis wavelength, and the quantum yield for
rearrangement of to 3. None of these quantities are known.
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The mechanism depicted in Scheme 8 predicts thatvould
afford solely3a at early photolysis times, for H-migration in
1b can give only one isotopomer &f To gain further insight
into the structure and energetics 6f we carried out a
preliminary theoretical investigation of tlfeandE conformers

of 5 at the MBPT(2)/DZP level of theory. It appears that both
singlet isomers rearrange spontaneously to cyclopropenyliden
3, while distinct but nearly degenerate minima are found for
the triplets. TheZ andE triplet isomers ob lie >50 kcal/mol
above cyclopropenylider2 We cannot unequivocally rule out
the involvement ob in the photochemistry of propynyliderie
and cyclopropenyliden8, but the simple involvement @& is

not sufficient to explain the label scrambling process.

B. Propadienylidene Formation. The mechanism depicted
in Scheme 5 for distribution of thé3C-label in propadi-
enylidene2a, 2b, and2cis consistent with the differential rates
of formation of these species from eittiexor 1b. Conversion
of 1 to 2 apparently occurs by a photochemical 1,3-hydrogen
shift, since only2a and2b are formed initially fromla; in the
complementary experiment, or@gis formed initially from1b
(Figure 3)53 In the former case2c appears only after a
significant amount oflb is present; in the latter casa and
2b emerge only aftefla is present. Conversion df to 2 is
slow relative to interconversion dfand3, for 1b appears more
rapidly than2c (from photolysis of a matrix of onlyta) andla
appears more rapidly tha®a and 2b (from photolysis of a
matrix of only1b). Also, laandlb reach statistical distribution
of the label after ca. 10 h, whereas the relative amoungapf
2b, and 2c have not yet converged after 50 h of separate
photolyses oflaand1b. The conversion of to 2 appears to
be reversible upon photolysis at= 313 nm, although the
conversion of2 to 1 is very slow. Evidence for the photo-
chemical conversion of to 1 derives from the following
experiment: starting from a matrix containing odly, statistical
scrambling inl precedes that id by many hours. The eventual
equilibration of2c with 2aand2b is most plausibly interpreted
in terms of reversion o2cto 1b. As we will see below, there
is a pathway to interconve?b and2c using different photolysis

Seburg et al.
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2. Mechanism of the A > 444 nm Photochemistry.
Distinct photochemistry of the 4£1; species and evidence for a
unique mechanism for scrambling of th€-label in propadi-
enylidene=2a, 2b, and2c are observed upon irradiation with
> 444 nm (Scheme 6). Figure 4 illustrates two important
experimental observations. At short photolysis times, each of
the individual propadienylidene isotopome?s, 2b, and 2c
displays unique photochemical behavior. Isor@erslowly
disappears, while isome2b and2c rapidly photoequilibrate.
The automerization o2b and 2c occurs from both precursor
propynylidenedaandlb (Figure 4) but in opposite directions.
At longer photolysis times, propadienyliden2sire converted
directly to cyclopropenylidene8, which subsequently suffer

ghhotochemical isomerization to propynylidertes

We consider three mechanistic possibilities for the automer-
ization of 2b and2c. First, 2b and 2c interconvert through a
cyclopropyne4 intermediate or transition state (Scheme 9).
Second,2b and 2c rapidly photoequilibrate with3, which
provides the means for scrambling of the label (Schemes 6 and
10). Third,2b and2c fragment to CH and3C=C, followed
by recombination of Cklwith either end ofl3C=C (Scheme
11). The automerization mechanism cannot involve triplet
propynylidenel, for 1 is stable to irradiation at > 444 nm.
The mechanism probably does not invoR& after the effect
of the overall conversion t8a and 3b is removed from the
intensity data, the relative amount2di remains approximately
constant® Experimental and computational results favor the
cyclopropyne mechanism.

The cyclopropyne mechanism (Scheme 9) predicts equilibra-
tion of 2b and 2c¢, with no change irRa. This is consistent
with the experimental observations at short photolysis time. At
longer irradiation time, the slow disappearancafterves as

n “internal standard” to monitor the net conversior2af 2b,
and2cto 3aand3b. Ab initio calculations predict planar singlet
cyclopropyneda to be the transition state for interconversion
of 2b and2c. Cyclopropynedais computed to lie 37.5 kcal/
mol above 2; 4a is thus accessible under the photolysis
conditions employed in the experimentt 444 nm,<64 kcal/
mol). In contrast to the sila-substituted anat®gye observed
no IR bands that could be ascribed4aluring the photolysis.

Two factors argue against the mechanism that invokes
cyclopropenylidene to explain the label scrambling in pro-
padienylidene (Scheme 6). Control studies establish that the
conversion of3to 2 atA > 444 nm is too slow to account for
the rapid changes ib and2c. Conversion of3 to 2 (when

conditions. But the requirement that these species must alsono 2 is initially present) aél > 444 nm is very slow; in 2 h, the

equilibrate with2a seems to require reversion ®fto 1. The
mechanistic scheme is consistent with that proposed by Maier
et al. for the unlabeled 4E1; isomers!®

(53) Formally, the net 1,3-hydrogen migrationlito yield 2 might occur
by consecutive 1,2-hydrogen shifts. This pathway requires biscathase
an intermediate. Calculations predict that sin§ledll spontaneously cyclize
to cyclopropenyliden&. Thus, the rearrangement bto 2 by consecutive
1,2-hydrogen shifts appears implausible on the singlet surface. We cannot
rigorously exclude the involvement of tripl&t

1953 cn1! peak of unlabele@ increases by only 0.0033 If
this increase were spread among three isotopomers, each would
increase by only 0.00¥8 The magnitudes of the changes in
intensity of the peaks atb and2c after 2 h are 0.0058 and
0.0048& (Figure 4), too large to be accounted for by rearrange-
ment of 3 to 2.54

Although details concerning the interconversion2of> 3
remain incomplete, sufficient evidence exists to exclude the
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equilibration of2 and 3 as the basis for the observed label
scrambling in2. The interconversion o2 and 3 necessarily
involves hydrogen migration. A photochemical 1,3-shift2in
would produce propynylidend), which is known to be stable
under the irradiation conditions. Thus, a 1,3-hydrogen migration
in 2 is not consistent with the experimental observations. A
1,2-hydrogen migration i”2 can account for the slow overall
conversion of2 to 3, but cannot account for the rapid label
scrambling oRb and2c. As shown in Scheme 10, equilibration
via 1,2-shifts would result in interconversion 24 and 2c, not

2b and 2c. Finally, rapid 1,2-hydrogen migrations in cyclo-
propenylidenea and3b (Scheme 6) are inconsistent with the

experimental observations, as this process should equilibrate al

three propadienylidenes, not juab and2c.
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CCSD(T)/cc-pVTZ, QCISD/6-31G*, BLYP/6-31G*, and MP2/
6-31G* levels of theory, true transition states were found4for
with the planarCs, structureda (Figure 5), each about-710
kcal/mol below the correspondididp (Table 2). Thus, the lower
energy pathway for interconversion of propadienylide2teand
2c involves bending the €C—C angle in the plane of the
molecule. BothMaand4b are accessible upon irradiation/at
> 444 nm, where the photon energy 64 kcal/mol.

Summary

Two automerization processes occur amongl{somers.
UV photolysis ¢ = 313+ 10 nm) leads td°C-label scrambling
in propynylidenedlaand1b via reversible photoisomerization
to cyclopropenylidene3aand3b. The label scrambling appears
to occur by rapid 1,2-hydrogen shifts iBa and 3b. The
appearance of propadienylidergss 2b, and2c at different rates
indicates that conversion of to 2 is much slower than
interconversion ofl and3. Broadband visible photolysid ¢
444 nm) effects overall conversion @fto 1 through3 and
induces an automerization reactiori2bfand2c that may access
regions of the potential energy surface that correspond to the
cyclopropynet transition state. Calculations suggest that planar
cyclopropyne 4a) lies approximately 7 kcal/mol below the
perpendicular isomerp).

Methods Section

Computational Methods. Ab initio calculations were performed
using the ACESIP® Gaussian 9272 or Gaussian 94° programs.
Calculations employed cc-pVPZ or 6-31G*° basis sets. Spin-
unrestricted wave functions were used for triplets and spin-restricted
wave functions for singlets. The computations utilized coupled cluster
theory in the singles and doubles approximafamith a perturbative
correction for the effects of triply excited determinants (CCSD#T)),
quadratic configuration interaction theory with single and double
excitations (QCISD¥? Mgller—Plesset perturbation theory (MPZand
density functional theory (DFT® QCISD and MP2 calculations
employed the frozen core approximation. DFT computations used the
nonlocal exchange potential of Be€kand the nonlocal correlation
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tion mechanism for interconversion 2b and2c (Scheme 11).
The energies of the fragments g&hd G in their lowest singlet
states lie at least 170 kcal/mol higher in energy t@gable
1)55 This energy far exceeds the energy available fromithe
> 444 nm irradiation €64 kcal/mol).

3. Ab Initio Computations of Cyclopropyne 4. Mecha-
nistic Implications. As in each of the previous theoretical
studies?®41.44.464%ye found that perpendicul&;, cyclopropyne
(4b) is not an energy minimum (Figure 5). The CCSD(T)/cc-
pVTZ, QCISD/6-31G*, and BLYP/6-31G* levels of theory
predicttwo imaginary frequencies at this geometry, in contrast
to TCSCF/DZ-d computation&aP and MP2/6-31G* compu-
tations39-45which each find one imaginary frequency. At the
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functional of Lee, Yang, and Parr (BLYP). Geometries were [1-13C]Diazopropyne (6a), [3+*C]Diazopropyne (6b), and [23°C]-
optimized using analytic gradients. The nature of the stationary points Diazopropyne (6c¢). The diazo compounds were prepared by pyrolysis
(minima, transition states, or saddle points) was determined by of the corresponding tosylhydrazone salts. The syntheses &fGhe
calculating the harmonic vibrational frequencies. MP2 and BLYP labeled tosylhydrazones are reported elsewffere.
vibrational frequencies were computed using analytic second deriva-
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